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Abstract

CCL19 and CCL21 are chemokines involved in the trafficking of immune cells, particularly 

within the lymphatic system, through activation of CCR7. Concurrent expression of PSGL-1 and 

CCR7 in naive T-cells enhances recruitment of these cells to secondary lymphoid organs by 

CCL19 and CCL21. Here the solution structure of CCL19 is reported. It contains a canonical 

chemokine domain. Chemical shift mapping shows the N-termini of PSGL-1 and CCR7 have 

overlapping binding sites for CCL19 and binding is competitive. Implications for the mechanism 

of PSGL-1’s enhancement of resting T-cell recruitment are discussed.
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Chemokines are a group of small-secreted signaling proteins that direct the trafficking of 

immune cells in the body through activation of chemokine receptors1. Chemokine receptors 

belong to the rhodopsin family of G-protein coupled receptors1. Activation of the chemokine 

receptor CCR7 by the chemokines CCL19 and CCL21 is required for the recruitment of 
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antigen presenting dendritic cells and naïve T-cells to secondary lymphoid organs (SLO)2. 

CCR7 expression in cancer is also associated with metastasis to lymph nodes expressing 

CCL19 and CCL213, 4. CCL19 differs from CCL21 in that it lacks a thirty-four residue 

polybasic C-terminus. Hence, CCL21 is thought to form a stationary, glycosaminoglycan 

bound chemoattractant gradient while CCL19 is believed to form a soluble chemoattractant 

gradient5, 6.

While the chemokine receptors CCR5 and CXCR4, which can serve as coreceptors, are most 

often associated with HIV-1 infection, CCR7 along with CCL19 are involved in the 

establishment of latently infected resting T-cells7, 8. Activation of CCR7 by CCL19 

followed by HIV-1 infection of resting T-cells leads latent infection through increased 

nuclear localization and integration but not reproduction of infectious HIV-1 virus7, 8. 

Latently infected resting T-cells are one reason why current highly active antiretroviral 

therapies, which can bring viral loads to near zero, do not eradicate HIV-17–9.

Chemokines, like CCL19, are thought to activate their receptors through a two site-two step 

binding and activation model10, 11. The chemokine receptor N-terminus binds the 

chemokine domain first while the chemokine N-terminus subsequently binds the chemokine 

receptor leading to activation and cellular migration. Hence, peptides corresponding to a 

chemokine receptor’s N-terminus have served as a model for studying the site one 

interaction between the chemokine and the receptor’s N-terminus. Additionally, chemokine 

receptor N-termini contain numerous aspartic and gluctamic acids along with tyrosines that 

are posttranslationally modified to sulfotyrosine; this receptor posttranslational modification 

increases affinity for chemokine ligands12, 13.

P-selectin glycoprotein ligand-1 (PSGL-1) is expressed on leukocytes and has an 

extracellular mucin like domain with an acidic N-terminus that also contains three tyrosines 

that can be posttranslationally modified to sulfotyrosine14. PSGL-1 is involved in 

chemokine mediated leukocyte recruitment through binding to endothelial selectins, which 

mediates leukocyte rolling and tethering, the initial step in the leukocyte extravasation 

cascade14. This interaction is primarily mediated through selectin binding to a branched O-

glycan found in the N-terminus of PSGL-114. This glycosylation is absent in resting T-

cells14. Other posttranslational modifications also occur in the N-terminus of PSGL-1, 

including the previously mentioned sulfotyrosine residues. Sulfotyrosines in N-termini of 

chemokine receptors increase affinity for chemokine ligands13.

Veerman et al. showed that resting T-cells coexpressing CCR7 and PSGL-1 had increased 

chemotaxis towards CCL19 and CCL21 and an enhanced recruitment to secondary 

lymphoid organs15. The enhancement was not the result of PSGL-1 binding to its canonical 

selectin ligands and promoting rolling15. Rather, the boost was due to a direct interaction 

between the N-terminus of PSGL-1 and CCL21 or a presumed, but yet to be observed, 

interaction between CCL19 and PSGL-115. Veerman et al. hypothesized that direct 

interaction of PSGL-1 with CCL19 or CCL21 may promote increased presentation of 

CCL19 and CCL21 to CCR7 or that these chemokines may induce PSGL-1 to signal in a 

fashion that increases migratory responses15. In an attempt to determine if CCL19 binds to 

PSGL-1 and address Veerman et al.’s hypothesis, we solved the solution structure of CCL19 
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and used chemical shift mapping to investigate its binding to the N-terminus of either CCR7 

or PSGL-1.

CCL19 was produced using a procedure adapted from Lu et al.16 The 15N-1H HSQC 

spectrum of [U-15N] CCL19 was homogenous with distinct peaks throughout, suggesting 

folding (Fig. S1A). Additionally, CCL19 induced directed migration of bone marrow 

derived dendritic cells in vitro confirming proper folding and functionality of the 

recombinant CCL19 (Fig. S1B)17, 18. CCL19 chemical shift assignments, structure 

determination and chemical shift mapping experiments followed the procedure described 

previously for CCL21 and other proteins19. A detailed description of all methods can be 

found in the supporting information.

CCL19 displays the typical chemokine fold (Fig. 1A). With thirty three constraints per 

residue and a root mean squared deviation of 0.49 Å for backbone atoms, the ensemble of 20 

lowest energy structures (Fig. 1B) shows good agreement with the exception of the N and C 

termini. These are unstructured based on heteronuclear NOE values (Fig. S2). Structural 

statistics can be found in supplemental table 1. Pulsed field gradient NMR20 measured a 

translational diffusion coefficient of 1.42 × 10−6 cm2/s for CCL19 (8.8 kDa), which is 

consistent with that measured for the known monomer ubiquitin (8.6 kDa), 1.43 × 10−6 

cm2/s, suggesting CCL19 is monomeric.

Titrations of [U-15N] CCL19 with peptides corresponding to the N-terminus of CCR7 

(residues 2–30 with a C24A mutation to prevent oxidative dimer formation, no 

posttranslational modifications) or mature PSGL-1 (residues 2–15, no posttranslational 

modifications) were monitored using 15N-1H HSQC spectra. Backbone amide chemical shift 

perturbations were plotted versus CCL19 residues (Fig. S3) and residues with significant 

change were mapped onto the CCL19 structure (Fig. 2A, 2B, and S3). CCR7 and PSGL-1 

induced overlapping chemical shift perturbations in the N-loop, third β-strand, and along the 

α-helix indicating a possibility for competitive binding to CCL19 (Fig. 2).

In mature CCR7 and PSGL-1, the N-terminal amino acid is glutamine, which may either 

spontaneously or through enzymatic catalysis form pyroglutamate. CCL19 residues with 

chemical shift perturbations were nearly identical when titrated with CCR7 or PSGL-1 N-

terminal peptides containing or lacking this posttranslational modification (Fig. S3). 

Similarly, pyroglutamate (pGlu) did not dramatically alter CCL19’s affinity for either 

peptide. The dissociation constant (Kd) for the CCR7 2–30 C24A was 12 ± 13 M while the 

Kd for CCR7 pGlu1–30 C24A was 52 ± 36 M (Fig. S3). The lack of an effect of pGlu was 

even more apparent for the N-terminus of PSGL-1. PSGL-1 2–15 had a Kd of 18 ± 15 µM 

while PSGL-1 pGlu1–15 had a Kd of 20 ± 17 M (Fig. S3). We hypothesize other 

posttranslational modification that are not present in the peptides used here, like sulfation of 

tyrosines or glycosylation of the N-termini of CCR7 or PSGL-1 may alter affinity12, 13, 15. 

However, these modifications are not required to investigate whether or not the N-termini of 

CCR7 or PSGL-1 compete for binding to CCL19.

To confirm competitive binding [U15N] CCR7 2–30 C24A or [U-15N] PSGL-1 2–15 N-

terminal peptide was titrated with unlabeled CCL19 followed by titration with PSGL-1 or 
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CCR7 peptide, respectively. Peaks in either labeled peptide showed perturbations upon 

CCL19 addition indicating binding (Fig. 2C, left; Fig. S4, left). Upon addition of the 

unlabeled peptide perturbations reversed confirming direct competition (Fig. 2C, right; Fig. 

S4, right).

Here we show binding of CCL19 to the N-terminus of PSGL-1 and present the solution 

structure of CCL19. Observing a direct interaction between CCL19 and the PSGL-1 N-

terminus confirms Veerman et al.’s suspicions of such an interaction and further supports 

their hypothesis that PSGL-1 binding directly to CCL19 enhances chemotaxis and 

recruitment of resting T-cells to the SLOs15. Additionally, we show competition between the 

N-termini of CCR7 and PSGL-1 for binding to CCL19. This competition suggests any 

increased presentation of CCL19 by PSGL-1 to CCR7 would be more complex than a 

simple coreceptor model where CCL19 simultaneously binds PSGL-1 and CCR7. Direct 

competition between these N-termini for CCL19 suggests investigating the possibility of 

CCL19 signaling through PSGL-1, originally proposed by Veerman et al. as a possible 

mechanism for enhancing resting T-cell chemotaxis and recruitment, may be warranted15. 

Other explanations are possible; PSGL-1, which is highly expressed on T-cells, could serve 

to buffer the local concentration of CCL19. For instance, Matin et al. describe interleukin 7 

(IL-7) sinks in mice that rapidly absorb injected, exogenous IL-721. However, neutralizing 

antibodies preloaded with IL-7 show increased cytokine activity when injected into mice, 

presumably because the antibody buffers the free IL-7 concentration21. PSGL-1 binding to 

CCL19 may protect CCL19 from potential CCL19 “sinks” such as the atypical chemokine 

receptors to which CCL19 binds22, 23. At the same time, this binding would increase the 

local concentration of CCL19 at the surface of the T-cell making activation of CCR7 more 

likely when CCL19 dissociates from PSGL-1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CCR7 CC chemokine receptor 7

CCL19 CC chemokine ligand 19

CCL19 CC chemokine ligand 21

PSGL-1 P-Selectin glycoprotein ligand-1

HSQC Heteronuclear sin-gle quantum coherence

Veldkamp et al. Page 4

Biochemistry. Author manuscript; available in PMC 2016 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

1. Fernandez EJ, Lolis E. Structure, function, and inhibition of chemokines. Annu. Rev. Pharmacol. 
Toxicol. 2002; 42:469–499. [PubMed: 11807180] 

2. Forster R, Davalos-Misslitz AC, Rot A. CCR7 and its ligands: balancing immunity and tolerance. 
Nat. Rev. Immunol. 2008; 8:362–371. [PubMed: 18379575] 

3. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, McClanahan T, Murphy E, Yuan W, 
Wagner SN, Barrera JL, Mohar A, Verastegui E, Zlotnik A. Involvement of chemokine receptors in 
breast cancer metastasis. Nature. 2001; 410:50–56. [PubMed: 11242036] 

4. Legler DF, Uetz-von Allmen E, Hauser MA. CCR7: roles in cancer cell dissemination, migration 
and metastasis formation. Int. J. Biochem. Cell Biol. 2014; 54:78–82. [PubMed: 25019368] 

5. Weber M, Hauschild R, Schwarz J, Moussion C, de Vries I, Legler DF, Luther SA, Bollenbach T, 
Sixt M. Interstitial dendritic cell guidance by haptotactic chemokine gradients. Science. 2013; 
339:328–332. [PubMed: 23329049] 

6. Hirose J, Kawashima H, Swope Willis M, Springer TA, Hasegawa H, Yoshie O, Miyasaka M. 
Chondroitin sulfate B exerts its inhibitory effect on secondary lymphoid tissue chemokine (SLC) by 
binding to the C-terminus of SLC. Biochim. Biophys. Acta. 2002; 1571:219–224. [PubMed: 
12090936] 

7. Cameron PU, Saleh S, Sallmann G, Solomon A, Wightman F, Evans VA, Boucher G, Haddad EK, 
Sekaly RP, Harman AN, Anderson JL, Jones KL, Mak J, Cunningham AL, Jaworowski A, Lewin 
SR. Establishment of HIV-1 latency in resting CD4+ T cells depends on chemokine-induced 
changes in the actin cytoskeleton. Proc.s Natl. Acad. Sci. U. S. A. 2010; 107:16934–16939.

8. Saleh S, Wightman F, Ramanayake S, Alexander M, Kumar N, Khoury G, Pereira C, Purcell D, 
Cameron PU, Lewin SR. Expression and reactivation of HIV in a chemokine induced model of HIV 
latency in primary resting CD4+ T cells. Retrovirology. 2011; 8:80. [PubMed: 21992606] 

9. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, Quinn TC, Chadwick K, 
Margolick J, Brookmeyer R, Gallant J, Markowitz M, Ho DD, Richman DD, Siliciano RF. 
Identification of a reservoir for HIV-1 in patients on highly active antiretroviral therapy. Science. 
1997; 278:1295–1300. [PubMed: 9360927] 

10. Crump MP, Gong JH, Loetscher P, Rajarathnam K, Amara A, Arenzana-Seisdedos F, Virelizier 
JL, Baggiolini M, Sykes BD, Clark-Lewis I. Solution structure and basis for functional activity of 
stromal cell- derived factor-1; dissociation of CXCR4 activation from binding and inhibition of 
HIV-1. EMBO J. 1997; 16:6996–7007. [PubMed: 9384579] 

11. Kufareva I, Salanga CL, Handel TM. Chemokine and chemokine receptor structure and 
interactions: implications for therapeutic strategies. Immunology and Cell Biology. 2015; 93:372–
383. [PubMed: 25708536] 

12. Veldkamp CT, Seibert C, Peterson FC, De la Cruz NB, Haugner JC 3rd, Basnet H, Sakmar TP, 
Volkman BF. Structural basis of CXCR4 sulfotyrosine recognition by the chemokine SDF-1/
CXCL12. Sci. Signal. 2008; 1:ra4. [PubMed: 18799424] 

13. Ludeman JP, Stone MJ. The structural role of receptor tyrosine sulfation in chemokine recognition. 
Br. J. Pharmacol. 2014; 171:1167–1179. [PubMed: 24116930] 

14. Carlow DA, Gossens K, Naus S, Veerman KM, Seo W, Ziltener HJ. PSGL-1 function in immunity 
and steady state homeostasis. Immunol Rev. 2009; 230:75–96. [PubMed: 19594630] 

15. Veerman KM, Williams MJ, Uchimura K, Singer MS, Merzaban JS, Naus S, Carlow DA, Owen P, 
Rivera-Nieves J, Rosen SD, Ziltener HJ. Interaction of the selectin ligand PSGL-1 with 
chemokines CCL21 and CCL19 facilitates efficient homing of T cells to secondary lymphoid 
organs. Nature Immunology. 2007; 8:532–539. [PubMed: 17401367] 

16. Lu Q, Burns MC, McDevitt PJ, Graham TL, Sukman AJ, Fornwald JA, Tang X, Gallagher KT, 
Hunsberger GE, Foley JJ, Schmidt DB, Kerrigan JJ, Lewis TS, Ames RS, Johanson KO. 
Optimized procedures for producing biologically active chemokines. Protein Expr. Purif. 2009; 
62:251–260. [PubMed: 19297698] 

17. Sixt M, Lammermann T. In vitro analysis of chemotactic leukocyte migration in 3D environments. 
Methods Mol. Biol. 2011; 769:149–165. [PubMed: 21748675] 

Veldkamp et al. Page 5

Biochemistry. Author manuscript; available in PMC 2016 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N, Schuler G. An advanced 
culture method for generating large quantities of highly pure dendritic cells from mouse bone 
marrow. J. Immunol. Methods. 1999; 223:77–92. [PubMed: 10037236] 

19. Love M, Sandberg JL, Ziarek JJ, Gerarden KP, Rode RR, Jensen DR, McCaslin DR, Peterson FC, 
Veldkamp CT. Solution structure of CCL21 and identification of a putative CCR7 binding site. 
Biochemistry. 2012; 51:733–735. [PubMed: 22221265] 

20. Altieri AS, Hinton DP, Byrd RA. Association of Biomolecular Systems via Pulsed Field Gradient 
NMR Self-Diffusion Measurements. J. Am. Chem. Soc. 1995; 117:7566–7567.

21. Martin CE, van Leeuwen EM, Im SJ, Roopenian DC, Sung YC, Surh CD. IL-7/anti-IL-7 mAb 
complexes augment cytokine potency in mice through association with IgG-Fc and by competition 
with IL-7R. Blood. 2013; 121:4484–4492. [PubMed: 23610371] 

22. Nibbs RJ, Graham GJ. Immune regulation by atypical chemokine receptors. Nat. Rev. Immunol. 
2013; 13:815–829. [PubMed: 24319779] 

23. Haraldsen G, Rot A. Coy decoy with a new ploy: interceptor controls the levels of homeostatic 
chemokines. European Journal ofIimmunology. 2006; 36:1659–1661.

Veldkamp et al. Page 6

Biochemistry. Author manuscript; available in PMC 2016 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Solution structure of CCL19. (A) Lowest energy conformer of CCL19. CCL19 has a 

canonical chemokine fold consisting of a flexible N-terminus and N-loop followed by an 

antiparallel three-stranded β-sheet, a C-terminal α-helix, and a short flexible C-terminus. 

Conserved disulfide bonds are shown in yellow. (B) Ensemble of 20 CCL19 structures.
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Figure 2. 
CCL19’s binding site for the N-termini of CCR7 and PSGL-1 overlap and binding is 

competitive. (A) Structure of CCL19 with perturbations from the CCR7 N-terminus 

highlighted in magenta. (B) Perturbations from the N-terminus of PSGL-1 are mapped onto 

the structure of CCL19 in green. (C) A portion of an 15N-1H HSQC spectra showing the 

titration of [U-15N] CCR7 2–30 C24A with CCL19 (left) followed by titration with PSGL-1 
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2–15 (right). Upon addition of PSGL-1 2–15 peaks from CCR7 return toward their original 

position or unbound state. Molar ratios are as indicated in the figure.
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