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Abstract

Chemokines direct the migration of cells during various immune processes and are involved in 

many disease states. For example, CCL19 and CCL21, through activation of the CCR7 receptor, 

recruit dendritic cells and naïve T-cells to the secondary lymphoid organs aiding in balancing 

immune response and tolerance. However, CCL19 and CCL21 can also direct the metastasis of 

CCR7 expressing cancers. Chemokine binding to glycosaminoglycans, such as heparin, is as 

important to chemokine function as receptor activation. CCL21 is unique in that it contains an 

extended C-terminus not found in other chemokines like CCL19. Deletion of this extended C-

terminus reduces CCL21’s affinity for heparin and transferring the CCL21 C-terminus to CCL19 

enhances heparin binding mainly through non-specific, electrostatic interactions.
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1. Introduction

Chemokines are known for their ability to direct cell migration in support of a variety of 

immune processes and their involvement in numerous disease states [1, 2]. The chemokines 

CCL19 and CCL21 recruit antigen presenting dendritic cells and naïve T-cells to the 

secondary lymphoid organs though activation of CCR7 thereby aiding in the balance of 

immune response and tolerance [3]. Metastatic breast and other forms of cancers increase 

expression of CCR7, the CCL19 and CCL21 chemokine receptor, which is correlated with 

lymph node metastases as well as poor patient prognosis [4–11]. Binding of chemokines, 
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like CCL21, to lymphatic glycosaminoglycans (GAGs) is essential for this lymph node 

metastasis [12]. Additionally, CCL19 and CCL21 can contribute to HIV-1 latency, which is a 

major reason behind the inability of current highly active antiretrovirals to eradicate HIV-1 

[13, 14].

Chemokines orchestrate cell trafficking through activating cellular chemokine receptors and 

through GAG binding [1, 15], an interaction that is required for in vivo recruitment of cells 

by chemokines [16]. GAG binding, as was shown for CCL21, allows for the formation of a 

stationary chemokine concentration gradient that migrating cells follow through haptotaxis 

[17]. Other chemokines with lower GAG binding capacity, like CCL19, are thought to form 

more soluble gradients that cells follow through chemotaxis [17].

CCL21 is unique among chemokines because, at 111 amino acids, it contains an extended 

C-terminus making it approximately 30 to 50 amino acids longer than the average 

chemokine. The typical chemokine domain contains about 70 amino acid residues [18]. The 

domain consists of a flexible N-terminus followed by an N-loop, a three-stranded 

antiparallel beta sheet with strands connected by the 30s and 40s loops, and an alpha helix 

[18]. The domain is often followed by a very short flexible C-terminus [18]. For example, 

CCL19 contains 77 residues with the seven most C-terminal residues making up the short 

unstructured C-terminus [19]. CCL21 contains a chemokine domain but residues 71–111 are 

unstructured with the exception of a disulfide bond linking C80 to C99 [20]. This extended 

C-terminus of CCL21 contributes to GAG binding as truncation dramatically reduces 

binding to GAGs, like heparin and chondroitin sulfate [21]; and plays a significant role in 

forming a GAG bound CCL21 gradient [17]. Truncated CCL21, which is observed in vivo 
due to proteolysis, is thought to form a more soluble gradient similar to CCL19 [17, 22].

Interestingly, the C-terminus of CCL21 also interacts with polysialic acid (PSA), a rare 

posttranslational modification recently observed in CCR7 that controls dendritic cell 

trafficking by regulating chemokine recognition [23]. Mouse dendritic cells expressing 

polysialylated CCR7 readily migrate in response to CCL21 and a truncated version of 

CCL21 lacking the extended C-terminus [23]. This truncated CCL21, called CCL21trunc, 

lacks residues 80–111. However, cells expressing unmodified CCR7 migrate only in 

response to CCL21trunc signifying that the PSA modification of CCR7 is essential for 

receptor activation by full-length CCL21 [23]. Protein NMR shows differences in the spectra 

of CCL21 and CCL21trunc indicating the two proteins do not have the same conformation 

[23]. Changes in spectra of full length CCL21 show binding of PSA leads to a 

conformational change in which full length CCL21 appears to adopt a conformation similar 

to CCL21trunc, the PSA independent agonist [23]. CCL19, which is similar in length to 

truncated CCL21, is also capable of receptor activation in the presence or absence of the 

PSA modification of CCR7 [23]. Convincingly, the interaction between PSA and the C-

terminus of CCL21 was also shown through transferring the extended C-terminus of CCL21 

to CCL19. The resulting chimera (CCL19 residues 1–77, CCL21 residues 78–111) is only 

able to activate PSA modified CCR7, which is similar to full length CCL21 [23].

Given that the C-terminus of CCL21 confers dependence on PSA for CCL19 receptor 

activation, we hypothesized that transferring the C-terminus of CCL21 to CCL19 would 
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enhance binding to GAGs. To test this hypothesis, protein NMR and truncation studies were 

used to first confirm the importance of the extended C-terminus of CCL21 for heparin 

binding. Subsequently qualitative analysis of chemokine binding using heparin affinity 

chromatography indicated transferring the C-terminus of CCL21 to CCL19 enhances 

heparin affinity. Examination of chemokine binding using cation exchange chromatography 

suggests the CCL21 C-terminus contributes to heparin binding mainly through non-specific, 

electrostatic interactions.

2. Materials and Methods

2.1 Protein expression and purification

Human CCL21, CCL21trunc (CCL21 residues 1–79), CCL19, and the chimera (CCL19, 

which contains 77 residues, with residues 78–111 of CCL21) were expressed, refolded and 

purified as previously described [23, 24].

2.2 Protein NMR and chemical shift mapping

100 µM U-15N labeled CCL21 in 25 mM deuterated MES pH 6.0, 10% D2O, and 0.2% 

NaN3 was titrated with heparin disaccharide I-S (Sigma–Aldrich) and monitored 

using 15N-1H HSQC spectra as previously described [19, 25]. Combined amide chemical 

shift perturbations were computed as [(ΔδH)2+(ΔδN)2]1/2, where ΔδH and ΔδN are changes in 

backbone amide 1H and 15N chemical shifts in ppm, respectively. Dose dependent changes 

in chemical shift perturbations from titration with heparin disaccharide I-S were used to 

determine a dissociation constant (Kd) through fitting to an equation that takes into account 

ligand depletion as previously described [19]. Dose dependent chemical shift perturbations 

for residues V21, K45, R46, S47, L63, M64, H66, L67, D68, K69, T70, K75, Q78, C80, 

R81, K82, D83, K88, K91, K94, K97, C99, K100, R101, T102 and E103 were used in 

determining the Kd.

2.3 Heparin and SP-Sepharose binding assay

Heparin binding was assessed using heparin sepharose chromatography while electrostatic 

binding was assessed using cation exchange (SP-sepharose) chromatography similar to Fox 

et al. [26, 27] and others [28, 29]. Roughly 50 µg of chemokine was loaded onto either a 1 

mL HiTrap® heparin HP or 1 mL HiTrap® SP-sepharose HP column (GE Healthcare) and 

eluted with a 0 to 1.3 M NaCl gradient in 20 mM sodium phosphate at pH 7 over 39 minutes 

using a Shimadzu LC-20 HPLC system. Protein elution was monitored at 220 nm. The 

elution peak for each chemokine was recorded both as a function of retention time and NaCl 

concentration. The difference between the NaCl concentrations at which the chemokines 

eluted from the heparin sepharose column (heparin [NaCl] mM) and the cation exchange 

column (SP-sepharose [NaCl] mM) was labeled Δ [NaCl] mM and was calculated as Δ 

[NaCl] mM = heparin [NaCl] mM minus SP-sepharose [NaCl] mM.
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3. Results

3.1 Heparin disaccharide causes chemical shift perturbations in the CCL21 C-terminus

CCL21 contains 111 amino acids and a highly basic C-terminus not found in other 

chemokines. For example, CCL19, at 77 residues, has a length typical of most chemokines 

[19]. The extended, basic C-terminus of CCL21 is reported to be necessary for GAG binding 

with deletions of CCL21 residues 80–111 resulting in greatly reduced or eliminated affinity 

for GAGs as described by Hirose et al. [21] and Dyer et al. [30]. Heparin is often used when 

studying chemokine GAG interactions [15], but longer chain heparin and chemokine 

complexes are not conducive to structural studies using protein NMR [25]. Hence, heparin 

disaccharide I-S, representing the smallest repeating subunit of heparin, was chosen to 

investigate the interaction of CCL21 with heparin. As seen in Figure 1, chemical shift 

mapping using the heparin disaccharide I-S implicates the CCL21 C-terminus in heparin 

binding, which supports the results of Hirose et al. [21] and Dyer et al. [30]. For many 

residues, significant changes in chemical shift are observed in CCL21 in the presence and 

absence of heparin disaccharide I-S, an indication of binding (Fig. 1A). Plotting the 

combined amide chemical shift perturbation versus the CCL21 amino acid residue number 

shows heparin disaccharide I-S induced perturbations localize to the extended C-terminus, 

the alpha helix and the 40s loop that connects the β2 and β3 strands (Fig. 1B). A majority of 

residues with a significant perturbation (>0.2) are basic amino acids or are near basic amino 

acids (V21, K45, R46, S47, L63, M64, H66, L67, D68, K69, T70, K75, Q78, C80, R81, 

K82, D83, K88, K91, K94, K97, C99, K100, R101, T102 and E103). For example, V21 is 

next to R20 and E103 is next to R104. D83 is within a canonical heparin binding BBXB 

sequence motif (where B is a basic and X is any amino acid) [31] consisting of R81, K82, 

D83 and R84. While K91 and K94 are within another BBXB sequence motif (K91, K92, 

G93, and K94) and show perturbations. Combined amide chemical shift perturbation 

induced by increasing concentrations of heparin disaccharide I-S were analyzed using non-

linear regression to determine a dissociation constant (Kd). The binding model used for 

fitting incorporates ligand depletion and yields a Kd of approximately 500 µM (Fig. 1C). 

While a 500 µM Kd may seem weak, surface plasmon resonance studies indicating nano-

molar Kd values for CCL21 and heparin utilize much longer chain heparins [30]. Mapping 

heparin disaccharide I-S induced chemical shift perturbations onto the CCL21 structure 

reveals a binding interface that incorporates much of CCL21’s extended C-terminus (Fig. 

1D). GAGs are known to promote chemokine dimer formation [16, 25, 29, 32]. However, 

analytical ultracentrifugation studies show that CCL21 is an obligate monomer in isolation 

[20]. Here we observe no large chemical shift perturbations in the N-terminus or the β1 

strand, both regions that can be involved in chemokine dimer formation [33]. The lack of 

perturbations in these regions may suggest CCL21 remains monomeric in the presence of 

the heparin disaccharide I-S.

Clearly, the C-terminus of CCL21 is involved in heparin binding. However, with heparin 

disaccharide I-S induced chemical shift perturbations located in the extended C-terminus 

and in the 40’s loop and alpha helix of the chemokine domain, a more complete test of the 

C-terminus’s role may be to see if transferring it to another chemokine enhances the heparin 

binding of that chemokine. Additionally, most CCL21 residues with heparin prompted 
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chemical shift perturbations are basic amino acids or are found near one. This led us to 

question whether or not the binding to heparin resulted from any specificity for heparin or if 

this interaction was more electrostatic in nature.

3.2 Transferring the CCL21 C-terminus to CCL19 enhances heparin binding mainly through 
non-specific electrostatic interactions

The relative affinity to heparin in relation to the specificity of binding can be determined 

through comparing a protein’s elution profile from heparin sepharose and cation exchange 

(SP-sepharose) chromatography as demonstrated most recently by Fox et al. [26, 27] and 

others [28, 29]. This method is utilized to elucidate whether affinity is a result of a specific 

binding affinity to heparin or nonspecific electrostatic interactions. As seen in the sequence 

alignment (Fig. 2A), transferring residues 80–111 of CCL21 to CCL19 results in the 

formation of a CCL19/CCL21 chimera. The chimera is useful in confirming the importance 

of CCL21’s C-terminus for binding to GAGs such as heparin. The sequences of CCL21, 

CCL21trunc and CCL19 are also shown in Figure 2A.

Similar to results from Hirose et al. [21] and Dyer et al. [30], deletion of the CCL21 C-

terminus results in a reduction in heparin binding affinity. This is seen by the lower retention 

time and NaCl concentration at which CCL21trunc elutes from the heparin column (Fig. 2B 

and Table 1). The transfer of the basic C-terminus of CCL21 to CCL19 induces greater 

heparin interaction as seen in Figure 2C and Table 1. The chimera eluting from the heparin 

column at a significantly higher retention time and NaCl concentration than CCL19 

highlights this enhanced heparin binding.

It is clear that the C-terminus of CCL21 has intrinsic properties that contribute to higher 

affinity for heparin. However, it is necessary to further interrogate the nature of CCL21’s 

heparin interaction. Using a SP-sepharose cation exchange column and a heparin affinity 

column helps distinguish between specific heparin interactions and affinity resulting from 

general electrostatic interactions [26–29]. Figure 2D shows that the chimera elutes at similar 

retention times from both the heparin and SP-sepharose columns, this is shown in Table 1 in 

terms of NaCl concentrations at elution. The chimera eluted from the heparin column at 968 

mM NaCl and at 927 mM NaCl from the SP-sepharose column (Table 1). The small 

difference, 41 mM, in these NaCl concentrations provides evidence that the transfer of 

CCL21’s C-terminus to CCL19 enhances heparin affinity mainly through non-specific 

electrostatic interactions.

Small differences in the concentration at which CCL21trunc or CCL19 eluted from the 

heparin and cation exchange column were also observed (Table 1). For CCL21trunc this 

difference was 31 mM NaCl. For CCL19 this difference was −57 mM NaCl, indicating 

CCL19 bound slightly better to the cation exchange column than the heparin column. These 

results suggest any heparin affinity for CCL21trunc and CCL19 is mostly derived from non-

specific electrostatic interactions (Table 1). Sixt and colleagues report that CCL21trunc and 

CCL19 form more soluble gradients than full length CCL21 [17, 34]. Perhaps this lack of 

specificity for heparin plays a role in CCL21trunc or CCL19 forming these more soluble 

gradients. Fittingly, full length CCL21, which forms an immobilized gradient for 

haptotaxing cells to follow[17, 34], shows higher affinity for heparin and some heparin 
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specific binding. This specificity is seen in the slightly larger difference, 105 mM NaCl, 

between the concentration at which CCL21 elutes from the heparin and cation exchange 

columns (Table 1) [27].

4. Discussion

Deleting the extended CCL21 C-terminus results in reduced GAG binding as observed in 

other reports [17, 21, 30] and confirmed here using the GAG heparin. Heparin binding may 

be due to electrostatic interaction between the basic CCL21 C-terminus and negatively 

charged heparin, specificity for heparin, or a combination of both. Comparison of elution 

profiles from heparin and cation exchange sepharose columns has been used to address 

specific heparin binding versus non-specific electrostatic interactions [26–29]. Comparing 

the elution profile for CCL21 reveals a difference in NaCl concentration at elution of 105 

mM from heparin and cation exchange columns (Table 1). Fox et al. categorize differences 

in elution concentration that are broadly near 0 mM NaCl as having little to no specificity 

for heparin (largely electrostatic interactions), between 100–200 mM NaCl as an 

intermediate specificity for heparin, and differences >200 mM as having high specificity for 

heparin [27]. For example, the chemokine XCL1 elutes at 920 mM NaCl from heparin and 

590 mM NaCl from cation exchange columns; a difference of 330 mM NaCl that makes 

XCL1’s binding to heparin highly specific [27]. With a 31 mM change in NaCl elution 

concentration for the heparin versus the cation exchange column, CCL21trunc shows little to 

no specificity for heparin. Similarly, CCL19 also falls into this category with a difference of 

−57 mM NaCl (Table 1). Again, Sixt and colleagues report that CCL21trunc, which is 

produced in vivo from proteolysis of full length CCL21, and CCL19 form more soluble 

gradients [17, 34]. We hypothesize that the lack of specific binding to heparin for 

CCL21trunc and CCL19 may be related to the ability of these chemokines to form more 

soluble gradients for migrating or chemotaxing cells to follow in vivo.

Transferring the C-terminus of CCL21 to CCL19 creating the chimera greatly enhances 

heparin binding (Fig. 2C and Table 1). Yet, the chimera, with similar elution times and 

concentrations (Fig. 2D and Table 1) from the heparin and cation exchange columns, shows 

little to no specificity for heparin suggesting interactions are electrostatic in nature. Mild 

specificity for heparin is only observed in the context of full length CCL21 (Table 1). As 

such, our results indicate CCL21 has a higher affinity for heparin that is partly due to 

specific heparin binding, which fits with CCL21 forming GAG bound, immobilized 

gradients that haptotaxing cells follow[17, 34]. Sixt and colleagues propose a combination of 

chemotaxis in response to more soluble chemokine gradients and haptotaxis toward 

immobilized chemokine gradients are likely necessary for cellular recruitment to and within 

the lymph nodes [17, 34]. Overall our results start to provide a mechanistic explanation as to 

how CCL19 and CCL21trunc might form more soluble gradients while full length CCL21 

with its higher affinity and mild specificity for heparin forms an immobilized gradient.

Subsequent investigations into CCL21’s limited specificity for heparin, or potentially other 

GAGs, must involve investigating CCL21 mutants in the context of GAGs with various 

sulfation and epimerization patterns [15]. This may be a difficult task as reduced sulfation 

inherently means a reduction in negative charge making parsing out changes in binding 
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affinity that equate to loss of specific interactions versus generic electrostatic interactions 

challenging. For example, reducing GAG sulfation through enzymatic treatment, eliminating 

the cellular enzymes responsible for GAG sulfation, or controlling the level of sulfation in 

synthetic GAGs reduces CCL21 GAG binding [12, 35, 36]. The lack of specificity for 

heparin observed for CCL19 and CCL21trunc and their lower binding observed here and 

elsewhere [21, 30] surely contribute to CCL19 and CCL21trunc forming more soluble 

chemokine gradients as described by Sixt and colleagues [17, 22]. The chimera may be 

useful in future investigations into soluble or stationary chemokine gradient formation and, 

hence, chemotaxis versus haptotaxis.
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Highlights

• Identification of a putative heparin binding interface in CCL21

• The CCL21 C-terminus enhances heparin binding of a CCL19/CCL21 

chimeric protein

• The CCL21 C-terminus confers heparin binding through non-specific 

interactions
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Figure 1. Identification of a heparin-binding surface on CCL21
A) 15N-1H HSQC spectra of 100 µM 15N CCL21 in the absence (black) or presence (green) 

of 1000 µM heparin disaccharide I-S. B) Combined amide chemical shift perturbation 

plotted versus the CCL21 amino acid residue number. C) Non-linear fitting to a binding 

equation that accounts for ligand depletion yields a Kd of ~500 µM for CCL21 and heparin 

disaccharide I-S. Fits for three representative residues are shown. D) CCL21 structure with 

residues having heparin-induced perturbation greater than 0.2 in panel B colored green.
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Figure 2. Transfer of the C-terminus of CCL21 to CCL19 enhances heparin binding mainly 
through electrostatic interactions
A) Sequence alignment of CCL21, CCL21trunc, CCL19 and the chimera (CCL19 with the 

CCL21 C-terminus). B) Elution profile of CCL21trunc (black) and CCL21 (red) from a 

HiTrap® Heparin HP column. C) Elution profile of CCL19 (black) and chimera (red) from a 

HiTrap® Heparin HP column. D) Elution profile of the chimera from a HiTrap® SP-

sepharose HP column (blue) and a HiTrap® Heparin HP column (red). The Abs at 220 nm 

has been normalized so maximum peak intensities are the same for all chemokines; example 

full chromatograms showing raw data are in the electronic supplemental materials.
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Table 1

Elution of chemokines from heparin and SP-sepharose columns.a

Protein Heparin [NaCl] mM SP-sepharose [NaCl] mM Δ [NaCl] mMb

CCL21 911 806 105

CCL21trunc 597 566 31

CCL19 632 689 −57

Chimera 968 927 41

a
Chemokine elution reported as a function of NaCl concentration.

b
Δ [NaCl] mM = Heparin [NaCl] mM minus SP-sepharose [NaCl] mM.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 September 02.


	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 Protein expression and purification
	2.2 Protein NMR and chemical shift mapping
	2.3 Heparin and SP-Sepharose binding assay

	3. Results
	3.1 Heparin disaccharide causes chemical shift perturbations in the CCL21 C-terminus
	3.2 Transferring the CCL21 C-terminus to CCL19 enhances heparin binding mainly through non-specific electrostatic interactions

	4. Discussion
	References
	Figure 1
	Figure 2
	Table 1

