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Abstract

Pleiotrophin (PTN) is a potent glycosaminoglycan-binding cytokine important in neural 

development, angiogenesis and tissue regeneration. Much of its activity is attributed to its 

interactions with the chondroitin sulfate (CS) proteoglycan, receptor type protein tyrosine 

phosphatase ζ (PTPRZ). However, there is little high resolution structural information on 

interactions between PTN and CS, nor is it clear why the C-terminal tail of PTN is necessary for 

signaling through PTPRZ even though it does not contribute to binding heparin. We determined 

the first structure of PTN and analyzed its interactions with CS. Our structure shows PTN 

possesses large basic surfaces on both of its structured domains and residues in the hinge segment 

connecting the domains have significant contacts with the C-terminal domain. Our analysis of 

PTN-CS interactions showed the C-terminal tail of PTN is essential for maintaining stable 

interactions with CSA, the type of CS commonly found on PTPRZ. These results offer the first 

possible explanation of why truncated PTN missing the C-terminal tail is unable to signal through 

PTPRZ. NMR analysis of PTN’s interactions with CS revealed that the C-terminal domain and 

hinge of PTN make up the major CS binding site in PTN, and that removal of the C-terminal tail 

weakened the site’s affinity for CSA, but not for other high sulfation density CS.
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Introduction

Pleiotrophin (PTN) is a potent mitogenic cytokine that acts through several proteoglycan 

receptors. First isolated in neural tissues, PTN plays an active role in the development of the 

central nervous system, but is also produced during tissue repair and regeneration.[1–4] In 

addition, expression of PTN is elevated in a number of cancer cell lines, and the expression 

level often correlates with metastatic abilities of these cancer cells. [5–13] However, PTN 

expression can also be beneficial: studies have shown that PTN helps to maintain 
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hematopoietic stem cells, triggers tissue repair during ischemia and provides protective 

effects on neural tissues during addiction. [14–20]

The two most well-established PTN receptors are the heparan sulfate proteoglycan N-

syndecan and the chondroitin sulfate proteoglycan receptor type protein tyrosine 

phosphatase ζ (PTPRZ). [21, 22] N-syndecan is believed to be crucial to PTN’s activity 

during neural development while PTPRZ has been associated with PTN’s ability to facilitate 

cell proliferation and growth under both normal and pathological situations.[4, 5, 22, 23] For 

these receptors, PTN’s affinity for the glycosaminoglycan (GAG) portion of the receptors is 

considered vital to its activity [21, 24].

GAGs are linear sulfated polysaccharides consisted of repeating disaccharide units. One of 

the residues in the disaccharide unit is always an amino sugar in the form of either N-

acetylglucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc), while the other sugar is 

usually an uronic acid sugar such as iduronic acid (IdoA) or glucuronic acid (GlcA). In 

heparan sulfate (HS) or heparin, the amino sugar is always a glucosamine and majority of 

uronates are IdoA. Chondroitin sulfate (CS), on the other thand, contains only GalNAc and 

GlcA. Despite their simple polysaccharide structure, GAGs are extremely complex because 

of their large size and the semi-random modifications of the sugars through sulfation. In 

heparin and HS, IdoA can be sulfated at the 2-O position, and glucosamine in HS and 

heparin can be sulfated at the 2-N, 3-O, and 6-O positions. In CS, GalNAc can be sulfated at 

both the 4-O and 6-O positions while 2-O-sulfated GlcA can also be found. Because GAGs 

rely on these sulfate groups to attract proteins such as PTN in order to modulate signaling, 

the sulfation pattern and density of GAGs are important determinants of their biological 

activity.

Although the structure of PTN’s homologue, midkine, is well characterized [25, 26], high 

resolution structure of PTN does not yet exist. Kilpelainen et al. were the first to conduct 

structural investigations on PTN at pH 4.7. Their results showed that, similar to midkine, 

PTN possessed two thrombospodin type-1 repeat (TSR) domains as well as unstructured N- 

and C-termini.[27] The study determined secondary structures of PTN as well their tertiary 

arrangement, but it stopped short of producing a high resolution structure of PTN. 

Subsequent studies by the same group also investigated the interactions of PTN with 

heparin, which is an analog of HS from N-syndecan.[28] Through titrations with heparin 

oligosaccharides and ELISA analysis, they demonstrated both TSR domains are needed to 

maintain high heparin affinity and that the C-terminal TSR domain (CTD) has higher 

affinity for intact heparin than the N-terminal TSR domain’s (NTD). However, the C-

terminal tail of PTN, despite having a large number of basic amino acids, does not contribute 

significantly to heparin binding. [28]

In contrast to heparin, very little information is available regarding PTN’s interactions with 

CS, the type of GAG found on PTPRZ. Given their connection to cell proliferation and 

growth [4, 29, 30], the role of PTN-CS interactions in facilitating PTPRZ signaling is crucial 

to understanding the mechanism of PTN-dependent metastasis and stem cell maintenance. 

Several studies have measured PTN’s affinities for various forms of CS. In particular, these 

studies showed that PTN prefers oversulfated CS structures enriched in 4,6-O-disulfated 
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GalNAc (CSE) or 2-O-sulfate-GlcUA-6-O-sulfate-GalNAc (CSD) rather than CS containing 

only 4-O-sulfated GalNAc (CSA), and affinity of the interaction is also dependent on the 

size of CS ligand.[31–34] However, no experimental information on how PTN domains 

contribute to binding CS is available. Furthermore, studies have also shown that truncated 

PTN missing the C-terminal tail (residues 115 to 136) can be found in vivo in significant 

quantities, but is incapable of signaling through PTPRZ [35–37]. In addition, peptides 

derived from the C-terminal tail of PTN can inhibit PTPRZ-dependent cell migration.[38] 

This implies the C-terminal tail, which does not contribute to heparin binding, plays an 

important role in interactions with PTPRZ. However, the nature of its role continues to be 

unclear.

To answer some of these questions, we have determined the solution structure of PTN at pH 

6.0 and characterized its interactions with CSA and CSE fragments. Our structure is 

consistent with the secondary and tertiary structural information deduced by Kilpelainen et 

al.[27]. However, our data also indicate that part of the hinge between the TSR domains 

interacts with CTD, placing the hinge in position to participate in GAG binding. Our 

characterization of PTN-CS interactions using ELISA showed, unlike PTN’s interactions 

with heparin, truncated PTN missing the C-terminal tail had significantly lower affinities for 

CSA than wild type PTN. These results demonstrate, for the first time, that the lower CS 

affinity of truncated PTN may contribute to these mutants’ inability to signal via PTPRZ. CS 

titrations of PTN, monitored using solution NMR, revealed that CTD of PTN have much 

higher affinities for CSE dp6 (degree of polymerization 6, or hexasaccharides) than CSA 

dp8. However, removal of the C-terminal tail weakened CTD’s affinity for CSA dp8, but not 

CSE dp6, providing additional molecular insights into contributions of PTN domains to CS 

binding.

Results

Structure of PTN.

To date, structures of midkine from both human and zebra fish have been determined.[25, 

26] The high resolution structure of PTN, however, has not been reported. Here we report 

the solution structure of human PTN at pH 6.0. In agreement with the previous study of PTN 

[27], we found PTN is comprised of two TSR domains flanked by unstructured termini. 

Because no inter-domain NOE was detected between CTD and NTD, the two domains 

appear to be largely independent of each other and do not have a well-defined inter-domain 

orientation. Ten cystines are found in the protein and all have Cβ chemical shifts above 40 

ppm. This indicates all cystines exist in the oxidized form [39], and is consistent with the 

fact that five disulfide bonds exist in the protein. Figure 1A shows the superimposed NTDs 

and CTDs of ten lowest energy structures. Table 1 shows NMR structural statistics for the 

structure. One thing to note is that less than 150 long range NOEs were observed in PTN, 

lower than other proteins of similar size. This is because PTN lacks significant hydrophobic 

packing, which is often the main source of long range NOE contacts in proteins.

In both TSR domains, second and third strands of the domain contain more β strand 

structure than the first strand. The unstructured nature of strand one in both domains can be 

partially attributed to the disulfide bond distribution of the protein (Figure 1B). In particular, 
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we found that in order for C23 and C53 to be joined by a disulfide bond, strand one of NTD 

must be twisted since a continuous β strand in strand one will place the side chains of the 

two cystines on opposing sides of the β sheet. In CTD, cross strand amide proton contacts 

between residues 78 and 85 as well as between residues 70 and 89 have been observed in 
15N-edited NOESY. This is the result of a disulfide bond between residues C77 and C109, 

which creates a large loop in the second half of strand one in CTD and disrupting the β 
strand structures in one half of the first strand. The topology of disulfide bonds in PTN also 

differs from that of midkine. Specifically, the first disulfide bond in midkine connects 

strands one and two of NTD [25, 26]. However, the corresponding disulfide bond between 

residues C15 and C44 in PTN connects strands one and three.

Because GAG’s interactions with protein is mostly mediated by electrostatic interactions, 

basic amino acid clusters are often potential GAG-binding sites. Besides strings of lysine 

residues found on N- and C-termini, PTN contains two basic amino acid clusters in CTD 

and one cluster in NTD. One CTD cluster is made up of residues K68, K91 and R92, which 

corresponds to cluster 2 in midkine [25] (Figure 1C). The other cluster, located on the 

opposite side of the β sheet as cluster 2, is equivalent to cluster 1 in midkine and includes 

residues K84, R86 and K107. Although the two clusters are located on opposite sides of the 

β-sheet, the curvature in the sheet places them in close proximity to one another. 

Electrostatic potential mapping shows they form a single basic surface. The basic residues 

R35, R39 and K49 can also be found on one side of the β-sheet in NTD, but the distribution 

of these residues in the NTD is sparser than residues in the two CTD clusters. The NTD 

basic amino acid cluster is equivalent to cluster 3 identified in zebra fish midkine [26] 

(Figure 1C).

Although there are no NOE contacts between the TSR domains, definitive NOE cross peaks 

between CTD and residues in the hinge segment connecting the two TSR domains (residues 

58 to 66) can be observed. Specifically, aromatic protons of F63 can be seen contacting side 

chains of Y69, V103 and I105 (Figure 1D). Together with L90, these residues form a small 

hydrophobic cluster. These interactions have not been reported in studies of midkine 

structures, but may have important consequences on GAG-binding because the bend formed 

in the hinge places two basic amino acids, K60 and K61, close to cluster 1 of CTD. Figure 

1A shows the positions of the hinge segments in the ensemble of the ten lowest energy 

structures when CTD is superimposed. Because F63 is the only residue with significant 

contacts with CTD and the tolerance in these distance constraints are relatively large, the 

hinge shows larger positional variation than the TSR domains.

CS Interactions with wild type and C-terminal truncated PTN.

Although high resolution characterizations of PTN’s interactions with heparin exist [28], the 

same level of information is not available for PTN’s interactions with CS, the type of GAG 

found on PTPRZ. Nevertheless, biophysical characterization of the effect of CS size and 

sulfation density on PTN’s CS affinity has been carried out [31, 33]. In this study, we 

characterize the interactions of PTN with native and size-defined CS using NMR and 

ELISA. We are particularly interested in determining the CS-binding sites in PTN and in 

understanding how the C-terminal tail may control PTN’s affinity for CS.
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We first characterized PTN’s affinity for different CS variants using ELISA. In particular, 

we measured the affinities of both wild type PTN and C-terminal truncated PTN (residues 1 

to 114) for immobilized native CSA and CSE. We are interested in knowing whether 

weakened interactions between truncated PTN and CS is the reason behind its inability to 

activate PTPRZ. Results for these assays are shown in Figure 2. Specifically, the assays 

showed the C-terminal tail of PTN was not necessary for binding CSE. Both native and C-

terminal truncated PTN bound to CSE with Kd in the four to five nM range. However, 

truncated PTN failed to bind to CSA entirely while wild type PTN binds CSA with high 

affinity (Kd ~ 17 nM). These data indicate that the C-terminal tail of PTN is crucial for 

maintaining strong interactions with CSA, the type of CS commonly found on PTPRZ.

To determine the CS binding sites of PTN, we conducted NMR studies of PTN’s 

interactions with size defined CSE and CSA. We were unable to use native polysaccharides 

in the NMR studies because the signal broadening and precipitation induced by native CS 

polymers’ interactions with PTN makes extraction of useful information impossible. In 

addition, previous studies have shown that the size of CS fragments used here is sufficient 

for binding [33]. We first titrated native PTN with CSE dp6. The overlay of PTN’s 15N-

edited HSQCs at different CSE dp6 concentrations and the magnitude of chemical shift 

changes for each residue are shown in Figure 3A. The HSQCs show CSE dp6 was able to 

induce chemical shift change in residues throughout the protein. However, residues K60, 

Q62, F63, G64, C67 in the hinge region and K91, R92, N96, E98, C99 in CTD showed the 

largest chemical shift changes upon binding CSE (Figure 3C). On the other hand, residues in 

NTD and the C-terminal tail showed little or no change in chemical shifts. In addition, most 

residues demonstrating large chemical shift changes are also close to the basic amino acid 

clusters in CTD. This implies CTD maybe a major CS binding site in PTN. Binding curves 

of different residues showed CTD and hinge residues bound CSE dp6 with a Kd of ~90 μM. 

However, Kd values extracted from residues in NTD were significantly higher (Kd ~ 550 

μM) (Figure 3B). This discrepancy indicates GAG affinities of different domains in PTN are 

different. Residues in the C-terminal tail showed little or no change in chemical shifts in the 

presence of CSE dp6. We also conducted similar CSE dp6 titration using C-terminal 

truncated PTN. The results of the titration are shown in Figure 3 (panels E to H). The 

titration showed that removal of the C-terminal tail had no effect on CSE dp6 affinity of 

CTD and NTD. In addition, CSE dp6 perturbed the same set of residues in truncated and 

wild type PTN. These results imply that the C-terminal tail of PTN is inconsequential to 

binding CSE, in agreement with the result of ELISA.

To elucidate contributions of PTN domains to CSA binding, we titrated both wild type and 

C-terminal truncated PTN with CSA dp8. Because several studies have already shown that 

PTN’s affinity for CSA is considerably lower than its affinity for CSE [31, 32], we used a 

larger CSA fragment for these titrations to ensure Kd values are within measureable range. 

Figure 4A shows the overlay of 15N-HSQCs taken during the titration. Chemical shift 

perturbation analysis showed the residues perturbed by CSE and CSA are similar, indicating 

the residues responsible for binding CSE are also binding CSA. Although CSA dp8 was not 

able to induce the large chemical shift changes observed in CSE titrations, accurate Kd 

values were still extracted for several residues. Consistent with previous studies, our 

titrations showed that PTN’s affinity for CSA is significantly lower than that of CSE. In 
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particular, Kd values extracted from CTD residues has increased from 90 μM for CSE to 170 

μM for CSA. Surprisingly, NTD’s Kd for CSA dp8 is only slightly larger than its Kd for 

CSE dp6 (Figure 4B). Identical CSA dp8 titrations were also performed on C-terminal 

truncated PTN (Figures 4E to 4H). In the absence of the C-terminal tail, CTD residues 

bound CSA dp8 with a Kd of only ~ 320 μM. Similarly, the CSA dp8 binding Kd of NTD 

also doubled to 1.2 mM. This indicates removal of the C-terminal tail has a significant effect 

on PTN’s affinity for CSA dp8 and is consistent with the ELISA results. It should be noted 

that truncated PTN’s inability to bind native CSA in ELISA does not contradict the results 

of NMR titrations. The discrepancy can be explained by the successive washes required in 

ELISA, which prevents weak interactions between truncated PTN and CSA from being 

detected by ELISA.

Determining CS-binding site of PTN using paramagnetic CSE and CSA ligands

Although magnitudes of ligand-induced chemical shift changes are usually a reliable 

predictor of ligand binding sites, certain type of interactions, especially dynamic interactions 

with heterogeneous ligand binding conformations, may produce relatively small chemical 

shift changes despite the high affinity of the interaction. To confirm the binding sites 

identified using chemical shift perturbation analysis are involved in CS binding, we also 

studied the interactions of PTN with CSE dp6 and CSA dp8 ligands functionalized with the 

paramagnetic compound TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl, or (2,2,6,6-

tetramethylpiperidin-1-yl)oxidanyl) at the reducing end. TEMPO is a stable nitroxide 

radical. The unpaired electron enhances relaxation of the NMR signal in a distance-

dependent manner. This paramagnetic relaxation enhancement (PRE) can be quantified for 

each atom by either comparing the intensities of the atom’s NMR signal in the presence of 

oxidized and reduced radicals, or by directly measuring the difference in the atom’s 

transverse relaxation time (R2,PRE) in the presence of reduced and oxidized radicals. The 

magnitude of PRE experienced by an atom is directly correlated with the average distance 

between the paramagnetic center and the atom. Figure 5A shows selective areas from the 

HSQC overlay of full length PTN in the presence of either oxidized or reduced TEMPO-

labeled CSE dp6 ligand. The ratio of ligand to protein is only 0.25:1. Under such conditions, 

only selective signals showed severe perturbations due to the fast kinetics of the interactions 

and the small amount of ligand used. R2,PRE analysis shows residue G110 experienced the 

greatest PRE, and signals for residues K54, Y69 and F71 are only visible after the radical 

has been reduced, indicating these residues are also close to the reducing end of the ligand. 

Y69, F71 and G110 are found in CTD whereas K54 is in NTD. Although many perturbed 

CTD residues are close to cluster 2, G110 are close to cluster 1. This means no single GAG-

binding conformation can simultaneously account for all perturbations. The sulfation pattern 

heterogeneity in the CSE dp6 sample, which is known to result in heterogeneous binding 

orientations in protein-GAG interactions [40], is a possible explanation for this observation. 

In the NTD, although only side chains of NTD residues (residues Q51, W18 and W20) 

showed significant PRE, backbone HN atoms of NTD residues, with exception of K54, are 

only lightly perturbed, consistent with NTD’s lower GAG affinity. Residues in the C-

terminal tail also showed no significant perturbation, indicating the reducing end of the 

ligand is not near it. We also repeated the experiments using TEMPO-labeled CSA dp8. 

Because of PTN’s weaker affinity for CSA, we increased the molar ratio of ligand-to-protein 
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to 0.5:1 in this experiment. As a result, the magnitude of PRE due to CSA dp8 is larger than 

that of the CSE dp6 experiment. The PRE perturbation pattern produced by CSA dp8 is 

similar to that of CSE dp6 (Figures 5D to 5F), indicating the two ligands interacted with 

PTN in a similar manner. One notable difference between the CSA dp 8 and CSE dp6 data is 

that G110, located near cluster 1, experienced proportionally smaller PRE when CSA dp8 is 

the ligand. On the other hand, Q100, located near cluster 2, experienced proportionally 

larger PRE with the CSA dp8 ligand than with CSE dp6. This indicates CSA dp8 prefers a 

binding orientation that places its reducing end at cluster 2. Overall, the results are in good 

agreement with the chemical shift perturbation analysis and confirm that CTD and the hinge 

constitute the strong CS binding site of PTN. A control experiment carried out using 4-

hydroxy-TEMPO showed there is no non-specific interactions between the TEMPO moiety 

and PTN under the condition of the PRE experiments.

HADDOCK Models of the CTD-CSE Dp6 Complex

Using the chemical shift and the PRE perturbation data, we constructed models of PTN’s 

CTD complexed to TEMPO-labeled CSE dp6 using the docking program HADDOCK. We 

chose to focus on the CTD and hinge rather than intact PTN because this segment of PTN 

has the strongest affinity for CS, therefore is most likely to have stable interactions with CSE 

dp6 ligands. The chemical shift perturbation data were used to generate highly ambiguous 

distance constraints between the ligand and CTD while the PRE data were used to define 

unambiguous distance constraints between the paramagnetic center in TEMPO and HN 

atoms of perturbed residues. Although exact distances cannot be obtained because radical 

contents of the ligands are not known, it is certain that the distance between the 

paramagnetic center and the most perturbed HN atoms are most likely less than 15 Å. This 

fact was used to define the upper distance limit between HN atoms of residues Y69, F71 and 

G110 and the paramagnetic center in TEMPO. Our chemical shift perturbation data point to 

cluster 2 of CTD as a major GAG binding site and PRE perturbations show the reducing end 

of the protein can be close to both cluster 1 and cluster 2. We initially attempted to construct 

the model using these unfiltered data. However, instead of producing two distinct 

populations, HADDOCK chose to place the ligand between cluster 1 and cluster 2, which 

does not agree with the PRE data. We then attempted to construct the two populations 

separately by using PRE distance contraints to cluster 1 and cluster 2 in separate runs. 

Figure 6A shows the ensemble of 10 lowest energy structures obtained when only PRE 

distance constraints to cluster 2 were used along with the chemical shift perturbation data. 

The ligand in these models are found at two binding sites. Majority of the ligands appears to 

interact with cluster 2 residues in CTD. However, two models place the ligand close to the 

hinge. Neither conformation alone is completely consistent with the chemical shift 

perturbation data, but the ensemble average is in agreement with the chemical shift 

perturbation data. On the other hand, cluster 1, which has a strong electronegative surface, 

did not appear to have any interaction with the ligand. We believe this was because the 

docking was biased by the lack of chemical shift perturbation to cluster 1 residues. However, 

chemical shift perturbation does not always reflect interaction with ligands. In particular, the 

rigid structures surrounding cluster 1 may not allow large chemical shift changes in the 

presence of CSE. We then repeated the docking after adding cluster 1 residues as active 

residues. The result was a highly converged ensemble with the non-reducing end of the 
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ligand interacting with cluster 1 and reducing end of the ligand near cluster 2 so that the 

TEMPO tag is close to the HN atoms of residues Y69 and F71 (Figure 6B). Figure 6C shows 

the ensemble of structures obtained when only PRE distance constraints to cluster 1 (residue 

G110) were used with the chemical shift perturbation data. In this ensemble, the non-

reducing end of the CSE ligand interacts mostly with cluster 2. The reducing end of the 

ligand extends into cluster 1 and the TEMPO tag is placed close to G110, consistent with the 

PRE data. It should be noted that many sulfates in the CSE ligand are pointing away from 

the protein. However, ionic interaction between sulfates and basic amino acids is known to 

be crucial to GAG-protein interactions, therefore this maybe an artifact of incomplete ligand 

conformation sampling or incorrect handling of the electrostatics by HADDOCK.

Discussion

In this study, we have determined the structure of PTN and characterized its interactions 

with CS. The structure of PTN is homologous to that of known midkine structures. However, 

the distribution of basic amino acids on PTN’s NTD is different from that of midkine. 

Specifically, Iwasaki et al. did not identify any basic amino acid clusters in NTD of human 

midkine [25] while Lim et al. showed two basic amino acid clusters exist in the NTD of 

zebra fish midkine [26]. Cluster 3 in zebra fish midkine’s NTD is similar to the cluster in 

NTD of PTN, but the cluster in PTN also includes an additional basic amino acid, R39. This 

difference in the number of basic amino acid clusters in NTD may explain why NTD of 

zebra fish midkine showed the largest changes when titrated with heparin [26], while CS-

induced chemical shift changes from NTD of PTN are far smaller than those in the hinge 

region and the CTD (Figures 2 & 3). PTN’s CTD and NTD also have significantly different 

affinities for CS, which were not noted in heparin binding studies involving zebra fish 

midkine [26], but is consistent with results of previous investigations of PTN-heparin 

interactions [28, 41]. In particular, CTD’s apparent Kds of interaction for both CSA and 

CSE are four times smaller than that of NTD. Our results also show that the C-terminal half 

of the hinge can interact with residues in CTD through hydrophobic interactions. These 

interactions places the two lysines in the hinge (residues K60 and K61) close to cluster 1 of 

CTD. The fact that residues in the hinge were highly perturbed by CSE both in terms of 

chemical shift changes as well as paramagnetic effects indicate that the hinge is close to the 

bound GAG and may play a crucial role in PTN’s interaction with CS. Similar observations 

were also made in the characterization of midkine-heparin interactions by Lim et al.[26] Our 

postulate is that during GAG binding, the hinge most likely folds along the CTD, allowing 

residues K60 and K61 in the hinge to become part of cluster 1 in CTD.

The C-terminal tail of PTN is necessary for PTPRZ signaling [35, 36], and peptides derived 

from the C-terminal tail can inhibit PTN activity [38]. However, previous studies of midkine 

and PTN showed the C-terminal tail of neither protein is necessary for binding heparin [26, 

28]. But no study has examined the role of the C-terminal tail on binding CS, the type of 

GAG found on PTPRZ. Work presented here shows that, although the C-terminal tail plays a 

minimal role in binding the highly sulfated CSE, it is vital in maintaining stable interactions 

with CSA. Since more than 90 % of disaccharides in PTPRZ’s GAG chains are CSA 

disaccharides [42], this finding demonstrates PTN’s C-terminal tail is a crucial mediator of 

PTN’s interaction with PTPRZ. In light of these results, previous observations that C-
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terminal truncated PTN cannot initiate PTPRZ signaling can now be attributed, at least in 

part, to truncated PTN’s inability to interact strongly with CS chains on PTPRZ. Our NMR 

titrations also provided some molecular insight into the mechanism of the phenomenon. In 

particular, the titrations showed removal of the C-terminal tail reduced CTD’s and NTD’s 

affinity for CSA dp8 measurably, implying that the C-terminal tail of PTN acts 

synergistically with the TSR domains to facilitate interactions of CSA. However, because 

residues in the C-terminal tail exhibited neither large CS-induced chemical shift changes nor 

any significant PRE effects when treated with TEMPO-labeled CS, the mechanism of the 

synergisitic interactions between the domains is unclear. One possibility is that the C-

terminal tail’s affinity for short CS ligands used in the titrations is too weak to be observed, 

but its interactions with long, native CS polysaccharides maybe significantly higher because 

of avidity effects. PTN is known to have many disparate binding partners, and it has long 

been suspected that the domains of PTN may confer specificity for different partners. Our 

results show that domains of PTN are also responsible for conferring specificity for GAGs. 

This regulation maybe crucial in determining the receptor specificity of PTN.

Results from this study confirmed that PTN’s affinities for different types of CS vary greatly. 

This is may have significant consequences on the activity of PTN. In particular, CSC, a 

variant of CS containing mostly 6-O-sulfated GalNAc are expressed at higher levels in the 

CNS during early stage neural development [43]. Although not studied here, CSC has been 

shown to have higher affinity for PTN than CSA [24]. Therefore, presence of CSC during 

early development will significantly enhance interactions between PTN and PTPRZ. This is 

consistent with the fact that PTN expression is highest during early stage neural 

development. Furthermore, CSE has been shown to be enriched in various tumors [44–46] 

and activity of GalNAc 4-O-sulfate 6-O-sulfotransferase, the enzyme responsible for making 

CSE, is also elevated in metastatic cancer cells [47]. These CSE containing proteoglycans 

can serve as high-affinity receptors for PTN, and may explain the improved proliferation and 

migration of these cancer cells during metastasis.

Interestingly, the C-terminal tail is also known to interact with other PTN receptors. In 

particular, the C-terminal tail is known to associate with integrins [38]. In fact, integrins 

have shown to be a crucial part of PTN-induced cell migration and transformation 

mechanism [23]. Therefore, it is conceivable that removing the C-terminal tail may also 

inhibit PTN-integrin interactions. There are also reports that PTN can interact with 

unglycosylated PTPRZ [24, 42]. Because of the acidic nature of the PTPRZ core protein, it 

is conceivable that PTN may be attracted to the core protein. This implies that the C-

terminal tail of PTN may also play a role in modulating stable interactions with the PTPRZ 

core protein.

Experimental Procedures

Expression and Purification of PTN and PTN Short.

The open reading frame for human wild type PTN and C-terminus truncated PTN (residues 

1 to 114) were obtained from DNASU (dnasu.asu.edu) and cloned into the pET-15b vector. 

For expression, the plasmids were transformed into Origami B (DE3) (Novagen) and grown 

in M9 medium at 37o C to an OD600 of 0.8, at which time the bacteria were induced with 
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0.25mM IPTG and incubated overnight at room temperature. The cultures were harvested 

and lysed using 1 mg/mL lysozyme and sonication. Protein was extracted from supernatant 

through Heparin-affinity chromatography with a 5 mL HiTrap heparin column (GE Life 

Sciences) and a NaCl gradient of 0 M to 1.5 M at pH 7.5. Production of isotopically labeled 

wild type and C-terminal truncated (residues 1 to 114) PTN was attained by supplementing 

M9 medium with 15NH4Cl and/or 13C glucose.

Biotinylation of PTN.

PTN was biotinylated via EDC-mediated coupling chemistry. Specifically, biotinylation was 

carried out in 100 μL reactions containing 26μM protein, 5.2 mM Amine-PEG-biotin 

(Thermo-Fisher) and 2.6 mM EDC in 100 mM MES (pH 5.5). The reactions were incubated 

for 30 min at room temperature and buffer exchanged into PBS buffer to remove excess 

labels. After buffer exchange, amount of biotinylated protein was quantified using a biotin 

quantitation assay kit (Thermo-Fisher) with biotinylated horseradish peroxidase as a 

standard. Biotinylation efficiency was approximately 0.5 – 1%.

Semi-Synthesis of Chondroitin Sulfate E.

Chondroitin Sulfate E (CSE) was synthesized through chemical sulfation of Chondroitin 

Sulfate A (CSA) according the procedure in Cai et al.[48] Briefly, 3.5 g of CSA was 

dissolved in 90 mL of formamide with 5 g of trimethylamine sulfur trioxide. The reaction 

was stirred vigorously and kept at 60o C under N2 gas for 24 hours. After completion of the 

reaction, the product was dialyzed for two days in water before lyophilization.

Preparation of Size-Defined and Paramagnetic CSA & CSE Ligands.

Size defined CSA and CSE fragments were obtained through partial enzymatic digestion of 

native polysaccharides. Specifically, 0.5 g of CSA from porcine trachea was digested with 

50 mg of type V hyaluronidase from sheep testes in 20 mL of 50 mM NaH2PO4, pH 6.0, 

150 mM NaCl buffer at 37o C for two days. 0.1 g of CSE was digested using 0.8 U of 

chondroitinase ABC (Sigma Aldrich) in 12 mL of a digestion buffer (50 mM Tris pH 8.0, 60 

mM NaAc, 50 μg/mL kanamycin, 0.01% NaN3) at 37o C for 24 hours. Kanamycin was 

added to prevent bacterial growth during digestion. All fragments were separated with a 2.5 

cm × 175 cm size exclusion chromatography column (Bio-Rad Biogel P10) with a flow rate 

of 0.2 mL/min. Fractions containing identical sized fragments were combined and 

subsequently desalted, and lyophilized. NMR analysis shows the main component (~ 80%) 

in CSA dp8 contains three 4-O-sulfated GalNAc and one 6-O-sulfated GalNAc. No 2-O-

sulfated GlcA was found in CSA. The CSE dp6 contains mostly two components. One 

component (40 %) contains entirely 4,6-O-disulfated GalNAc. The other component (40%) 

has one 6-O-sulfated GalNAc and two 4,6-O-sulfated GalNAc. There was no 2-O-sulfated 

GlcA in CSE. CSE and CSA dp6 were functionalized with 4-amino-TEMPO through 

reductive amination using procedures similar to those outlined in Morgan et al. [49] Briefly, 

2 mg of CSE or CSA dp6 were reductively aminated in 400 μL of H2O containing 0.3 M of 

4-amino-TEMPO and 20 mM NaCNBH3. To prevent reduction of the radical, the reaction 

was carried out at neutral pH and incubated at 65 ° C overnight.
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Collection and Analysis of NMR Data.

NMR data for PTN was collected on Bruker 600 MHz Avance III HD spectrometers 

equipped with a Prodigy probe. PTN samples used for data collection contained 0.4–1 mM 

PTN in 10 mM MES and 150 mM NaCl (pH 6.0). 13C/15N-labeled PTN was used for 

collection of HNCO, HNCACO, HNCACB, and HNCOCACB spectra for backbone 

assignment. Side chain proton assignments were obtained using a combination of 

HCCONH, CCONH, HCCHTOCSY, 13C-methyl detected HCCHTOCSY [50] and 13C- or 
15N-edited NOESY experiments. Aromatic proton and carbon assignments were obtained 

using HBCBCGCDHD, HBCBCGCDCEHE and aromatic 13C-edited NOESY experiments. 

Aligned sample in a 7% positive charged polyacrylamide gel was also used to obtain HN 

residual dipolar couplings (RDCs). All data processing was performed with NMRPipe [51] 

and analyzed using NMRView. [52] The numbering scheme for residues was based on 

mature PTN, starting with G1 after the signal peptide. Measurements of 1H R2,PRE from 

TEMPO-labeled CSE dp6 were carried out on a 200 μM wildtype PTN samples containing 

either 50 μM TEMPO-tagged CSE dp6 or 100 μM TEMPO-tagged CSA dp8. The 

paramagnetic contribution to the transverse relaxation was measured as the difference 

between 1H T2 before and after reduction of the TEMPO radical with 10 molar equivalents 

of ascorbate.

Structure Calculation.

The secondary structure prediction program TALOS [53] was used to predict the backbone 

torsion angle restraints of PTN using chemical shift data. 13C-, and 15N-edited NOESY 

spectra were assigned manually to determine as many unambiguous long- and short-range 

contacts as possible. Partially assigned NOESY peak lists and RDC data were used in the 

structure calculation program CYANA. [54] The resulting structure and constraints were 

used to further refine the structure using XPLOR-NIH. [55] The ten best structures out of 

100 calculated in the calculations were used. Table 1 lists the final constraints used in the 

refinement of the structures. NTD and CTD RDCs were refined using separate and 

independent tensors. There was no RDC violation over 0.5 Hz. Root mean square deviation 

between experimental and calculated RDCs were 0.29 ± 0.07 Hz for NTD and 0.16 ± 0.05 

Hz for CTD. Electrostatic surface potential of the TSR domains was calculated using the 

program APBS [56]. The calculation assumed the ionic strength of the solution was 0.15 M. 

The dielectric constant of solvent and solute was 78.5 and 10, respectively. The potential is 

specified in the unit of kT/e, where k is the Boltzmann constant, T is the temperature and e is 

the charge of the electron.

Titrations of Wild Type and Truncated PTN with CSA & CSE.

Titrations of wild type and C-terminal truncated PTN with CSE dp6 and CSA dp8 were 

performed on the Bruker 600 MHz Avance III spectrometer. Titration of wild type PTN with 

CSE dp6 was performed by adding aliquots of 40 mM CSE dp6 stock solution to a 125 μM 

PTN sample to produce final CSE dp6 concentrations of 0.125, 0.375, 0.625, 0.875, and 

1.125 mM. CSA dp8 titration of wild type PTN was performed by adding aliquots of 8.5 

mM CSA dp8 to a 190 μM sample to final concentrations of 0.09, 0.26, 0.51, 0.77, 1.11, 

1.45, and 1.87 mM CSA dp8. Titration of C-terminal truncated PTN with CSE dp6 and CSA 
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dp8 were carried out with 100 μM PTN in 10 mM MES, 150 mM NaCl (pH 6.0). Aliquots 

of CSE dp6 from a 40 mM stock solution were added to reach concentrations of 0.1, 0.3, 

0.5, 0.7, and 0.9 mM. CSA dp8 from a 20 mM stock solution was added to reach 

concentrations of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM. At each increment in the titrations, 

a 15N-edited HSQC spectrum was acquired. Observed chemical shift changes in the 1H and 
15N dimensions were measured and normalized to a single value using the equation: δ = 

[ΔδH
2 + (0.17 × ΔδN)2]1/2, in which ΔδH and ΔδN represent chemical shift changes in the 1H 

and 15N dimensions in ppm units. Proton chemical shifts were referenced to internal DSS, 

and 13C and 15N resonances were referenced indirectly to DSS, using the absolute frequency 

ratios. Kd values were extracted by fitting plots of normalized chemical shift changes vs. 

ligand concentration using the 1:1 binding model fitting feature in xcrvfit (http://

www.bionmr.ualberta.ca/bds/software/xcrvfit/). It should be noted that the model used in the 

fitting does take into consideration the depletion of ligands during the titration.

Immobilized CSA and CSE ELISA of PTN.

CSA and CSE were attached to microwell plates through covalent crosslinking. To 

accomplish this, amine binding plates (G-Biosciences) were first treated with 100 μL of 100 

μg/mL poly-L-lysine (Sigma). CSE or CSA were then covalently linked to poly-L-lysines by 

treating each well with 100 μL of 250 μg/mL CSE or CSA, 1mM EDC, 10μM NHS and 

100mM MES (pH5.5). The reactions were incubated overnight at room temperature. To 

carry out the ELISA, 5% BSA in PBS was used to block the plate for 1.5 hours at room 

temperature first. The plate was washed with TBST 3 times before 100 μL of PTN samples 

containing protein concentrations ranging from 2.5μg/ml to 0.015μg/ml were added to the 

wells. After 1 hour incubation, the wells were washed with TBST and incubated with 

Streptavidin-HRP in PBS for 1 hour in room temperature. To quantify the amount of PTN in 

each well, 100μl 1-Step Ultra TMB ELISA Substrate (Thermo-Fisher) was added to each 

well. The reaction was stopped by adding 100 μl 0.1 M HCl and 450nm absorbance of each 

well was measured. The Kds for the titrations were calculated using the Langmuir Isotherm 

with the assumption that the protein-to-ligand ration in the complex is one-to-one. 

Specifically, the plot of A450 vs. CS concentration is fitted with the equation 

A450=([CS]*Amax)/(Kd+[CS]), where Amax is the maximum absorbance possible. Each 

ELISA was repeated at least three times for reproducibility, and triplicate of each data point 

were included each time.

Modeling of the CTD-CSE dp6 Complex Using HADDOCK.

Models of the CTD-CSE dp6 complex was constructed with HADDOCK 2.2 [57] starting 

with the structure of CTD and hinge. Force field parameters of the ligand were derived from 

monosaccharide parameters distributed with CNS 1.3 [58] and parameters for sulfate groups 

derived from the work by Huige et al. [59] Parameters for the TEMPO tag was calculated 

using the PRODRG server [60]. Residues showing strong chemical shift perturbations in 

CSE dp6 titrations were designated as active residues and solvent exposed residues nearby 

were designated passive residues. Unambiguous upper distance constraints of 20 Å were 

specified between the paramagnetic center in TEMPO and HN atoms showing strong PRE 

perturbation (residues Y69, F71 and G110). The ligand and residues in the hinge region 

were allowed to be fully flexible in the docking. The docking followed the default 
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HADDOCK protocol with 1000 structures calculated in the initial round. 200 structures with 

the lowest energy were then used in a second round of refinement. Finally, all second round 

structures were refined in explicit solvents.
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Abbreviations:

CS chondroitin sulfate

CSA chondroitin sulfate A

CSE chondroitin sulfate E

CTD C-terminal TSR domain

EDC 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide

GAG glycosaminoglycan

GalNAc N-acetylgalactosamine

GlcA glucuronic acid

GlcNAc N-acetylglucosamine

HSQC heteronuclear single quantum coherence spectroscopy

HS heparan sulfate

IdoA iduronic acid

NTD N-terminal TSR domain

PTN pleiotrophin.

PTPRZ receptor type protein tyrosine phosphatase ζ

TSR Thrombospondin type-1 repeat.

TBST Tris-buffered saline with Tween 20.
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Figure 1. 
Structure of PTN. A) Superimpositions of NTD and CTD/hinge from the ensemble of 10 

lowest energy structures. Disulfide bonds are represented in yellow. Hinge segment is shown 

in magenta. Side chain of F63 is shown in beige. B) Schematic depiction of the β-sheet 

structures of PTN. Residues are represented by circles labeled with residue numbers. Dashed 

lines represent observed NOE between amide protons. Solid lines represent disulfide bonds. 

C) Electrostatic potential mapping of NTD and CTD/hinge. The surface depiction of these 

domains are shown in the same orientation as the ribbon diagrams to their right. The unit of 

potential is in kT/e. D) Left: strips from aromatic 13C-edited NOESY showing NOE cross 

peaks between aromatic protons of residue F63 in the hinge and Y69, V103, I105 in CTD. 

Right: structural details of interactions between hinge and CTD. E) Schematic of the PTN 

sequence. The C-terminal tail is shown in red.
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Figure 2. 
CSA and CSE ELISA of wild type and truncated PTN. A) CSE ELISA of wild type and C-

terminal truncated PTN. Both proteins bound CSE with high affinity. B) CSA ELISA of 

wild type and C-terminal truncated PTN. Only wild type PTN bound CSA with measurable 

affinity. Error bars represent standard deviations among three independent experiments 

(n=3).
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Figure 3. 
Titration of wild type and C-terminal truncated PTN with CSE dp6 A) 15N-edited HSQC 

overlay of wild type PTN at different concentrations of CSE dp6. Residues with large 

chemical shift changes are labeled and their movements are illustrated with arrows. B) 

Normalized CSE dp6-induced chemical shift changes of amide proton and nitrogen for each 

residue in wild type PTN. Schematic illustration of PTN’s secondary structure is shown on 

the top of the plot. C) Binding curves of residues C15 (NTD) and R92 (CTD) used to 

calculate the CSE dp6 binding Kd of each domain. D) Magnitudes of chemical shift 

perturbation mapped onto the ribbon diagram of PTN. Coloring scale is shown on the 

bottom. E) 15N-edited HSQC overlay of C-terminal truncated PTN (residues 1 to 114) at 

different concentrations of CSE dp6. F) Normalized CSE dp6-induced chemical shift 

changes of amide proton and nitrogen for each residue in truncated PTN. G) Binding curves 

of residues C15 (NTD) and R92 (CTD) used to calculate the CSE dp6 binding Kd of each 

domain. H) Magnitudes of chemical shift perturbation mapped onto the ribbon diagram of 

PTN. Coloring scale is shown on the bottom.
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Figure 4. 
Titration of wild type and C-terminal truncated PTN with CSA dp8. A) 15N-edited HSQC 

overlay of wild type PTN at different concentrations of CSA dp8. Residues with large 

chemical shift changes are labeled and their movements are illustrated with arrows. B) 

Normalized CSA dp8-induced chemical shift changes for each residue in wild type PTN. 

Schematic illustration of PTN’s secondary structure is shown on the top of the plot. C) 

Binding curves of residues C15 (NTD) and R92 (CTD) used to calculate the CSA dp8 

binding Kd of each domain. D) Magnitudes of chemical shift perturbation mapped onto the 

ribbon diagram of PTN. Coloring scale is shown on the bottom. E) 15N-edited HSQC 

overlay of C-terminal truncated PTN (residues 1 to 114) at different concentrations of CSA 

dp8. F) Normalized CSA dp8-induced chemical shift changes of amide proton and nitrogen 

for each residue in C-terminal truncated PTN. G) Binding curves of residues C15 (NTD) and 

R92 (CTD) used to calculate the CSA dp8 binding Kd of each domain. H) Magnitudes of 

chemical shift perturbation mapped onto the ribbon diagram of PTN. Coloring scale is 

shown on the bottom.
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Figure 5. 
PRE perturbation on wild type PTN by TEMPO-labeled CSE-dp6 and CSA dp8. A) 

Sections from 15N-edited HSQC overlays of PTN in the presence of oxidized (red) and 

reduced (black) TEMPO-labeled CSE dp6. B) Quantitative R2,PRE values experienced by 

backbone amide protons in the presence of TEMPO-labeled CSE dp6. Residues whose 

amide proton signals are only visible after reduction of TEMPO are indicated by dashed 

rectangular boxes and labeled. C) TEMPO-labeled CSE dp6 R2,PRE values mapped onto the 

ribbon diagram of PTN. Coloring scale is shown on the bottom. D) Sections from 15N-edited 

HSQC overlays of PTN in the presence of oxidized (red) and reduced (black) TEMPO-

labeled CSA dp8. E) Quantitative R2,PRE values experienced by backbone amide protons in 

the presence of TEMPO-labeled CSA dp8. Residues whose amide proton signals are only 

visible after reduction of TEMPO are indicated by dashed rectangular boxes and labeled. F) 

TEMPO-labeled CSA dp8 R2,PRE values mapped onto the ribbon diagram of PTN. Coloring 

scheme is shown on the bottom.

Ryan et al. Page 22

FEBS J. Author manuscript; available in PMC 2018 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Models of CTD-CSE dp6 complex. A) Ensemble of 10 lowest energy models of CTD-CSE 

dp6 complex constructed using unfiltered experimental data. B) Ensemble of 10 lowest 

energy models of CTD-CSE dp6 complex after adding cluster 1 residues as active residues 

and using PRE distance constraints to cluster 2 only. C) Ensemble of 10 lowest energy 

models of CTD-CSE dp6 complex after using PRE distance constraints to cluster 1 only. In 

each ensemble, protein is superimposed and ribbon diagram of only one copy is shown. 

TEMPO-labeled CSE dp6 ligand is shown in the bond representation and basic amino acids 

in clusters 1 and 2 are shown in the ball-and-stick representation.

Ryan et al. Page 23

FEBS J. Author manuscript; available in PMC 2018 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ryan et al. Page 24

Table 1.

Structural statistics for ensemble of PTN structures.

No. of NOE-based distance constraints

  Total 749

  Intraresidue (i = j) 263

  Sequential (|i – j| = 1) 295

  Medium-range (1 < |i – j| < 5) 44

  Long-range 147

  NOE constraints per restrained residue 5.9

No. of dihedral angle constraints 125

No of H-N RDC used

  NTD 28

  CTD 31

Total no. of structures computed 100

No. of structures used 10

Residual constraint violations
a

  No. of distance violations per structure

   0.1–0.5 Å 29.6

   >0.5 Å 0.3

  No. of dihedral angle violations per structure

   1–10° 4.8

   >10° 0.1

  No. of RDC violations per structure, > 0.5 Hz 0

  Experimental vs. Calculated RDC Correlation R 0.99

RMSD

  backbone atoms

   NTD
b 0.6 Å

   CTD
c 0.7 Å

  heavy atoms

   NTD
b 1.2 Å

   CTD
c 1.6 Å

Ramachandran plot summary from Procheck
d
 (%)

  Most favored regions 91.9

  Additionally allowed regions 8.1

  Generously allowed regions 0.0

  Disallowed regions 0.0

a Calculated for all constraints for the given residues, using sum over r−6.

b Residues with sum of phi and psi order parameters [61] > 1.8. Ordered residue are residues 17 to 23, 33 to 40, 46 to 53.

c Residues with sum of phi and psi order parameters [61] > 1.8. Ordered residue are residues 66 to 72, 82 to 92, 102 to 109.
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d Residues selected on basis of dihedral angle order parameter [61], with sum of phi and psi order parameters ≥ 1.8. Selected residue ranges are 

the same as the ordered residue ranges.
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