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Abstract 

Collagen XIV is known to bind to the dermatan sulfate chain of decorin and to the hep- 
aran sulfate chain of perlecan. To study its possible interaction with glycosaminoglycans, the 
NC1 domain of chicken collagen XIV was overproduced in E. coll. Purified NCI* (6-119)* 
appears poorly organized (the asterisks indicate the presence of extension sequences), but 
V8-protease generated fragments containing the 84-108 basic sequence tend to fold into 
(x-helix. These fragments interact specifically with heparin, which induces an s-helical fold 
with a maximum effect for equimolar heparin/peptide ratio. These data demonstrate the 
existence of a glycosaminoglycan binding site in NC1. 
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Introduction 

Collagen XIV is a homotrimeric modular protein of 
the extracellular matrix which has been classified in the 
fibril-associated collagens with interrupted triple helix 
(FACIT) family (Shaw and Olsen, 1991). It contains two 
short triple helical domains (COL1 and COL2) and 
three non-collagenous domains (NC1, NC2 and NC3) 
(van der Rest and Bruckner, 1993). 

Collagen XIV can interact with glycosaminoglycan 
(GAG) chains. It binds to the dermatan sulfate side 
chain of the small proteoglycan decorin (Font et al., 

Abbreviations used: CD, circular dichroism; FACIT, fibril- 
associated collagens with interrupted triple helix; GAG, gly- 
cosaminoglycan; NOE, nuclear Overhauser enhancement.; 
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis. 
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1993), to the heparan sulfate chains of the basement 
membrane proteoglycan perlecan and to heparin (Brown 
et al., 1993). The large NC3 domain of the molecule 
(obtained after collagenase digestion) or the COL1 and 
COL2 domains (isolated after pepsinization) fail to bind 
to collagen VI, to the heparan sulfate chain of perlecan 
(Brown et al., 1994) or to decorin (E. Aubert-Foucher, 
unpublished results). 

The C-terminal NC1 domain of collagen XIV con- 
tains a RRKIAK sequence, which matches one of the 
two consensus sequences commonly found in sites for 
noncovalent binding of sulfated GAG chains (BBXB 
and BBBXXB, where B is a basic amino acid and X rep- 
resents any amino acid) (Cardin and Weintraub, 1989). 
We overproduced this NC1 domain in E. coli in order 
to characterize its structure and GAG-binding proper- 
ties. 
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Results and Discussion 

Plasmid pNCI (6xHis), which is a derivative of p T7-7  
(Cortay et al., 1994), constructed and expressed accord- 
ing to standard procedures (Sambrook et al., 1989), en- 
coded the NC1 domain of chicken collagen XIV under 
T7 promoter control. The predicted primary sequence of 
the overproduced protein is: 

6 
ARIRARGSAGYGMGGGYGEPTDQDIPVVQLPHNS- 
YQIYDPEDLYDGEQQPYVV 

HGSYPLPSPYSQSSYPSPHLAQPEFTPVREEMEAVEL- 
RSPGISRFRRKIAKRSIKTL 

119 
EHKRENAKEPSQLQHHHHHH 

The numbering refers to the cDNA derived NCI se- 
quence starting from the end of COL1 (residues 1 to 119 
in W/ichli et al., 1993). The N- or C-terminal extensions 
in bold were added for clonil~g and purification pur- 
poses. The expressed protein containing residues 6 to 
119 of the NC1 sequence was designated NCI* 
(6-119)*. The asterisks indicate the presence of exten- 
sion sequences. 

Purification of NC1':(6-119)* by affinity chromatog- 
raphy on immobilized heparin was very efficient (see the 
legend of Fig. 1), and pure NC1 *(6-119)* could be ob- 
tained after a second affinity chromatography on Ni 2+- 
nitriloacetic acid-agarose (lane 1, Fig. 1A). NCI*  
(6-119)* migrates in sodium dodecyl sulfate polyacry- 
lamide gel electrophoresis (SDS-PAGE) with an apparent 
molecular mass of 21.4 kDa (14.8 kDa expected), but its 
genuineness was confirmed by N-terminal sequencing 
and mass spectrometry. 

To localize the region of NC1"(6-119)* responsible 
for its interaction with heparin, this domain was di- 
gested with VS-protease, and the resulting polypeptides 
were tested for their ability to bind to heparin-Sepharose 
and/or to Ni2+-nitriloacetic acid-agarose (Fig. 1A). After 
digestion, three bands can be resolved by SDS-PAGE 
(bands H, M and L, lane 2). Bands M and L interact 
with heparin (lane 4), but only the M band binds to 
Ni2+-nitriloacetic acid-agarose (lane 6), indicating that it 
contains the 6xHis sequence. The slower migrating band 
(H), which doesn't bind to heparm, corresponds to the 
N-terminal part of NCI*(6-119)*.  The M and L bands 
contain the heparin-binding sequence and correspond to 
the C-terminal end with and without the 6xHis exten- 
sion, respectively. N-terminal sequencing of band M 
gives a triple sequence: MEAVELRSP, AVELRSPGI and 

LRSPGISRE Thus, band M contains three polypeptides: 
NC1(82-119)*, NC1(84-119)* and NC1(87-119)* (Fig. 
1C). The peptides of each band were separated by re- 
verse phase high performance liquid chromatography as 
illustrated for the compounds of L band in Figure lB. As 
expected, amino acid analysis and mass spectrometry re- 
vealed that the three peaks correspond to NC1(82-108), 
NC1(84-108) and NC1(87-108). A similar profile was 
obtained for band M, leading to the preparation of 
NC1 (82-119) % NC1 (84-119)* and NC1 (87-119)* frag- 
ments. Figure 1C summarizes the sequences of NCl-de- 
rived polypeptides which interact with heparin. 

The circular dichroism (CD) spectra revealed that 
NC1"(6-119)* is poorly structured (Fig. 2A). Proton 
nuclear magnetic resonance analyses showed (i) a rela- 
tively low number of nuclear Overhauser enhancement 
(NOE) cross-peaks, (ii) the presence of broad peaks indi- 
cating conformational averaging processes and (iii) some 
NOE correlations typical of helical structures (not 
shown). Thus, NC1 *(6-119)* should be considered as a 
mixture of interconverting conformers, exhibiting some 
local more stable folded regions. Moreover, 
NC1"(6-119)* showed a large propensity to fold upon 
stabilization with moderate amounts of trifluoroethanol 
(< 40%), indicating that NC1 could be folded in particu- 
lar environments. 

The secondary structure of basic 78-88 and 93-113 
segments of NC1 are predicted as o~-helices by most pre- 
diction methods (according to Geourjon and Del6age, 
1995; data not shown). This is in agreement with the 
CD experiments showing that NC1(82-119)* and 
NC1(84-108) fragments exhibit a peak in the 220-230 
nm range (Fig. 2A), indicating the presence of some heli- 
cal folding. Moreover, these fragments showed a high 
propensity for helical folding on stabilization with triflu- 
oroethanol. Of particular interest, addition of stoichio- 
metric amounts of heparin increases the structuration of 
these fragments, as illustrated in Figure 2B for NC1 
(84-108). The differential CD spectra with and without 
heparin shovved the characteristic shape of helical pep- 
tides. These data demonstrate that heparin induces a 
specific conformational change of the basic NC1 frag- 
ments towards helix formation, suggesting that this re- 
gion may be helical in situ. 

Besides its helix inducing effect, heparin forms a !:1 
complex with NC1 fragments with an apparent dissocia- 
tion constant lower than 2 laM in the presence of 
0.15 M NaC1 at pH 7.4 (Fig. 2C). The NaC1 concentra- 

tion must be raised to 500 mM to reverse heparin bind- 
ing (Fig. 2D). These features are typical of well charac- 
terized heparin-binding sites (Cardin et al., 1991). Simi- 
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Figure 1. Identification of the heparin-binding NC1 fragments. After sonication in 10 mM Tris HC1 at pH 7.45 (buffer A), the sol- 
uble bacterial extract was incubated in the presence of protease inhibitors with heparin-Sepharose. After extensive washing of the 
gel with 0.15 M NaCI in buffer A, NC1"(6-119)" was eluted with 0.5 M NaCI in the same buffer. The eluate was incubated with 
Ni2+-nitriloacetic acid-agarose (Qiagen) and, after washing of the gel with 0.5 M NaC1 and 0.1 M NaC1 containing buffer A, the 
NC1"(6-119)* domain was finally eluted with 0.2 M imidazole, 0.1 M NaCI, pH 7.45. (A) SDS-PAGE analysis of purified 
NC1"(6-119)* and V8 protease-generated NC1~'~(6-119) * fragments. Pure NC1"(6-119)* (lane 1) was incubated with V8-pro- 
tease (1/200, w/w) for 1 h 30 at 30 °C in 20 mM Tris HCI, 20 mM imidazole, 0.14 M NaCI, pH 7.45. An aliquot was withdrawn for 
electrophoretic analysis (lane 2). Two other aliquots (110 lag) were incubated in parallel for 45 min at 4 °C with 150 lal of 
heparinoSepharose (lanes 3 and 4) or NP-nitriloacetic acid-agarose (lanes 5 and 6). Unbound fractions are shown in lanes 3 and 5. 
After washing of the gels with ten volumes of 10 mM Tris HCI, 0.15 M NaCI, pH 7.45, the material bound to heparin-Sepharose or 
Ni2+-nitriloacetic acid-agarose was eluted with 10 mM Tris HCI, 0.75 M NaCI, pH 7.45 or 0.2 M imidazole, 0.1 M NaCI, pH 7.4.5 
respectively (lanes 4 and 6). In lanes 7 and 8, a V8-protease NC1"(6-119)* digest was first bound to heparin-Sepharose, and the 
0.75 M NaCI eluate was applied to a NP-nitriloacetic acid-agarose column. The unbound fraction is shown in lane 7 and the 0.2 M 
imidazole, 0.1 M NaCI, pH 7.45, eluate is shown in lane 8. All samples were analyzed by SDS-PAGE using 10% acrylamide gels, 
according to Sch~igger and Von Jagow (1987), and Coomassie Blue staining. H = higher band, M = medium band and L = lower 
band. (B) High performance liquid chromatography purification of material corresponding to lane 7 of Figure 1A. NCloderived 
heparin-binding polypeptides were separated on an Aquapore C8 RP300 column (Brownlee) using an aqueous acetonitrile gradi- 
ent (4-40 %) over 45 min in 0.1% trifluoroacetic acid. A similar profile is obtained with material corresponding to lane 8 of Figure 
1A (not shown). (C) Sequences of NC1 *(6-119)* heparin-binding fragments obtained. The vertical arrows represent V8-protease 
cleavage sites. 

lar results were ob ta ined  for the other  basic NC1 frag- 

ments,  even for the shorter  one (NC1(84-108)) .  All these 

data  indicate that  this region of NC1 is able to bind re- 

versibly to hepar in  or, more  probably,  to specific gag 

molecules.  The possible locat ion of  the hepar in-b ind ing  

site in N C I ( X I V )  was invest igated in accord with the 

spacial or-helix heparin-binding pattern described by Mar-  

galit et al. (1993). Due to the numerous basic residues, as 

many as four potential  motifs may satisfy Margali t 's  crite- 

ria: NC1(97-110) ,  NC1(98-111) ,  NC1(88-101)  and 
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Figure 2. Circular dichroism (CD) spectra of NC1 and NC1 fragments and specificity of heparin binding. All far-UV CD spectra 
were recorded at room temperature with a Jobin-Yvon CD6 in 10 mM sodium phosphate, pH 7.5, in the absence (A) or in the pres- 
ence (B, C and D) of 150 mM NaCI at a protein concentration of 15 ~M in dichroically neutral quartz cuvettes with an optical 
pathlength of 2 ram. Samples were scanned in 0.2 nm increments, integration time 2 s. Baseline was established with buffer alone 
and baseline-corrected spectra were smoothed by using a third-order least squared polynomial fit. When heparin (Sigma, 6 kDa 
average mass) was present, the spectra were corrected for its contribution (note that at the concentrations used, heparin contribu- 
tion to the CD is negligible). Because of the noise induced by the presence of chloride ions, CD spectra could not be recorded under 
200 nm. All calculations were performed using the CD6 spectrum processing software. Peptide concentration was determined by 
amino acid analysis. Data were expressed in mean residue molar ellipticity. (A) Spectra of NC1(6-119) + (solid line), NC1 
(82-119)* (small dash line) and NC1(84-108) (long dash line), respectively. (B) CD spectra of NC1(84-108) in the absence (long 
dash line) or presence of 0.5 (small dashed line) and 1 (dotted line) mol of heparin per mol of peptide. (C) Differential spectra be- 
tween spectra recorded in the presence and absence of stoichiometric amounts of heparin for NC1(84-108) fragment (dotted line; 
this differential spectrum was calculated from the spectra obtained in (B) and for NC1(82-119)* fragment (dot-dash line). (D) 
Heparin binding on NC1(82-119)* and NC1(84-108) monitored by ellipticity at 222 nm (closed triangles and open squares, re- 
spectively). The NC1 fragments (15 ~M) were mixed with heparin at the indicated ratio in 10 mM sodium phosphate, pH 7.5, con- 
taining 150 mM NaCI. (E) Effect of NaCI on the heparin binding to NC1(82-119)* monitored by ellipticity at 222 nm. The 
NC1(82-119)* fragment (15 ~.M) was incubated in the absence (open circle) or presence (closed circle) of an equimolar concentra- 
tion of heparin in 10 mM sodium phosphate, pH 7.5, with the indicated amounts of NaCI before recording the CD spectra. 



NC1 (102-115).  Although the putative NC1(88-101)  
motif contains the heparin-binding-type sequence 
BBBXXB, none of the other motifs can be discarded a 
priori. Thus, the heparin binding site of NC1 appears 
more complicated than generally observed for the con- 
sensus heparin-binding sequence. This complexity may 
be related to the trimeric nature of NC1 in native colla- 
gen and is probably related to the recognition of specific 
GAG motifs. 

As previously described (Font et a1.,1993), immobi- 
lized collagen XIV binds decorin in solid phase assays. 
This binding is inhibited by very low amounts  of hep- 
arin, demonstrat ing that this GAG can compete with the 

dermatan sulfate side chain of decorin. However, over- 
produced NC1" (6 -119 )*  failed to bind decorin (not 

sho,vn), indicating that its heparin-binding site cannot  
account  by itself for the decorin-binding property of col- 
lagen XIV. This may reflect the necessity of a putative 
additional decorin binding site to stabilize the interac- 
tion with collagen XIV. This site may reside on the 
neighboring domains (COL1, NC2,  COL2).  Another  
possibility is that  the trimerization of NC1 segments in 
intact collagen is required for binding on decorin. 
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