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ABSTRACT: Type XIV collagen, a fibril-associated collagen with interrupted triple helices (FACIT), interacts
with the surrounding extracellular matrix and/or with cells via its binding to glycosaminoglycans (GAGs).
To further characterize such interactions in the NC1 domain of chicken collagen XIV, we identified amino
acids essential for heparin binding by affinity chromatography analysis after proteolytic digestion of the
synthetic peptide NC1(84-116). The 3D structure of this peptide was then obtained using circular dichroism
and NMR. The NC1(84-116) peptide appeared poorly structured in water, but the stabilization of its
conformation by the interaction with hydrophobic surfaces or by using cosolvents (TFE, SDS) revealed
a high propensity to adopt anR-helical folding. A 3D structure model of NC1(84-116), calculated from
NMR data recorded in a TFE/water mixture, showed that the NC1-heparin binding site forms a amphipathic
R-helix exhibiting a twisted basic groove. It is structurally similar to the consensus spatialR-helix model
of heparin-binding [Margalit et al. (1993)J. Biol. Chem. 268, 19228-19231], except that the GAG binding
domain of NC1 may be extended over 18 residues, that is, the NC1(94-111) segment. In addition, the
formation of a hydrophobic groove upon helix formation suggests the contribution of additional sequences
to ensure the stability of the GAG-binding domain. Overall the NC1(84-116) model exhibits a nativelike
conformation which presents suitably oriented residues for the interaction with a specific GAG.

Collagens are the most abundant proteins present in the
extracellular matrix. They are characterized by a triple helical
structure consisting of the repetitive sequence Gly-Xaa-Yaa
(where Xaa is often a proline residue and Yaa is often a
hydroxyproline residue). They have been classified according
to their structural organization in the extracellular matrix (for
reviews, see refs1-3). Among the nonfibrillar collagens, a
class called FACITs1 for fibril-associated collagens with
interrupted triple helix (4, 5) has been defined since their
discovery in the neighborhood of quarter-staggered fibrils.
In the FACIT’s family, collagen IX is clearly associated at
the surface of the fibers, and covalent links between collagen
IX and the fibrils forming collagen II have been demonstrated
(6, 7). For other members of the family, like collagens XII
and XIV, the mode of association has yet to be identified.
However, it has been proposed that proteoglycans, such as
decorin, could provide a link between collagen XIV and the
fibrils through their glycosaminoglycan (GAG) chains (8).

Collagen XIV is a homotrimeric protein which contains
two short triple helical domains (COL1 and COL2) and three
non-triple helical domains (NC1, NC2, and NC3). Intensive
study has been undertaken to understand the trimeric
assembling of collagen XIV (9), its overall function, and the
function of its different domains (8, 10, 11). As is the case
for numerous proteins of the extracellular matrix, the
interaction of collagen XIV with glycosaminoglycans (GAGs)
is well-documented. Apart from its binding with the dermatan
sulfate chain of decorin (8), it has also been found that
collagen XIV interacts with the heparan sulfate chain of
perlecan, with heparin (10), and with a proteoglycan form
of the cellular receptor CD44 (12). Two sites involved in
GAG binding have been described for collagen XIV and
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were located at the opposite extremities of the protein. The
first site was assigned to the NH2-terminal fibronectin type
III repeat located in the NC3 domain of human collagen XIV
and is thought to bind to decorin and to whole cells (13,
14). The second site was recently demonstrated in the
C-terminal NC1 domain of chicken collagen XIV by studies
showing that recombinant NC1 bound strongly to heparin
by both affinity chromatography (11) and solid-phase assays
(E. Aubert-Foucher, unpublished experiments). A physi-
ological GAG partner has not yet been found for this site.
In addition, cDNA analyses have revealed the existence of
variants of type XIV collagen which differ in NC1 and NC3
sequences (15-17) and it is tempting to speculate that
different forms of collagen XIV exhibiting distinct GAG-
binding properties are present in tissue. Further, it is now
generally accepted that extracellular matrix proteins are
proteolytically processed in various normal or pathologic
physiological conditions and there are several examples
reported showing that such domains may exhibit heparin-
binding activity. We have shown that the NC1 domain of
FACIT collagen XII (which is very similar to NC1 of
collagen XIV) is cleaved in various cell media (Aubert-
Foucher et al., submitted for publication), and it is possible
that the C-terminal processing of collagen XIV in vivo may
occur, resulting in the release of NC1 (or part of NC1). Such
hypothetical release of NC1 in combination with the specific
interaction with GAGs may be of major physiological
importance.

Knowledge of the mechanisms by which collagens interact
with GAGs such as heparin/heparan sulfate is of great
importance when trying to understand the role of such
interactions in the structure-function relationship of col-
lagens, and in the modulation of cell and matrix interactions.
Heparin and heparan sulfate are negatively charged polymers
and are thought to interact primarily with proteins via
electrostatic interaction. However, it is clear that the specific
interaction of proteins with GAG depends not only on the
linear spacing of basic residues on specific structural motifs
(18, 19) but also upon the structural folding, that is, the
spacial relationship of distant domains and the quaternary
structure (20-23). In this context, detailed experimentally
derived structural information is mandatory for a better
understanding of GAG-protein interaction. Unfortunately,
only limited experimental information is available on the
conformation of heparin-binding domains in collagens (21,
24). While the complexity of collagen molecules is an issue,
this is mainly due to the difficulties in obtaining large
amounts of the purified, native, and homogeneous trimeric
domains that are required for structural analysis. One
approach to overcome these limitations and obtain insights
at the molecular level for a better understanding of GAG
binding is to carry out the conformational analysis of
synthetic peptides containing GAG-binding activities.

We have recently located the NC1 heparin-binding site
of chicken collagen XIV in the basic 84-108 region by
analyzing NC1 protease digestion products for their ability
to bind to heparin (11). Moreover, we showed by CD that
the binding of heparin tends to induce someR-helical folding
of NC1(84-108) and NC1(84-119) fragments which were
poorly folded in water (11). To better characterize the
structure of the GAG-binding site of NC1, we chemically
synthesized the NC1(84-116) peptide. Heparin affinity

chromatography of peptide fragments obtained after NC1-
(84-116) digestion by various proteases allowed the iden-
tification of the essential residues involved in heparin
binding. In addition, to assess NC1(84-116) conformational
preference in situ, we analyzed its structure under various
stabilizing conditions by using cosolvents (TFE, SDS) that
mimic the environment found in the hydrophobic core of
globular proteins (25-33). An alternative way to ap-
proximate the biologically relevant conformations of protein-
bound peptide segments is to use hydrophobic surfaces, and
recently, a CD procedure has been developed which allows
the analysis of the conformation of peptides bound to C18
chains covalently linked to quartz plates (34, 35). We show
here that, whatever the method and the conditions used (i.e.,
interaction either with hydrophobic plates or with SDS, or
by stabilization with TFE), NC1(84-116) exhibits a high
propensity to fold intoR-helix and it is likely that such
folding may occur in a physiological context such as the
interaction with GAG. To determine this precise conforma-
tion, we have used NMR spectroscopy to determine the 3D
structure of NC1(84-116) in the presence of a water-TFE
mixture. The molecular model we obtained shows the
positioning of the main basic residues involved in heparin
binding, and provides a framework for a molecular level
understanding of the mechanism by which this region of
collagen XIV interacts with GAG.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. The peptide was chemically synthesized
using the stepwise solid phase of Merrifield with a Fmoc
(9-fluorenylmethyloxycarbonyl) chemistry in a Millipore
9050 plus continuous flow synthesizer. The C-terminus
carboxylate group was synthesized in the amide form, and
the N-terminus amino group was acetylated with acetic
anhydride to give greater similarity to the parent protein.
After cleavage and deprotection, the peptide was purified
by preparative RP-HPLC on a Vydac C18 column using
0.1% aqueous trifluoroacetic acid and an acetonitrile gradient.
To avoid intermolecular disulfide bond formation during CD
and NMR studies, we converted the N-terminal cysteine
residue intoS-carboxyamidomethyl derivative using iodo-
acetamide.

NC1(84-116) Fragmentation by Proteolysis and Analysis
of the Resulting Peptides by Affinity Chromatography on
Immobilized Heparin.The NC1(84-116) peptide was first
reduced with DTT, and all subsequent steps (blocking of
the N-terminal cysteine and digestion with chymotrypsin or
plasmin) were performed on the peptide bound to heparin-
Sepharose as follows: NC1(84-116) in 0.15 M NaCl, 10
mM Hepes pH 7.4 (buffer A) was reduced with 20 mM DTT
at 33 °C for 40 min and batch incubated with heparin-
Sepharose CL6B (Pharmacia) for 20 min at room tempera-
ture. All the peptide was bound to the affinity matrix. After
being extensively washed with buffer A, NC1(84-116) was
treated four times with 1 mM DTNB (i.e., until the reacting
buffer was colorless) and the gel washed again. Aliquots of
the heparin gel bearing the resulting blocked peptide were
batch incubated for 30 min at room temperature in the
absence or in the presence ofR-chymotrypsin or plasmin
(2.5 µg/mL, Sigma) in 0.15 M NaCl, 10 mM Tris-HCl pH
8.0 buffer containing 1 mM CaCl2. PMSF (0.5 mM) was
added, and the unbound fractions were collected. After
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extensive washing of the resin with buffer A containing
PMSF, bound peptides were sequentially eluted with 0.5 and
1 M NaCl in 10 mM Tris-HCl, pH 7.4, and the eluates pooled
to provide the bound fraction. All of the peptides were
purified by reverse-phase HPLC on an aquapore C8 RP300
column (Brownlee) using aqueous acetonitrile gradients in
the presence of 0.1% trifluoroacetic acid. Once purified, the
peptides present in the bound fraction were tested again for
their ability to interact with heparin-Sepharose by batch
incubation as described above. Finally, the peptides were
identified by MALDI mass spectroscopy as described previ-
ously (36) using a time-of-flight mass spectrometer (Voyager
Elite Xl, Perseptive Biosystems, Framingham, MA) equipped
with a 337 nm nitrogen laser.

Circular Dichroism Measurements.CD spectra were
recorded either on a Jobin-Yvon CD6 or on a Jasco J-710
spectrometer equipped with variable temperature units and
calibrated with ammoniumD-10-camphorsulfonate. Rou-
tinely, measurements were carried out at 298 K using a 0.1
cm path length quartz cuvette (Hellma) with peptide samples
at concentrations ranging from 20 to 110µM in 10 mM
sodium phosphate buffer, pH 7.4. Spectra were recorded in
the 190-250 nm wavelength range with 0.2 nm increments
and 2 s integration time. The baseline-corrected spectra were
smoothed by using a third-order least-squares polynomial
fit. Calculations were performed using either the CD6 or the
Jasco processing softwares. Assuming that the residue molar
ellipticity at 222 nm is exclusively due toR-helix, the
R-helical content was estimated according to Chen et al. (37).

Quartz plates, coated with a C4, C8, or C18 hydrophobic
surface, were prepared using a modification of the method
of Blondelle et al. (34, 35). The plates were derivatized with
octadecyldimethylchlorsilane (C18), octyldimethylchlorosilane
(C8), or n-butyldimethyl-chlorosilane (C4) in anhydrous
toluene (38). NC1(84-116) was bound to a set of nine plates
by incubating them overnight with a solution of peptide (50
µM) in 5 mM MOPS, pH 7.0, at room temperature. After
the plates were rinsed with milli-Q water to remove unbound
peptide, the nine plates were then fitted into a 2 cmquartz
cell containing either 10 mM sodium phosphate buffer, pH
7.4, or milli-Q water. Spectra were acquired at 293 K with
a scan speed of 20 nm/min over the range 250-190 nm in
0.2 nm increments, and with a 1 sintegration time. The
results obtained were an average of at least 4 scans. A
spectrum of the plates without peptide bound provided the
blank.

NMR Spectroscopy.Lyophilized peptide was dissolved in
10 mM sodium phosphate buffer at pH 6.0 containing 50%
TFE-d2 (2,2,2-trifluoroethyl-1,1-d2 alcohol >99% isotopic
enrichmen). All NMR experiments were recorded at 500
MHz on a Varian Unity-plus spectrometer equipped with
ultra-nmr shims and using a triple resonance proton-
carbon-nitrogen 5 mm probe with a self-shielded z gradient
coil. Spectra were acquired nonspinning at temperatures
ranging from 283 to 303 K. For 2D homonuclear1H
experiments, DQF-COSY, clean-TOCSY, NOESY, and
ROESY were performed according to the conventional pulse
sequences (references in9, 39). For NOESY, mixing times
in the 35-250 ms range were used to evaluate spin diffusion.
A spin-lock of 150 ms obtained by continuous irradiation
was used for ROESY experiments. Water suppression was
carried out using selective, low-power irradiation during the

1.5 s relaxation delay and during the mixing time in NOESY
experiments. Alternatively, water was suppressed using a
WATERGATE sequence before detection. Data collection
and processing were carried out as detailed previously (9,
39). For 13C-1H experiments, broad band13C decoupling
during acquisition was accomplished by means of a GARP-1
sequence. gHSQC (gradient version of HSQC) was recorded
with 2000 data points and 128 scans in t2 dimension and
512 increments in t1. A 50 ms spin lock was used for the
gHSQC-TOCSY, with 2000 data points acquired in 256
scans in t2 per 360 increments in t1.

NMR-DeriVed Constraints.NOE intensities used as input
for the structure calculations were obtained from the NOESY
spectrum recorded with a 50 ms mixing time to avoid the
spin diffusion arising at longer mixing times. Spectra
obtained at 283 and 303 K were also used to estimate NOE
intensities for cross-peaks unresolved at 293 K. Acquisition
of a ROESY spectrum was always performed for each set
of experiments to check that no NOESY cross-peak was
missing. NOEs were partitioned into three categories of
intensities that were converted into distances ranging from
a common lower limit of 1.8 Å to upper limits of 2.6, 3.8,
and 5 Å, respectively. The cross-peak intensity of the Hδ-Hε

protons of Phe95 was used as a distance reference (2.45 Å).
Protons without stereospecific assignments were treated as
pseudoatoms, and correction factors were added to the upper
and lower distance constraints (40). NOEs back-calculations
were performed from calculated structures by using the
standard procedure of X-PLOR 3.1 (41).

Structure Calculations.Three-dimensional structures were
generated from NOE distances with X-PLOR 3.1 program
(41), using the standard force fields and default parameter
sets, except some minor modifications to increase the
duration of the molecular dynamic simulations and the
number of energy minimization steps as detailed previously
(9, 39). Sets of 50 structures were calculated to widely
sample the conformational space, and the structures were
analyzed for NOE violations. The selected structures were
compared by pairwise rmsd for the backbone atom coordi-
nates (N, CR, and C′). Local analogies were analyzed by
calculating the local rmsd of a tripeptide window slided along
the sequence. Statistical analysis, superimposition of struc-
tures, 3D graphic displays, and manipulations were achieved
by using either ANTHEPROT 2.0 (42) or RASMOL 2.6 (R.
Sayle program) software. The secondary structure elements
and Ramachandran plots were analyzed according to the
Kabsch-Sander definition rules, as incorporated in the
program PROCHEK (43).

RESULTS

For experimental structural investigation of the previously
identified NC1 heparin-binding region (11), a fragment was
chemically synthesized with the sequence C*A84VELRS-
PGISRFRRKIAKRSIKTLEHKRENAKE116 and denoted
NC1(84-116). The numbering of NC1 refers to that
proposed (15). Note that the additional cysteine residue in
the N-terminal position (C*) was added for labeling or
covalent-binding purposes. However, it was modified into
S-thionitrobenzoate cysteine for heparin-binding studies or
S-carboxamidomethyl cysteine for CD and NMR studies to
avoid the potential formation of intermolecular disulfide
bonds.
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Identification of Residues Essential for Interaction with
Heparin. To determine the minimal residues required for
interaction with heparin, we bound NC1(84-116) to im-
mobilized heparin before digestion withR-chymotrypsin or
plasmin in order to protect the cleavable residues involved
in the heparin-binding site. Bound and unbound peptides
were further purified by reverse-phase HPLC, and the
heparin-binding ability of each peptide was tested again. This
strategy allowed the elimination of peptides potentially
retained on the immobilized heparin medium because of their
complexion with heparin-bound peptides. Figure 1 shows
that only the peptides containing the RKIAKRSIKTLE
sequence (97-108 segment) bind to heparin. In addition,
the R102-E116 and C*A84-F95 peptides, which did not
contain the RKIAK sequence (97-101 segment), were not
retained on heparin, indicating the essential role of these
residues in heparin binding. The lack of ability of the R102-
E116 peptide to bind to heparin also indicates that residues
R102 and K105 are likely to play a secondary role in heparin
binding. These results also indicate that, in themselves, the
basic cluster 109-111 (HKR) and K115 are not sufficient
to promote binding to heparin. This is confirmed by the
heparin-binding ability of the L87-E108 peptide which does
not contain these residues. In summary, the RKIAK segment
(97-101) appears to be absolutely required for heparin
binding, but the minimal heparin-binding site possibly also
involves at least the neighboring basic residues R102 and
K105.

Circular Dichroism Analysis.Figure 2 shows the CD
spectra of NC1(84-116) in the presence of various concen-
trations of TFE or SDS (A and B, respectively), or in
interaction with hydrophobic surfaces (C). The CD spectrum
of NC1(84-116) in 10 mM sodium phosphate buffer pH
7.4 (Figure 2A) shows an intense negative band at 198 nm
characteristic of a peptide in a random-coil conformation.
Modifying the pH of the buffer from 4.0 to 9.0 and/or
increasing the ionic strength did not significantly modify the
spectrum (data not shown).

In the presence of increasing concentrations of TFE (Figure
2A), the shape of the spectrum becomes increasingly typical
of R-helical folding with two minima at 208 and 222 nm
and a maximum at 192 nm. This process occurs while the
TFE concentration goes from 0% to 41% (v/v) and is
maximal at 41% TFE. Between 41% and 59% TFE (and up
to 75%, data not shown), only minor changes in the

amplitude of the maxima occur. This is consistent with the
suggestion of Jasanoff and Fersht (31) that, for a peptide
with helical propensity, helicity is generally at a maximum
by 20-30% TFE and folding complete by 50%. The
presence of an isodichroic point at 203 nm indicates that
the peptide undergoes a simple random coil toR-helix
transition and that, according to a two-state model, an
equilibrium exists between the two conformers. In 41% TFE,
the molar ellipticity at 222 nm, after the cooperative coil-
to-helix transition, is-23 560 deg cm2 dmol-1. The corre-
sponding helical content, calculated by the method of Chen
et al. (37), is 65%.

CD spectra of Figure 2B show that, in the presence of
increasing amounts of SDS, the peptide folds into an
R-helical conformation. At 0.1 mM SDS (i.e., below the
cmc), the CD spectrum shows an increase of the amplitude
of the 220-230 broad negative peak. Between 0.2 and 2
mM SDS, the peptide-SDS solutions become turbid and
therefore were not analyzed. This aggregation, occurring at
low SDS concentration, is likely to be a consequence of the
neutralization of positive peptide charges by sulfate groups
of SDS, leading to an enhancement of the intermolecular
hydrophobic interactions. Formation of SDS-peptide mi-
celles at higher SDS concentrations prevents such interactions

FIGURE 1: Localization of the amino acids of NC1(84-116)
essential in heparin binding. The whole NC1(84-116) peptide and
its proteolytic fragments were produced, purified, and tested for
their ability to bind to heparin-Sepharose as described in the
Experimental Procedures. Peptides R96-E116 and C*A84-F95 were
produced afterR-chymotrypsin digestion, whereas peptides R97-
E116 and R102-E116 were obtained after NC1(84-116) proteolysis
by plasmin. In addition, the peptide L87-E108 was included in this
figure, as we have previously shown that it binds to heparin (11).
Hep+ and Hep- refer to fragments that can or cannot bind to
immobilized heparin, respectively. C*:S-thionitrobenzoate cysteine.

FIGURE 2: Far-UV CD spectra of NC1(84-116). (A) TFE titration
of 15 µM NC1(84-116) in 10 mM sodium phosphate buffer, pH
7.4. The TFE concentrations on the spectra from top to bottom (at
222 nm) are the following: 0%, 10%, 18%, 25%, 41%, 59%. (B)
Spectra of 15µM NC1(84-116) in 10 mM sodium phosphate
buffer, pH 7.4, in the presence of SDS. Note that all of the spectra
recorded in the 10 to 100 mM SDS range are superimposable. (C)
Spectra of NC1(84-116) bound to C4 (solid line), C8 (dotted line),
and C18 (dashed line) coated plates.
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and thus prevents aggregation. For 3 mM SDS (i.e., around
the cmc), the maximum helicity is reached, and increasing
the amount of SDS up to 100 mM does not change the
spectral shape. The slight decrease in amplitude of the
minima, observed above 3 mM SDS, may be due to some
micelle-dependent light scattering. A helical content of 53%
can be calculated from the maximal molar ellipticity of
-19 250 deg cm2 dmol-1 at 222 nm. On the whole, the SDS
titration of NC1(84-116) indicates a transition from random
coil to R-helix conformation.

Figure 2C shows the CD spectra of NC1(84-116) fol-
lowing incubation with quartz plates coated with C4, C8, or
C18 hydrophobic chains. Although the concentration of the
peptide bound on the plates cannot be properly quantified,
the spectra clearly indicate that NC1(84-116) is able to
firmly bind to these hydrophobic surfaces, and the shape of
these spectra indicate that the peptide adopts anR-helical
conformation upon binding. Assuming that such hydrophobic
surfaces mimic the hydrophobic interior of proteins, these
data suggest that NC1(84-116) exhibits a clear tendency to
adopt anR-helical fold in a protein context.

NMR Spectroscopy. The 2D homo and heteronuclear NMR
experiment recorded with NC1(84-116) dissolved in 10 mM
sodium phosphate buffer, pH 6.0, containing 50% TFE,
yields well-resolved spectra as illustrated by the extracts of
TOCSY and NOESY (Figure 3, panels A and B, respec-
tively). The spectra were assigned using the classical
sequential assignment method (40), the spin systems were
identified with DQF-COSY and TOCSY spectra and with
the help of1H-13C HSQC and HSQC-TOCSY spectra in
natural abundance. The sequential assigment was performed
with the help of the NOESY spectrum obtained at a mixing
time of 250 ms. Despite the poor dispersion of the NH and
HR resonances (all NH resonances are in a range of 0.8 ppm,
and 23 of 34 HR resonances are in a range of 0.3 ppm), the
sequential attribution of all spin systems was completed (see
Figure 3). The proline 90 residue was only observed in a
trans-conformation as deduced from the strong cross-peak
between HR of A89 and Hδ of P90. No sign of any other
stable NC1(83-l16) conformation was observed in the NMR
spectra. Moreover, no conformational exchange was detected
in the millisecond time range as checked by ROESY. The
identification of all side chain protons of the basic residues
of the peptide was difficult due to their large number (6
arginines and 5 lysines) located adjacent to each other along
the sequence (R96-R97-K98, K101-R102, and K110-
R111). However,1H-13C heteronuclear experiments allowed
the identification of all proton side chain resonances of the
basic residues as well as of most of the13C resonances. The
tables of 1H and 13C chemical shifts are available as
Supporting Information. The intensities of NOE cross-peaks
were defined from the NOESY spectrum recorded at 293 K
with a mixing time of 50 ms. The presence of strong
sequential amide cross-peaks (Figure 3B) and the fact that
sequential dRN(i, i + 1) connectivities are much stronger
than the corresponding intraresidue connectivities in the
fingerprint region (NH-HR) of the same spectrum (data not
shown) are typical ofR-helical folding. All of these data
indicate that, in 50% TFE, the NC1(84-116) unfolded/folded
equilibrium is largely shifted toward the folded state. Thus,
the exchange averaging process of conformational intercon-

version can be neglected, and NOE intensities can be validly
correlated with the interproton distances in the folded state.

Secondary Structure.Figure 4 shows the sequence of NC1-
(84-116) with an overview of sequential and medium-range
NOE connectivities and the chemical shift analysis for1HR
and13CR. Despite the lack of data due to numerous cross-
peaks overlapping (indicated by asterisks on the Figure 4),
the analysis of NOEs allows the distinction of several
structural regions. In the N-terminal part of the peptide (A84-
G91 segment), despite the presence of three medium-range
connectivities, the strong dRN(i, i + 1) and weak dNN(i,
i + 1) sequential connectivities are the sign of a poorly
structured or flexible region. For the I92-S103 segment,
strong dNN(i, i + 1) and medium dRN(i, i + 1) sequential
connectivities, and numerous medium dRN(i, i + 3), strong
dRâ(i, i + 3), and weak dRN(i, i + 4) medium-range
connectivities, are characteristic of anR-helical conformation.
For the I104-A114 segment, the presence of dRN(i, i + 3),
dRâ(i, i + 3), and dRN(i, i + 4) medium-range connectivities

FIGURE 3: Extracts of NMR spectra of NC1(84-116) recorded in
10 mM sodium phosphate buffer pH 6.0 and 50% TFE (v/v) at
293 K. (A) NH-RH region of the TOCSY spectrum recorded with
a spin lock of 50 ms. The cross-peaks are labeled by type and
residue number. Note that the NH-HR cross-peak of N113 at 8.08/
4.69 ppm was not visible in these conditions. (B) NH-NH region
of the NOESY spectrum recorded with a mixing time of 250 ms.
The sequential dNN(i, i + 1) cross-peaks are labeled byi and i +
1 residue numbers.
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clearly indicate the existence of a helical conformation, but
the weakness of dRN(i, i + 3) connectivities probably
indicates some flexibility, or perhaps 310 helix, in this region.

The 1HR and 13CR chemical shifts are known to be a
straightforward way of analyzing the protein secondary
structure, and this has been well-established with the
Chemical Shift Index (44, 45). In the case of1HR, chemical
shifts are not affected by addition of up to 50% TFE (46).
Relative to a random conformation, an increase of helicity
results in an upfield shift of1HR resonances, resulting in a
negative variation of the chemical shifts (∆δ1HR). In the
central part of the peptide, (S93-R111 segment, Figure 4),
the negative∆δ1HR is equal to or larger than 0.1 ppm, that
is, in agreement with the criterion used to define anR-helix
conformation (44). In the case of13CR, chemical shifts are
shifted downfield by the formation of anR-helix. However,
the threshold of 0.7 ppm used as criterion to assess the
presence ofR-helix in water is increased to 3 ppm in the
presence of TFE. This marked overshift in TFE is mostly
due to the influence of this cosolvent on the internal reference
TSP (47). In NC1(84-116), this 3 ppm threshold for∆δ13CR
is reached or exceeded for the I92-E112 segment and
confirms theR-helix conformation of this part of the peptide.

Structure Calculation and Analysis. In a first round, only
unambiguous NOE constraints were used for structure
calculations. An improvement of the constraints set was
achieved through NOE back-calculation that allowed the
validation of all NOE-derived constraints. Finally, a total
set of 426 interproton distance constraints including 98
sequential and 111 medium-range was used for structure
calculation (Table 1). Figure 5 A shows the distribution of
interproton distance constraints for each residue. It should
be noticed that no H-bond constraints were added in the

molecular modeling calculation despite the convincing
overview of the helical NOE pattern shown in Figure 4. From
the set of 50 structures calculated with X-PLOR program
(41), those having at least one violation of NOE greater than
0.5 Å were discarded as they do not fully satisfy the NMR
data. In the final set of the 19 structures selected, pairwise
comparison of structures revealed only one structural family.
This is illustrated in Figure 6A which shows a view of the
19 structures superimposed from the I92 to the E108 residues.

Figure 6A also shows that anR-helix is well-defined
between residues S93 and L107, as also reflected by the local
rmsd lower than 0.2 Å and the global rmsd lower than 1 Å.
(Figure 5, panels C and B, respectively) Accordingly, the
pairwise rmsd for the backbone heavy atoms (C′, CR, N) of
the helical region (I92-E108 segment) yields values as low
as 0.89 Å (Table 1). The pairwise rmsd for all of the heavy
atoms gives a value of 2.09 Å, indicating that the side chains
are less well-defined. Both the C and N-terminal parts of
the peptide appear to be rather disordered (see Figures 5 and
6). However, it should be noted that the H109-E112 segment
was observed as anR-helix in each structure, but failed to
superimpose in all structures. This could be related to the
weak intensities of medium-rangeR-helix NOEs (Figure 4)
which likely reflect some instability of the helical folding
in this region. In addition, in several generated structures,
some helical folding was observed on the N-terminal part
of the peptide (V85-S89 segment). This is in agreement with
the presence of some medium-range NOE constraints in this
region (see Figure 4). The stereochemical properties of the
backbone dihedral angles provided by the Ramachandran
plots showed that more than 93% of the residues are located
in the allowed regions (Table 1). The overall energy of the
19 structures is largely negative with values of less than

FIGURE 4: Summary of sequential (i, i + 1) and medium-range
(i, i + 2 to i, i + 4) NOEs and1HR and 13CR chemical shift
differences versus residue number and type. The intensity of NOEs
is indicated by the thickness of the connecting bars. Asterisks
indicate that the presence of NOEs is not confirmed because of
resonances overlapping.1HR and13CR chemical shift differences
were calculated by subtraction of the experimental values to the
random coil conformation values reported by Merutka et al. (46)
and Thanabal et al. (47), respectively. The dotted lines indicate
the standard threshold values for theR-helix.

Table 1. Statistics on the Final Set of Simulated Annealing
Structures of NC1(83-116) in 50% TFEa

A. Constraints Used
distance restraints

intraresidue 217
sequential 98
medium range 111
total distance restraints 426

B. Statistics for the Final X-PLOR Structures
number of structures in the final set 19
X-PLOR energy (kcal.mol-1) -169.1( 14.2

NOE violations
number>0.5 Å none
rms deviation (Å) 0.030( 0.007

deviation from idealized covalent geometry
angles (deg) 1.11( 0.07
impropers (deg) 0.22( 0.02
bonds (Å) 0.0050( 0.0003

rms deviation (Å)
backbone (C′, CR, N)

helix (92-108) 0.89
all residues 3.48

all heavy atoms
helix (92-108) 2.09
all residues 4.79

Ramachandran datab

residues in most favored regions (%) 74.7( 5.7
residues in allowed regions (%) 18.8( 4.9
residues in generously allowed regions (%) 4.0( 3.4
residues in disallowed regions (%) 2.4( 1.8

a See Experimental Procedures for details of calculation.b From
PROCHECK (43).
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-169 kcal mol-1 (-706 kJ mol-1). The parameters analyzing
the deviation from the idealized covalent geometry are
homogeneous and fit well with the finding of one family of
structures. Hence, an average structure representing this
family of structures was calculated and is presented in Figure
6B,C. This Figure shows the distribution of hydrophobic and
hydrophilic side chains and reveals that most of basic
residues are located on the same side of the helix (Figure
6A,B) and form a twisted basic groove. Conversely, hydro-
phobic residues are located on the opposite face of the helix.

DISCUSSION

To further characterize and understand the interactions of
the NC1 domain of collagen XIV with GAG, we chemically
synthesized the NC1(84-116) peptide containing the basic
region previously shown to contain a heparin-binding site
and to exhibit a conformational change toward helix forma-
tion upon heparin binding (11). The basic residues critical
for heparin binding were identified by analyzing the heparin-
binding capacity of purified NC1(84-116) proteolytic cleav-
age products obtained by treating NC1(84-116) with various
proteases. The NC1(84-116) secondary structure in various

stabilizing conditions was studied by CD, and its analysis
by NMR in 50% TFE allowed us to model its 3D structure.

The analysis of the proteolysis products of NC1(84-116)
able to be retained on heparin-agarose media (Figure 1)
clearly shows that residues of the segment (97-101),
RKIAK, are absolutely required for heparin-binding activity.
Interestingly, these residues represent the central part of a
XBBBXXBX consensus motif (here FRRKIAKR) which has
been proposed as a general heparin-binding consensus
sequence (18). On that basis, the RRKIAK segment (96-
101) probably serves as a primary nucleation site for the
recognition of heparin. In addition, the data of Figure 1
indicate that the minimal heparin-binding site of NC1 may
extend toward the C-terminus and likely includes at least
R102 and K105.

As often observed for peptides, and even domains, when
extracted from their native context, the CD analysis reveals
that NC1(84-116) is mainly unstructured in aqueous solu-
tion. In contrast, it clearly adopts a helical conformation
either upon interaction with hydrophobic C4-, C8-, or C18-
coated quartz plates or in the presence of TFE or SDS
micelles. The latter cosolvents are very useful tools for
probing the propensity of peptides for secondary structure
formation. However, the major concern over using TFE or
SDS is the relevance of the induced peptide structure to the
native conformation. Although earlier model studies (48)
have predicted that all peptide sequences will ultimately
become helical in alcohols such as TFE, there is a substantial
body of evidence to indicate that this is not always the case.
For example, a number of peptides that correspond toâ-sheet,
loop, and turn regions of proteins are actually disordered in
TFE (28, 29, 49-51). In addition, there have been observa-
tions of stableâ-sheet (52-55), â-hairpin (56-58), and even
molten globule-like folding intermediates (59, 60) in TFE.
It is now recognized that TFE stabilizesR-helical structure
only in peptides or protein regions which have an inherent
helical propensity (28, 49, 61, 62). Further, close examination
of TFE-induced non-native structures indicates that they are
usually observed only in the presence of high amounts of
TFE, are generally highly flexible, and lack stable helical
H-bonds (63-65). By contrast, the use of moderate amounts
of TFE allows the exhibition of secondary structure propen-
sities of protein fragments, not only forR-helical but also
for â-structure (65, 66).

The precise action of TFE on polypeptide is becoming
better understood (31, 33, 60, 67, 68, 70, and references
therein). According to Hirota et al. (33), the hydrophobic
groups of TFE can associate with each other, and with the
hydrophobic groups of peptide residues, in a micelle-like
structure. The stabilization of hydrophobic clusters leads to
the stabilization of intramolecular hydrogen bonds, to the
detriment of the intermolecular H-bonds with water. It can
be assumed that, at low concentrations of TFE, such micelle-
like structure might mimic the interior of the protein and,
thus, would favor the formation of a nativelike peptide
conformation. Conversely, increasing the hydrophobicity
with high concentrations of TFE would lead to a reduction
of the hydrophobic intramolecular interactions between
adjacent peptide segments (such as strands in aâ-sheet), and
thus the corresponding H-bond network would become
destabilized. In the case of hydrophobic or amphipathic
peptides, this would enhance the formation ofR-helix to the

FIGURE 5: Structural characterization of NC1(84-116): number
of NOEs and backbone rmsd versus residue number and type. (A)
Histogram showing the number of intraresidual constraints (black
boxes), sequentiali, i + 1 constraints (white boxes), and medium
i, i + 2 to i, i + 4 constraints (dotted boxes). Note that each
interresidue NOE appears twice, once for each of the two interaction
residues. (B) Histogram of the atomic rmsd values for the backbone
heavy atoms (N, CR, and C′) for each residue of the final set of 19
structures. (C) Histogram of the three residue averaged rmsd values
for the backbone heavy atoms of the final set of 19 structures.
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detriment of â-sheet formation each time a competition
between these secondary structures is possible. Consequently,
the probing of the conformation tendencies for a peptide
should be carefully done by TFE titration (31, 66). On this
basis, the fact that the helicity of NC1(84-116) increases
continuously over the range 0-40% TFE, and that a clear
isodichroic point is observed (indicating that this peptide
undergoes a simple two-state random coil/helix transition)
leaves no doubt that TFE is only stabilizing the innate
R-helical folding of NC1(84-116).

In addition to TFE, SDS provides a hydrophobic environ-
ment that mimics either biological membranes or the interior
of protein. The mechanism by which micellar and/or non-
micellar SDS acts to induce/stabilize secondary structure in
peptides remains poorly understood (25, 30, 32). However,
micellar SDS is well-known to stabilize anR-helical
conformation in peptides derived from helical regions of the
original protein (65, 69, 71, and references therein). In the
case of NC1(83-116), the CD spectra recorded in micellar
SDS and at an SDS concentration around the critical micellar
concentration (Figure 2B) revealed a helical folding. This
indicates that, in a hydrophobic environment mimicking the
protein context, this peptide exhibits a clear propensity to
adopt a helical structure.

Recently, a CD procedure was developed to study the
conformational changes induced upon interaction of a peptide
with hydrophobic C18 chains coated on quartz plates (34,
35). This procedure was later modified to permit the coating
of the plates with C4 and C8 chains (38). It was shown that,
upon interaction with the hydrophobic chains, amphipathic
peptides that were unstructured in water adopted either a
R-helical or aâ-sheet conformation in a sequence-specific
and predictable manner. Although this method does not allow

a precise quantitation of the extent of the induced conforma-
tion, it does constitute a powerful approach toward evaluating
the conformational propensities of a peptide by mimicking
the hydrophobic interior of a protein. The CD spectra of
NC1(84-116) bound to C4-, C8-, or C18-coated plates
(Figure 2C) are typical ofR-helical folding. Inspection of
the spectra reveals that the spectra are all similar, indicating
that the peptide adopts essentially the same conformation
when bound to each of the surfaces. Clearly the peptide is
able to form an amphipathicR-helix stabilized by the
interaction between its hydrophobic side chain residues and
any hydrophobic surface.

In summary, although NC1(84-116) appears predomi-
nantly unstructured in water, all of the conformational
changes observed by CD in the different cosolvents (TFE,
SDS), or when the peptide interacts with hydrophobic
surfaces or with heparin, clearly indicate that the peptide
possesses a great propensity toward the formation of an
R-helical structure. In addition, all secondary structure
prediction methods tested predict the presence ofR-helix in
this region of NC1 (see Supporting Information). Taken
together, these results strongly suggest that, in the biological
context, this NC1 region is likely able to adopt anR-helical
conformation.

The NMR structure analysis of NC1(84-116) in 50% TFE
allowed us to accurately determine the peptide’s helical
conformation (Figure 6). Examination of the arrangement
of the amino acid side chains along the helix reveals that
the basic residues are essentially localized on one side of
the helix and form a basic groove, while the other residues
form a rather hydrophobic groove on the opposite face of
the helix. It should be noted that unfavorable electrostatic
interactions may occur between arginyl and lysyl side chains

FIGURE 6: Structure of NC1(84-116) calculated from NMR-derived constraints measured in 50% TFE. (A) Superimposition of theR-carbon
chains of the 19 final structures aligned for best overlap of residues I92 to E108. The CR-Câ and Câ-Cγ bonds of basic residues are
colored in blue. The figure was drawn with Rasmol 2.6 (R. Sayle program). (B and C) Two views of the NMR average structure of
NC1(84-116) showing the Connolly’s surface distribution of basic (blue), acidic (red), hydrophobic (yellow), and polar (white) residues.
The backbone is displayed as a ribbon. The figures were generated with WebLab Viewer 2.0 from MSI.
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brought into close proximity in the helix. This may contribute
to helix destabilization and probably explains why NC1(84-
116) appears unfolded in water. The basic residues R97, K98,
and K101 (shown to be likely the primary nucleation site
for the recognition of heparin), together with the R102 and
K105 residues (which also appeared to be important for
heparin binding), are close together and constitute the central
part of the basic groove. This groove is extended toward
the N-terminus by R94 and R96, although the latter is not
located on the basic side of the helix. In the C-terminal
region, H109 together with K110 and R111, which are
located on the opposite side of the helix, appears to extend
the basic groove. The positioning of these residues results
in a twisted conformation to the basic groove (see models
in Figure 6). Although these “capping” residues (i.e., R94,
R96, K110, and R111) have not been shown to be essential
for heparin binding, they may also contribute to the charge
density and it is tempting to speculate that the full length of
the twisted basic groove (i.e., the 18 residues from R94 to
R111) may actually constitute the NC1 GAG-binding site.
Undoubtedly, this site presents features in common with the
spatial R-helix model of Margalit et al. (19). This model
involves an amphipathic helix with most of the positively
charged residues on the hydrophilic side in interaction with
heparin. In addition, Margalit’s model predicts two basic
amino acids located at about 20 Å apart, facing opposite
directions in theR helix. However, examination of our
experimental model shows that theR-helices between R94
and R111 comprise a distance of about 27 Å. This distance
would accommodate the binding of a hexasaccharide, and it
is not unreasonable to speculate that this may be related to
the recognition of a specific GAG motif.

In agreement with the proposal of Margalit et al. (19), the
presence of this twisted basic groove suggests that GAG wrap
around theR-helix through electrostatic interactions between
their sulfate and carboxylate groups and the basic peptide
groups, forming a coiled coil-like structure. Stabilization of
the binding likely involves other attractive interactions such
as van der Waals forces and hydrogen bonding. Further, the
presence of a hydrophobic groove, highlighted by the NC1-
(84-116) model, suggests that the formation of a hydro-
phobic core is also required to bury the hydrophobic residues
for a complete stabilization of the helix. Such a hydrophobic
core may be formed by the contribution of additional
sequences from other regions of NC1 and/or upon the
trimerization of NC1 in collagen XIV. In fact, the NC1
domain immediately follows the triple helical COL1 domain
in whole collagen XIV. The collagenous part can contribute
to a stable trimeric structure for NC1, whereas the momoner
of NC1 expressed in bacteria is monomeric and poorly
organized (11). An additional consequence of this potential
trimerization might be a cooperative action of three NC1
GAG-binding sites to reinforce the overall interaction with
GAG. Indeed, cooperativity between GAG-binding sites has
already been described for other extracellular matrix proteins
such as laminin (72, 73) and fibronectin (74) and strongly
suggested for collagen V (24). However, at present, it is not
clear whether the NC1 GAG-binding site is fully folded in
“free” collagen XIV or whether the interaction with GAG
drives the final folding of this site. Certainly, it has often
been reported that carbohydrates can stabilize protein folding
by counterbalancing unfavorable clusters of basic charges

(75). For example, it has been postulated that, in the case of
heparin-binding growth factors, the role of heparin binding
may be to stabilize the native conformation of the growth
factors, thereby facilitating their interaction with cellular
receptors (see ref76, and references therein). Hence, one of
the possible roles of GAG binding may be to stabilize the
active conformation of NC1, yielding new interactive proper-
ties to collagen XIV or to the isolated NC1 domain.

In conclusion, this detailed structural and functional
analysis of NC1(84-116), a peptide containing the NC1
heparin-binding region of collagen XIV, has led to an
experimental model of the NC1 heparin-binding site. This
is broadly in agreement with the consensus helical heparin-
binding model of Margalit et al. (19), although the GAG-
binding site of NC1 is likely to be longer. The model
described in the present study suggests the formation of high-
order tertiary or quaternary structures to ensure GAG binding
and/or stabilization of the GAG-binding domain. High level
expression of a recombinant trimeric minicollagen XIV
comprising the COL1 and the NC1 domains of collagen XIV
(as previously performed with minicollagen XII in this
laboratory, ref77) is currently in progress and should help
us in further elucidation of the structure-function relation-
ship of the NC1 collagen XIV domain.
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