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ABSTRACT. The 3D structure of the COLANC1 junction of FACIT type XIV collagen was investigated
using GYCDPSSCAG and (GPRYCDPSSCAG synthetic peptides, circular dichroism, and NMR.

At —20 °C and under air oxidation catalyzed by €uthe peptide (GPP35YCDPSSCAG is able to
self-associate with high yield into a stable triple disulfide bonded trimer. The presence of a triple helical
conformation was confirmed by circular dichroism. The analysis of the trimer by 2D NMR provided a
set of distance constraints for the noncollagenous part. Molecular models for the 3D structure of COL1
NC1 junction were calculated, using the NMR distance constraints in combination with the 3D structural
data recently established by X-ray crystallography [Bella, J., Eaton, M., Brodsky, B., & Berman, H. M.
(1994) Science 266 75—81] for a collagenous triple helix. From the eight theoretically possible
arrangements for the three interchain disulfide bonds, only two close disulfide conformers are compatible
with the experimental data. The main feature of the trimer structure is the asymmetry of the molecule
due to the disulfide bond pattern that induces a particular folding of one chain. This chain forms a turn-
like structure locked by two disulfide bonds with the two other chains. The turn-like folding is close to
that observed for the cyclized oxidized monomeric peptide. This is the first report of the 3D structure
model for a junction between a collagenous triple helical domain and a noncollagenous domain.

Collagens are proteins of the extracellular matrix which
include one or more domains that have a triple helix
conformation with a repetitive (Gly-X-¥,)primary sequence
(van der Rest & Garonne, 1991). About 30% of positions
X and Y are occupied by prolyl and hydroxyprolyl residues,
respectively, which stabilize the helical conformation. Nine-

Abe et al.,, 1994). The first cysteine is part of the last
tripeptide of the COL1 domain at position Y while the second
one is located in the NC1 domain. Between the two, there
are the following: in position 1, a charged residue, generally
an acidic one; in position 2, most often a proline; in positions
3 and 4, small amino acids (Ser or Ala). These cysteine

teen collagens have been defined so far (Mayne & Brewton, residues are known to be involved in interchain disulfide
1993). The FACITs (fibril-associated collagens with inter- bonds (Dublet & van der Rest, 1987, 1991; van der Rest &
rupted triple helix) which include type IX, XII, XIV, XVI, Mayne, 1987), but there are no data available concerning
and XIX are characterized by short triple helical domains the disulfide bonding pattern(s).
(named COL domains) separated by non triple helical The mechanisms of selection, correct registration, and
domains (named NC domains). Type XVI and XIX col- assembly of the three polypeptidic chains remain unknown
lagens have only been characterized at the nucleic acid andor the FACITs. Several recent results of our group suggest
genomic levels, and their molecular organization has not beenthat the COL1 domain and the cysteine-containing region
established (Pan et al., 1992; Myers et al., 1994). They will may be involved in those mechanisms (Labourdette & van
not be considered further in this study. Type IX collagenis der Rest, 1993; Mazzorana et al., 1993). To understand the
a heterotrimen1 (IX) a.2(1X) a3(1X), while type XII and XIV role of the COLE-NC1 junction in chain assembly, the
collagens are homomeric molecules. The C-terminal end knowledge of its three-dimensional structure is required. Only
of the FACITs is composed of a noncollagenous domain NC1 very few studies were previously published concerning the
preceded by a highly conserved triple helical domain COL1. arrangement of interchain disulfide bonds in collagenous
All the FACITs present a remarkable sequence homology molecules. A theoretical space-filling model was proposed
at the junction COLENC1. Two cysteine residues sepa- for the junction between the long triple helix and the
rated by four amino acids are strictly conserved (Ninomiya C-terminal noncollagenous domain of type Il collagen
& Olsen, 1984; Ninomiya et al., 1985; Gordon et al.,1989; (Bruckner et al., 1978). In this collagen, the three interchain
Kimura et al., 1989; Muragaki et al., 1990; Dublet & van disulfide bonds are formed between adjacent cysteine
der Rest, 1991; Gordon et al., 1991; Brewton et al., 1992; residues. However, in the case of FACIT molecules, where
the two cysteines are separated by four amino acids in each
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Scientifique. into account the shift of one amino acid between the three
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Thus, experimental structural data were needed to guide theBachem Bioscience, were added in a single step using the
molecular modeling of the COLANC1 junction. Fmoc-Gly-Pro-Hyp-OH tripeptide (Bernillon and Wallach,

As FACITs are minor collagens in the matrix, the Personal communication).
preparation of the COLNC1 junction from tissues in Concentration Measurement$eptide concentrations in
sufficient amounts for structural studies would be unpractical. Solution at neutral pH were estimated from UV absorbance
To overcome this prob|em, we Synthesized the two peptides10f terSine USing the molar extinction coefficient at 280 nm
GYCDPSSCAG and (GPPiBYCDPSSCAG: the GY-  Of 1536 Mt cm™* (Beaven & Holidays, 1952).
CDPSSCAG sequence corresponds to the GENMC1 Thiol Titration. The extent of cysteine oxidation was
junction of chickenal(XIV) collagen and for the longer ~ Monitored by RP-HPLC after incubating the peptide (1 mg/
peptide, the three GPP* repeats mimic the COL1 domain. ML) in the presence of 10 mNX-ethylmaleimide (NEM)
Although the natural sequence of the C-terminal region of for 15 min at room temperature (Lee et al., 1992). The
the COL1 domain of collagen XIV is GSQGPAGPP*, we titration of thiol groups in the trimeric assembly was done
have chosen the repetitive sequence GPP*GPP*GPP* for theaccording to Ellman’s method (Riddles et al., 1983) by
following reasons. (1) This region is triple helical in the incubating the disulfide-linked trimer in a freshly prepared
native protein as shown by its resistance to proteolytic solution of DTNB [5,5-dithiobis (2-nitrobenzoic acid)] and
cleavage (Dublet & van der Rest, 1991), but it is part of a Mmeasuring the net absorbance at 412 nm after 5 min of
larger triple helical sequence that contributes to the stability incubation at room temperature (molar extinction coefficient
of the helical conformation. The chosen sequence would Of 13 600 Mt cm™).
be more favorable for a triple helical folding of a short ~ Microsequencing The location of disulfide bonds was
peptide. (2) The GPP*GPP*GPP* sequence would give done by microsequencing using an Applied Biosystems 470A
simple NMR: spectra in the region of amide proton correla- Sequencer, as previously reported (Marti et al., 1987). The
tions since P and P* do not have an amide proton. (3) The Edman degradation of cystine gives two compounds corre-
GPP*GPP*GPP* sequence naturally occurs at the end of thesponding to the di-PTH-cystine and its derivative dehy-
COL1 domain in other FACIT collagens such as ¢HgIX) droalanine. Insulin was used to calibrate the microsequenc-
chain (Ninomiya & Olsen, 1984). (4) The three-dimensional ing yields and the retention times of di-PTH-cystine and
structure of a GPP*GPP*GPP* sequence in its triple helical dehydroalanine.
conformation has been previously described (Bella et al., Circular Dichroism. CD spectra were recorded on a CD6
1994). We report here the ability of the peptide Jobin Yvon spectropolarimeter equipped with a variable
(GPP*XGYCDPSSCAG to self-associate specifically into a temperature unit. Measurements were done with a 1 mm
disulfide-bonded trimer as identified by mass spectroscopy. Path-length cuvette at a constant rate of 1 nm/min with a
Characterization by microsequencing, circular dichroism, and 0.2 nm resolution. Thermal transition curves were obtained
2D NMR shows that this trimer exhibits a specific asym- Dy monitoring pP]zcenmas a function of temperature.
metric conformation. NMR spectral analysis allows us to  NMR Spectroscopy All NMR experiments were per-
obtain sequence-specific assignments as well as a set oformed on a Varian UNIT¥lus500 spectrometer, equipped
distance constraints in the noncollagenous part. TheseWith ultra-nmr shims and using a pfg protercarbon-
constraints were used in combination with the recent 3D nitrogen 5 mm probe. Phase-sensitive DQF-COSY (Rance
structural data of the collagenous triple helix established from €t al., 1983), TOCSY (Braunschweiler & Ernst, 1983),
X-ray crystal diffraction (Bella et al., 1994) to simulate the NOESY (Jeener et al., 1979; Kumar et al., 1980), and
structure of the COL£NC1 junction. To our knowledge, ~ROESY (Bax & Davis, 1985a) experiments were performed
this study is the first report of a 3D structural analysis for a accordingly. For NOESY experiments, two mixing times

disulfide-linked junction between a collagenous triple helical 0f 150 and 250 ms were used. TOCSY experiments were
domain and a noncollagenous one. carried out using the MLEV-17 isotropic transfer sequence

(Bax & Davis, 1985b) and a mixing time of 80 ms. A
continuous irradiationspinlock was used for ROESY
experiments. In all 2D experiments, quadrature detection
in the indirectly observed dimension was obtained with
to standard protocols using 9-fluorenylmethoxycarbonyl States-TPPI (Marion et al., 1989). Solvent suppression was
(Fmoc) chemistry on a FmacGly-KA resin in a Milligen carried out using selective, low-power irradiation during the
9050 pepsynthesizer. The triplets GPP*, purchased from 1 5 s relaxation delay and, for NOESY experiments, during
the mixing time. The spectral width used in both dimensions
was 5000 Hz; 2K complex data points i and 512

MATERIALS AND METHODS

Peptide SynthesisPeptide synthesis was done according

1 Abbreviations: ACN, acetonitrile; CD, circular dichroism; DMSO,

dimethyl sulfoxide; DQF-COSY, double-quantum-filtered correlation
spectroscopy; DTT, dithiothreitol; FID, free induction decay; GSH and
GSSG, the reduced and oxidized forms of glutathione, respectively;
HPLC, high-performance liquid chromatography; RP-HPLC, reversed-

experiments i, (zero-filled to 1K) were acquired. The data
sets were processed using VNMR software. Alternatively,
NMR spectra of the trimer were also treated with GIFA

phase high-performance liquid chromatography; HSQC, heteronuclear SOftware utilities (M. A. Delsuc, Oxford Molecular, version

single-quantum coherence; gHSQC, gradient heteronuclear single-

guantum coherence; NEN{-ethylmaleimide; NMR, nuclear magnetic
resonance; ppm, parts per million; 2D, two dimensional; NOE, nuclear

Overhauser enhancement; NOESY, nuclear Overhauser enhanceme

spectroscopy; pfg, pulse field gradient; PTH, phenylthiohydantoin;

3.01), which allow 2D inverse Fourier transforms. Squared
sine-bell apodization functions were used in both dimensions,

hifted to closely match the shape of the FIDs. Baseline

corrections were performed using a spline fitting of pre-

RMSD, root mean square deviation; ROESY, rotating frame Overhauser defined baseline regions_ The assignmeﬁ?@fresonances

effect spectroscopy; TFA, trifluoroacetic acid; TMS, tetramethylsilane;

TOCSY, total correlation spectroscopy. Letters P and P* are used for

proline and hydroxyproline, respectively; Hyp is hydroxyprolinenX
corresponds to the amino acid X in positiorof peptidic chainN.

was based on gradient-HSQC experiments (Ruiz-Cabello et
al., 1992). The strength of the two gradients, inserted at the
end of the evolution timé&, and after the 180pulse of the
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retro-inept block, was 28 G/cm, and their respective durations A [NEm B
were 2 and 0.5 ms. Quadrature detection was achieved by O+R ]
cycling the sign of the second gradient. The spectral widths
were 18 and 5 kHz in thé&*C and'H dimensions, respec-
tively. The spectra were collected with 2K data points in
the t, dimension and 25&; increments; 128 scans were
acquired for each value. Proton and carbon chemical shifts
were referenced to TMS.

Computer Modeling For the molecular modeling of the
oxidized peptide GYCDPSSCAG, 17 distance constraints
were derived from NOE intensities (mixing time of 150 ms)
and classified into three categories2.8, <3.6, and<5 A. J
An additional distance constraint of 2.02 A between the two o L — L L
sulfur atoms was introduced. To model the triple helical 0 10 2 30 10 20 30
part of the trimeric peptide (residues-2 of each chain), Elution time ( min)
the coordinates of the three N-terminal GPP* triplets of the Ficure 1: Separation of the reduced (R) and oxidized (O) forms
collagen-like peptide (PP*GPP*A(PP*G) were used to  of the peptide (GPP35YCDPSSCAG after modification of the
calculate interproton distances (Bella et al., 1994; Protein "educed peptide by NEM. The peptide (GPRY CDPSSCAG was

. incubated during 24 h at a concentration of 1 mg/mL at room
Data Bank code number 1CAG). Only distance3 A and temperature in 50 mM Tris-HCI and 100 mM NacCl, pH 8.5, buffer.

involving either an amide or/and anproton were considered  The solution was analyzed on an ABI C18 RP-HPLC column (220
and used as distance constraints in X-PLOR software (seex 2.1 mm) using a 0.5%/min linear gradient of acetonitrile in 0.1%
below). Each value was allowed to vary fron9.3 to+0.1 TFA at a 0.25 mL/min flow rate. (A) The oxidized and reduced
A around the actual interproton distance. In this way, a total onomere ‘;’r:t”c‘)stﬁéecco‘?ﬁmtne‘ja(rgéer':]tggr“g(‘z :;sl?)fml\llrl]z)i\/l(}?%cﬁncﬁ‘r
of 39 constralnts were mtrpduced fo.r the triple h_e_Ilcal region, cysttjeine residue was added to the solution. The reduced peptide
20 of which being interchain constraints. In addition, average covalently modified by NEM is eluted latter off the column
(®, W) dihedral angles deduced from the crystal structure (retention time 24 min) than the unmodified oxidized one (retention
were also introduced with the following values: for Gip, time 19 min).

= —71+ 20° andW = 174 4+ 25°; for Pro,® = —72 &+ _
15° andW = 164 + 20°; for Hyp, ® = —60 + 15° and W 250 K by steps of 25 K. Each structure_w_as then subrmtted
= 150+ 18 [Table 2 in Bella et al. (1994); note that the {0 5000 cycles of Powell energy minimization. A final
reported standard deviations were doubled for each ang|e]_m|n|m|zatlon step was applied with the standard force field

o
~
—_

o
w
T
1

Absorbance (206 nm)
o o
s N
o]

For the C-terminal part of the molecule (residues-19 of parame[elrs gxcept thibonas apld Kangzleswere fixed to 600
each chain), distance constraints were derived from the kcakmol” *A~2and 90 kcalmol™-rad 2, respectively. When
NOESY spectra with a mixing time of 150 ms. the position of the three disulfide bonds was fixed, additional

Three-dimensional structures were generated from NOE distance constraints of 2.02 A between the pairs of sulfur
distances with the X-PLOR 3.1 program (Bger, 1992)  atoms were introduced. The disulfide bonds were considered

using the default parameter sets, except for some minor@S covalent bonds only during the refinement protocol
modifications to increase the durations of the molecular ("éfin€.inp) and final minimization (minimize.inp).

dynamic simulations and the number of energy minimization ~ Ensembles of 100 structures were calculated in order to
steps. Briefly, a template structure with randomized coor- Sample as widely as possible the conformational space, and

dinates and ideal geometry was generated (protocolthe structures were compared on _the basis of pairwise
“generatetemplate.inp”, using the all-hydrogen force fields RMSDs for the backbone atom coordinates (M, @nd C).
“topallhdg” and “parallhdg”). Then a substructure distance L0cal analogies were analyzed by considering the local
geometry protocol was applied (“dgub-embed.inp”), in- RMSD plot (Berndt et al., 1993_). _ By §I|d|ng a tripeptide
troducing the NOE-derived distance constraints to generateVindow along the sequence, variations in the structures were
100 unregularized structures with a partial set of coordinates détécted and analyzed. Structure superimposition, 3D graphic
(“embedded substructures”; protons without stereospecific diSPlays, and manipulations were accomplished using AN-
assignment were treated as pseudoatoms, and the correctiohFEPROT 2.0 software (Geourjon & Delge, 1995).

factors were added to the upper and lower distance CON-pESULTS

straints; Withrich et al., 1983). The coordinates of these

substructures were then regularized by simulated annealing Peptide Characterization.The synthetic peptides GY-
(Nilges et al., 1988a,b) using the “dgsa.inp” protocol, CDPSSCAG and (GPP3EYCDPSSCAG corresponding to
consisting of 9 ps of heat procedure up to 2000 K by the COL1-NC1 junction of chicken type XIV collagen were
increasing steps of 50 K. The contribution of the van der purified by RP-HPLC (elution at 15% and 21% ACN,
Waals terms was reduced during this stage to allow arespectively). The extent of cysteine oxidation by air into
maximal exploration of the conformational space. The an internal disulfide bond was measured for both peptides
system was cooled down to 250 K by steps of 25 K in 10 ps after N-ethylmaleimide (NEM) derivatization. Indeed, as
with a concomitant increase of the van der Waals interac- illustrated in Figure 1 for the peptide (GPE&)YCDPSSCAG,
tions. In a following step, the structures were refined by while the oxidized and reduced monomeric forms of the
the application of the protocol “refine.inp”, consisting of peptide coelute (Figure 1A), the NEM-modified peptide
simulated annealing and final energy minimization. In this corresponding to the reduced form is eluted later (Figure 1B).
step, the duration of the high temperature stage was 50 psSuch analysis showed that (i) the peptides purified from the
and the temperature was decreased from 1000 K down tocrude product of synthesis were totally in a reduced form
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1.0 E . éYCDPSSCAéO
A = 1B = doci-8iv1 -
doci-Nis1 ——— —
1.5 7 y dBi-Ni1 —
dNi-Ni+3 —_—
dBi-Ni+3 —_—

dpi-Nis2

2.0 1

Ficure 3: Summary of the backbone NOE connectivities observed
for the oxidized GYCDPSSCAG peptide havindrans proline.
NOE intensities were measured as described in Materials and
Methods in NOESY spectra (mixing times of 150 and 250 ms, 30
°C in DMSO-dg). The thickness of the lines indicates the strong
and weak NOE intensities.

257

F1 (ppm)

3.5 sign as the diagonal (data not shown) and correspond to the
cis—trans isomerization of P5. Sequential NOEs between
D4y, and P55 were observed for both linear and cyclic
major conformations, indicating that P5 adopts preferentially
atransconfiguration (P5; and P%;). Both linear and cyclic
minor conformations with &is proline were visible (P&

and P%, Figure 2). Additional indications fatis isomers
were the chemical shift of RS which moves from 4.31 to
4.69 ppm for the linear conformer and from 4.02 to 4.72
ppm for the cyclic one. Indeed, the resonance of,Ris
Ficure 2: Contour plots of phase-sensitive 500 MHz TOCSY Shlﬁ?d downfield in DMSO for &is conformation .On mode!
experiments of the p%ptide GF\)(CDPSSCAG (A) collected as soon peptides (Deber etal., 1970). Moreover, for cyclized pepFIde,
as possible from a fresh preparation of the reduced peptide andNOESY and ROESY spectra showed exchange-mediated
(B) at equilibrium. The concentration was 1.5 mM in DMSI9- NOE correlations between P4 of the majortrans isomer

and the temperature 3C. A 2 ms trim pulse preceded the 80 ms and P%, of the minorcis one as well as between R5of
MLEV-17 spin-lock. The exchange cross-peaks ofdnd P the major one and Q4 of the minor one. For the cyclic

due tocis—trans proline isomerization as well as the resonances . .
of side chain protons for P5, C3, and C8 are indicated. Dotted and conformer, the absenc_e of che_mlcal _exchange cross-signals
solid lines are used for the linear and cyclic conformations for the N- and C-terminal amino acids G1, Y2, and G10
respectively. L= linear conformation; G= cyclic conformation; indicates that their environment is not affectedds-trans
suffix t or c refers to theransor cisisomery of the proline residue.  jsomerization. A table containing the proton chemical shifts
of the assigned residues for the various structures of the
and (i) the extent of peptide air oxidation investigated in peptide GYCDPSSCAG (linear and cyclic, witfs or trans
several solvents occurred at a relatively low rate (half-time proline) is available as Supporting Information.
of several hours), indicating that the reactivity of cysteines ' Figure 3 summarizes the NOEs observed for the cyclized
residues is moderate for both peptides. monomer with theransisomery of P5. A set of 17 distance
The reduced and oxidized forms of the peptides were both constraints deduced from the intensity of these NOE cor-
characterized byH 2D NMR spectroscopy. From freshly relations as well as an additional constraint between the two
prepared samples of the reduced peptides, NMR TOCSY, sulfur atoms, introduced to set the disulfide bond, allowed
DQF-COSY, NOESYm and ROESY spectra, collected at the molecular modeling of the oxidized peptide. Figure 11A
various times over 70 h, showed that the peptides adoptshows a stereoview of these structures after superposition.
several structures due to cysteine oxidation and praiisie A RMSD of 0.22 A was calculated on the peptidic backbone
transisomerisation. As illustrated in Figure 2 for the peptide of 20 generated structures (residues83. The negativers
GYCDPSSCAG on TOCSY spectra, we observed the time angles define a left-handed disulfide bond (Thornton, 1981).
disappearance of a first set of resonances to the benefit of aSimilar structural models were obtained without introducing
second one. This corresponds to the conversion of theg distance constraint between sulfur atoms.
reduced, linear form (L) to the oxidized, cyclized one (C).  The characterization of the linear and cyclized forms of
Indeed, evidence for peptide cyclization is (i) the disappear- the monomeric peptide (GPR§YCDPSSCAG was also
ance of thiol proton resonances (observed at 2.18 and at 2.2'¢done by NMR, although the presence of the three triplets
ppm for C3;and C8, respectively in Figure 2A but absent GPP* and thecis—trans isomerization of its proline and
for C3; and C&; in Figure 2B) and (ii) the observation of  hydroxyproline residues complicated the spectra and made
several medium-range NOE correlations for the second setespecially difficult the assignment of Pro 14 (data not shown).
of resonances between residues D4 ang S5 (Figure 3), Trimeric Peptide AssemblyThe above results show that
indicating the formation of a cycle between the two cysteines. the natural tendency of the monomers is to cyclize by
TOCSY spectra also showed exchange cross-signalscysteine oxidation. This constituted the main problem
between He resonances. They are indicated for residues D4 encountered for trimeric peptide assembly, which is stabilized
and P5 in Figure 2. The cross-signals corresponding to theby three disulfide bond formations. All attempts performed
linear form (Figure 2A) disappeared over 30 h while those with the peptide GYCDPSSCAG to get specific formation
corresponding to the cyclized form became more intense of trimer with a good yield failed. More successful results
(Figure 2). These cross-signals are due to chemical exchangevere obtained with the peptide (GPE&YCDPSSCAG.
as checked on ROESY spectra where they have the same&everal different approaches were tested to perform trimer

4.0

49 47 4.5 43 4.1 3.9 4.9 47 4.5 4.3 4.1 39
F2 (ppm)
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Table 1: Percentages of Association Products of 05k T A
(GPP*EGYCDPSSCAG Peptide Obtained for Various Incubation
Temperatures

1
IS
T

temperature of incubatiofi€)
25 15 5 —-20

M (%) 99.2 92.7 90.2 83.9
D (%) nd 6.2 6.5 6.1
T (%) nd 1.1 3.3 10

aThe peptide (GPP%(5YCDPSSCAG was incubated for 15 h in
the association buffer, 50 mM Tris-HCI, 100 mM NacCl, pH 8.5, L
and 30% methanol, at a concentration of 1 mg/mL. At°Z5 the o b - —
percentages of trimer and dimer were not determined (nd) since they 0 10 20 30
could not have been clearly distinguished. The percentages of the Elution time  min )
various association products were evaluated from RP-HPLC chromato-
grams. M= monomer; D= dimer; T = trimer.

o
w

o
[N

Absorbance (206 nm )

o
T

o
o

~
a

assembly via disulfide bond formation, either by thiol
disulfide interchange reactions or by air oxidation of cysteine
residues (Creighton, 1984).

In the first approach, oxidation attempts were made by
incubating the peptide with a mixture of oxidized (GSSG) °0 25 s 75 10
and reduced (GSH) glutathione as already described (Wet- Incubation time ( hours )
laufer, 1984). Although some products corresponding to Ficure 4: Analysis of the association products of the peptide
dimeric and trimeric peptides could be detected, it yielded a (GPP*5GYCDPSSCAG obtained by air oxidation a20 °C. (A)

; ; The peptide (GPP35YCDPSSCAG (1 mg/mL) was incubated in
very low amount of associaton speciess6) and was thus the association buffer, 50 mM Tris-HCI, 100 mM NacCl, pH 8.5,

not useful to prepare large amognts_of _trimer (data not ;4 3004 methanol, for 72 h at20 °C before analysis by RP-

shown). As shown above, the air oxidation approach of HpLC as described in Figure 1. M, D, and T refer to monomer,
(GPP*EGYCDPSSCAG peptide at 25C mainly leads to dimer, and trimer, respectively, as identified by electrospray mass
cyclization by formation of an intrachain disulfide bond. Spectroscopy on a LAPI Sciex spectrometer. (B) Kinetics of

However, when the temperature of incubation is decreased,disulfide-bonded species formation: open circles, closed squares
and closed circles refer to monomer, dimer, and trimer, respectively.

dimeric and trimeric species are formed. Table 1 shows the at yarious times, aliquots were removed from the association buffer,
percentage of the different species obtained at various acidified, and analyzed by RP-HPLC to quantify the levels of each
temperatures after 15 h of incubation. Peptide species inspecies.

the mixture were separated by RP-HPLC (Figure 4A) and

identified by electrospray mass spectroscopy (measuredThe oxidized monomer is the most thermodynamically stable
average molecular mass of 3539.7 and 5274kt 1.1 g/mol molecule among all molecular species present in the medium.
for species D and T of Figure 4A, respectively; calculated Thus, the formation of trimer appears to occur under kinetic
isotopic mass of 1759 g/mol for the reduced monomeric control. The relative stability of the dimer during period 2
peptide). The formation of trimer increases when the highlights that this compound is probably an intermediate
temperature decreases while the dimer fraction remainsspecies in trimer formation. These results show that incuba-
sensibly constant (Table 1). At20 °C, the formation of  tion time is critical to obtain an optimum amount of trimer
trimers becomes superior to that of dimers. As all experi- formation. The highest yield (55%) is obtained after 72 h
ments were done in the presence of 30% methanol added irof incubation where the peptide is preferentially associated
the association buffer as an antifreeze, the formation of trimer into trimer (T in Figure 4A).

is essentially due to the decrease of incubation temperature. The effect of peptide concentration on peptide assembly
Similar results were obtained with other alcohols (ethanol, was also investigated (data not presented). As expected, the
2-propanol) with an alcohol concentration above 30% and rate of trimer formation decreases when the peptide con-
at temperatures below20 °C. Thus, the decrease of the centration is lower than 1 mg/mL, but it is worth mentioning
incubation temperature seems to be the only factor thatthat even at 0.01 mg/mL peptide self-association into trimer
increases the trimer formation. The incubation temperature remains efficient. This suggests a high specificity in the
was set to—20 °C in the following experiments. trimer association.

The assembly kinetics of the (GPB&YCDPSSCAG As the rate of trimer formation is slow, we investigated
peptide at—20 °C is complex as shown in Figure 4B and the use of metal catalysts known to enhance markedly air
can be divided in three periods: (1) from 0 to 50 h dimer oxidation of peptides. Addition of Cti increases the rate
and trimer formation increases while monomer percentage of trimer formation but does not modify the relative ratio of
decreases, (2) in the range-5b h, the trimer and monomer, the various molecular species (not shown). Figure 5 il-
respectively, increase and decrease slightly while the dimerlustrates the effect of various concentrations of‘Cadded
remains sensibly constant, and (3) after 75 h, the trimer in the association buffer on the rate of trimer formation after
disappears to the benefit of the monomer and to a lesserl5 h of incubation. With a 1@M concentration of C#f,
extent of the dimer. While period 1 seems to be governed 40% of covalently linked trimers are already formed after
essentially by air oxidation, period 3 can be explained by only 15 h of incubation while only 10% are obtained in the
thiol—disulfide exchange between oxidized trimers and absence of Cif. With 100uM Cu?*, the rate of oxidation
reduced monomers to give oxidized monomers and dimer.is faster, but in addition to monomers, dimers, and trimers,

% of species
(42
o
T

n
(&
T
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Ficure 5: Effect of metal catalyst on the association kinetics. The
peptide (GPP%GYCDPSSCAG (1 mg/mL) was incubated in the

Lesage et al.

In this representation, the three chains are staggered from
one amino acid to take into account the formation of a
collagenous triple helix at the N-terminal end. The three
different positions of each chain are numbered A, B, and C.
The first isomera is characterized by one disulfide bond
between the C12 of a chain and the C17 of another chain,
one disulfide bond between two C12, and one disulfide bond
between two C17. Taking into account a collagenous triple
helical structure for the GPP* triplets, the three chains are
shifted and not spatially equivalent. Consequently, six
conformers must be considered with this first arrangement
of disulfide bonds (and 36 if the three chains are to be
distinguished, for instance, by different primary sequences
or different conformations). The second isonheis char-

association buffer, 50 mM Tris-HCI, 100 mM NaCl, pH 8.5, and  acterized by three disulfide bonds between the C12 of one

30% methanol, for 15 h in the presence of growing concentrations

of Cui?* at —20 °C before analysis by RP-HPLC. The percentage

chain and the C17 of another chain. Only two conformers

of each peptidic species was evaluated from the area of theWith .this second arrangement of'disulfide bon.ds' mu;t be
corresponding peak on the chromatograms. Gray, white, hatched,considered (and 12 if the three chains are to be distinguished).

and black rods refer to monomer, dimer, trimer, and oligomers,
respectively.

Scheme 1

R 7 17
a. A GPPGPPGPPGYCDPSSCAG

B GPEGPBGPBGYCDBASCAG
C GPPGPPGPPGYCDPSSCAG

N 7 17
b. A GPPGPPGPPGYCDPSSCAG

B GPEGPBGPBGYCDBESCAG
C GPPGPPGPPGYCDPSSTAG

To determine which type of isomer was formed by peptide
self-association, the position of disulfide bonds was inves-
tigated by microsequencing. In the 12th cycle of Edman
degradation, a release of dehydroalanine was observed
reflecting the presence of the first isonaer Indeed, if only
isomerb of the trimer was present, no release of any PTH
amino acid would be observed. It should be mentioned that
in the 12th cycle di-PTH-cystine could not be precisely
guantified since its retention time is close to that of PTH-
tyrosine, released in the preceding cycle. In the 17th cycle
of Edman degradation, the amount of dehydroalanine re-
leased was about two times that observed in cycle 12, as
expected for isomea. However, an accurate quantification

other compounds eluting later in RP-HPLC appear. Thesewas not possible due to (i) the low yield of di-PTH-cystine

compounds are higher polymers, indicating that at this
concentration of Cif, peptide self-assembly becomes less
specific.

release, (ii) the partial conversion of di-PTH-cystine into
PTH-dehydroalanine which increases with the number of
cycles, (iii) traces of PTH-dehydroalanine coming from serine

From the above studies, a standard procedure was estabdegradation in cycles15 and 16, and (iv) the decrease of yield

lished to obtain a high yield of trimer assembly in a relatively
short time: the peptide (GPRGYCDPSSCAG was incu-
bated at 1 mg/mL in 30% methanol, 101 Cu?*, 50 mM
Tris-HCI, and 100 mM NacCl, pH 8.5, exposed to air for 15
h at —20 °C before purification. Purified trimer was
concentrated by lyophilization, dissolved at about 1 mM in
methanol, and stored at20 °C.

Stability of the Trimer. The purified trimer stored in

at each Edman’s cycle. Consequently, although the data are

consistent with isomea of the trimer, at this stage, the

presence of isomdr cannot be completely excluded.
Circular Dichroism. The formation of a collagen structure

was investigated by circular dichroism. The CD spectrum

collected at 1°C in a phosphate buffer shows a minimum
band around 197 nm and a positive band around 228 nm
(Figure 6A, bold curve). These are distinguishing features

methanol appeared very stable since almost no monomer anaf a coiled-coil triple helix in collagen (Piez & Sherman,
dimer were detected by RP-HPLC, even after several months1970). At 40°C, the magnitude of the minimum at 197 nm
of storage. Several tests of stability were done in Tris and decreased an®]..snmCOmes to zero, indicating the melting

phosphate agueous buffer solution at various pHs<{8.0)
and temperatures (25 °C). After several days of incuba-
tion at 1 mg/mL, RP-HPLC analysis of the solutions showed
that the trimer did not significantly dissociate. Only the

of the triple helix (Figure 6A, thin curve). Spectra collected

in methanol present similar features (Figure 6B), but the
magnitude of the maximum band around 228 nm is much
higher than in agueous solution. The thermal transition

assays performed after 4 days of incubation in the abovecurves obtained by monitoringdl.2snm @s a function of

buffer at 25°C and pH= 8.0 showed significant decomposi-

temperature exhibit a well-defined transition at aboufG0

tion of trimer in monomer (about 5%). These data indicate for data collected in methanol (Figure 6C, curve b) and a
that the trimer is very stable once purified, i.e., separated transition at about 18C for data collected in a phosphate

from reducing compounds.

buffer (curve a). The higher magnitude of the positive band

Disulfide Bonds. The measurement assays of free thiol around 228 nm as well as the higher melting temperature in
groups with DTNB at 412 nm according to Ellman’s method methanol than in an aqueous buffer indicates a better stability
(Riddles et al., 1983) did not show any release of thionate of the collagen-like conformation in methanol. This obser-
ion. This indicates that all six cysteine residues of the trimer vation is consistent with previous studies on collagenous
are involved in disulfide bonds. Scheme 1 represents thepeptides, showing that solvents of weaker hydrogen-bonding

two possible isomers of the [(GPRYCDPSSCAG]
trimer with three interchain disulfide bonds (solid lines).

strength than water provide a more favorable medium to form
the interchain hydrogen bonds required for the stabilization
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Ficure 6: Circular dichroism spectra of the trimer pgyre 7: NOE correlations of the amide protons with aliphatic
[((GPP*EGYCDPSSCAG]. The spectra were recorded at a con-  hrotons in the trimer [(GPPA5YCDPSSCAG] (CD;OH, 10°C,

centration of 0.5 mg/mL either in a 50 mM sodium phosphate mixing time 250 ms). Sequential assignment is indicated for G10
buffer, pH= 7 (A) at 1°C (bold curve) and 40C (thin curve), or to D1% and for SlS)fo AgS of chain ||g|1.

in methanol (B) at—10 °C (bold curve) and 50C (thin curve).
(C) Thermal transition curves for the trimer in a 50 mM sodium
phosphate buffer, pi4= 7 (a), and in methanol (b).

background noise of 1D and 2D spectra, the resonances of
the three major Tyr rings represent at least 90% of signal
of the triple helical collagen-like conformation (Brown et intensity. This suggests the presence of one major molecular
al., 1972). species for the trimer. Similar observations were made after
NMR SpectroscopyNMR data obtained on the trimer resonance assignment for other residues of the molecule,
dissolved either in water, in methanol, or in a mixture of which further support these conclusions. NOESY spectra
water/methanol confirmed the observations made with CD show a large number of cross-peaks, especially in the amide
spectra: at a fixed temperature (typically (D), the signals  region (figure available as Supporting Information), indicat-
of 1D and 2D NMR spectra were appreciably broadened ing that this major asymmetric species observed for the trimer
when the content of water increased, indicating conforma- is folded.
tional averaging processes (data not shown). The charac- Assignment ProcedureDifficulties in resonance assign-
terization of the trimeric 3D structure was thus undertaken ments arose from the presence of three identical chains in
from spectra in 100% methanol, which presented the bestthe molecule. Moreover, there are repetitive amino acids in
resolution. However, even in this solvent, the spectra showedeach chain (5 Gly, 4 Pro, 3 Hyp, 2 Cys, and 2 Ser) and only
the presence of broad peaks among thiner ones, as illustrategix different spin systems among the 57 amino acids of the
in the NOESY spectrum of Figure 7. This suggests that trimer. Additional difficulties came from the extensive
conformational motions occur in some parts of the molecule overlaps in some regions of the spectra and from the
in the intermediate time scale relative to the chemical shifts., broadening of some resonances, which led to a severe
i.e., in the millisecond time scale, and that, even in our decrease of the resolution. Finally, a number of less intense
conditions of solvent and temperature, the structure of the cross-peaks likely corresponding to minor isomers were also
trimer is not fully stabilized. Besides, no exchange cross- observed.
peaks were observed in ROESY spectra (200 and 300 ms Identification of the amino acid spin systems and sequen-
mixing time); i.e., no slow exchange between conformers tial assignment of [(GPP35YCDPSSCAG] were achieved
in the second time scale was detected. using mainly the classical strategy described bythkah
Examination of NOESY spectra of Figures 7 and 8 shows (1986). Spin systems were identified at various temperatures
that the trimer is not a symmetrical molecule. This is (10, 20, and 30C) using DQF-COSY and TOCSY spectra
particularly well illustrated by the three Tyr of the molecule and with the help of*C—'H HSQC spectra. Sequential
which give three very distinct sets of aromatic spin systems assignments were made on the basis of NOESY spectra
(Figure 8), of approximately equal intensities as observed collected at 150 and 250 ms mixing times.
on 1D spectrum (not shown). These residues are thus in At first, hydroxyproline (P*) has the same connectivity
distinguishable chemical environments, indicating a totally pattern as proline (P) but is distinguished from P by the H
asymmetric assembly of the trimer. Although some minor which is shifted downfield by the OH group. Both types of
aromatic spin systems of Tyr can be detected in the residues (12 P and 9 P*) gave several sets of overlapping
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Ficure 8: NOE correlations of the aromatic protons of tyrosine

residues in the trimer [(GPP;GYCDPSSCAG] with aliphatic

protons (CROH, 10°C, mixing time 250 ms). The vertical solid

lines at the bottom of the spectrum indicate the aromatic proton

resonances of the tyrosine residues of chains I, Il, and Ill. The Chain Il
horizontal lines show interchair), sequential+¢-) and intraresidue "
(- - -) connectivities.

resonances. However, it is worth mentioning that tli&H

of the three P14 exhibited three well distinct sets of
resonances [as identified by their NOE correlations with their Chainlll . ..
neighboring Hy(D13); see below] at about 0.5 ppm lower -
field than those of the Pro residues belonging to the triple

helix. These well-separateddd’'(P14) allowed the identi-

fication of the H54'(P14) and Hty'(P14) on TOCSY spectra. OO
The other_spin systems were distinguished from P and P* Chainl ... PPGYCDPSSCAG

by .the amld? proton resonances. Apart frc.)m Gly and Ala FIGURe 9: Summary of the observed intrachain (A) and interchain

residues which were respectively charactenzeq _by a pair of(B) NOE connectivities in the trimer [(GPP{GYCDPSSCAG],

Ha resonances and by a methyl group, all remaining residuesin”panel B, the interchain connectivities between residues are
were AMX spin systems. Ser residues differed from Tyr, indicated by solid lines. Wide, medium, and narrow bars (panel
Asp, and Cys by their Biresonances shifted downfield, and A) or lines (panel B) indicate respectively strong, medium, and

Tyr residues were easily identified by strong intraresidue Weak NOE intensities.

NOE correlations betweendd’' and Hu/HpSB'. The iden-

tification of the H3 pair attached to the same carbon was qbservation of ld‘(i,)_NH(H',l) NOI,E correlations anq con-
unambiguously achieved with tHéC—H HSQC spectra. firmed, when possible, by #{i)—NH(i+1) NOE correlations.

These experiments also gave additional evidence for theFOr the Asp-Pro bonds, the strong i{D13)-Ho0'(P14)
assignment of the spin systems by #8€ chemical shift correlations observed were useq for .the. sequencial assign-
(Medvedeva et al., 1993; Wishart et al., 1991, 1995). ment (by the way, these correlations indicatizas Asp—

For the amino acids located in the noncollagenous part of Pro peptidic bond for the three chains). For the Pser
the trimer (residues 918 in each chain), despite the bonds, H5'(P14-NH(S15) and hty'(P14)-NH(S15) NOE
difficulties mentioned above, both the identification of the correlations were used because the thre¢R14) were not
spin systems and the sequential assignment were successfiinambiguously identified. Attributed DQF-COSY at@—
for the three chains. The three distinct peptidic chains were 'H HSQC spectra extracts as well as two tables containing
arbitrarily named 1, 1l, and Il (Figure 9). Sequential H and *C chemical shifts are available as Supporting
assignments were made essentially on the basis of thelnformation.
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Once the sequential assignment of the three chains fromScheme 2
residues P*9 to A18 was complete, NOESY spectra were
carefully examined for medium-rangg € j| < 4) and long- A GPPGPPGPPGYCDPSSCA@ Chain II
range (i — j| > 4) intrachain NOEs but also for interchain (1) B GPPGPPGPPGYCDPSS AG  Chain III
connectivities. For example, Figure 8 illustrates the different
types of NOE correlations (i.e., intraresidue, intrachain, and
interchain connectivites) observed between the aromatic

C GPBGPPGPPGYCDPSSCAG Chainl

A GPPGPPGPPGYCDPSSCAG Chain II

protons of Tyr residues and aliphatic protons. It should be
mentioned that one priori difficulty of the sequential (2) B GPPGPPGPPGYCDPSSEAG  Chainil
assignment was the fact that a giviert i + 1 NOE cross- c GPPGPPGPPGYEDPSS AG Chain1

peak might result from an interaction between atoms in one
chain or between atoms in different chains. In fact, it 2. Moreover, the fact that most of the interchain constraints
appeared that the sequential assignment of each chain wabetween chains | and Il are dfl)-i+2(ll) type is in
not ambiguous since all the interchain NOE correlations but agreement with the shift of two amino acids between these
one [H3(C12,)—NH(D13y)] could not be confused with  chains near the triple helical region (Scheme 2). Although
sequential ones and since most of the sequential NOEcare must be taken due to the proximity of Y11 aromatic
correlations were intense. Finally, a few remaining minor rings, the analysis of the chemical shifts for G10 residues
spin systems were observed in TOCSY and DQF-COSY supports the above conclusion. Indeed, the amide proton of
spectra that could not be sequencially assigned neitherG1Q, at 7.38 ppm is close to those of Gly residues located
between them nor to one of the identified chains of the major in the triple helical part of the molecule, G4 and G7 (between
trimeric species. Thus, they are likely related to minor 7.5 and 7.8 ppm), whereas the amide protons of Ghd
species. G1Q, are shifted downfield (8.32 and 8.34 ppm, respec-
For the repetitive sequences GPP*, sequential assignmentively). In the same way, the chemical shifts of Gl@
was not possible due to the extensive overlapping of protons are much more similar to those of G4 and G7 than
resonances, especially in the aliphatic region of the spectra.those of G10 and G1¢,. Thus, G1@Q has a chemical
The nine sets of resonances for Pro and Hyp residues couldcenvironment close to Gly residues involved in the triple helix
not be individually observed. Although the amide resonances structure, in agreement with chain Il occupying position A
for G4 and G7 could be easily identified by their correlations (Scheme 2).
on NOESY spectra with the side chains of Hyp residues The observation of two interchain NOEs between C17
(Figure 7), these residues could not be individually assigned.and C17 together with the absence of any other interchain
However, NH-NH cross-peaks were seen on NOESY NOE inthe C-terminal end of chains | and II, highly suggests
spectra between these Gly residues. Such NOE correlationghe presence of a disulfide bond between these two cysteines.
may be expected in a triple helical conformation between This assumption excludes the disulfide bond pattern of
glycine residues of adjacent chains. isomer b in Scheme 1, which is in agreement with the
All sequential and medium-range NOEs are summarized microsequencing results. Spatial proximities between,C12
in Figure 9A while the observed interchain connectivities C12;, C12,, and C17, as shown in Figure 9B do not allow
are schematically represented in Figure 9B. No intrachain anya priori hypothesis about the two other disulfide bonds.
long-range NOEs were observed. Whatever the chain The two remaining possible disulfide arrangements (called
considered, the region around C12 is defined by severall and 2) are illustrated in Scheme 2. These conclusions were
interchain NOEs. The C-terminal region around C17 of further supported by molecular modeling calculations as
chain Ill, which presents a particular conformation as shown reported below.
below (Figure 11B), is characterized by four “long-range”  Molecular Modeling. The self-consistency of the data and
interchain connectivities involving S16, C17, and A18. On the number of observed NOEs suggested that a more
the contrary, the C-terminal ends of chains | and Il present quantitative determination of the structure could be made
only two interchain NOEs between their C17 residues. by a simple annealing protocol using the NOE data to provide
Interestingly, constraints observed between residues;D13 interproton distance restraints. Although the analysis of the
and S15/S16, are close to that obtained for the cyclized observed NOEs could be made in terms of a single,
monomer (Figure 3). In particular, a NBHNH(i+3) predominant conformer, caution must be exercised in cal-
correlation between residues D13 and S16 is observed inculating 3D structures because of the presence of minor
both cases. Note that no NOE correlation was observedspecies and possible conformational exchange in the inter-

between the aromatic protons of Tyr residues. mediate NMR time scale. The distance constraints were thus
Arrangement of Chains and Disulfide BondShe three estimated only as upper limits.
chains I, 11, and Ill have to be staggered by one residue in  For the triple helical part of the trimer (residues G1 to

their N-terminal end to account for the triple helical structure P*9 in each chain), no NOE constraint could be extracted
of the GPP* repeats. According to Scheme 1, the three from NMR spectra. Thus, to model this region of the trimer,
different positions of the chains were numbered A, B, and we took advantage of the knowledge of the 3D structure of
C. The relative position of the three chains I, Il, and Ill can a collagenous triple helix recently solved from X-ray crystal
be deduced from NOE connectivities. The observation of diffraction for the collagen-like peptide (PP*EP*A-
NOE correlations between GiOand G1Q and between (PP*G) (Bella et al., 1994). The coordinates of the three
G1Q, and G1Q (Figure 9B) suggests that chain Ill occupies N-terminal GPP* triplets of each chain were used to calculate
the position B. A NH-NH NOE cross-peak between G10 the corresponding distance constraints and dihedral angles
and a Gly residue of the triple helical region indicates that in order to generate the triple helical conformation as
chain Il occupies the position A, as represented in Schemedescribed in Materials and Methods. Examination of cal-
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Table 2: Distribution of Distances (A) between S Atoms of Cysteine Residues over 100 Structures Obtained after X-PLOR Calculation

residue

residue C12 Cl7| C12| C17|| Cle Cl7|||
C12 12.4+ 3.1 9.1+ 2.8 12.8+ 3.6 6.7+ 1.5 954+ 2.6
C17 intrachain 13.9+2.7 52+1.2 15.2+ 2.7 12.6+4.2
C12 excluded excluded 1322.6 7.2+ 1.7 7.7+1.9
C17, excluded sure intrachain 15.4+2.8 11.9+ 4.1
C12y, possible excluded possible excluded 9.3 2.6
C17y possible excluded possible excluded intrachain

a2 The average values and standard deviations are given above the diagonal. Structure calculations were performed using the X-PLOR program
as described in Materials and Methods, without fixing any constraint between S atoms. The bold value is statistically the lowest distance involving
C17 and C17 and thus likely reflects a disulfide bond. Italic values would correspond either to intrachain disulfide bonds or to excluded disulfide
arrangements when considering the £1@17, bond. The four remaining values (underlined values) correspond to possible disulfide bonds.
These considerations are summarized below the diagonal.

Table 3: Structural Characteristics of the Trimeric Structures Generated by Computer Mddeling

no disulfide? disulfide pattern 1 disulfide pattern 2
NOE violation$
number>0.5 A 0.2+ 0.4 0.6+ 1.0 0.4+ 0.7
between 0.4 and 0.5 A 0£0.7 0.7+ 0.9 0.8+ 0.9
between 0.3 and 0.4 A 1#11 1312 18+1.1
between 0.2 and 0.3 A 2819 22+ 1.7 2.8+2.3
between 0.1 and 0.2 A 663.1 7.0+ 2.1 7.5+3.1
av max violation (A) 0.4£0.1 0.5+ 0.1 0.5+ 0.1
max consistent violation (A) 0.9 0.8 0.8
X-PLOR energy (kJ/mol) —118+ 45 —74+ 63 —66+ 63
covalent geometry
bond length deviation10-4 A) 50+5 60+ 8 60+ 9
valence angle deviation (deg) 150.1 1.6+ 0.2 1.7£0.2
improper angle deviation (deg) 0430.1 0.4+ 0.1 0.4+ 0.1
RMSD values (A)
on 100 calculated structures
all three chains 5.64 5.79 5.54
chain | 4.55 4.70 4.44
chain I 3.76 3.56 3.61
chain 11l 3.69 3.79 3.72
C12,—C17, 1.56 1.57 1.66
C12,—C17% 1.19 1.21 1.29
on subsets of structures
C12,—C17, 0.93 (45) 0.97 (36) 1.04 (25)
C12,—C17%, 0.92 (77) 0.71 (65) 0.9 (25)

a A total of 100 structures were calculated using the X-PLOR pacKaye. additional distance constraint between S atoms was introduced.
¢ The disulfide bonds were fixed according to pattern 1 of Scheme 2, i.e,;-Cl&,, C17—C17,, and C12—C12,. ¢ The disulfide bonds were
fixed according to pattern 2 of Scheme 2, i.e., C1217%,, C17—C17,, and C12-C12,. ¢ The mean number of NOE violations per calculated
structure and the corresponding standard deviation are indicated; statistics given over 100 stfdtarpairwise RMSDs were calculated either
on the whole set of 100 generated structures or on subsets of strucures (threshold of pairwise RMSDs of 1 A). The number of selected structures
is indicated in parentheses.

culated structures showed that the interchain hydrogen bondgwo arrangements remain possible for the two other disulfide
between amide protons of glycine residues and carbonylbonds, i.e., either (1) C32-C12, and C17,—C12 or (2)
groups of hydroxyproline residues were established accordingC12,, —C12 and C17,—C12;, which correspond to arrange-
to the molecular model proposed from X-ray diffraction ments 1 and 2 of Scheme 2. Indeed, theSSdistances
(Bella et al., 1994). between Cl12and C1% or C17, on the one hand, and
For the noncollagenous part of the trimer (residues G10 between C1Rand C13 or C17%, on the other hand, are in
to G19 in each chain), the observed NOEs were convertedthe same range (underlined values).
into 131 distance constraints (37 intraresidue, 61 sequential, As no unambiguous disulfide arrangement could be
12 medium-range, and 21 interchain). A set of 100 structuresdeduced from the upper analysis, the two possibilities
was calculated using the X-PLOR package and analyzed in(Scheme 2) were considered in subsequent structure calcula-
terms of convergence as detailed below. At first, these tions. In both cases, 100 structures were calculated, using
structures were used to determine the location of the disulfide additional distance constraints between the pairs of sulfur
bonds. In agreement with the above observations, theatoms. The resulting structures as well as those obtained
analysis of the SS distance distribution (Table 2) yields to  without fixing any disulfide bond did not exhibit significant
the identification of one disulfide bond between Cand differences in terms of NOE constraint violations, energy,
C17% (ds-s = 5.2 4+ 1.2 A). The existence of this bond and RMSD (Table 3). Thus, neither energy or RMSD
excludes all other bonds involving these two cysteines (which criteria nor the S$S distance analysis (Table 2) gives
in addition exhibit S-S distances>12.6 A) as well as all evidence to distinguish between the two possible disulfide
bonds which would not be compatible with the presence of arrangements of Scheme 2. In other words, no single
three interchain SS bonds (italic in Table 2). However, disulfide pattern accurately represents the experimental NMR
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10 observed for the cyclized monomer (Figure 11A). In both
0s] Chain I cases, the proline presentstrans conformation, and the

0ol distance betweend¥D13) and @(S16) is lower than 7 A,

a characteristic distance for a turn as defined by Chou and
Fasman (1977). Moreover, the DPSS sequences exhibit
hydrogen-bonded turns according to Kabs&ander sec-

ool N ondary structure rules, as incorporated in the program
PROCHEK (Laskowski et al., 1993). Thus, the CDPSSC
sequence in chain Ill adopts a turn-like structure similarly
to the cyclized monomer.

In order to summarize the whole structural data obtained
in this study, two schematic representations of the FACIT
COL1—-NC1 junction are illustrated in Figure 11D,E, show-
ing the triple helical conformation of the N-terminal end,
the turn-like fold of the chain Ill DPSS sequence, and the
two possible disulfide arrangements (1 and 2 of Scheme 2
in models D and E of Figure 11, respectively). Chains |, Il
and Il are represented in blue, green, and red, respectively,
and the three interchain disulfide bonds appear in black.
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Ficure 10: Local RMSD plots calculated as described in Materials . . . .

and Methods on chains I, II, and Ill. Solid lines and open squares, 10 further understand the interactions involved in FACIT
broken lines and closed circles, and dotted lines and closed trianglescollagen chain assembly, we analyzed the ability of the
refer to calculations performed on 100 structures generated peptides GYCDPSSCAG and (GPE®)YCDPSSCAG to

respectively without fixing any disulfide bond, with fixing disulfide 3 ; : ienlfide. :
pattern 1 of Scheme 2 (CA2C17, C17~C17, and Clg— self-associate into a three disulfide-bonded trimer and we

C12,), and with fixing disulfide pattern 2 of Scheme 2 (G2 studied the 3D structure of the [(GPBEYCDPSSCAG]
C17u, C13—C17,, and C12-C12). trimer. This trimer mimics the COL2NCL1 junction of type

XIV FACIT collagen.
data, and the presence of both disulfide conformers can not Assembly of the Trimerln all experiments performed at

be excluded. _ o room temperature, under conditions of pH that favor the
Structure comparisons by pairwise RMSD for NL@nd — tormation of disulfide bonds, cysteine oxidation of both

C' backbone atom coordinates showed that, in any case, NO5ycppSSCAG and (GPPIBYCDPSSCAG peptides mainly
satisfying convergence was obtained when considering eitheliao4s to the formation of a cyclized monomer via an

the whole trim.er or each of'the three chaiqs (Table 3). jntramolecular disulfide bond. The structure of the major
(_Zonsequent_ly_, It was not possible to get a precise representag , \rormation for the oxidized CDPSSC sequence, obtained
tion of the_t_r|d|m_en3|onal structure of the v_vhole trimer. This 0m NMR data, is shown in Figure 11A. Residues D, P,
low definition is due to the lack of interchain NOE
connectivities, mainly in the C-terminal part of chains | and

II, while a relatively high number of NOE constraints are

and S, present between the two cysteines, belong to the most
frequently occurring amino acids fitturns with residues G

. : . and N (Chou & Fasman, 1977). Therefore, it is not
available for chain Ill. Nevertheless, local analogies could surprising that, at room temperature, the major fraction of
be detected when three-residue average RMSDs We€he peptide tends to fold in such a way that the two cysteine

céalc_udlatedhalong” each chain, as rl]l!urs]trfited ||r|1 dF'?urZ 10. tesidues are in close contact and readily form an intrachain
esides the collagenous part which is well-defined as g\ \ifide bond after oxidation.

expected (local RMSD around 0.1 A), chain IlI exhibits low o o i
local RMSDs in the region beween C12 and C17, whatever The best way to limit monomer cyclization and to obtain

the disulfide pattern considered. This is also observed to a& high yield in trimer assembly was to decrease the
lesser extent for chain Il but not for chain I. For the whole temperature of incubation down t620 °C. It is assumed

set of structures calculated without fixing disulfide bonds, a that the decrease of temperature favors the most thermody-
RMSD of 1.19 A is obtained for C12to C17, fragment naml_cally stable trimer, alread.y. present at room tempeature.
(Table 3). This indicates that all the structures have a similar At this temperature, the stability of the trimeric assembly
folding in this region, which is confirmed by the super- 2aPpears to be sufficiently increased to allow the formation

imposition of 77 structures selected on the basis of pairwise Of SPecific interchain disulfide bonds. However, this is only
RMSDs with a threshold of 1 A (Figure 11B and Table 3). true with the (GPPJGYCDPSSCAG peptide since only very
The same analysis performed on chain Il also defines the Small amounts of trimer were obtained with the GYCDPSS-
folding of the C13 to C17 fragment, although a larger CAG peptide, even at low incubation temperature. This
dispersion of the conformations is observed (Figure 11C, 45 highlights the fact that the presence of the (GRB&guence
selected structures, Table 3). Similar foldings of these Plays animportant role in the trimer formation, as discussed
CDPSSC sequences are observed for chains Il and Il withoutP€low.
fixing the disulfide bond arrangement (data not shown). From our experimental data, we conclude that the trimer
Further analysis of the CDPSSC fragment of chain Ill, formation occurs in several steps: (1) interaction of three
for which C12 and C17 are disulfide bonded with C12 of monomeric peptides stabilized by the formation of a triple
chains | and Il, showed that its folding is similar to that helix at low temperature through the (GPP%gquence, (2)
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Ficure 11: Molecular structures for the oxidized peptide GYCDPSSCAG and for the trimer [(GFEDPSSCAG], as deduced from
NMR data. (A) Stereoview of the backbone superposition of 20 structures for the oxidized peptide GYCDPSSCAG tnatisikemery
of proline. The disulfide bond appears in yellow. (B and C) Stereoviews of the backbone superposition of 77 (B) and 45 (C) structures of
the trimer [(GPPIGYCDPSSCAG] from residues C1g to C17, (B) and from C13 to C17% (C). (D and E) Structural models of the
trimer [(GPPYGYCDPSSCAG] with disulfide pattern 1 of Scheme 2 (D), i.e., GZ17,, C17—C17%,, and C12—C12,, and with
disulfide pattern 2 of Scheme 2 (E), i.e., G217, C17—C17,, and C12-C12,. The color code used is the following: blue, green,
and red for chains I, Il, and lll, respectively. The three interchain disulfide bonds are highlighted in black. The N-terminal end of the
molecules is in the left of each figure.
formation of the first interchain disulfide bonds by air suggesting that the purified preparation of trimer corresponds
oxidation, and (3) possible rearrangement of these bondsto one molecular species. This good structural homogeneity
through thiol and disulfide exchange toward a fully oxidized implies that the (GPP%5YCDPSSCAG peptide contains in
trimeric conformer. Step 1 is confirmed by the observation itself sufficient information to self-associate stereospecifically
that peptides composed of only four GPP* triplets are able into a triple disulfide-bonded trimer.
to form a stable triple helix at 20C (Bruckner et al., 1975). Structure of the Trimer.The interpretation and resonance
Therefore, it is likely that, at-20 °C, a stable triple helix  assignments of trimer NMR spectra were difficult because
takes place with only three GPP* triplets. Circular dichroism (i) the trimer is composed of three identical peptide chains
experiments (Figure 6) clearly show that the purified trimer with repeated amino acids in each chain (5 Gly, 4 Pro, 3
adopts a triple helical conformation. Moreover, the trimer Hyp, 2 Cys, and 2 Ser), (ii) the absence of the amide proton
exhibits much higher melting temperatures in methamgl (  for Pro and Hyp, (iii) severe overlaps in some regions of
= 30 °C) and even in waterTg, = 15 °C) when compared  the spectra, and (iv) the broadening of some resonances.
to values reported for five GPP* tripletsT{ = 5 °C; Despite these difficulties, the spin systems and NOE cor-
Sakaribara et al., 1973). All these observations strongly relations were assigned unambiguously for the noncollag-
suggest that both the collagenous part (via a coiled-coil helix enous part of the trimer, i.e., for residues G10 to Al8 in
formation) and the noncollagenous one (via disulfide bond each chain. This allowed us to distinguish the three chains
formation) are involved in the formation and the stabilization and to identify a set of medium-range intrachain and long-
of the trimeric molecule. This conclusion is in agreement range interchain NOEs. The sequential assignment of each
with the recent results obtained in our group, bisthiitro chain was not ambiguous since most of the sequential NOE
with the reassembly of type IX collagen fragments (Labour- correlations were intense and since all interchain NOE
dette and van der Rest, personal communication)ranido correlations but one could not be confused with sequential
with the expression of type XIl minicollagen (Mazzorana et ones. A total of 131 distance constraints were actually
al., 1995). obtained. As no distance constraint could by extracted for
When separated from reducing compounds and purified the (GPP*) sequence, a set of 39 interproton distances
by RP-HPLC, the triple disulfide-bonded trimer is particu- together with dihedral angles were directly measured from
larly stable, even after long periods of storage. All NMR the previously determined 3D collagen triple helix structure
analyses clearly show that more than 90% of the resonancegBella et al., 1994). This set of 170 distance constraints was
correspond to one major set of spin systeraspriori not sufficient to determine the overall three-dimensional
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structure of the trimer. Besides the possible presence of twoother proteins are likely involved in the trimeric assembly
disulfide conformers (see below), this may be due to slow (Nagata, 1996). Nevertheless, the validity of our findings
conformational averaging processes in some parts of theis strongly supported by the specificity of
molecule, especially at the C-terminal ends of chains | and (GPP*sGYCDPSSCAG peptide self-association, the high
II, which result in line broadening and thus in a lack of yield, and the stability of the trimer formed. Moreover, the
unambiguously identified NMR constraints. Itis very likely structure of the CDPSSC sequence for the locking chain in
that, in the native collagen, the COENCL1 junction is the trimeric model is close to the thermodynamically favored
stabilized by the presence of the whole NC1 domains. cyclized one in the oxidized monomer, despite the fact that
Although it is not possible to represent the trimer model the two cysteines are involved in interchain disulfide bonds.
peptide as a single structure, important structural featuresin conclusion, the models proposed here (Figure 11D,E) are
of the COLE-NC1 junction have been pointed out in the good representations of the FACIT COENCL1 junction.
present NMR study. Concerning the three disulfide bond Further works are needed to achieve the three-dimensionnal
arrangement, NMR data analysis and molecular modeling structure of the COLZNC1 junction by studying the
clearly show that the cysteine cross-linking is established assembly of peptides containing the whole NC1 domain,
according to Scheme 2, which is in agreement with the either with homotrimeric or heterotrimeric molecules.
microsequencing results. However, there is no definitive
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