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ABSTRACT

Native collagens are molecules that are difficult to handle because of their high tendency towards aggrega-
tion and denaturation. It was discovered early on that synthetic collagenous peptides are more amenable to
conformational characterization and thus can serve as useful models for structural and functional studies.
Single-stranded collagenous peptides of high propensity to self-associate into triple-helical trimers were used
for this purpose as well as interchain-crosslinked homotrimers assembled on synthetic scaffolds. With the
growing knowledge of the biosynthetic pathways of natural collagens and the importance of their interchain
disulfide crosslinks, which stabilize the triple-helical structure, native as well as de novo designed cystine knots
have gained increasing attention in the assembly of triple-stranded collagen peptides. In addition, natural se-
quences of collagens were incorporated in order to biophysically characterize their functional epitopes. This
review is focused on the methods developed over the years, and future perspectives for the production of col-
lagen-mimicking synthetic and recombinant triple-helical homo- and heterotrimers. Antioxid. Redox Signal. 10,

113-125.

INTRODUCTION

COLLAGENS ARE THE MOST ABUNDANT protein components
of the extracellular matrix. These proteins provide me-
chanical strength and structural integrity to connective tissues
in the animal kingdom. Collagens guide cells to migrate, pro-
liferate, and differentiate by interacting with numerous other
molecules. All collagens consist of three polypeptide chains,
which can either be assembled into homotrimers or het-
erotrimers, with the latter being composed of two or three dis-
tinguishable a-chains. The common structural signature of col-
lagens is the rigid rod-shaped triple helix. It can either span the
whole molecule, as in the case of fibrillar collagens, or it is in-
terspersed by noncollagenous (NC) domains that render the pro-
teins more flexible. The triple-helical sequence portions consist
of the characteristic (GXY) tripeptide repeats. The presence of

a glycine residue in every third position is essential, and the po-
sition X is often occupied by proline and position Y by hy-
droxyproline. Because of the fixed i angle and the restricted
¢ angle of these imino acids, the sequence composition favors
an extended left-handed polyproline II-helix conformation of
the single a-chains. The individual left-handed helices are fur-
ther supercoiled in a right-handed manner around a common
axis into a triple helix, with a stagger of one residue between
adjacent chains. This triple helix is stabilized by a repetitive
backbone hydrogen bonding pattern. However the contribution
of the hydration network to the molecular stability is still sub-
ject to debate (2, 16, 33, 95).

So far, 27 types of human collagens are known (Table 1).
They can be subdivided into different classes according to their
supramolecular organization and the resulting specialized func-
tion in various diverse tissues (58, 85, 96). Collagens are se-

'Max-Planck-Institute of Biochemistry, Martinsried, Germany.

2Whitman College, Department of Chemistry, Walla Walla, Washington.
3Present address: Deutsche Forschungsgemeinschaft, Kennedyallee 40, 53175 Bonn/Bad-Godesberg, Germany.

113



114

TaBLE 1. HumaN COLLAGENS

Fibrillar collagens (types I*, II, III, V*, XI*, XXIV,
XXVI, XXVII)

Basement membrane collagens (type [V*)
Fibril-associated collagens with interrupted triple helices
(FACIT collagens, types IX*, XII, XIV, XVI, XIX, XX,
XXI, XXII)

* Short-chain collagens, fine fibrils (types VIII*, X)
Anchoring fibril collagen (type VII)

Multiplexins (types XV, XVIII)

Membrane-associated collagens with interrupted triple
helices (MACIT collagens, types XIII, XVII, XXIII, XXV)
* Beaded filaments (type VI¥)

*Heterotrimers containing different & chains

cretory proteins and their biosynthesis involves a unique path-
way that consists of extensive post-translational modifications
followed by proper chain selection, correct chain registration,
and triple helix formation, and additional enzymatic processing
of the folded procollagens into mature proteins (57, 63, 88).
The large body of data collected over the years on several col-
lagen types provides useful insights into the chain selection
mechanism. All pro-a-chains contain one or more collagenous
(COL) domains that are flanked by two NC domains. For al-
most all classes of collagens, the folded C-terminal NC domains
act as recognition modules. They select, bind, and register the
three proper a-chains by shape complementarity, electrostatic
charge distribution, and hydrophobicity to assemble the trimers.
An exception are the transmembrane collagens, where the N-
terminal NC domain dictates the trimerization process and thus
folding pathway (1, 108). The process of homo- or het-
erotrimerization of the C-terminal propeptides of procollagen
is accompanied by intra- and interchain disulfide bond forma-
tion with the assistance of protein disulfide isomerase. Although
for fibrillar collagens interchain disulfide crosslinking precedes
nucleation and propagation of the native triple helix in the COL
domains of the molecules (5, 19, 20, 37, 67), it is not essential
for the correct chain registration and triple helix formation in
vivo (10, 23).

If purified collagens or procollagens are denatured in vitro,
the presence of interchain disulfide bonds is crucial for efficient
and fast refolding into the triple-helical structure (4, 18). In the
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absence of these interchain crosslinks or of the trimerization
sites, refolding of the denatured molecules is very slow and in-
complete, and mis-matched triple helices differing in length and
stability are formed (11, 35, 52).

Following this observation, early studies of the kinetics and
mechanisms of triple-helical folding have been performed with
the COL1-3 fragment of procollagen type III and the mature
collagen type III. The COL1-3 fragment comprises the entire
N-terminal precursor-specific region of procollagen III and con-
tains a cystine knot resulting from interchain crosslinking of
two cysteine residues separated by a dipeptide sequence. Ma-
ture collagen type III, on the other hand, contains a C-terminal
cystine knot derived from two vicinal cysteine residues located
at the C-terminus of the triple helix (46); the sequences around
these cystine knots are shown in Fig. 1. Using these natural
forms of collagen, the C- to N-propagation of the triple helix
in a zipper-like mode as well as the effects of the cis-to-trans
isomerization of the aminoacyl-proline/hydroxyproline bonds
on the folding kinetics were characterized (3, 4, 18).

Procollagens and mature collagens as well as related fragments
are difficult to handle. Therefore, it was early on recognized that
synthetic collagenous peptides are more amenable to structural
characterization. Hence they served as useful models to clarify
principles of triple helix stability, molecular details of the colla-
gen structure by X-ray crystallography, nuclear magnetic reso-
nance (NMR), and other biophysical techniques, as well as to
mimic biological activities (2, 16, 17, 21, 33, 34, 41, 47, 53, 95,
105). Most peptides were studied as monomers that self-associ-
ate into trimers in a concentration-dependent manner. With the
early findings that interchain disulfide bridges significantly stabi-
lize collagen fragments (4, 18), homotrimeric assembly of col-
lagenous peptides on synthetic scaffolds has found increasing at-
tention. Using this approach, it became possible to markedly
reduce the unfavorable entropy of self-association of single-
stranded collagenous peptides and thus to stabilize the triple he-
lix (47, 53, 82). N- or C-Terminal crosslinking of collagenous
peptides was accomplished by various homotrifunctional scaf-
folds, which were designed with spacers that differ in length and
flexibility to allow a staggered alignment of the three chains in
the triple-helical conformation (36, 38—40, 48-51, 54, 56, 59, 69,
97-99, 110). Selected examples of scaffolded collagenous pep-
tides are shown in Fig. 2. Similarly, N- and C-terminal metal ion
chelators were exploited for a metal-assisted trimerization and
triple helix stabilization of collagen models (24, 66).

Col1-3

Collagen Il

(NC)

r
A

‘ [

v

human (GXY),,GSOGPOGICESCPT \
mouse (GXY),,GPOGSOGICESCPT
bovine (GXY),;GSOGPOGICESCPT

(GXY),,,GPOGAOGPCCGG %
(GXY),,,GPOGAOGPCCGG
(GXY),,sGPOGAOGPCCGA

FIG. 1. Schematic representation of procollagen type III with the C-terminal NC domains and the N-terminal propeptide
which are enzymatically processed during maturation leading to native collagen type III with the interchain C-terminal

cystine knot.

The amino acid sequences of this cystine knot and the cysteine motif at the junction between the triple helix and

the NC domains of the propeptide COL1-3 of human, mouse, and bovine collagen type III are inserted. The cysteine residues

are highlighted in gray.
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It was found during these studies that the structure of the
scaffold and the nature of the linker significantly affect the sta-
bility of the triple helix due to the difference in steric hindrance
imposed on the three chains for the correct adjustment of the
one-residue register shift. Moreover, synthetic challenges arose
in the assembly of the peptides. Highly selective and sophisti-
cated chemistry was required to obtain satisfactory yields.
Crosslinking of different chains to produce the desired het-
erotrimers was expected to increase the synthetic difficulties in
exponential manner. The obvious solution was to attempt the
use of the interchain cystine knots of native collagens or related
mimetic structures in order to facilitate an assembly of homo-
and heterotrimeric collagen models. Advances and perspectives
of this more recent approach are the subject of the present re-
view.

HOMOTRIMERIC MODEL PEPTIDES
WITH THE COLLAGEN TYPE III
C-TERMINAL CYSTINE KNOT

The interchain cystine knot of the N-terminal propeptide
COLI-3 of collagen type III (Fig. 1) has so far not been ap-
plied to the oxidative assembly of synthetic collagen trimers.
However, the use of the C-terminal cystine knot of collagen
type III for covalent homotrimeric assembly of synthetic model
peptides has been successfully pioneered by Bichinger and as-
sociates (74, 80). Collagenous peptides that contain (GXY),
repeats and are C-terminally extended by the bis-cysteinyl-
sequence GPCCGGG were exposed to air or GSH/GSSG oxi-
dation at lower temperature under alkaline conditions and the
disulfide-crosslinked homotrimers were obtained in satisfactory
yields. Thermal denaturation confirmed the significantly en-
hanced stabilities of the triple-helical structures resulting from
the cystine knot. This approach was then successfully applied
by Engel and coworkers even for recombinant constructs con-
taining collagen peptides such as GS(GPP),(GPPGPCCGGG
(13) and GSYGPPGPCCSGPP(GPP);( (43). Upon enzymatic
recovery of these peptides, oxidation was performed in the pres-
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ence of GSH/GSSG (9:1) at 20°C [i.e., at a temperature slightly
below the triple helix melting point of (GPP); (T, = 25°C) or
more appropriately of the reference peptide Ac-(PPG);o-NH,
(T, = 45°0)] (22). The trimers were formed in good yields and
both showed a significant increase of the thermal stability, with
the C-terminal knot being more efficient (7,,, = 82°C) than the
N-terminal disulfide crosslink (7}, = 67°C). The lower stabil-
ity induced by the N-terminal crosslink may at least partly de-
rive from electrostatic repulsions at the C-terminus of the triple
helix. Since the refolding rates of both peptides (0.00012 sec™!
for the C-terminal and 0.00037 sec™! for the N-terminal cys-
tine knot peptide) are very similar, triple helix formation can
be nucleated at both ends. The rate-limiting step is still rep-
resented by the cis-to-trans isomerization as supported by the
very similar activation energy which is >50 kJ/mol for both
trimers (13, 43). These results confirmed that N-terminal triple
helix nucleation with N- to C-propagation can occur as effi-
ciently as from the C-terminus. This fact is in full agreement
with previous findings from collagen models, which were N-
terminally crosslinked with homotrifunctional templates (Fig.
2). It also explains the efficient in vivo folding of membrane-
associated collagens where nucleation and triple-helix folding
starts at the N-termini (1, 79, 107, 108).

It was also attempted to oxidatively form the cystine knot in
a recombinant peptide that corresponds to the native C-termi-
nal sequence of collagen type III, but with the hydroxyproline
residues replaced by proline [i.e., GS(GXY);3GPCCGGG]. The
peptide was obtained by thrombin cleavage of an expressed
thioredoxin construct. This attempt unfortunately failed because
of the low triple helix propensity of the natural sequence (14).
However, using the obligatory trimeric molecule minifibritin as
a fusion protein, which dictates trimerization of this collagen
fragment, formation of the cystine knot was readily achieved
at low temperatures in yields over 50%. Since at room tem-
perature mainly crosslinked dimers and monomers were ob-
tained, the necessity of the triple helix conformation with prop-
erly aligned chains prior to the oxidation of the cysteine residues
was well assessed. This observation fully agrees with the re-
sults obtained in our laboratory by analysing the synthetic col-
lagen molecules Ac-(POG),PCCGGG-NH, where n was var-

(Gly-Xaa-Yaa),

FIG. 2. Examples of homotrimeric col- C)
lagenous peptides assembled on scaf-
folds: (A) di-lysine (97); (B) di-gluta-
mate (54); (C) 1,2,3-propane tricarboxylic
acid (51); (D) N-terminal di-lysine (110);
(E) Kemp’s triacid [cis,cis-1,3,5-trimethyl-
cyclohexane-1,3,5-tricarboxylic acid (48)], E)
and (F) tris(2-aminoethylamine) (69). HsC
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ied from 3 to 7 (Fig. 3) (7). With n = 3 self-association into a
triple-helical structure was not achieved according to the CD
spectra, even after incubation at low temperatures and at 1 mM
concentration in order to entropically control the process. As a
consequence, oxidation was found to generate a mixture of
products, in which the desired trimer could not be detected by
LC-MS. On the other hand, pre-equilibration of the peptide
with n = 5 at low temperature (7-8°C) and at 1 mM concen-
tration yielded a CD spectrum that reflects a high content of
triple helix (7}, = 20.3°C). Performing the oxidation experi-
ments at this concentration, at pH 8 and at a temperature far
below the T, value (i.e., at 7-8°C), air oxidation was found to
generate a product distribution consisting on the average of
~70% trimer. The remaining product was essentially oxidized
monomer. The product distribution was not affected by the pH
value in the range of 7 to 9, although at higher pH values, as
expected, oxidation rates were enhanced. Oxidation with
GSH/GSSG (peptide/GSH/GSSG ratio of 1:10:1) to possibly
reshuffle unproductive intermediates was found to occur at sig-
nificantly lower rates, but again without appreciable effect on
the product distribution. An increase in yields of trimer forma-
tion was expected for the peptide with n = 7 since the triple
helix stability of the self-associated trimer (7, = 41.6°C) was
significantly increased; but the resulting product distribution
was found to be very similar with ~70% trimer.

Since LC-MS analysis of the product mixture revealed the
presence of a single trimer and even the NMR spectra were con-
sistent with a single set of disulfide connectivities, prefolding
of the collagenous monomeric peptide, followed by oxidation,
leads to the formation of a well-defined cystine knot isomer.
However, we were unable to derive the exact cysteine pairings
from NMR structural analysis (7), as it has been impossible to
resolve the structure of the cystine knot of collagen type XIV
by NMR conformational analysis (vide infra) (71). Molecular
dynamic (MD) simulations performed on the trimer with the
two most plausible cystine knots, shown in Fig. 3, would sug-
gest that neither of the two is well compatible with a triple-he-

Ac-(POG) -PC(StBu)C(StBu)GGG-NH,

P(C,H,), in
TFE/M,0 (9:1)

Ac-(POG),-PCCGGG-NH,
1) prefolding at 7-8 °C (1 mM)

2) O, or GSSG/GSH (10:1),
pH 8.0, 8°C

Ac-(POG),-PGCGGG-NH,

Ac-{POG),-PCCGGG-NH,
Ac-(POG)_-PCCGGG-NH,

(—— knot X
(- knot ¥

(only with n > 5)

FIG. 3. Oxidative folding of collagen model peptides con-
taining exclusively (POG) repeats and the C-terminal bis-
cysteinyl motif of collagen type III (7).
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lical conformation, but both types of disulfide connectivities al-
low a triple-helical conformation of the (POG) triplet directly
adjacent to the knot. Whereas the type Y cystine knot (Fig. 3)
seems more compatible with the triple-helical conformation in
terms of dihedral angles, type X represents the intuitively sim-
plest way of forming the three disulfide bonds (7).

Although for the Ac-(POG)sCCGGG-NH; construct crystals
were successfully grown (Fig. 4), their diffraction pattern was
unfortunately insufficient to resolve the structure of the cystine
knot. Most interestingly, the Ac-(POG);CCGGG-NH, trimer
formed fibrils suggesting that this triple helix size may possi-
bly represent the threshold-length for self-association of triple
helices into ordered supramolecular aggregates (Fig. 4).

The formation of the intramolecular disulfide bridge of the
monomer as the main side product of the oxidative assembly
of homotrimers was completely unexpected because such disul-
fide bridges between adjacent cysteine residues are known to
be conformationally very disfavored (26, 29, 32, 92). These are
rarely found in folded proteins (27, 112, 115), but their forma-
tion is observed in folding pathways of cysteine-rich peptides
where vicinal disulfides are found in productive intermediates
that readily undergo disulfide reshuffling because of the ther-
modynamically disfavored structure (15, 27, 28).

Two case-limiting mechanisms for oxidative folding that
allow for structural interpretation (i.e., the folded-precursor
and the quasi-stochastic mechanism) have emerged from ex-
tensive studies on cysteine-rich peptides and proteins (113).
In the folded precursor mechanism, local regions of the
polypeptide chain adopt native-like structures which are
locked in by disulfide bonds; a piecemeal accumulation of
such local microfolding events leads to global folding. In the
quasi-stochastic mechanism on the other hand, a set of disul-
fide bonds forms initially following the proximity rule for
loop formation in early fast oxidation and reshuffling steps.
This conformation is then locked in and protected from fur-
ther rearrangements by local or global conformational fold-
ing. While this second mechanism applies well to most of the
folding pathways of globular proteins, formation of the type
III collagen disulfide knot, at least in model peptides, follows
the folded precursor mechanism as it requires a proper spa-
tial alignment of all the cysteine residues in the triple helix.
Since the folded triple helix is in equilibrium with the
monomeric state, competing disulfide formation according to
the proximity rule (25) leads to the oxidized monomer, most
likely a kinetically trapped intermediate.

We observed that upon folding of a collagen model peptide
containing the a181 and a2B1 integrin adhesion motif of col-
lagen type I into the triple helix conformation, oxidation al-
most exclusively produced the disulfide-crossbridged ho-
motrimer (Fig. 5) (9). This result was surprising as the triple
helix of the self-associated monomer exhibited a T, value of
only 17°C [i.e., even slightly lower than those of the collage-
nous peptides of Fig. 3 with n =5 (T}, = 20.3°C) or n =7
(T, = 41.6°C)]. The residues Asp/Glu and Arg/Lys are often
found in collagens at positions X and Y, respectively (93). Al-
though such residues reduce the triple helix stability as shown
for the (GER);sCPCCG trimer (80), as guest triplets of the
type (GPR), (GEO), or (GER) in (GPO), sequences the neg-
ative effects on thermal stabilities of the triple helical self-as-
sociated host—guest peptides are largely compensated by pH-
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FIG. 4. Crystals of the disulfide

crosslinked homotrimer Ac-
(POG)sCCGGG-NH; (top) and
fibers of Ac-(POG);,CCGGG-

NH, (bottom) (7).

dependent electrostatic interactions between these charged
residues, and possibly by hydrogen bonding with peptide
backbones and interactions with the water shell (94, 116). In
the model peptide of Fig. 5, the Arg and Glu residues may fa-
vor the staggered alignment by electrostatic interactions with-
out enhancing per se the thermal stability of the triple helix.
This would increase the probability of the cysteine residues
being in juxtaposition for the correct disulfide formation. Such
electrostatic interactions were exploited most recently in or-
der to successfully self-assemble heterotrimeric collagen triple
helices from chains containing Arg in position Y of one chain,
Glu in X of the second chain, while the third peptide strand
consisted of only (GPO) repeats (45).

S(GP0),GFOGER(GP0),GPCCGGG

O,, 1mMat7-8°C
yield: 100 %

[S(GPO),GFOGER(GPO),GPCEGGE],

FIG. 5. Oxidative folding of a collagen peptide containing
the a181 and a2p1 integrin adhesion motif (gray) and the
C-terminal collagen type III cysteine motif produced the ho-
motrimer in almost quantitative yield.

CYSTINE KNOTS OF FACIT
COL1-NC1 JUNCTIONS

FACITs (fibril-associated collagen with interrupted triple
helices) (Table 1) contain short triple-helical domains interdis-
persed with nontriple-helical domains. Collagen type IX is com-
posed of three different a-chains while all others are homo-
trimers. Unlike the fibril-forming collagens, the FACITs have
significantly shorter C-terminal NC domains, but share a re-
markable sequence homology in the first collagenous domain
(COL1) with two imperfections within the triple helix. More-
over, the FACITs contain in their COL1/NC1 junctions two
strictly conserved cysteine residues separated by four residues
(Table 2). In the folded molecules, these cysteine residues form
an interchain disulfide knot, so far, of unknown disulfide con-
nectivities. Extensive studies of in vivo folding of different con-
structs of the homotrimeric collagens XII and XIV strongly sup-
port the notion that the COLI domain at the COLI/NCI
junction, which contains the first cysteine residue (Table 2) and
the NC1 domain containing the second conserved cysteine are
involved in the mechanism of chain selection and registration
and thus in the assembly of FACITs (73, 75-78).

These studies provide evidence that by preventing 4-hy-
droxylation of the Pro residues, the interchain disulfide bridges
are not formed and the monomers are secreted by the cultured
cells. However, it was observed in the presence of ascorbate,
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TaBLE 2. HuMAN AND CHICKEN CDNA-DERIVED SEQUENCES OF THE NC1 DoMAINS

Type IX Collagen

al chicken (P12106) GPPGPPGYCEPSSCRMQAGQRAAGKNMKGP 920

a1 human (P20849) GPPGLPGFCEPASCTMQAGQRAFNKGPDP 921

a2 chicken (P12108) GPAGLPGFCEPAACLGALPTPRHG 677

a2 human (Q14055) GPVGLPGFCEPAACLGASAYASARLTEPGSIKGP 689

a3 chicken (P32017) GAQGTPGICDTSACMGAVGASTSKKS 675

a3 human (Q14050) GAQGTPGICDTSACQGAVLGGVGEKSGSRSS 684
Type XII Collagen

al chicken (P13944) GPPGPPGYCDSSQCASIPYNGQGFPEPYVPESGPY...

Unprocessed precursor 3124 AA 3048 3053

a1 human (Q99715) GPPGPPGYCDSSQCASIPYNGQSYPGSG 3063

Unprocessed precursor 3063 AA 3044 3049

Type XIV Collagen
a3 chicken (P32018)

GPAGPPGYCDPSSCAGYGMGGGYGEPTDQDIPVVQL...

Unprocessed precursor 1888 AA 1769 1774
a1 human (Q05707) GPSGQPGYCDPSSCSAYGVRAPHPDQPEFTPVQDELEA...
Unprocessed precursor 1796AA 1759 1764

Included are the C-terminus of the COL1 domains of the a-chains of the heterotrimeric collagen type IX and the homotrimeric
collagen type XII and XIV (SwissProt data bank, entry codes are given in brackets). The Pro residues in positions Y of the
collagenous domains are most probably (4R)-hydroxylated in the mature collagens.

which is essential for proline hydroxylation, that homotrimeric
collagen type XII constructs were obtained. The results of the
in vivo folding experiments with constructs consisting mainly
of the COL1 domain or of the NC1 domain would suggest that
both domains retain trimerization properties to some extents.
However, for an efficient in vivo trimerization of the a-chains
in the correct register and thus oxidative formation of the na-
tive cystine knot, the sequence-encoded information of both do-
mains is concurrently required.

Homotrimeric model peptides with the cystine
knot of collagen type XIV

To investigate the intrinsic propensity of the highly conserved
cystine knot sequences of FACITs (Table 2) for oxidative
trimerization in vitro, van der Rest and coworkers have used a
synthetic model peptide derived from the COL1/NC1 junction
of collagen type XIV (compound I of Fig. 6) (71). This pep-
tide was N-terminally extended with three (GPO) repeats to re-
place the GSQ-GPA-GPO sequence of type XIV collagen
(compound II of Fig. 6). From studies of synthetic collagen
model peptides (34, 95, 105) and native procollagen (12, 30,
86), such (GPO) repeats are known to most efficiently stabilize
triple helices; moreover, it was determined that the C-terminus
of COL1 domain of the a1-chain of collagen type IX consists
of three (GPO) triplets (87).

All oxidative experiments performed with the bis-cysteinyl
sequence itself (peptide I of Fig. 6) failed to produce the ho-
motrimer in satisfactory yields. The majority of the oxidized
product was the intrachain disulfide-bridged monomer. The
high tendency of the reduced monomeric peptide I to oxidize
intramolecularly to Ia is in full agreement with the amino acid
composition between the two Cys residues as these residues
among others most frequently occur in B-turns (31). Con-
versely, oxidative refolding of the N-terminally extended pep-
tide II was found to produce the monomers Ila, the dimer IIb,

and the trimer Ilc at ratios strongly depending upon the exper-
imental conditions. At room temperature, the intrachain disul-
fide-bridged monomer was by far the predominant product,
whereas the trimer formation was minimal. By lowering the
temperature and particularly by exploiting the known triple-he-
lix stabilizing effect of alcohols (17, 34), formation of the trimer
IIc was found to increase significantly. At a temperature of
—20°C and with 30% MeOH in the buffer (pH 8.5) the trimer
composed up to 55% of the product mixture. When the incu-
bation time was extended under these conditions, a fast scram-
bling of the trimer to the thermodynamically more stable
monomer Ila was observed. Similarly negative was the effect
of diluting below 1 mg/mL (i.e., by increasing the entropic
penalty of self-association of the three peptide chains in the cor-
rect register). Indeed, at higher dilution the trimer Ilc was only
formed in trace amounts. Therefore, trimerization into the triple
helix register via the (GPO); repeats is apparently required for
oxidative formation of the disulfide knot. The competing for-
mation of the intramolecular disulfide bonds and a time-de-
pendent scrambling of the disulfides in the presence of GSH/
GSSG to form the oxidized monomer represent the main side
reactions. The triple-helical structure of the trimer Ilc as iso-
lated product was confirmed by the CD spectrum and NMR
structural analysis (71).

Goodman and coworkers have shown that with n = 3, only
an incipient triple helix is formed in aqueous environments
when collagenous peptides were N-terminally crosslinked
with Kemp triacid and contained an increasing number of
(GPO), repeats (48). In light of this information, it can be
hypothesized that the concentration-dependent self-associ-
ated triple-helical trimers of II are in equilibrium with the
monomeric form. The correctly aligned trimer is removed
from the equilibrium mixture by formation of the cystine knot
in an oxidation reaction that is competing with the confor-
mationally highly favored intramolecular cyclization to Ila.
Thus it could be expected that an increase of the triple-helix
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FIG. 6. Product distributions in the
oxidative folding of peptides related
to the collagen type XIV cystine knot
(71).

| | I I
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-20 °C, MeOH/buffer (30:70), pH 8.5

T

stability may significantly reduce the content of oxidized
monomer as a side product.

Disulfide crosslinking of three bis-cysteinyl-peptides leads to
the two isomers A and B shown in Fig. 7. Their number, how-
ever, increases when the peptides are aligned in a collagen-type
register by a one-residue shift as the chains are then no longer
spatially equivalent. Six conformers are then possible for the
disulfide knot A and two for the disulfide knot B. NMR con-
formational analysis of the trimer Ilc confirmed the formation
of a type A cystine knot although an unambiguous differentia-
tion between the cystine knots A1 and A2 (Fig. 7) could not be
made (71). Interestingly, the disulfides between the last Cys
residue of the middle chain and the first Cys of the leading
chain (isomer A2) or of the trailing chain (isomer Al) induce
a locked-in bent structure that is very similar to the B-turn struc-
ture in the intrachain disulfide-bridged monomer Ia.

Heterotrimeric model peptides with the cystine
knot of collagen type IX

A mini-a-chain of FACIT collagen type XII, consisting of the
COL1 domain and the N-terminal portion of the NC1 domain
(Table 2), has been successfully self-assembled into a triple-he-
lical homotrimer (76). Based on these findings, a similarly low
molecular weight pepsin-resistant fragment of the heterotrimeric

FACIT type IX was prepared (70). Upon reduction and isolation
of the three truncated a-chains, these were then individually an-
alyzed for their in vitro oxidative self-association into ho-
motrimers, and as stoichiometric mixture of all three a-chains
into a heterotrimer. All three chains are able to form triple-heli-
cal homotrimeric reassociation products. But most surprising was
the observation that a mixture of the a1, &2, and a3 chain in the
presence of reduced and oxidized glutathione (GSH/GSSG) leads
to an oxidized product distribution consisting of the heterotrimer
ala2a3 in addition to the homodimers and homotrimers of the
al and a2 chain, while homodimers and homotrimers of the a3
chain are formed to much lesser extents. Although the het-
erotrimer a1a2a3 constitutes maximally 25% of the product mix-
ture, this value is significantly higher than that expected from a
random oxidation of the three chains, which should lead to 16
species (6 dimers and 10 trimers). Whether the heterotrimer rep-
resents a mixture of all the possible conformers resulting from
different chain alignments could not be determined in this study.
Nevertheless, in view of the sequence composition around the
cystine knot (Table 2), it is rather surprising that in absence of
most of the noncollagenous C-terminal domain NC1, but retain-
ing its cysteine-containing N-terminus, sufficient information is
encoded in the three chains for a preferred self-association into
the correctly registered triple-helical and interchain-crosslinked
heterotrimer (70).

FIG. 7. Trimers A and B contain the possible
cystine knot between three identical bis-cys-
teinyl peptides without a defined sequence
alignment. Taking into account a collagen-type
chain register, six conformers are possible for type
A and two for type B cysteine connectivities. The
conformers Al and A2 belong to the type A and
represent the two indistinguishable cystine knots
determined by NMR for the trimer Ilc (71).

(A) GPOGPOGPOGYEDPSS AG
GPOGPOGPOGYCD S?AG
GPOGPOGPOGYCDPSSCAG

A1) GPOGPOGPOGYQDPSS%\\G

S

GPOGPOGPOGYCDP}
GPOGPOGPOGYCDPSSCAG

(B) GPOGPOGPOGYCDPSSCAG
GPOGPOGPOGY SCAG
GPOGPOGPOGYCDPSSCAG

(A2) GPOGPOGPOGYCDPSSCAG

AG GPOGPOGPOGYC\DPSS G
GPOGPOGPOGYCDPSSCAG
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These findings would suggest a more or less explicit in-
volvement of the COL1 domains in the preferred heterotrimeric
assembly of collagen type IX, which does not coincide with the
self-association and oxidation experiments performed with syn-
thetic peptides corresponding to the sequences of the three a-
chains of the COL1/NCI1 junction and the short NC1 domains
of human collagen type IX (Table 2) (81). A stoichiometric
mixture of these three chains was unable to self-assemble into
a heterotrimer. Therefore, the peptides were N-terminally ex-
tended with the adjacent natural (GXY)s sequences of the COL1
domains with all the proline residues in the Y position in the
4-hydroxylated form. Operating at 25°C where CD spectra con-
firmed the absence of a triple helical conformation of the short
COLLI extensions, the heterotrimer comprised 10% of the mix-
ture among monomers, dimers, and higher oligomers. By low-
ering the temperature to 4°C, the N-terminal short triple helix
is induced in the isolated trimer, but at least with the entire NC1
domain a prefolding does not seem to be essential for the se-
lective heterotrimerization and cystine knot formation. With
heterotrimer-specific antibodies, even the correct registration of
the three a1, @2, and a3 NC1 domains was confirmed (81).

These most interesting results of Béchinger and associates
were so far not applied to the production of synthetic or re-
combinant heterotrimeric collagen models. Yields of disulfide-
crossbridged and thus stabilized triple-helical heterotrimers
may possibly be enhanced by incorporation of specific inter-
chain interactions, such as the electrostatic interactions used re-
cently for self-association of three different synthetic a-chains
into collagenous heterotrimers (45).

FOLDONS AS TRIMERIZATION DOMAINS

In addition to the synthetic scaffolds such as those depicted
in Fig. 2 for covalent homotrimerization of collagenous pep-
tides, foldon domains can equally be used for noncovalent as-
sembly of trimers. Indeed by C- or N-terminal extension of the
model peptide (GPP)o with the short foldon domain of bacte-
riophage T4 fibritin, a remarkable thermal stabilization of the
triple helix could be achieved (13, 43, 44). However, compared
to a C- or N-terminal cystine knot of collagen type III, the ob-
served effect was weaker. This foldon domain forms a 3-pro-
peller-like structure with a hydrophobic interior that originates
from the small B-sheet formed by three-fold-related B-hairpins
(111). It folds autonomously and reversibly into an obligatory
trimer (72), but it shows sufficient plasticity to adapt to the re-
quirements of a triple helix at the interface. This was well as-
sessed by the X-ray structure of the (GPP);¢-foldon construct
(109). Because of its relatively small size (27 residues) it rep-
resents an interesting tool in the design of homotrimeric syn-
thetic and recombinant collagen molecules. The usefulness of
this foldon domain was particularly evident in the case of col-
lagenous peptides with low triple helix propensity. All attempts
to install the cystine knot in the recombinant construct of thiore-
doxin A containing the C-terminal collagenous sequence GS-
(GXY)13-GPCCGGG corresponding to the C-terminus of col-
lagen type III and expressed in E. coli with the proline residues
in the nonhydroxylated form have failed (14). However, using
a construct with the bacteriophage T4 minifibritin, air oxida-
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tion produced the disulfide crossbridged homotrimer in satis-
factory yields. A similarly efficient approach could possibly be
derived from a three-stranded coiled-coil as demonstrated for
folding of the recombinant N-propeptide of type IIA collagen
(79).

COLLAGEN MOLECULES WITH
ARTIFICIAL CYSTINE KNOTS

Except for the COL1/NC1 junction of collagen type IX (81),
all the trimerization procedures discussed so far are limited to
the preparation of homotrimeric collagen molecules. Therefore,
for studies of structural and functional properties of hetero-
trimeric collagens such as collagen type I and IV, a new strat-
egy was required that would allow crosslinking of three pep-
tide chains in a regioselective manner to establish the correct
registration of the a-chains. For this purpose, a simplified arti-
ficial C-terminal cystine knot was designed in our laboratory
and produced by regioselective cysteine pairing procedures to
align the peptide chains in the desired register and with mini-
mal steric clashes within the triple helix (89). As shown in Fig.
8, the assembly of the heterotrimers from the side-chain de-
protected single chains is based on regioselective cysteine ac-
tivation as pyridyl- or nitropyridylsulfenyl derivatives followed
by thiol-disulfide exchange reactions in slightly acidic aqueous
media to prevent scrambling of already formed disulfides (89,
91).

A more facile synthetic route was proposed by Farndale and
coworkers, which is based on the use of thiol-activated species
of the monocysteinyl-a1-chains in excess over the bis-cysteinyl
a2-chain (106). The incorporation of the artificial cystine knot
is then controlled by reaction kinetics rather than regioselective
sulfur chemistry. Using this procedure, the authors were able
to achieve formation of the desired heterotrimer in up to 30%
yield, although extensive chromatographic separations were re-
quired to isolate the trimer from the still complex mixture of
reaction products.

Various heterotrimers containing the collagenase cleavage
sequences 772-784 and 772-785 of the a1 and «2 chain of col-
lagen type I, respectively, were obtained by the regioselective
synthetic strategy. N-Terminal or N- and C-terminal extensions
of the natural sequences with (POG), repeats served to induce
and stabilize the triple-helical structure (91). The trimers were
folded into triple helices with sharp cooperative thermal tran-
sitions from the folded state to random coil. The heterotrimers
proved to be well-suited substrates for analyzing the different
mechanisms of digestion of collagen and gelatine by collage-
nase and gelatinase (90).

In order to analyze whether peptides that contain the native
sequences of the heterotrimeric collagen type I retain sufficient
information for self-association at least to some extents into a
heterotrimer under the influence of a (POG)5 extension, reduc-
tion and oxidative refolding experiments were performed at
4°C. The heterotrimer shown in Fig. 9 is characterized by a T},
value of 32°C. As well assessed by LC-MS, only trace amounts
of the heterotrimer, even far below the statistical product dis-
tribution, were detected (89). In this case, a negatively charged
side chain as counterpart for electrostatic interactions with the
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Arg residue located on two chains and thus capable of favor-
ing heterotrimerization is missing.

The triple-helical fold of the disulfide-crosslinked hetero-
trimer of Fig. 9 may therefore be attributed primarily to the
(POG)s sequence and at negligible extent to a specific recog-
nition and association of the native sequences. This was con-
firmed by a detailed NMR conformational analysis of a simi-
lar heterotrimer, which confirmed the presence of a triple helix
only in the (POG)s extension, whereas a loose chain alignment

was determined for the collagenase-cleavage epitope (42). Such
findings clearly confirm that natural collagen sequences do not
in all cases retain sufficient structural information for correct
alignment into heterotrimers and thus for their oxidative cross-
bridging with cystine knots. Possibly, the heterotrimeric cys-
tine knot present in FACIT type IX (Table 2) could act more
efficiently as a helping hand for self-association into het-
erotrimers stabilized by the subsequent cystine knot formation
than the artificial cystine framework.

FIG. 9. Reduction and oxidative
refolding of a collagenous het-
erotrimer with an artificial cystine
knot (89). The natural collagenase
cleavage site sequences of collagen
typ I are highlighted in gray.
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Ac-(POG),-CG-OH
Ac-(POG),-PCCG-NH,
Ac-(POG),-CG-NH,

Ac-(POG);-PCCGGG-NH,
Ac-(POG),-PCEGGG-NH,
Ac-(POG),-PCCGGG-NH,

(A) (B)

FIG. 10. Collagen models with (A) the native collagen type
III and (B) an artificial cystine knot. The artificial cystine
knot contains well-defined disulfide connectivities whereas the
disulfide pairings of the native cystine knot are still not unam-
biguously assigned (7).

The sequence of reactions required for regioselective disul-
fide assembly of the heterotrimers in our hands was found to
proceed smoothly as long as the single chains or dimers were
lacking a higher tendency to self-associate into triple helices
(84, 89, 91, 102). In fact, with increasing propensity for triple
helix formation in aqueous solution, conformation-dependent
side reactions were encountered (100), which became critical
in the synthesis of the heterotrimer consisting of only five
(POQG) triplets adjacent to the artificial cystine knot (trimer B
of Fig. 10) (8). Attempts to crosslink the unprotected chains
with disulfides in successive steps failed completely when the
route described in Fig. 8 was followed. However, operating with
O-tert-butyl protected peptides, which are unable to self-asso-
ciate into homotrimers, the heterotrimer was obtained in satis-
factory yields (8). This heterotrimer represents the counterpart
of the homotrimer with the collagen type III cystine knot of
Fig. 3, as both differ only in the type of cystine framework. The
simplified and thus more flexible artificial cystine knot of the
trimer B (Fig. 10) leads to a thermal stability of the triple he-
lix (Ty, = 55.7°C) only slightly inferior to the more rigid na-
tive collagen type III knot of trimer A (7, = 66.2°C) (7). NMR
structural analysis of the artificial cystine knot B of Fig. 10 was
supportive for an extension of the triple-helical hydrogen bond-
ing network into the crosslinked cysteines, a fact that may af-
fect the accessibility of larger size reagents required in the re-
gioselective sulfur chemistry. On the other hand, the ability of
our artificial cystine knot to adapt itself to the triple helix has
been successfully exploited most recently in the synthesis of
self-complimentary collagenous peptides (Fig. 11) that are able
to aggregate into collagen-like triple-helical structures of sizes
mimicking those of natural collagen (62, 68).

CONCLUSIONS

Because of the difficulties in handling native collagens and
related fragments, both homo- and heterotrimeric collagen mod-
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els stabilized by cysteine knots proved to be the most suited
molecules for studying the folding kinetics of triple helices and
for mimicking functional epitopes of native collagens. In par-
ticular, the understanding of folding kinetics gained in early
studies on collagen and collagen fragments was substantially
increased by studying model collagenous peptides (2, 6, 13).
Similarly, interesting new insights were obtained into the spa-
tial display of single side chains on the rod-shaped molecules,
which are required for selective recognition by interacting pro-
teins (61, 64, 65, 83, 101, 103, 104), and into the structural ef-
fects of single mutations known to generate serious pathologi-
cal effects in humans (16, 35, 96). Whereas the homotrimeric
collagenous peptides that are crosslinked N- or more effectively
C-terminally with the collagen type III cystine knot, are read-
ily accessible, the production of collagenous heterotrimers still
remains a challenging task. Possible new perspectives may de-
rive from the proper use of the heterotrimeric collagen type IX
cystine knot, although a well-defined registration of the chains
by this approach requires more detailed insights into the role
of the NC1 and/or COL1 domain in chain selection. Since the
registration of the a-chains has been found to significantly af-
fect the plasticity of triple-helical functional epitopes in model
heterotrimers (103), a defined chain alignment so far can only
be achieved with regioselective interchain disulfide formation.
Moreover, as the use of bovine collagen in clinical applications
involves the risk of prion infection or even gelatine-related al-
lergies (55, 60, 114), the development of synthetic or recombi-
nant collagen molecules has become a task of great priority. In
this context, thermally more stable artificial collagen-like fib-
rils may possibly be produced as new biomaterials by the use
of native or artificial cystine knots.
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FIG. 11. Self-assembly of heterotrimeric collage-
nous peptides into larger-size triple helices (62,
68).
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