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Abstract. We have synthesized collagen-like monodisperse structures. A series of
single chain Ac-(Gly-Pro-Hyp),-NH2 where n = 1, 3, 5, 6, 9 and template-assembled
KTA-[Gly-(Gly-Pro--Hyp)n-NH2]3 analogs (n = 1, 3, 5, 6), where KTA is the Kemp
triacid (cis-l,3,5-trimethyl cyclohexane-l,3,5-tricarboxylic acid), were assessed for
triple helicity by CD, thermal denaturation and NMR spectroscopy. The KTA-based
template induces a significant gain in free energy and reduces the critical chain length
for triple helix formation over the acyl terminated single chain structures. Our
approach also includes the incorporation of the peptoid residue N-isobutylglycine into
the design for novel collagen-like sequences. We have synthesized and characterized
acetylated single chain and template-assembled analogs composed of Gly-Pro-Nleu
and Gly-Nleu-Pro sequences. The achiral trimeric unit Gly-Nleu-Nleu was included
as a guest sequence in a host structure such as Ac-(Gly-Pro--Hyp)3-(Gly-NleuNleu)3-(Gly-Pro-Hyp)3-NH2 which retains triple helicity. A series of guest-host
collagen mimetics composed of Gly-Nleu-Pro sequences as the host were synthesized
and assessed for triple helicity. Guest sequences include Gly-Nleu-Nleu and GlyNx-Pro units, where Nx is the guest peptoid residue with alkyl and aralkyl side
chains. We have continued to investigate functionalized template motifs and sequence
variations. We are examining the effects of functionalization and sequence variation
on triple helical stabilities and molecular properties in order to design novel collagenbased biomaterials.
Keywords. Collagen mimetics; triple helix; biophysics; guest-host structures.
1. Introduction
Collagen is a major component of the mammalian connective tissue. It is found in all
major tissues that require strength and flexibility such as tendon, skin and bones 1,2. In
addition to its tensile strength, collagen exhibits haemostatic properties, low antigenicity,
low inflammatory and cytotoxic properties and promotes cellular growth and
attachment 3-6. These features make collagen a desirable target for developing novel
biomaterials. The main structural domain of collagen proteins, deduced from high-angle
X-ray diffraction studies, arises from the unique triple helical arrays of a right-handed
supercoiling of three polypeptide chains 7. Each chain is a left-handed polyproline II-like
helix. The primary sequence is composed primarily of Gly-Xaa-Yaa trimeric repeats with
a high percentage of imino acid residues, where Xaa and Yaa are predominantly proline
(Pro) and hydroxyproline (Hyp), respectively 8-10. This conformational motif exists not
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only in all collagens, but also in proteins such as Clq, acetylcholine esterase, the
macrophage scavenger receptor and the mannose-binding protein ~1-14.
The development of collagen peptidomimetic research has expanded to elucidate the
interactions involved in stabilization and folding of collagen-like structures and to design
alternatives to natural collagen-based biomaterials. The primary peptide sequence can be
manipulated by incorporating different residues and sequences. The effect of such
alterations can then be investigated. By implementing a de novo approach, it is possible to
design structures to induce triple helicity and enhance collagen stability.
2. Non-template-assembled collagen mimetic structures
The development of solid phase chemistry has facilitated the synthesis of collagen-like
peptides of varying sequences and chain lengths. Sakakibara and co-workers synthesized
(Pro-Pro-Gly)ao and (Pro-Pro--Gly)20. According to optical rotatory dispersion
experiments, these collagen mimetic peptides formed stable triple helices 15-16. Other
collagen peptide models have been synthesized and assessed for triple helicity, including
(Gly-Pro-Leu)lo 17, (Gly-Pro-Pro)5-(Gly-Pro-Ala)n-(Gly-Pro-Pro)518,
(Gly-ProHyp)lo 19'2°, and (Gly-Hyp--Pro)lo 21, All these peptides except for (Gly-Hyp-Pro)lo
formed triple helical structures. It is interesting that (Gly-Hyp-Pro)10 does not exhibit a
cooperative melting transition, whereas (Gly-Pro-Hyp)10 does form a stable triple helix in
water. These studies show that the stabilizing effect of Hyp is observed when it is located
in the Yaa position of the Gly-Xaa-Yaa trimer unit.
Incorporation of unnatural residues in collagen-like sequences can enhance their
resistance to enzymatic degradation. A series of collagen-like peptides have been
synthesized, including poly(Gly-Thz-Ala), poly(Gly-Pipec-Ala), poly(Gly-Aze-Ala)22,
and (Pro-Gly-MePro)n (n = 2, 3, 4) z3 (where Thz = thiazolidine, Pipec = pipecolic,
Aze = azetidine, MePro = trans-3-methylproline). However, conformational analyses
have not been reported for these peptides. Bertoluzza and co-workers have synthesized a
series of collagen-like peptides incorporating the Aze residue, poly(Gly-Pro--Aze),
poly(Gly-Aze-Pro) and poly(Gly-Aze-Aze), where only poly(Gly-Pro--Aze) exhibited
triple helicity, as observed by CD and vibrational spectroscopy z4.25. Later, Zagari and coworkers supported the triple helical conformation of poly(Gly-Pro-Aze) by molecular
modeling studies 26. These results demonstrate that Aze, a homolog of proline, can be
accommodated into a triple helix, although its stability is much lower than that of
poly(Gly-Pro-Pro).
Several recent studies have evaluated the propensity of different amino acids to adopt
the triple helical conformation. A high proportion of charged residues are found in the
sequences of the triple helical domain and are presumed to participate in folding
interactions 27.z8. Since residues in the Xaa and Yaa positions are partially exposed to the
solvent, charged residues have the potential for intra- and intermolecular interactions.
Modeling studies indicate oppositely charged residues within a single chain form salt
bridges when separated by one or two residues 27"2s. Subsequently, electrostatic
interactions between oppositely charged residues are sterically possible between the
collagen polypeptide chains when separated by one residue along the chain z9.
Venugopal et al have synthesized three collagen-like peptides with ionizable residues
in defined positions to investigate the electrostatic influence on the collagen triple helix 31.
The collagen models of interest were (Gly-Pro-Hyp)lo, where the N- and C-termini are
the ionizable groups, a peptide analogous to (Gly-Pro-Hyp)10, where the central Pro-Hyp

Novel triple helical collagen mimetic structures

37

is replaced with Gly-Lys, and a collagen-like peptide incorporating an 18-residue
sequence from type III collagen. The thermal stability of (Gly-Pro-PrO)lo was found to be
dependent upon pH, where triple helical formation is favorable in acidic or basic
conditions. The effect of incorporating adjacent charged residues Glu-Lys can stabilize
triple helical propensity in a basic environment. The peptide containing the type III
collagen sequence exhibits triple helical stability in neutral conditions, where both the
basic and acidic residues in the sequence are ionized. Computer modeling reveals that the
stabilizing influence of ion pairs arises indirectly from the elimination of charge
repulsion, the formation of ion pairs in the single chain form and/0r interaction with the
solvent environment.
In addition to electrostatic interactions, Brodsky and co-workers have also studied
intermolecular hydrophobic interactions of non-polar amino acid residues for triple
helical stabilization31. A series of Gly-Xaa-Yaa trimeric units in a defined environment
Ac-(Gly-Pro-Hyp)a-Gly-Xaa-Yaa-(Gly-Pro-Hyp)3-Gly-Gly-NH2 (where Xaa and
Yaa are a combination of Pro, Hyp, Ala, Leu and Phe amino acids, were investigated). All
collagen-like peptides formed triple helices, with melting temperatures ranging between
21°C and 44°C. Thermodynamic calculations indicate these collagen mimetic peptides
have a range of free energy values (AG = 9 kcal/mol), which suggests entropy to be the
dominant factor for increased triple helical stability. Hydrophobic residues such as Leu
and Phe are found preferably in the Xaa position and relate to their increased potential for
intermolecular hydrophobic interactions. Molecular modeling studies show Phe in the
Xaa position favorably orients the side chain for interhelix hydrophobic interactions, with
the ring face almost parallel to the axis of the triple helix. However, in the Yaa position,
the Phe residue is partially buried in the helix, in an orientation unsuitable for
intermolecular interaction 31.
Apart from incorporating naturally occurring amino acids into collagen mimetic
structures, several studies have investigated the role of Hyp in the collagen sequence.
Although hydroxylation is known to increase the thermal stability of collagen
structures 6'32, the molecular basis of increased stability is uncertain. Triple helical
collagen models and conformational energy calculations suggest that no hydrogen bond
can be formed between the hydroxyl group of the Hyp residues and any backbone groups
of the same triple helix 19,33,34. Several other models have been proposed in which a water
molecule forms a bridge between the hydroxyl group and a main chain carbonyl group 35.
Raines and co-workers have studied the role of the hydroxyl group of Hyp in triple helix
stability by replacing Hyp with fluoroproline (Flp) 36. Since the oxygen atom in the
hydroxyl of Hyp is effective at withdrawing electron density by through-bond and
through-space interactions, the Flp residue was selected and studied because the fluorine
substituent is electronegative and extends the range of inductive effects and does not form
hydrogen bonds 37-38. A series of collagen mimetic peptides (Pro-Flp-Gly)lo, (Pro-HypGly)lo and (Pro-Pro-Gly)lo were examined and assessed for triple helical stability36. The
triple helical stability of (Pro-Flp-Gly)lo was evaluated to be higher than (Pro-HypGly)lo and (Pro-Pro-Gly)lo as observed by thermal denaturation experiments and CD
spectroscopy. As evident in the data, collagen stability is due more to the inductive effects
on the prolyl bond rather than water bridge formation between residues. In effect, the
fluorine atom contributes a stronger inductive effect than that of the hydroxyl group,
which makes the collagen mimetic composed of Pro-Flp-Gly sequences far more stable.
The inductive effects of the substituents on Pro may favor the trans conformation of the
prolyl peptide bond and thus accelerate folding and stabilization of the triple helix36-38.
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3. Template-assembled collagen structures
Assembly of the collagen triple helix can also be introduced via a de novo approach.
Peptide folding into its secondary or tertiary structures is the fundamental requirement to
induce proper biological response or recognition and incorporating a template into the
design of peptidomimetics can direct and reinforce intramolecular folding of peptides.
Mutter and collaborators introduced the TASP (template-assembled synthetic proteins)
methodology in their synthesis of four-helical bundles 39,40. They were able to demonstrate
that template assembly of peptides enhanced secondary structure formation with high
conformational stability. DeGrado and co-workers designed a four-helix bundle via metal
ion-dependent modulation 41'42. This study showed the feasibility of peptides to bind to
cofactors and assume native-like folding. Incorporating a template into the synthesis of
collagen structures can favor intramolecular folding, as opposed to single chain
intermolecular folding, and stabilize triple helicity by reducing any entropy loss in triple
helical formation 43.
Template-assembled analogs have proven to increase the thermal stability of collagen
mimetic structures. Fields and co-workers have synthesized a lysine-lysine dipeptide
template to covalently anchor the C-termini of the three polypeptide chains
covalently 44,45 Biological sequences from type I and IV collagen were incorporated into
a collagen mimetic structure composed of Gly-Pro-Hyp trimer units and stabilized by the
lysine-lysine dipeptide template at the C-termini (figure 1). The unique feature of this
amino acid-based template is the incorporation of orthogonal protecting groups, which
can allow selective deprotection/protection strategies for the synthesis of heterotrimeric
collagen mimetic structures. Fields and co-workers have developed a series of
heterotrimeric "mini-collagens" using their lysine-lysine template, whereby biological
sequences of interest can be incorporated and studied in triple helical environments 46.
The use of templates to induce triple helical conformations has also included structures
which are cross-linked collagen-like peptides joined at both the amino and carboxy termini. Tanaka et al synthesized lysine-lysine dipeptide template derivatives, using two chemoselective ligations to construct amino and carboxy cross-linked peptides (figure 2)47
(Gly-Pro-Hyp) n-(Gly-Xaa-Yaa)--Ahx .--}
(Gly.Pro.Hyp) n_(Gly-Xaa-Yaa):--Ahx-Lys-Lys-Tyr-Gly
(Gly-Pro-Hyp) n-(Gly-Xaa-Yaa)--Ahx
. I
Ahx = 6-aminohexanoicacid

Figure 1. Lysine-lysine dipeptide template used by Fields and co-workers to study
collagen mimetic triple helices 44,45.

COCH=N-OCH2CO--I
r COCH2-S'(GIy'Pr°'Hyp)n-L~'s'NH2
/
/
COCH=N-OCH2CO-~
I-cOCH2"S'(GIy-Pr°-Hyp)n-L~s-NH2
/
COCH-N-OCH2CO
-~
Figure 2. Stabilization of triple helical collagen-like peptides at the amino and
carboxy termini, designed by Tanaka and co-workers 47.
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The thermal stabilities and standard free energies AG° for cross-linked sequences of GlyPro-Hyp repeats were higher than that of the corresponding single cross-linked structures
and single chains. The enthalpic and entropic values also increased with increasing
number of repeats within the cross-linked peptides. These novel structures have exhibited
high thermal melting temperatures and have opened up a new area of research for
template assembly techniques.

4. Hydration studies
Apart from template assembly and incorporation of novel residues into collagen mimetic
design, extensive crystallographic and hydration studies have revealed the importance of
water for collagen structure and stability48. The first X-ray crystallographic study of the
triple helical collagen peptide (Pro-Hyp-Gly)a-Pro-Hyp-Ala-(Pro-Hyp-Gly)5, where
Gly--->Ala, was determined at 1-9/~ resolution 49. These studies confirmed the supercoiling
of the three polyproline II-like helices, elucidated the basis for the staggered register and
depicted a more detailed picture of the hydration network around the triple helix. The
Gly--->Ala substitution in the sequence created a local untwisting within the structure, only
to reveal the delicate and significant hydrogen bonding network between water molecules
and the triple helix, in which Hyp has a significant role 49.
Hydration studies for crystalline collagen peptides demonstrate that even hydrophobic
regions of the triple helix maintain extensive hydration 48,50.The hydration patterns mark
the importance of the close packing of molecules in parallel with the triple helix.
Essentially, the peptide molecules that lie in parallel indicate adjacent molecules to
associate and thus create a scaffold for an extensive hydration network. This model can
then be applied to native collagen to assess the interaction of adjacent molecules to form
higher structures such as fibrils 48.
In recent studies, an improved re-determination of the (Pro-Pro-Gly)10 crystal
structure was published by Berman and co-workers5°. Two separate structural
determinations demonstrated that the data collected are sequence-dependent and not
condition-dependent. The modeling determinations were consistent with one another and
also showed close agreement with the structural analysis by Bella et a149. The positional
puckering patterns are similar, however, in the (Pro-Pro-Gly)10 model, where the Yaa of
the Gly-Xaa-Yaa unit shows potential for more flexibility. Interestingly, the structural
similarities between (Pro-Pro-Gly)lo and (Pro-Hyp-Gly)4-Pro-Hyp-Ala-(Pro-HypGIy)5, as evident in the X-ray studies, show that Hyp does not seem to affect the
molecular structure directly, thereby, relating Hyp in protein-water interactions for
structural stability 50

5. Biophysical approaches to assess triple helicity
Techniques such as X-ray diffraction and electron microscopy have been employed to
study collagen fibrils and synthetic collagen-like polymers 51'52. Whereas X-ray
crystallographic experiments have been used to illustrate triple helical packing of collagen
structures in the solid state, equilibrium sedimentation and light scattering techniques
have been developed to investigate formation and denaturation of triple helices in
solution 34'53. CD spectroscopy is frequently used to study triple helicity of collagen
mimetic structures 44. Natural collagen has a unique CD spectrum where a small positive
peak appears at 220 nm, a crossover at 213 nm and a large trough at 197 nm. Polyproline
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II helices also possess similar absorbances in the CD spectrum as collagen triple helices.
However, collagen exhibits a cooperative melting transition with increasing temperature,
whereas polyproline II helices do not.
Recently, NMR spectroscopy has become an effective technique in detecting triple
helical structures J9.30.The NMR spectrum for a triple helical structure will present a new
set of resonances in the 1D spectra, which is absent in the NMR spectra of non-triple
helical structures. The triple helical formation causes a slow proton exchange in DEO to
give observable amide proton NH signals in the NMR spectrum and gives rise to unique
interchain nuclear Overhauser effects (NOEs).
6. Design and characterization of collagen mimetic structures
In the Goodman laboratories, an integrated biophysical approach is utilized to
characterize triple helical collagen mimetic structures. Such techniques include
temperature-dependent optical rotation measurements, CD and NMR spectroscopy, and
molecular modeling simulations. The collagen mimetics investigated include single chain
and template-assembled analogs and collagen mimetic structures composed of sequences
containing non-natural residues.
6.1 The KTA template
The template assembly motif has been applied to the collagen mimetic program, where
the Kemp triacid (KTA, 1,3,5-methyl cyclohexane-l,3,5-tricarboxylic acid) was
employed as the conformationally constrained template (figure 3). A glycine spacer was
introduced between the template and the peptide chains to add flexibility and to
compensate for the difference in space between the template and the collagen triple
helix54"55. A series of structures Ac-(Gly-Pro-Hyp),-NH2 and KTA-[Gly-(Gly-ProHyp),-NH2]3 (n = 1, 3, 5, 6) were synthesized and assessed for triple helicity in aqueous
solution by temperature-dependent optical rotation measurements and CD spectroscopy
(figure 4). The shorter single chain analogs exhibited no cooperative melting transition,
whereas a transition was observed at 18°C and 26°C in water for Ac-(Gly-Pro-Hyp),NH2 where n = 5, 6, respectively. Similarly, the shorter template-assembled structure
KTA-[GIy-(GIy-Pro--Hyp)-NH2]3 showed no melting transition, while KTA-[Gly-(GIyPro-Hyp),-NH2]3 where n = 3, 5, 6 exhibited transitions at 30°C, 70°C and 81°C,
respectively ss. A comparison between the single chain analogs and the templateassembled analogs defines the role of the template to induce intramolecular folding and to
further stabilize the triple helical conformation.
Conformational studies through NMR spectroscopy and molecular modeling were also
carried out. Following the pioneering work of Brodsky et al, the 2D NOE spectra
(NOESY) contains structural implications to further support the presence of the triple
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Figure 3. The KTA-(Gly-OH)3 template.
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in HEO (0.2 mg/mL). (B) CD spectra of Ac-(Gly-Pro-Hyp),-NH2 (n = 1, 3, 5, 6, 9;
left) and for KTA-[Gly-(Gly-Pro-Hyp)n-NH2]3 (n = 1, 3, 5, 6; right), in HzO
(0.2 mg/mL) at 20°C 43,54
helix 56. This approach relies on the distinction between intra- and inter-chain NOEs on
the basis of the X-ray diffraction triple helical model proposed for sequences containing
the G l y - P r o - H y p repeat 57. These reported NOEs are observed for the major set of
resonances in the NOESY spectrum for KTA-[GIy-(Gly-Pro-Hyp)3-NH2]3 which
correlates to the triple helical conformation observed in solution (figure 5) 58.

6.2 Incorporation of the peptoid Nleu
In addition to the aforementioned template studies for triple helicity, a peptoid residue
was incorporated into the design of collagen mimetics. Peptoids, N-substituted glycines,
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have been observed to mimic peptides and non-peptides and demonstrate potent and
specific biological activity 59,60. These residues are advantageous to drug design because
of their improved metabolic stability against proteases. Furthermore, the N-substitution
allows for diversity and the achiral nature of these structures simplifies synthetic
strategies by avoiding potential racemization difficulties61. In our collagen mimetic
program, we have discovered that the peptoid equivalent of the leucine amino acid or Nisobutylglycine (Nleucine, Nleu) can form stable triple helices (figure 6) 62.
A series of single chain and template-assembled analogs of Gly-Pro-Nleu sequences
were synthesized and integrated biophysical characterization of these structures
determined the presence of collagen-like properties 62. The single chain analog Ac-(GlyPro-Nleu)9-NH2 exhibited a melting transition at 39°C in H20, while Ac-(Gly-ProNleu)6-NH2 displayed no melting transition (table 1). Similarly, no melting transition was
observed for the shorter chain analogs KTA-[Gly-(GIy-Pro-Nleu)n-NH2]3 (n = 1, 3)
while the long analogs KTA-[Gly-(GIy-Pro-Nleu)n-NH2]3 (n = 6, 9) exhibit melting
temperatures of 33°C and 47°C, respectively. The CD spectra of KTA-[Gly-(Gly-ProNleu)n-NH2]3 (n = 6, 9) reinforce the presence of triple helices by the diagnostic positive
and negative bands typical for the collagen triple helix. As evident in the shifting of
spectral positions and the spectral peak intensities, chain length elongation enhances the
triple helical propensity.
The concept of ensemble interchain NOEs was introduced and used to establish the
close packing and register shift of Gly-Pro-Nleu residues (figure 7) 63. The NOE data is
consistent with the ensemble interchain connectivities expected from molecular models of
triple helical structures composed of Gly-Pro-Nleu repeats. The Pro five-membered ring
is predicted to adopt both up and down puckerings. Furthermore, the ensemble interchain
NOEs shows the different Pro-Nleu proximity between the in and out clusters of the Nleu
side chains which point toward or away from the Pro ring.
Table 1. Thermalmelting temperatures for collagen mimetic structures composed of
Gly-Pro-Nleu Sequences~.
Compounds
Ac-(Gly-Pro--Nleu)6-NH2
Ac-(Gly-Pro-Nleu)9-NH2
(Gly-Pro--Nleu)5-NH2
(Gly-Pro-Nleu)6-NH2
(Gly-Pro-Nleu)7-NH2
(Gly-Pro-Nleu)9-NH2
KTA-[Gly-(Gly-Pro-Nleu)-NH2] 3
KTA-[Gly-(Gly-Pro-Nleu)a-NH2]3
KTA-[Gly-(Gly-Pro-Nleu)6-NH2]3
KTA-[Gly-(Gly-Pro-Nleu)9-NH2]3

H20b

EG/H20 (v/v, 2:1)b

No transition
39°C
No transition
No transition
No transition
No transition
No transition
No transition
33°C
47°C

35°C
58°C
No transition
28°C
39°C
50°C
No transition
12°C
52°C
69°C

~Taken in part from refs. 43 and 62
VI'hermal melting curves were determined by optical rotation measurements.
Concentration of samples was 0.2 mg/mL

,•

o
H.-'N-,,~OH

Figure 6. The peptoid residue N-isobutylglycine(Nleucine, Nleu).
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Figure 7. Expanded aliphatic and amide region of the NOESY spectrum of KTA[Gly-(Gly-Pro--Nleu)9-NH2]3 in D20 at 27°C (t.~=150ms). Representative
ensemble interchain NOE cross peaks are boxed and the labels show their

assignments 43,63

Table 2. Thermal melting temperatures for collagen mimetic structures composed of
Gly-Nleu-Pro Sequences a.
Compounds
Ac-(Gly-Nleu-Pro)3-NH2
Ac-(Gly-Nleu-Pro)6-NH2
Ac-(Gly-Nleu-Pro)9-NH2
KTA-[Gly-(Gly-Nleu-Pro)3-NH2]3
KTA-[Gly-(Gly-Nleu-Pro)6-NH2]3

H20 b
No transition
26°C
c
No transition
33°C

EG/H20 (v/v, 2:1)b
No transition
43°C
c
22°C
52°C

~Taken in part from refs. 43 and 64
bThermal melting curves were determined by optical rotation measurements.
Concentration of samples was 0:2 mg/mL
CMelting temperatures could not be obtained since sample solutions became cloudy at
>35°C
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The effect of the Gly-Nleu-Pro building block on triple helicity was also investigated
• (table 2)64. According to the biophysical analyses, collagen mimetic structures composed
of Gly-Nleu-Pro exhibit greater stability than those structures composed of Gly-ProNleu sequences. For example, Ac-(Gly-Nleu-Pro)6-NH2 and KTA-[GIy-(Gly-NleuPro)3-NH2]3 have higher melting temperatures than the corresponding Gly-Pro-Nleu
analogs (figure 8). In addition, the molecular modeling studies show the triple helical
propensity of the Gly-Nleu-Pro sequences 65. The Nleu and Pro residues of the GlyNleu-Pro trimer unit are packed toward the outside of the triple helix core and are
exposed to the solvent, where the Nleu residue is more exposed than Pro residue. As a
result, triple helix packing and interchain hydrophobic interactions are more favored when
the Nleu residue is in the second rather than the third position.
6.3 Other collagen mimetic structures

An achiral trimeric unit Gly-Nleu-Nleu has been incorporated into a defined host
collagen mimetic structure composed of Gly-Pro-Hyp sequences 66. The incorporation of
an achiral building block into a triple helix is of considerable interest for the structural
simplification of collagen-like biomaterials. A series of single chain analogs Ac-(GlyPro--Hyp)n-(Gly-Nleu-Nleu)n-(Gly-Pro-Hyp)n-NH2 (n = 1, 2, 3) and template-assembled analog KTA-[Gly-(Gly-Pro-Hyp)n-(Gly-Nleu-Nleu)n-(Gly-Pro-Hyp)~-NH2]3
(n = 2) were assessed for triple helical folding (table 3). The biophysical analyses provide
evidence for the Gly-Nleu-Nleu trimeric unit to be accommodated in triple helical structures, though causing reduced thermal stability. This effect is demonstrated by comparing
the thermal melting temperatures in water of the homo-oligomeric Ac-(Gly-Pro-Hyp)9NH2 and the hetero-oligomeric Ac-(Gly-Pro-Hyp)3-(Gly-Nleu-Nleu)3-(Gly-ProHyp)3-NH2 at 67°C and 25°C, respectively and of the template-assembled KTA-[Gly(Gly-Pro-Hyp)6-NH2]3 and of KTA-[Gly-(Gly-Pro--Hyp)2-(Gly-Nleu-Nleu)2-(GlyPro--Hyp)2-NH2]3 at 81°C and 20°C, respectively. The CD spectra also confirm the
presence of triple helical structures in which the minimum, crossover and maximum are
similar between the homo-oligomeric structures and the hetero-oligomeric structures.
The NMR analys!s of Ac-(Gly-Pro-Hyp)3-(Gly-Nleu-Nleu)3-(Gly-Pro-Hyp)3-NH2
and KTA-[Gly-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)E-(Gly-Pro-Hyp)2-NH2]3 verifies the
participation of the achiral units in the triple helical assemblies 66. Spectral resonances
involved in 'interunit' NOE patterns are consistent with the proximity of Nleu to Pro and
Nleu to Hyp which helps elucidate the packing of individual trimeric sequences from the
different chains within the triple helical arrays.
With the success of investigating hetero-oligomeric collagen mimetic structures, new
peptoid residues were incorporated into a guest-host system-like structure. The parent
structure Ac-(Gly-Nleu-Pro)8-NHz was identified as the benchmark structure where the
melting transition occurred at 47°C, as well as defining the environment for guest trimeric
residues 67 The two center trimeric sequences were replaced with Gly-Nleu-Nleu or GlyNx-Pro sequences, where Nx denotes a family of peptoid residues containing alkyl and
aralkyl side chains. Similar to the previous study, the achiral unit within Ac-(Gly-NleuPro)3-(Gly-Nleu-Nleu)E-(Gly-Nleu-Pro)3-NH2 destabilizes the triple helix, exhibiting a
melting transition at 29°C (figure 9). However, the presence of the triple helix
demonstrates that Gly-Nleu-Nleu can participate in the triple helical array induced by the
Gly-Nleu-Pro sequences. As expected, the collagen mimetics hosting the smaller
residues and the more hydrophilic residues such as N-isopropylglycine and
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Figure 8. Comparison of thermal melting curves of Ac-(Gly-Pro-Nleu)6-NH2 and
Ac-(Gly-Nleu-Pro)6-NH2 in H20 (0.2 mg/mL)43.
Table 3. Thermalmelting temperatures of collagen mimetic structures incorporating

Gly-Nleu-Nleu sequences into a series of Gly-Pro-Hyp sequencesa.
Compounds
Ac-(Gly-Pro-Hyp)-(Gly-Nleu-Nleu) (Gly-Pro-Hyp)-NH2
Ac-(Gly-Pro-Hyp)3-NH2
Ac-(Gly-Pro-Hyp) 2-(Gly-Nleu-Nleu)2(Gly-Pm-Hyp)2-NH2
Ac-(Gly-Pro--Hyp)~-NH2
Ac-(Gly-Pro-Hyp)a-(Gly-Nleu-Nleu)a(Gly-Pro-Hyp)a-NH2
Ac-(Gly-Pro-Hyp)9--NH2
KTA-[Gly--(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2(Gly-Pro-Hyp) 2-NH2]3
KTA-[GIy-(GIy-Pro-Hyp)6-NH2]3

H20b

EG/I-I20(v/v, 2:1)b

No transition
No transition

No transition
No transition

No transition
36°C

25°C
59°C

25°C
67°C

43 °C
>95°C

20°C
81°C

43 °C
>95°C

'~'l'akenin part from ref. 66
t~rhermal melting curves were determined by optical rotation measurements.
Concentration of samples was 0.2 mg/mL
N-hydroxyethylglycine do not exhibit any observed melting transition or characteristic
collagen-like spectral peaks in the CD spectra, thereby confirming the absence of triple
helical assemblies. Interestingly, the guest residue sarcosine (Sar)in Ac-(Gly-NleuPro)3-(Gly-Sar-Pro)2-(Gly-Nleu-Pro)3-NH2 does allow for triple helical folding as
evident from the cooperative melting transition at 37°C and diagnostic collagen-like CD
spectrum. In contrast, previous studies of the Sar residue in the collagen mimetic
poly(Gly-Pro-Sar) did not show any triple helical conformation62. Essentially, the Gly-
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Figure 9. (A) Thermal melting curves of collagen mimetics Ac-(Gly-Nleu-Pro)3(Gly-Nleu-Nleu)2-(Gly-Nleu-Pro)3-NH2 (a) and Ac-(Gly-Nleu-Pro)8-NH2 (b) in
H20 (0.2 mg/mL). (B) CD spectra of collagen mimetics Ac-(Gly-Nleu-Pro)3-(GlyNleu-Nleu)a-(Gly-Nleu-Pro)3-NH2 (a) and Ac-(Gly-Nleu-Pro)8-NH2 (b) in H20
(0.2 mg/mL) at 20°C 67
Nleu-Pro sequence is an effective and appropriate collagen mimetic building block and
can accommodate the Sar residue into the triple helix. Several hydrophobic alkyl and
aralkyl peptoid residues also accommodate the triple helical array and the melting
transitions are comparable to that of the parent structure.

48

Murray Goodman and Juliann Kwak

7. Condu~ons
Our main goal is to design structures that are thermally robust, resistant to biodegradation
and multi-functional as biomaterials. The studies presented above outline an overview of
current research on collagen and its triple helix. The use of templates increases the
stability of triple helices. In addition to the template assembly approach, it has been
shown that various types of residues can successfully be incorporated into collagen
mimetic sequences to form triple helices. Such non-natural residues can lead to interesting
collagen mimetic building blocks. In detecting these conformational structures, CD and
N M R spectroscopy are valuable tools for structural characterizations. Collagen mimetics
are clearly the basis for the development of novel biomaterials.
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