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Introduction
Prevalence of Collagen. Collagen is the most abundant protein in modern animals,
including humans.1,2 The natural selection of collagen as an anatomical scaffold was
made long ago. Collagen has been isolated from soft tissue in the fossilized bones of
a 68-million-year-old Tyrannosaurus rex and a half-million-year-old mastodon.3,4
No isolated DNA is that old.5,6 The archaeological longevity of collagen is even
more remarkable considering that a peptide bond has a half-life of 400 years,
whereas a phosphodiester bond has a half-life of 30 million years.7-10
Collagen comprises 1/3 of the human proteome and 3/4 of the dry weight of
human skin.1,2 To date, 28 different types of collagen have been found in humans,
and many other human proteins are known to contain collagenous domains.2 A
defining feature of all types of collagen is a unique tertiary structure in which three
parallel strands, each in a polyproline II-type (PPII) helix (which is left-handed), are
wound around a common axis to form a triple helix (which is right-handed)
(Figure 1A). The packing of this coiled-coil structure requires that every third
residue be glycine (Gly), resulting in a repeating Xaa–Yaa–Gly sequence. The
residue in the Xaa position of these triplets is often 2S-proline (L-proline or Pro), and
the residue in the Yaa position is often (2S,4R)-4-hydroxyproline (Hyp). In human
type I collagen, which is the most abundant form, 28% of the Xaa residues are Pro,
38% of the Yaa residues are Hyp, and Pro–Hyp–Gly is the most common triplet.11
Individual triple helices of collagen are organized into fibrils of great tensile
strength and flexibility. These fibrils can be arranged and cross-linked so as to
support stress efficiently in one, two, or three dimensions in tissues such as tendon,
skin, and cartilage, respectively. Abnormalities in collagen structure are associated
with connective tissue diseases, such as osteogenesis imperfecta, Ehlers–Danlos
syndrome, and some types of osteoporosis and arthritis.1,12-15 A complete
understanding of the basis for collagen stability (and instability) could lead to
effective therapies for these and other disorders.
Collagen is also an important biomaterial.16,17 For example, natural collagen is
the principal component of biodegradable sutures and artificial heart valves.
Obtaining natural collagen in high purity without degrading its structural integrity is
difficult. Moreover, the natural collagen that is most readily available is bovine
collagen, which can engender allergic and immunological side effects in humans.18
Despite numerous studies on synthetic collagen, few have been tested as
biomaterials.19
Role of Hyp Residues. The hydroxyl groups of the prevalent Hyp residues have
an important role in collagen stability. Hyp residues are not incorporated into
collagen by ribosomes.20 Instead, this difficult post-translational modification is
mediated by the enzyme prolyl 4-hydroxylase21,22 after the strands are biosynthesized
but before they form a triple helix. The prevalence of this post-translational
modification is extraordinary: the abundance of Hyp in humans is 4.2%, a value
calculated from the abundance of collagen in humans (1/3) and Hyp in collagen (38%
× 1/3). Thus, the abundance of Hyp exceeds that of seven “common” amino acids:
xci
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Fig. 1. Structure of a (Pro–Hyp–Gly)n triple helix. (A) Space-filling model of a long segment.
(B) Ball-and-stick model of a short segment indicating Hyp residues and XaaC=O···H–NGly
hydrogen bonds. (C) Register of the residues in the three strands of panel B. Atomic
coordinates are from PDB entry 1CAG.23

Cys, Gln, His, Met, Phe, Trp, and Tyr.24 Hydroxylation is critical for the folding of
collagen, its secretion to the extracellular matrix, and its further processing and
incorporation into fibrils or other structures.25-28 In 2000, we discovered that the
absence of prolyl 4-hydroxylase (and hence Hyp residues) is lethal to an animal—the
nematode Caenorhabditis elegans.29
In type I collagen, each strand consists of ~300 Xaa–Yaa–Gly triplets.
Discerning the chemical basis for the conformational stability of such a large
molecule is difficult. Hence, a reductionist approach using peptide models has
played a pivotal role and contributed much insight,30-33 and led to the following
landmark discoveries.
In 1973, Prockop and coworkers used synthetic peptides to demonstrate that the
hydroxyl group of Hyp residues dramatically increases the thermal stability of
triple-helical collagen.34 The two decades after 1973 were dominated by the notion
that the stability of collagen relies on water molecules that form bridges between the
hydroxyl group of its Hyp residues and a main-chain oxygen. In 1994, X-ray
diffraction analysis revealed the first truly high-resolution three-dimensional
structure of a collagen triple helix.23 In that triple helix (Figures 1A and 1B), the Hyp
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residues do indeed have water molecules bound to their hydroxyl groups. These
water molecules form bridges between the Hyp residues in one chain and a mainchain oxygen in another chain.35

Results and Discussion
Stronger Synthetic Collagen—Stereoelectronic Effects. We were skeptical of the
“water-bridge” hypothesis, believing that the bridges were artifactual rather than
meaningful. In 1998, we tested this hypothesis by replacing Hyp with (2S,4R)4-fluoroproline (Flp). We found that Flp confers unprecedented stability upon a
collagen triple helix.36,37 Because a fluoro group exerts strong inductive effects but
does not form strong hydrogen bonds, our result called into question the 25-year-old
paradigm.
In 2001, we demonstrated that replacing Hyp with (2S,4S)-4-fluoroproline (flp),
which is a diastereomer of Flp, does not allow for triple helix formation (Table 1).38
This result indicated that the fluoro group was manifesting a stereoelectronic effect,
rather than merely an inductive effect. In 2002, we discovered that the key attribute
of the fluoro group (as well as the natural hydroxyl group) was its imposition of a
C-exo pucker on the pyrrolidine ring via the gauche effect (Figure 2).39 This pucker
preorganizes the main-chain dihedral angles ( , , and ) to be those in the triple
helix. This work not only demonstrated the role of the hydroxyl group of Hyp
residues, but was the first example of a stereoelectronic effect conferring stability
upon a protein.
In 2003, we attempted to enlist stereoelectronic effects in the Xaa position to
enhance collagen stability. Again, we used a fluoro group, demonstrating that flp but
not Flp enables the formation of a stable triple helix (Table 1).40,41 Thus,
stereoelectronic effects can operate adventitiously (or deleteriously) in the Xaa
position of collagen. The stereochemical dichotomy (Xaa prefers flp, whereas Yaa
prefers Flp) results from the preference for a C-endo pucker in the Xaa position. In
2006, we showed how to fix the pyrrolidine ring pucker with reciprocal steric
effects, thereby reiterating the conformational stability conferred by stereoelectronic
effects.42
A conundrum led us to another insight. We could not explain why the pucker
imposed by the 4-substituent had a marked effect on , which refers to the dihedral
angle of the peptide bond. In AcFlpOMe, the amide bond has Ktrans/cis = 6.7; in its
diastereomer, AcflpOMe, Ktrans/cis = 2.5.38
In 2002, we discovered that the explanation arose from another unappreciated
39,43
stereoelectronic effect—an nĺʌ* interaction.
In an nĺʌ* interaction (which is
not to be confused with an nĺʌ* electronic transition) the oxygen of a peptide bond

Fig. 2. Ring conformations of 4-substituted proline residues. The C-endo conformation is
favored strongly when R1 = H and R2 = F (as in flp). The C-exo conformation is favored
strongly when R1 = OH (Hyp) or F (Flp) and R2 = H. The C-exo:C-endo ratio is 1:2 when
R1 = R2 = H (Pro).39
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(Oi–1) donates electron density from one of its lone pairs into the antibonding orbital
Ȗ
of the carbon in the subsequent peptide bond (Ci ƍ=Oi) (Figure 3A). The C -exo
pucker of a proline residue provides a more favorable Oi–1···Ci ƍ=Oi distance and
39
Ȗ
angle for an nĺʌ* interaction than does the C -endo pucker. Because the nĺʌ*
interaction can occur only if the peptide bond containing Oi–1 is trans (i.e., Z), as
opposed to cis (E), the nĺʌ* interaction has an impact on the trans/cis ratio. Thus,
the two stereoelectronic effects influence peptide conformation as in the scheme:

The nĺʌ* interaction resembles the approach of a nucleophile to the
electrophilic carbon of an acyl group. Accordingly, the nĺʌ* interaction is strongest
when Oi–1 is proximal to Ci ƍand along the Bürgi–Dunitz trajectory to Ci ƍ=Oi. In
polypeptides, this geometry occurs in the right-and left-handed Į-helix and the PPII
helix (Figure 3B), which is the conformation assumed by the strands of the collagen
triple helix (Figure 1A).
Table 1. Correlation of ring pucker with collagen triple-helix stability.38-40,44 In a crystalline
triple helix, proline residues have  = –73°,  = 164° in the Xaa position and  = –60°,  =
150° in the Yaa position.23

Stronger and (now) Longer Synthetic Collagen

xcv

Fig. 3. The nĺʌ* interaction. (A) Natural bond orbitals depicting the nĺʌ* interaction
between Oi–1 and Ci" in AcProOMe with a trans peptide bond and C#-exo ring pucker.43
(B) Ramachandran plot showing the regions where the nĺʌ* interaction will be strongest. In
these regions, the Oi–1···Ci ಿ ื distance is 3.2 Å and the Oi–1···Ci ಿ = Oi angle is ุ 99° and ื 119°
The white dot indicates the  and  angles for the PPII helix assumed by the strands of a
collagen triple helix.43

The nĺʌ* interaction can occur only if the peptide bond containing Oi–1 is trans
(i.e., Z), as opposed to cis (E). Accordingly, the trans/cis ratio of an Xaai–1–Proi
peptide bond can report on the strength of an nĺʌ* interaction. We have used the
trans/cis ratio of a peptide bond to quantify the energetics of an nĺʌ* interaction.
We found that the trans/cis ratio of the amide bond in N-formylproline
phenylesters correlates with electron-withdrawal by a para substituent (Figure 4).45
The slope of the Hammett plot (ˮ = 0.26) is indicative of a substantial effect. Density
functional theory calculations and natural bond order analysis indicated that this

Fig. 4. Hammett plots depicting the relationship between the trans/cis ratio and electronwithdrawing ability of X in Fm-ProOC6H4-p-X.45 (A) Values of KX were determined by 1H
NMR spectroscopy, and yield ˮ = 0.26.
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effect arises from a favorable nĺʌ* interaction between the amide oxygen and ester
carbon.
In textbooks, the well-known preference of the peptide bond for the trans
conformation is attributed to steric effects. Our data indicate that this preference
cannot be explained by steric effects alone. Rather, the nĺʌ* interaction, which is
only extant in the trans isomer, contributes significantly to this preference. We found
the nĺʌ* interaction to be worth ¨G°  –0.7 kcal/mol in a simple model system.39,43
This free energy is now being exploited in the de novo design of peptides, peptoids,
and proteins by other workers.46-48 Hence, we propose that the nĺʌ* interaction
should be added to the list of noncovalent interactions that direct a polypeptide chain
to assume a particular folded structure.
Longer Synthetic Collagen—Self-Assembly. One long-term goal of our work is
to develop collagen-based biomaterials with tunable attributes that can be used as
both collagen surrogates and templates for nanotechnological applications. A major
barrier in achieving this goal is that triple helices derived from synthetic peptides are
much shorter (<10 nm) than natural collagen (~300 nm). Inspired by the selfassembly of double-helical fragments of DNA, we envisioned that sticky-ended
fragments of synthetic collagen could self-assemble into long triple helices. Though
unlike the situation with DNA, there is no “code” for the noncovalent association of
collagen strands, other than the need for one Xaa, Yaa, and Gly residue to be in each
cross section of a triple helix. We have demonstrated how to access long triple
helices with molecular self-assembly.
We synthesized short collagen fragments in which the three strands were held in
a staggered array by disulfide bonds (Figure 5).49,50 These fragments were
synthesized directly on a solid support by using a strategy based on the orthogonal
deprotection of cysteine residues. Data from circular dichroism spectroscopy,
dynamic light scattering, analytical ultracentrifugation, atomic force microscopy, and
transmission electron microscopy indicated that these “sticky-ended” fragments selfassembled via intermolecular triple helix formation. The resulting fibrils resembled
natural collagen, and some were longer (nearly 1 μm) than any known collagen.
Assemblies with Yaa=Hyp tended to be longer and more stable than those with
Yaa=Pro. Additional control over the length and stability was attained by modulating
the temperature and solvent. Minimalist fragments like these can be elaborated by
chemical synthesis to display motifs that promote cell adhesion for engineering
tissues, lateral packing for accessing two- and three-dimensional architectures, and
metal coordination for producing nanowires. Hence, we anticipate that our selfassembly strategy can provide synthetic collagen-mimetic materials for a variety of
applications.

Fig. 5. Structure of a synthetic collagen fragment that self-assembles into fibrils of 1-nm width
and nearly 1-μm length.49,50
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