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ABSTRACT: Hydrogen bonding is fundamental to life
on our planet, and nature utilizes H-bonding in nearly all
biomolecular interactions. Often, H-bonding is already
maximized in natural biopolymer systems such as nucleic
acids, where Watson−Crick H-bonds are fully paired in
double-helical structures. Synthetic chemistry allows
molecular editing of biopolymers beyond nature’s
capability. Here we demonstrate that substitution of
glycine (Gly) with aza-glycine in collagen may increase
the number of interfacial cross-strand H-bonds, leading to
hyperstability in the triple-helical form. Gly is the only
amino acid that has remained intolerant to substitution in
collagen. Our results highlight the vital importance of
maximizing H-bonding in higher order biopolymer
systems using minimally perturbing alternatives to nature’s
building blocks.

Biomolecular structure is governed by a delicate balance of
non-covalent intra- and intermolecular interactions.1 These

interactions drive macromolecular assembly and intermolecular
recognition events critical to all life processes.2,3 The hydrogen
bond is a ubiquitous non-covalent interactions in nature.2,4,5

Hydrogen bonds are often found at subunit interfaces in helical
biopolymer assemblies. Historically, speculative model building
by pioneers such as Pauling, Watson, and Crick has led to some
of the greatest achievements in structural biology, many of which
hinged on the correct pairing or maximizing of H-bonds in
biopolymers.6 Understanding howmolecular systems respond to
perturbations in their building blocks can provide insight into
biomolecule self-assembly, protein folding, drug design,
materials and catalysis, in addition to modulating or enhancing
the properties of biopolymers to create new biomimetic materials
with superior properties.7 Collagen adopts a densely packed H-
bonded structure requiring a precise backbone conformation for
proper self-assembly into its right handed triple-helical form.8

The tertiary structural motif is composed of three staggered
polypeptide chains, each chain adopting a left-handed poly-
proline type-II helical conformation. A single cross-strand H-
bond is present at each amino acid triplet repeat. In recent
decades, collagen has been the focus of many research efforts
aimed at developing a molecular-level understanding of its self-
assembly properties9 for designing new materials.10 Collagen
triple-helix assembly depends on a balance of non-covalent
interactions and amino acid side-chain modifications can
modulate the stability.11 In contrast, collagen backbone
modifications, with the exception of a peptoid residue,12 have
typically resulted in significantly destabilized structures.13 To
date, the glycine (Gly) residue in collagen has remained largely

intolerant to substitution, barring a recent thioamide substitution
by Raines et al.13d

Recently, we provided new insight into the fundamental
importance of stereochemistry as a pre-organizing element in
biomolecular folding using stereodynamic probes.14 We
demonstrated that the rate of triple-helix self-assembly in a
stereodynamic collagen model peptide is dramatically altered,
with little to no effect on the thermal unfolding. Here we replace
the α-C of Gly with a N-atom and show that addition of an extra
H-bond donor in the backbone can lead to a hyperstable collagen
triple helix (Figure 1). This Communication details the first
atomic modification to the main-chain backbone of collagen that
has resulted in significant triple-helix hyperstability and

Received: May 17, 2015
Published: September 14, 2015

Figure 1. (Top) Glycyl versus aza-glycyl residues: azGly-containing
collagen triple helix with an expanded view of the -Pro-Pro-azGly- repeat
showing the proposed additional cross-strand H-bonding interactions.
(Bottom) H-bond map of collagen containing the unnatural azGly
modification. Natural collagen H-bonds are shown as blue dashed lines
between strands. Proposed additional H-bonds from azGly substitution
are shown as red dashed lines. AzGly N-atom is shown in blue.
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significantly faster folding kinetics. These results have important
implications for the design of new biomimetic materials.
We synthesized peptides 1−4 to assess the effects of

substituting Gly with aza-glycine (azGly)15,16 in the context of
a collagen model peptide system. Our design constitutes
replacement of a single CH with a single N-atom at the central
location in a 260-atom (21 amino acid) peptide system (Figure
2). We used circular dichroism (CD) spectroscopy to evaluate

self-assembly of the triple helix for each collagen peptide. CD
spectra of solutions containing 3 and 4 both exhibit characteristic
maxima at ∼224 nm, indicating the presence of triple-helix
structure. Thermal denaturation experiments showed coopera-
tive unfolding transitions for all peptides (see Supporting
Information (SI)). The data from CD thermal denaturation
experiments were fitted to a two-state model, as previously
described.17 Themelting temperatures (Tm), at which 50% of the
triple helix unfolds, are shown in Figure 3a for 1−4. A striking
increase in Tm of ∼10 °C was observed for 3 and 4 compared to
the corresponding control compounds 1 and 2. The results show
that replacement of a single Gly α-CH with a N-atom results in a
significant increase in triple-helix thermal stability. In addition to
being the first favorable replacement for a Gly residue in a
collagen model peptide,8c,18 this substitution results in the
highest stabilizing effect of any single-residue mutation in a
collagen PPG or POG peptide system.19 Raines et al. reported a
seminal study where replacement of a single proline (Pro)
residue with a fluorinated Pro residue resulted in a 5 °C increase
in thermal stability.20 Pairing the azGly residue with the
fluoroproline discovery of Raines could result in extremely
stable collagen peptide systems with unique, new material
properties.
Amodel based on a known collagen crystal structure in which a

Gly was substituted by azGly shows the azGly α-NH is 2.2 Å from
the carbonyl of Gly and 3.2 Å from the carbonyl of Pro in a
neighboring peptide chain. This distance is similar to the key
canonical interstrand H-bond from the Gly amide NH to the
carbonyl preceding Pro in the Yaa position. Additional H-
bonding from azGly could increase the number of interchain H-
bonds within a triplet of Xaa-Yaa-Gly, providing a connection
between all three peptide chains through multiple dynamic H-
bonds (Figure 1, bottom).
Next, we assessed the kinetics of triple-helix formation for

peptides 1−4. The peptides, at 0.2 mM in PBS buffer, were

denatured at 80 °C for 15 min, and their CD profiles were
monitored at 4 °C until they recovered (>50%) ellipticity at 224
nm. The refolding rate of peptides containing the azGly moiety
was enhanced in both comparisons. The presence of trimers was
confirmed for 1−4 by size exclusion chromatography with multi-
angle light scattering (SEC-MALS) analysis using a D-Pro-
containing collagen peptide (5) as a monomeric control (Figure
3e).14 The trimeric state of azGly-containing 3 and 4 was also
verified by sedimentation equilibrium analysis using analytical
ultracentrifugtion (AUC).
A hysteresis study was performed to gain further insight into

the stability of 3 and 4. The free energy differences between the
peptides were in accord with the differences in Tm and previous
reports using this method: ΔG = −11, −12, −13, and −15 kcal/
mol for peptides 1−4, respectively. The origin ofΔG is primarily
consistent with an increase in the enthalpic gain from the ability
of azGly to form extra H-bonds, although this will require
verification by calorimetric methods. The large differences in
half-time values for triple-helix self-assembly for azGly-

Figure 2. Chemical structure of collagen control peptides 1 and 2 and
azGly-containing peptides 3 and 4.

Figure 3. (a) Table of unfolding and refolding data for collagen model
peptides. Values of Tm (standard error <1 °C) were determined in
triplicate by CD spectroscopy at scan rates of 12 and 36 °C/h. (b) CD
wavelength scans of homotrimers formed by 1−4. (c) Unfolding curves
for the thermal transition of 1−4 at 12 °C/h. (d) Refolding of peptides
was observed by monitoring the recovery of ellipticity after thermal
denaturation. (e) SEC-MALS analysis confirming the presence of the
trimeric peptide assemblies for 1−4. The presence of the trimeric state
for 3 and 4 was also verified by sedimentation equilibrium analysis using
AUC. Control peptide 5 contains a central D-Pro and serves as a
monomeric standard for SEC-MALS analysis.
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containing peptides are striking in comparison to our previous
results with aza-proline, where we elucidated the role of
stereochemistry with respect to biopolymer pre-organization
and self-assembly.14

Our model suggests the incorporation of azGly into the triplet
adds the possibility for extra H-bonding between the new α-NH
and two different amide carbonyls on an adjacent peptide strand
in addition to the already present amide H-bond. To gain further
insight into the azGly substitution, we performed molecular
dynamics (MD) calculations using GROMACS (see SI for
details). Simulations on full triple-helical models of 1−4 revealed
heavy-atom root-mean-square deviation (RMSD) values of
<0.07 for the central 5-amino-acid triplets of 1 and 2 and slightly
higher RMSD values for the N- (0.2) and C-terminal (0.14)
triplets compared to a common starting model (Figure 4).

The azGly-containing triple-helical structures 3 and 4 showed
RMSD values similar to those of the parent systems, except at the
azGly position near the central triplet, where the RMSD
increased to 0.10 for 3 and 0.08 for 4. Analysis of the azGly H-
bonding parameters revealed the possibility of three different H-
bonds at each azGly residue, with the new α-NH participating in
up to two H-bonds (Figure 5). H-bond distances are shown in
Figure 5c with angles shown in Figure 5d, revealing the
possibility for three dynamic H-bonds with slightly less optimal
parameters than the standard amide H-bond present in collagen.
The MD simulation data imply that multiple dynamic but weak
H-bonds with non-optimal distance and angle parameters may be
more favorable in certain cases than strong H-bonds.
Peptide backbone substitutions have provided a wealth of

insightful information regarding protein structure, and have led
to the discovery of fundamentally important interactions such as
the gauche effect in collagen and n−π* interactions. Previous
reports of heteroatom replacement in the collagen peptide
backbone have resulted in either severe destabilization or a
complete lack of triple-helix formation. Amide-to-ester sub-
stitutions have provided a wealth of information regarding H-
bond strength and have a detrimental impact on collagen triple-

helix stability. In addition, trans alkene amide bond isosteres
greatly destabilize the triple-helical structure of collagen
irrespective of positioning and involvement in H-bonding. To
date, these efforts have demonstrated an intolerance of the
collagen peptide backbone to molecular editing.13

Our study suggests that nature’s limited set of building blocks
are not sufficient for optimizing the stability of self-assembled
biopolymer systems such as collagen, and there is much to be
gained from judicious synthetic modifications such as azGly
incorporation. In addition to insight into the fundamental
importance of hydrogen bonding as a stabilizing element in
natural systems, these studies may provide insight into
optimization of self-assembling biomimetic materials. Beyond
collagen, these studies suggest the opportunity for protein

Figure 4. Model of the collagen triple helix, with the central variable
triplet highlighted in red. Plot of RMSD for the heavy atoms of each
trimeric triplet of each simulated collagen peptide system compared to a
common reference crystal structure used to build all starting MD
models. Reference crystal structure used was PDB 3B0S.

Figure 5. Hydrogen bond analysis for MD simulations of collagen
model peptide 4. (a) Cross section through collagen triple helix showing
possible azGly H-bonds. (b) Schematic of H-bond parameters. (c) H-
bond distance measurements and correlations for A, B, and C from (a).
(d) H-bond angle measurements for A, B, and C. Gray watermark on
plots designates H-bond angles for non-azGly peptide system. Shaded
regions on plots designate optimal H-bond parameters.
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stabilization in a broader context via azGly scanning, which could
identify unique positions for increasing thermal stability in
addition to decreasing proteolytic degradation, as already
reported for aza-amino acids. Current studies incorporating
multiple azGly residues and assessing synergistic effects with
other unnatural residues in addition to structural studies are
under way and will be reported in due course.
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