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From Azidoproline to Functionalizable

Collagen

Christiane Siebler, Roman S. Erdmann, and Helma Wennemers*

Abstract: The article summarizes our research devoted to the development of functionalizable collagen using
azidoproline-containing model peptides. ‘Click chemistry’ or Staudinger reduction followed by acylation provided
facile access to a range of differently functionalized collagen model peptides bearing e.g. carbohydrates. The
research provided not only insight into the factors that are responsible for the high conformational stability of
collagen but also a guide in which positions functional moieties are tolerated without or by deliberately disturbing
the supramolecular assembly of collagen. The presented research will be useful for the development of collagen-

based materials.
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1. Introduction

Collagen, the most abundant protein in
mammals, is the most prevalent constituent
of the extracellular matrix and provides for
structural stability in disparate tissues and
organs.!!l Collagens also play crucial roles
in the modulation of cellular activity, e.g.
by binding and releasing cellular mediators
such as cytokines and growth factors.[!]
Understanding the molecular factors that
provide for the stability of collagen is
therefore important. In addition, synthetic
collagen-based materials are promising
tools for the development of biocompatible
materials that might be valuable for appli-
cations in e.g. tissue engineering, wound
healing and as delivery systems.2 Whereas
biotechnological approaches towards such
materials rely on natural building blocks,
organic synthesis is an attractive alterna-
tive since it offers the possibility of func-
tionalizing collagen with essentially any
desired building block.

Collagen consists of single strands of
repeating Xaa-Yaa-Gly units that adopt
polyproline II (PPII) like secondary struc-
tures and wrap around each other to form
triple helices that further assemble into
macroscopic fibers and bundles.[!l Proline
(Pro) is most abundant in the Xaa position
and (4R)-hydroxyproline (Hyp) in the Yaa
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position. The cyclic nature of these imino
acids enforces @ torsion angles around
—75° and favors ¥ angles of ~145° that are
ideal for PPII helices (Fig. 1).11:3]

Crystal structures showed that the Pro
residues in the Xaa positions adopt mainly
C4-endo ring puckers whereas the Hyp
residues in the Yaa positions are C4-exo
ring-puckered.[*! Glycine (Gly) is critical
in every third position since the tight pack-
ing of the triple helices does not allow for
a bulkier amino acid in their center. Within
the triple helices the single strands are held
together by interstrand hydrogen bonds be-
tween the C=0 of the Xaa position and the
NH of Gly of the neighboring strand.!!

Our group has a long standing interest
in proline containing peptides (Fig. 2).5-121
We have, for example, established tripep-
tides of the type H-Pro-Pro-Aaa (Aaa =
any amino acid) as highly stereoselective
catalysts for aldol and conjugate addition
reactions.[>]

In addition, we developed proline-
based diketopiperazine receptors for the

selective binding of short peptides!”! and
azidoproline (Azp) containing oligopro-
lines as conformationally well-defined
molecular scaffolds that can be easily func-
tionalized in defined distances.81 These
functionalizable scaffolds are valuable for
the controlled formation of silver nanopar-
ticles and biological applications such as
the development of cell-penetrating pep-
tides, tumor targeting and selective RNA
binding.[®! Our studies on functionalized
oligoprolines also provided insight into
the factors that stabilize the PPII second-
ary structure and provided a guide for tun-
ing the conformational properties of PPII
helices.[8101 The facile functionalizability
of the Azp residues within the oligopro-
lines combined with the unique conforma-
tional properties of Azp!'!l and derivatives
thereof!!2] led us envision that Azp residues
might also be valuable for the development
of functionalized collagen. Within this arti-
cle we summarize our contributions to the
development of functionalizable collagen
and the insights into the molecular factors
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a) Asymmetric Catalysis

b) Molecular Recognition

c¢) Molecular Scaffolds
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Fig. 2. Prolylpeptides in (a) asymmetric catalysis, (b) molecular recogni-
tion and (c) as functionalizable molecular scaffolds.
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determining the conformational stability
of collagen that were gained from these
studies.

2. Design and Synthesis of
Functionalizable Collagen Model
Peptides

Since the environment of the Xaa and
the Yaa positions within the collagen triple
helix differ significantly from each other,
incorporation of functionalized Azp resi-
dues in either of these positions will have
distinctly different effects on the confor-
mational stability of the collagen triple he-
lix. In addition, the absolute configuration
as well as the functional moiety at C(4) of
proline residues are known to influence the
ring pucker and the trans:cis ratio of Xaa-
Pro bonds and will therefore also affect the
properties of the collagen triple helix.['1.13]
To probe the effect of functional groups on
the collagen triple helix we hence prepared
functionalizable CMPs bearing (4R)Azp
or (4S8)Azp residues either in the Xaa or
the Yaa position of the middle repeat unit
within 21-mers.[14151 Such CMPs allow for
monitoring the relative effect of a single
residue on the stability of the collagen tri-
ple helix. These CMPs were then deriva-
tized by either Cu(r)-catalyzed Huisgen’s
1,3-dipolar cycloadditions (‘click chemis-
try’) or Staudinger reduction followed by
acylation (Fig. 3).[15-19]

The synthetic routes are exemplified
for the CMPs YR-3 and YR-7 that are
functionalized via amide and triazolyl
linkages, respectively, in the Yaa position
(Scheme 1).

The syntheses of both types of CMPs,
with amide and triazolyl linkers, were
straightforward and allowed for function-
alization with any desired moiety (e.g.
bulky tert-butyl groups or monosaccha-

Reduction/Acylation

e,

“Click Chemistry”

Scheme 1. Synthetic routes to functionalized collagen model peptides

exemplified for YR-3 and

rides) to access the CMPs depicted in Fig.
3.[15—191

3. Conformational Properties of
(4R)- and (4S)Azidoproline and their
Derivatives

To understand the effect of a modi-
fied proline residue on the stability of
the collagen triple helix, the acetylated

YR-7.

methylesters (Ac-Aaa-OMe) are valuable
model compounds.!!3] We therefore care-
fully examined the conformational prop-
erties of Ac-(4S)Azp-OMe and Ac-(4R)
Azp-OMel'll as well as those of amidated
and triazolylated derivatives thereof (Fig.
4).112.16.171 A combination of NMR and IR
spectroscopic analyses as well as ab initio
calculations revealed that the ring pucker-
ing and the trans:cis amide bond ratio de-
pend significantly on the absolute configu-
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Fig. 3. Functionalized collagen model peptides.
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ration and the functional group attached
at C(4). Both the ring puckering and the
trans:cis amide bond ratio are controlled
by a combination of steric effects, stereo-
electronic gauche effects between the sub-
stituents at C(4) and the N-acetyl group as
well as repulsive or attractive interactions
between the substituent at C(4) and the
methylester.[11-13]

Electron-withdrawing groups at C(4)
such as amide and in particular azido moi-
eties exert gauche effects and lead to a pref-
erence for C(4)-endo puckering in case of
(4S)-configured and C(4)-exo puckering in
case of (4R)-configured proline derivatives
(Fig. 4c,d).[11-12] The effects observed with
the azidoproline derivatives (1R and 1S) are
comparable to those of the respective hy-
droxy- and fluoroproline derivativesl!3a-dl
underlining that the azido-gauche effect is
comparable to that of hydroxy and fluoro
groups. The exo-ring pucker within (4R)-
configured Azp (1R) and acylated amino-
proline derivatives (2R and 3R) allows for
an n—7* interaction29] between the acetyl
group and the carbonyl group of the meth-
ylester within the frans conformer (Fig.
4b).[1112] Ag a result, the trans conformer
is favored in these derivatives over the
cis conformer by a factor of 5-6 in aque-
ous environments (Fig. 4c,d, left).[11.12]
The n—m* interaction that favors and stabi-
lizes the trans conformer requires a Biirgi-
Dunitz trajectory between the oxygen of

the acetyl group and the carbonyl group of
the methyl ester as well as a short distance
between the O of the acetyl group and the
carbonyl carbon of the methylester.20]
The geometry for this n—7* interaction is
ideal when the methyl ester is pointing to
the inside of the pyrrolidine ring and a ¥
angle of ~145° is realized, the typical ¥
angle within a PPII helix (Fig. 4b).[12]

In case of (4S)-configured derivatives
(1S, 28 and 3S) the endo-ring puckering
places the substituent on the same face
of the pyrrolidine ring as the methylester.
With hydrogen bond donating substituents
at C(4) a transannular H-bond forms with
the methylester that stabilizes a ¥ angle
of ~145°, the ideal angle for an n—7* in-
teraction.l'l As a result, the amidoproline
derivatives 2S and 3S have frans:cis con-
former ratios of ~5:1 (Fig. 4c, right).[12]
In contrast, the trans:cis conformer ratio
of (4S)-configured derivatives with elec-
tron-rich substituents such as the azido
group (1S, Fig. 4d, right) is significantly
lower (~2.5:1) since a repulsive interac-
tion between the electron rich group and
the methylester causes the methylester to
rotate away from the ring center (¥ ~0° or
~180°) which disfavors the n—n* interac-
tion and thereby the trans conformer.!!.12]

Within the triazolylproline (Tzp) deriv-
atives neither steric nor stereoelectronic or
H-bond effects occur to a significant extent
and as a result, neither the preference for

C(4)-exo or C(4)-endo ring puckering nor
the differences in the trans:cis conformer
ratios between (4R)- and (45)-configured
derivatives are as pronounced as in case
of the azido and amidoproline derivatives
(Fig. 4e).116.17]

4. Thermal Stabilities of
Functionalized Collagen Triple
Helices

CD-spectroscopic studies are a conve-
nient method to monitor the formation of
collagen triple helices that have a character-
istic maximum at 225 nm.[!] Such analyses
showed that all of the functionalized CMPs
depicted in Fig. 3 form triple helices.[15-19]
Thermal denaturation studies revealed that
the relative stabilities of these collagen tri-
ple helices differ as expected significantly.
The midpoints of thermal transitions (T, )
within the sigmoidal curves recorded for
each of the triple helices varied between
26—-44 °C and the free energy values (AG)
that were derived from additional denatur-
ation experiments in which also the refold-
ing process upon cooling the samples was
monitored?!l varied between —7 and —12
kcal mol™ (Fig. 5 and Table 1).[15-19]

Reassuringly, the relative differences
between the AG values and the T values
were in very good agreement. This obser-
vation underlined the value of the qualita-
tive T values that are significantly easier to
obtain than the quantitative AG values. This
holds true as long as the same heating rates
were used for the determination of the T
values.[1219] For all of these studies CMP 8
with the naturally most abundant (4R)Hyp
residue as well as CMP 9 with Pro in the
Yaa position were used as references (8:
Ac[ProHypGly].NH,, 9: Ac[ProHypGly].-
ProProGly-[ProHypGly],NH,, Table 1,
entries 25 and 26). The triple helices de-
rived from these CMPs have T values
of 43 °C and 40 °C, respectively, and AG
values of —12.4 kcal mol™ and —11.1 kcal
mol!, respectively.[16-19]
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10 20 30 40 50 60

Temperature [°C]

Fig. 5. Thermal denaturation studies exempli-
fied by triple helices derived from the function-
alized CMPs XS-3 and XR-3.
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Table 1. Thermodynamic parameters of triple helices derived from the functionalized CMPs
Ac[ProHypGly],-Xaa-Yaa-Gly-[ProHypGly],NH, YR2-7, XR2-7, YS2-7, and XS2-7

Entry CMP Xaa Yaa T? AG®™
[middle triplet] [°C] [kcal-mol']
Amidated CMPs
14 XR-2 (4R)Acp Pro 43 -11.8
2 XR-3 (4R)Pvp Pro 44 -11.7
3d YR-2 Pro (4R)Acp 36 -10.5
44 YR-3 Pro (4R)Pvp 32 - 92
5¢ XS-2 (4S)Acp Pro 32 - 8.9
64 XS-3 48)Pvp Pro 26 - 69
7° YS-2 Pro (48)Acp 40 -11.0
84 YS-3 Pro (45)Pvp 39 -11.3
Triazolylated CMPs
of XR-4 Tzp(CO, Me) Pro 39 n.d.
10 XR-5 Tzp(CH,OH) Pro 38 n.d.!
11f XR-6 Tzp (Gal) Pro 39 n.d.!
12 XR-7 Tzp (Glc) Pro 39 n.d.!
13f XS-4 Tzp(CO Me) Pro 36 n.d.
14f XS-5 Tzp(CH,OH) Pro 38 n.d.!
15¢ XS-6 Tzp(Gal) Pro 40 n.d.!
16 XS-7 Tzp(Glc) Pro 40 n.d.
17¢ YR-4 Pro Tzp(CO,Me) 36 n.d.
18 YR-5 Pro Tzp(CH,OH) 35 n.d.
19¢ YR-6 Pro Tzp(Gal) 37 n.d!
20 YR-7 Pro Tzp(Glc) 37 n.d.!
21h YS-4 Pro Tzp(CO,Me) 35 n.d.!
22h YS-5 Pro Tzp(CH,0OH) 36 n.d.!
23h YS-6 Pro Tzp(Gal) 37 n.d.
24n YS-7 Pro Tzp(Glc) 37 n.d.!
Reference CMPs
25¢ 8 Pro (4R)Hyp 43 -12.4
26° 9 Pro Pro 40 -11.1

T, at a heating rate of 1 °C/100 s (x1 °C). ®Data at a heating rate of 0.1°C/72 s. °AG at 25 °C
(£0.2 kcal/mol-"). Data taken from ref [19]. eData taken from ref [18]. ‘Data taken from ref [17].
9Data taken from ref [15]. "Data taken from ref [16]. 'not determined.

Comparable thermal stabilities were
observed with the functionalized collagen
triple helices derived from the CMPs XR-2
and XR-3 bearing (4R)-configured Acp or
Pvp residues in the Xaa position indicat-
ing that these residues do not disturb the
supramolecular triple helical fold (Table 1,
entries 1 and 2).1%1 In contrast, incorpora-
tion of (4S)-configured Acp or Pvp resi-
dues in the Xaa position (CMPs XS-2 and
XS-3) caused the biggest destabilization of
the triple helix within the examined series
(Table 1, entries 5 and 6).['91 This finding
can be easily understood by considering
the steric environment and the interstrand
H-bonds of residues in the Xaa position:
Within (4S)-amidoproline residues the

transannular H-bond competes with the
interstrand H-bond that holds the three
collagen single strands together.['8] In ad-
dition, the substituent installed at the (4.5)-
configured y-carbon points to the inside of
the triple helix and clashes sterically with
the residue in the Yaa position of the neigh-
boring strand.['%1 In contrast, diastereomer-
ic (4R)-configured amidoprolines neither
interfere with the interstrand H-bonding
nor do they cause steric repulsions with
other residues since the substituent points
to the outside of the triple helix.[!3:191 Even
sterically demanding residues such as rert-
butyl groups are readily tolerated when in-
stalled at (4R)-configured residues in the
Xaa position.

In the Yaa position the situation is dif-
ferent since the amino acids in this position
are not involved in interstrand H-bonding.
Here substituents that are installed at (4R)-
configured amidoprolines (CMPs YR-2
and YR-3) interfere sterically with resi-
dues from neighboring strands whereas
substituents at (4S)-configured amidopro-
lines (CMPs YS-2 and YS-3) point to the
outside of the triple helix and are readily
tolerated (Table 1, entries 3, 4, 7 and 8).[19]

Within the most stable functionalized
collagen triple helices derived from the
functionalized CMPs XR-2 and XR-3 as
well as YS-2 and YS-3 the preferred ring
puckering of the functionalized residues
differ from the ring puckering observed in
crystal structures for Pro and Hyp residues
in natural collagen: Whereas Pro residues
in the Xaa position occur predominantly
with C(4)-endo puckers in natural collagen
(4R)-configured amidoproline residues
adopt preferentially C(4)-exo ring puckers.
Likewise, the C(4)-endo puckering of (45)-
configured amidoproline residues does
not match the C(4)-exo puckering of Hyp
residues in the Yaa position of natural col-
lagen. Thus, the studies also showed that
the ring puckering of the proline residues
is not as critical for the supramolecular as-
sembly as steric constraints or interference
with the interstrand H-bonds.[!9]

The thermal stability of the collagen tri-
ple helices containing the triazolyl proline
residues in either the Xaa or Yaa position
were rather similar, which was expected
based on the conformational properties of
the Ac-Tzp-OMe amino acids.[!5-171 All of
the Tzp-containing CMPs formed triple he-
lices with T values in arange of 35-40 °C.
Within this series the same trends with re-
spect to steric effects were observed as for
the acylated CMPs.

5. Conclusions

In conclusion, azidoproline-containing
CMPs are versatile tools for installing func-
tional moieties in collagen triple helices by
either ‘click chemistry’ or Staudinger re-
duction followed by acylation. Moreover,
the presented functionalized CMPs pro-
vided insight into the factors that are criti-
cal for the supramolecular assembly of the
collagen triple helix: a) Sterically demand-
ing moieties disturb the supramolecular as-
sembly the least when they are installed at
(4S5)-configured residues in the Yaa posi-
tion or (4R)-configured residues in the Xaa
position since the bulky moieties point in
both cases to the outside of the collagen
triple helix, b) residues bearing H-bond
donors that interfere with the interstrand
H-bonds within collagen weaken the triple
helix significantly, and c) the ring pucker-
ing is less important compared to steric and
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unfavorable H-bonding effects. Thus, our
research provided a detailed guide for the
functionalization of collagen without or by
deliberately disturbing the supramolecular
assembly. We are currently using these in-
sights for the development of cross-linked
collagen based materials bearing moieties
that are envisioned to be useful for applica-
tions in e.g. wound healing, bone forma-
tion and tissue engineering.
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