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We describe the first investigation of collagen mimetic peptides
harboring proline surrogates with heteroatoms at the §-position.
While dehydro-8-azaproline and (N-methyl)-6-azaproline destabi-
lized the parent structure, replacement of the Xaa proline residue
with §-oxaproline resulted in a faster-folding collagen mimetic
peptide with equivalent thermal stability.

The collagen family of proteins is the most abundant com-
ponent of mammalian connective tissue and is composed of
polyproline II (PPII) chains that assemble into a right-handed
triple helix."”* The single chains in collagen feature a repeating
Gly—Xaa-Yaa tripeptide motif, where Xaa and Yaa are most
often proline (Pro; P) and its post-translationally modified
variant 4(R)-hydroxyproline (Hyp; O), respectively.® Efforts to
study the impact of residue substitution on collagen stability
have typically relied on collagen mimetic peptides (CMPs)
composed of these tripeptide repeats. Information gleaned
from decades of research using CMPs has enabled the develop-
ment of biomaterials, imaging and diagnostic agents, and
nanoscale assemblies with unique properties.*” The rapidly
expanding set of unnatural amino acids that can be incorpor-
ated into proteins offers continued opportunity for the design
of novel functional collagen mimetics.

As the only cyclic residue among the 20 canonical amino
acids, Pro plays a unique role in stabilizing the collagen triple
helix. The pyrrolidine ring enforces backbone ¢ and y con-
straints favoring PPII conformation while the tertiary amide it
forms exhibits a reduced propensity to adopt the trans rotamer
(w) geometry required in the PPII fold.*® These characteristics
suggest that cyclic analogues of Pro with enhanced trans
amide propensity will enhance collagen stability. Indeed, re-
placement of Pro (at Xaa) with pyrrolidine-substituted ana-
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logues has been extensively studied, with y-halo,>'° y-alkoxy,’

y-(acyl)amino,""** y-(acyl)aza,"® y-thia,"* and o-azaprolines'®
each maintaining or increasing the thermal stability of CMPs
in the Xaa position. Interestingly, several N-alkyl glycine
(peptoid) residues also stabilize CMPs despite significantly
increased cis amide rotamer propensity relative to Pro.'®'” In
these cases, enhanced stability was attributed to the strong
PPII-promoting effect of the acyclic peptoid residues, thus
reducing the entropic penalty of CMP folding and outweighing
the cost of reduced trans rotamer bias.

Our long-standing interest in N-heteroatom-substituted
peptides prompted us to investigate the impact of amide-
hydroxamate and amide—hydrazide replacement within the
collagen backbone.'® We specifically sought to study CMPs fea-
turing cyclic &-heteroatom-substituted Pro analogues that
retain native-like ¢ and y constraint as well as increased trans
rotamer propensity (Fig. 1).

Although &-azaproline (aPro) was initially deemed a suitable
Xaa positional probe, we previously observed that aPro-con-
taining peptides can undergo rapid air oxidation to their
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(oPro)

d-azaproline  dehydro-3-azaproline (N-Me)-d-azaproline
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X = Pro, AaPro, (Me)aPro, or oPro; G = Gly; P = Pro; O = Hyp;

Fig. 1 Structures of &-heteroatom-substituted proline surrogates,
crystal structure of a CMP triple helix (pdb 3B0S), and PPII strand align-
ment. Proposed Prol1 substitution sites are highlighted in red.
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dehydro-8-azaproline (AaPro) analogues.'® Our finding that
the unpuckered AaPro readily adopts PPII backbone confor-
mation led us to instead explore its incorporation into a col-
lagen folding model. We also sought to investigate (N-methyl)-
§-azaproline ((Me)aPro) and 8-oxaproline (oPro), two additional
Pro surrogates incapable of undergoing air oxidation. The (Me)
aPro monomer has not previously been described. Although
oPro has been widely employed in protein chemical ligation®®>
and is found in some biologically active peptidomimetics,>* >
it has not yet been explored in a model of peptide or protein
folding.

Two orthogonally-protected N-amino dipeptide building
blocks were synthesized for the incorporation of AaPro and
(Me)aPro into CMPs (Scheme 1). Sidechain redox adjustment
of 1 was followed by dimethyl acetal protection to afford 2 in
55% overall yield. Fmoc deprotection and electrophilic amin-
ation of the resulting primary amine with ¢butyl-diethyl-
oxaziridine tricarboxylate (TBDOT)***” provided protected
o-hydrazino ester 3. No-Acylation with Fmoc-protected Gly acid
chloride and subsequent benzyl ester hydrogenolysis then gave
N-aminated aminodimethoxybutyric acid (aAdb) derivative 5 in
56% yield over 2 steps. Synthesis of the (Me)aPro dipeptide build-
ing block proceeded via methylation under Mitsunobu conditions
followed by tandem deprotection and reduction in the presence
of TFA and triethylsilane to give 6. Benzyl ester hydrogenolysis
afforded (Me)aPro dipeptide building block 7 in 89% yield.

The oPro residue has been synthesized previously in enan-
tiopure form via an auxiliary-mediated dipolar cycloaddition
route®>*® and, more recently, through catalytic asymmetric
conjugate addition to generate a key p-amino aldehyde
intermediate.”®*® As shown in Scheme 1, we developed a
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Fmoc-protection, mild silyl ether cleavage, and Mitsunobu
cyclization provided protected oPro 12 in 48% yield over
3 steps. Finally, benzyl ester hydrogenolysis gave monomer 13
suitable for Fmoc SPPS.

To assess the impact of AaPro, (Me)aPro, and oPro on CMP
stability, we chose a parent sequence comprised of seven Gly-
Pro-Hyp (GPO) repeats. This peptide features N-terminal acetyl-
ation and a C-terminal amide, and exhibits a reported melting
temperature of approximately 53 °C.'°??> CMPs with substi-
tutions at position 11 (Xaa) were synthesized on Rink amide
MBHA resin using standard Fmoc-based protocols and HCTU/
NMM activation (Table 1). AaPro11-CMP and (Me)aPro11-CMP
were prepared by incorporation of dipeptide building blocks 5
and 7, respectively. Formation of the dihydropyrazole ring of
AaPro occurred upon acidic deprotection and cleavage from
the resin. In the case of oPro11-CMP, condensation with the
subsequent Gly10 residue was carried out using pre-formed
Fmoc-protected Gly acid chloride to ensure complete reaction
with the isoxazolidine nitrogen. All peptides were purified by
RP-HPLC and their identities were confirmed by HRMS.

All Prol1-substituted analogues were first analyzed by far-
UV CD at pH 7.4 to compare their spectral signatures to that
of the parent peptide. As shown in Fig. 2A, the CD spectra of
oPro11-CMP and (Me)aPro11-CMP exhibited significant
overlap, including less intense and red-shifted negative bands
(~203-205 nm) as well as diminished maxima (~225 nm) rela-

Table 1 Synthesized CMPs with Xaa (Pro11) substitutions

. ) Peptide Sequence Yield %
chiral pool approach toward Fmoc-oPro-OH from commercially

available aspartate derivative 1. This route commenced with §r011'CMP AC-EGPO%TGFAO-(GP]O)?NHZ) 5
. . . . g . . aPro11-CMP Ac-(GPO);-G|AaPro|O-(GPO);-NH, 12
s@e chain reduction, silyl etkgelrlflcatlon,. anq N-hydro‘xylatlon (Me)aPro11-CMP Ac-(GPO),-G[(Me)aPro]O-(GPO);NH, 16
using Fukuyama’s procedure”’ to provide intermediate 10. oPro11-CMP Ac-(GPO);-G[0Pro]O-(GPO);-NH, 17

NHFmoc
OMe 1) Et,NH, MeCN e \iFmoe Hp, PdiC, o
COpH 1)BH3DMS, THE ) Eto2NH, Me oM o) EtOAC,
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3) CH(OMe)3, CSA aq NaHCO, B NaHCO3, DCM _N OMe —— > BOCHN'N OMe
FmocHN” ~CO,Bn 5% FmocHN” ~CO,Bn 51% COzBn T’ BocHN 81% HO,C OMe
1 (3 steps) 2 (2 steps) NHBO; BnO,C . OMe g

Fmoc-Gly-(Boc)aAdb-OH

Me, Me, 1) DIAD, PPhs, precursor to AaPro CMP

'{‘:? N MeOH, THF
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FmOCHN/\fr CO.H 4# FmocHN/\n/ i BOCI}IXCOZEt
0 , 2 89% o) CO,Bn . 7;:/0 » O~ "COjEt
Fmoc-Gly-(Me)aPro-OH 6 P TBDOT
3 E%\IHHb '\’flegll‘lEA mCPBA, DCM, then
CO,H 1)BHzDMS, THF rCH,CN, oTBS NH,OHHC, OTBS
/E 2 TBéCI, ImH, MeCN OTBS " ecN, 50 °C /(\ Naﬁco3 MeOH HO
—» C N N
FmocHN” >CO,Bn 82% FmocHN™ “CO,Bn 78% CO2Bn 75% ”
1 (2 steps) (2 steps)

Fmoc

CO,Bn
78% | FmocCl,
10 NaHCOj3, DCM
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13
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12 1

Scheme 1 Synthesis of AaPro, (Me)aPro, and oPro building blocks for SPPS.
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Fig. 2 Far UV CD spectra of (A) CMPs analyzed at 150 uM in aq PBS (pH
7.4) and (B) PP2 octapeptides analyzed at 150 pM in 5 mM aq NazPOy,,
25 mM KF (pH 7.0).

tive to Pro11-CMP. The spectrum of AaPro11-CMP also showed
the emergence of a new minimum at 239 nm. Although these
differences might indicate a destabilized triple helix, modifi-
cations to prolyl amide bonds within PPII folds have been
shown to give rise to unusual CD signatures.**™*> To investi-
gate this, we synthesized single-strand PPII model octapep-
tides®® incorporating each of the §-heteroatom proline surro-
gates. As shown in Fig. 2B, each variant displayed a signifi-
cantly altered spectral signature, with AaPro4-PP2 again
showing the emergence of a new minimum band near
235 nm. These spectra are in stark contrast to the prototypical
random coil signature obtained upon substitution of Pro4 for
a PPII-disrupting Gly residue.>” These results suggest unique
chromophoric properties associated with replacement of the
native tertiary amide with acyl hydrazone, hydrazide, or hydro-
xamate bonds in the CMP series.

Thermal denaturation was then carried out for each CMP
by monitoring mean residue ellipticity (MRE) at 225 nm as a
function of temperature and fitting of the data to a two-state
unfolding model.*® The parent peptide, Pro11-CMP, exhibited
a clear cooperative melting transition and T,, of 53.2 °C
(Fig. 3), in agreement with previously reported values.'®*?
Each of the substituted variants also showed cooperative
unfolding despite lacking a clear and pronounced maximum
band at the tracked wavelength. The overall changes in mean
residue ellipticity for AaPro11-CMP and oPro-CMP across the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Thermal denaturation of CMPs at 150 pM in aq PBS (pH 7.4). (A)
Representative plot of MRE at 225 nm as a function of temperature
determined by CD. (B) Melting temperatures (T,,) and change in T,
(AT,,) relative to Prol1-CMP derived from non-linear regression. T,
values represent the mean and standard deviation from two separate
experiments.

temperature range were roughly equivalent to that of Prol1-
CMP, suggesting that these variants adopt a collagen fold.
While substitution of Prol1l for (Me)aPro resulted in severe
destabilization of the triple helix (AT, = —18.4 °C), AaPro11-
CMP exhibited only a modest reduction in thermal stability
(AT, = —2.3 °C) relative to the parent peptide. oPro11-CMP
exhibited the same thermal stability as Pro11-CMP (T}, = 54.0 °C).

Based on our previous results with backbone N-oxidized
peptides, we expected that the N-acyl bonds formed by oPro,
(Me)aPro, and AaPro would exhibit increased trans rotamer
population relative to Pro.’® To determine if CMP stability
trends in this series correlate with ¢rans rotamer propensity,
we synthesized N-acetyl methyl esters of each monomer and
calculated trans/cis equilibrium constants (K;,) on the basis of
'H NMR integrations in D,O (Fig. 4). The trans propensity of
the hydroxamate bond in Ac-oPro-OMe (K, = 6.7) was slightly
higher than that of the Pro amide'® (K, = 4.5). More dramatic
increases in trans rotamer population were observed for Ac-
(Me)aPro-OMe (K. = 8.3) and Ac-AaPro-OMe'® (K, = 44).
Despite these increases, AaPro and (Me)aPro destabilized the
collagen model peptide, whereas oPro was accommodated in
the Xaa position without energetic penalty. These results

compound Kiye
Ac-Pro-OMe 4.5
Ac-AaPro-OMe 44.0
Ac-(Me)aPro-OMe 8.3
Ac-oPro-OMe 6.7

X,;)‘COZMe

Me’go

trans rotamer

X/’::)‘COZMe

O)\ Me

cis rotamer

Fig. 4 Trans/cis rotamer structures and equilibrium constants (K;,) at
25 °C in D,O (derived from *H NMR peak integrations).
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suggest that the hydrazone and N-methyl hydrazide moieties
may engage in disruptive interactions within the triple helix or
preclude the adoption of optimal ¢ and y backbone torsions.

To further parse the factors that allow for accommodation
of oPro, we synthesized a CMP variant that harbors (O-methyl)-
N-hydroxyalanine at position 11 (see ESIT for details). The (Me)
hAla residue serves as an isoelectronic analogue of oPro that
lacks cyclic constraint of the ¢ and y backbone torsions. As
shown in Fig. 5, thermal denaturation of (Me)hAla11-CMP
revealed a Ty, of 48.8 °C, which was ~5 °C lower than that of
oPro11-CMP and Pro11-CMP. This result demonstrates that the
presence of a hydroxamate bond is not sufficient to fully main-
tain thermal stability and that 5-membered cyclic constraint is
important for folding.

Finally, we explored how &-heteroatom substitution in our
most stable variant affected the rate of triple helix assembly.
The hydroxamate bond in oPro-CMP was expected to exhibit a
lower isomerization barrier than the Pro tertiary amide due to
the electron-withdrawing O4. Since the overall rate of collagen
folding is limited by prolyl cis—trans isomerization, we hypoth-
esized that oPro11-CMP would refold faster than Proll-
CMP.>>** Hysteresis experiments, wherein the peptides were
denatured and re-cooled while monitoring by CD (at 225 nm),
suggested enhancement in the refolding rate upon Proll —
oPro11 substitution (Fig. 6A). We then quantified the relative
rates of refolding using a temperature jump experiment. After
holding at 95 °C for 20 minutes the peptides were quickly rein-
troduced into a pre-cooled cuvette and the recovery of ellipti-
city monitored by CD (at 7 °C). The time required to achieve a
0.5 folded fraction (¢;,,) was determined by fitting to a 3™
order kinetic model.*® As shown in Fig. 6B, oPro11-CMP
exhibited slightly faster refolding than Pro-11-CMP (10.9 vs.
17.1 min), consistent with the hysteresis data.

o

A formal Me
Q. scission Q Me
SO
[¢] 3 0 o
oPro (O-methyl)hydroxyalanine
(Me)hAla
"o 2000
=}
o
0
£ 1000
.E
° 0
N
S
[
2 -1000
S Tm
W (Me)hAla11-CMP 48.8 °C
L -2000 opro11-CMP  54.0°C
T T T T

0 20 40 60 80
temperature (°C)

Fig. 5 Representative plot of MRE at 225 nm as a function of tempera-
ture for (Me)hAlal1-CMP and oPro11-CMP determined by CD (150 uM in
aq PBS at pH 7.4). T, values represent the mean and standard deviation
from 2 separate experiments (SD for (Me)hAlall-CMP was +0.5 °C).
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Fig. 6 Refolding kinetics of Pro11-CMP and oPro11-CMP. (A) Hysteresis
plots of MRE at 225 nm upon heating and re-cooling as determined by
CD. (B) Plot of folded fraction as a function of time upon re-cooling.
Third-order non-linear fit (black line) and time of recovery for a 0.5
folded fraction (t;/,) are indicated on each graph. Values for ty,, rep-
resent the mean and standard deviation from 2 separate experiments.

Conclusions

In summary, we explored the impact of §-heteroatom-substi-
tuted proline surrogates on collagen triple helix folding and
stability. As part of this work, we developed syntheses of
AaPro, (Me)aPro, and oPro building blocks suitable for incor-
poration into peptides by SPPS. Thermal denaturation studies
showed that introduction of oPro at the Xaa position of a
model CMP affords an analogue that is isoenergetic with the
parent peptide. In contrast, AaPro and (Me)aPro substitution
at Xaa led to compromised thermal stability, despite the
enhanced trans amide rotamer propensities of these residues
relative to Pro. The amide-hydroxamate substitution associated
with oPro incorporation also resulted in accelerated triple
helix assembly. This study lays the groundwork for further
investigation of oPro as a conformational surrogate of Pro in
related models of protein folding.
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