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Peptide-based ligands are well-suited to engage large biomolecular surfaces but are often limited by rapid proteolytic

DOI: 10.1039/x0xx00000x

degradation in biological environments. Backbone modification offers a direct means to disrupt protease recognition while

preserving side chain functionality; however, many established approaches impose conformational constraints that

compromise biological activity. Here, we evaluate backbone N-amino and N-hydroxy substitution as a strategy for enhancing

peptide proteolytic stability. Using a defined chymotrypsin substrate, we demonstrate that backbone N-amination confers

pronounced, position-dependent protection when introduced at or adjacent to the scissile bond. Extending these findings

to a B-sheet-forming antimicrobial peptide, we show that poly-N-amination dramatically enhances serum stability while

preserving or enhancing conformation-dependent antibacterial activity. Together, these results expand the repertoire of

peptide backbone modifications that mitigate proteolytic degradation while retaining the conformational and functional

features required for the design of peptide- and protein-based biological probes.

Introduction

Peptides represent a chemically versatile platform for engaging
expansive and shallow biomolecular surfaces that are difficult
to target with small molecules.»? However, their use in cellular
and in vivo studies is often undermined by rapid proteolytic
degradation. Endogenous proteases efficiently process
canonical o-peptide backbones, which generally adopt [-
strand-like local conformation prior to enzymatic cleavage.3 The
short lifetime of peptides in tissue and serum thus poses a
major obstacle to their development as chemical probes and
therapeutics.*®

Numerous chemical strategies have been developed to address
the problem of peptide proteolysis, including main chain
macrocyclization, the incorporation of noncanonical residues,
and backbone amide substitution (Figure 1).51! Amide N-
methylation has emerged as an extensively studied
modification, with previous work demonstrating strong
positional effects on proteolytic susceptibility that arise from
disruption of hydrogen-bonding interactions required for
protease binding.8'?-14 However, N-methylation and related
approaches can impose conformational constraints that
compromise biological activity.'>=%” This trade-off is particularly
problematic for peptides whose function depends on extended
backbone conformations that are predisposed to interact with
proteases.®> There remains a need for additional backbone
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editing approaches that inform the design of

conformationally and proteolytically stable peptidomimetics.

can

Hydrazide and hydroxamate bonds differ fundamentally from
amides in their electronic properties, hydrogen-bonding
behavior, and conformational bias. Recent studies from our
laboratory have shown that backbone N-amination and N-
hydroxylation can stabilize B-sheet conformations through
cooperative noncovalent interactions, suggesting that N-
heteroatom substitution may offer a unique combination of
conformational control and side chain preservation.18-21
Despite considerable insights into the folding preferences of N-
heteroatom-substituted peptides, the impact of these
backbone modifications on proteolytic stability has not been
systematically explored.??
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Figure 1. Strategies to enhance peptide proteolytic stability through
modifications to the backbone.

In this study, we employ a chymotrypsin substrate sequence to
investigate how backbone N-amino and N-hydroxy
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substitutions influence proteolytic stability as a function of
position relative to the scissile bond. We then apply these
insights to a pB-sheet-forming antimicrobial peptide,
demonstrating that poly-N-amination confers exceptional
serum stability while preserving or enhancing conformation-
dependent antibacterial activity. Together, these results
establish backbone N-heteroatom substitution as a chemically
distinct, minimalist strategy for stabilizing bioactive peptides.

Results and Discussion

To assess the proteolytic susceptibility of peptides featuring
backbone N-heteroatom substituents, we employed a
sequence variant of a model originally reported by Horne and
co-workers (1, Figure 2A).2 Peptide 1 contains a single
chymotrypsin cleavage site between Tyr (P1) and Lys (P1') and
lacks any appreciable secondary structure (Figure S1). This
design enables direct evaluation of how a single backbone
modification at or near the scissile bond influences the rate of
proteolysis, independent of conformational effects that could
otherwise complicate interpretation.

A chymolrypsin cleavage site
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Figure 2. (A Sequence and cleavage site of a model chymotrypsin
substrate (1). (B) Synthesis of N-amino peptide variants of 1.

We synthesized a series of N-aminated substrates (2-7) in
which a single residue in positions P3 through P3' was replaced
with its corresponding a-hydrazino acid. The N-amino peptides
(NAPs) were prepared using our previously reported monomer-
based synthetic strategy (Figure 2B).23 Briefly, zwitterionic
amino acids were selectively aminated at the a-nitrogen using
the oxaziridine reagent TBDOT?* to afford the corresponding o.-
hydrazino acids. These monomers were incorporated into the
peptide sequence via standard Fmoc solid-phase peptide
synthesis (SPPS), with subsequent Boc hydrazide acylation
achieved through acid chloride—mediated coupling. Following
elongation and cleavage from the resin, all peptides were
purified by RP-HPLC and characterized by HRMS and analytical
HPLC (Table 1).

Table 1. Parent peptide (1) and NAP variants (2—7) prepared by SPPS,
and half-lives (t1/2) in the presence of chymotrypsin (derived from non-
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amino acid.

lv imcﬁe On me

DOI: 10.1039/D6C800061D

peptide P3 P2 P1 P’ P2’ P3’ t1/2 (min)
1 Ala Ala Tyr Lys Ser Ala 2.0
2 aAla Ala Tyr Lys Ser Ala 5.3
3 Ala aAla Tyr Lys Ser Ala 3.5
4 Ala Ala aTyr Lys Ser Ala 300
5 Ala Ala Tyr alys Ser Ala 202
6 Ala Ala Tyr Lys aSer Ala 6.2
7 Ala Ala Tyr Lys Ser aAla 2.5

With peptides 1-7 in hand, their proteolytic stability was
evaluated by incubation with chymotrypsin and quantification
of intact peptide over time by analytical HPLC. For all peptides
examined, data was fit to a single-phase exponential decay
model to derive relative half-lives (Figure 3 and Figure S2).
Notably, peptides 4 and 5, bearing N-amino substituents
immediately preceding (P1) and at the scissile bond (P1'),
respectively, exhibited half-lives that were 100-150-fold
greater than that of the unmodified control peptide 1. In
contrast, peptides 2, 3, 6, and 7, which feature N-amino
modifications more distal to the cleavage site, exhibited half-
lives within one order of magnitude of peptide 1. This positional
dependence is consistent with a prior study showing that
backbone N-methylation confers the greatest protection when
introduced at amides that would otherwise engage
chymotrypsin as H-bond donors (P3, P1, P2').%2 These results
establish the protective effect of N-amination at or near the
chymotrypsin cleavage site. This effect likely arises from a
combination of altered substrate binding, reduced acyl-enzyme
formation, and local conformational changes; however, the
current data do not distinguish among these possibilities.

On the basis of these results, we sought to compare N-
amination at P1 and P1' directly to N-hydroxylation and N-
methylation using the same parent sequence. Our group
recently reported the synthesis of N-hydroxy peptides (NHPs)
via chemoselective ligation of thioesters with peptide segments
featuring a hydroxamate at the penultimate residue.?®> We used
this protocol to prepare 8 and 9, which incorporate N-hydroxy
Tyr (hTyr) at P1 or N-hydroxy Lys (hLys) at P1', respectively
(Figure 4). We also synthesized N-methyl peptides (NMPs) 10
and 11 by conventional SPPS for comparison (Table 2).

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 7


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cb00061d

Page 3 of 7

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 10:57:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

A
100
£ 80 1(wt}
& 2 (P3=aAla)
= 60 3 (P2 = ahla)
g i 4 (P1=aTyr)
8 - 5(P1 =alys)
'*% S * 6 (P2 =aSer)
- 7(P3' =aAla)
a T T 1 1 f 1 .
Ho c 5 10 15 20 25 30 O
B 1004 tirne {min) —_—
£ a0y 4(P1=alyr)
> - 5(P1'= alys) A
T E g0+
g |
2 a0
(=]
g ]
2 20+
— & 1
0 T T T 1
0 250 500 750 1000
time (min)

Figure 3. (A) Chymotrypsin-mediated degradation of 1-7 over 30 min,
monitored by RP-HPLC (A =220 nm). Curves are derived from non-linear
regression and error bars represent SD for each data point (n = 3). In the
case of peptide 6, curve-fitting is based only on the initial 3 time points
due to apparent chymotrypsin inactivation by the substrate.®(B)
Extended time scale showing degradation of 4 and 5.

peptide P3 P2 P1 P1’ P2’ P3’ t1/2 (min)
8 Ala  Ala hTyr Lys Ser Ala 83
9 Ala  Ala Tyr hLys Ser Ala 7.3
10 Ala  Ala MeTyr Lys Ser Ala 1311
11 Ala  Ala Tyr Melys  Ser Ala 832

Figure 4. Synthesis of NHP variants 8 and 9 through hydroxamate-
mediate peptide ligation.

Table 2. NHP and NMP peptide substrates prepared by SPPS, and half-
lives (ti2) in the presence of chymotrypsin (derived from non-linear
regression of RP-HPLC-monitored degradation, n=3). hXaa = No-
hydroxy amino acid, MeXaa = Na-methyl amino acid.

These peptides were evaluated using the same chymotrypsin
stability assay described above (Figure 5 and Figure S2).
Introduction of an N-hydroxy substituent at the P1 position (8)
resulted in approximately 40-fold in proteolytic
stability relative to 1. Although this enhancement was lower

increase

than that observed for the corresponding N-amino (4) and N-
methyl (10) peptides, it nonetheless demonstrates that
backbone N-hydroxylation at P1 can significantly slow
proteolysis. In contrast, hydroxamate substitution at the P1’
position (9) resulted in only a modest increase in stability
relative to 1, with proteolysis occurring significantly faster than
N-amino variant 5 or N-methyl variant 11. Greater
electrophilicity of the hydroxamate carbonyl at the scissile bond

This journal is © The Royal Society of Chemistry 20xx
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likely increases its susceptibility to hydrolysis relative forthe
hydrazide and tertiary amide variant§OténtAblUtirgB X6t
weaker stabilization. Random coil CD signatures for each of the
peptides tested (1-11) suggest that the observed stability
trends are not the result of global conformational changes,
although local perturbations, which are not distinguished in CD,
may have an effect (Figure S1).
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Figure 5. Relative chymotrypsin stabilities of peptides 2—11. Half-lives
derived from non-linear regression were normalized to that of parent
(unmodified) peptide 1. Error bars represent normalized 95% Cl values
from curve fitting.

While backbone amide substitution represents a convenient
and effective strategy to enhance resistance to proteolysis, the
potential for significant conformational perturbation can limit
such strategies in the context of bioactive peptides. We thus
sought to investigate whether N-amination could enhance the
stability of a peptide whose biological activity depends on
conformation. Toward this end, we selected a known B-sheet-
forming antimicrobial peptide (AMP) composed of four
repeating lle-Lys dipeptides (12, Table 3).2627 Peptide 12
exhibits poor serum stability but possesses broad-spectrum
antibacterial activity linked to its amphipathic B-sheet structure
upon binding to the bacterial membrane. Our group previously
showed that, in contrast to N-methylation, backbone N-
amination of Ca-substituted amino acid residues can
significantly increase the folded population of -sheet model
peptides.’®1® We therefore hypothesized that N-amination of
12 would impart resistance to proteolysis while maintaining or
reinforcing conformation-dependent antibacterial activity.

We prepared a series of N-aminated and N-methylated
octapeptides in which one to four Lys residues were replaced
with alys or Melys (13—-20, Table 3). The growth inhibitory
activity of these peptides was evaluated against Escherichia coli
(E. coli) and methicillin-resistant Staphylococcus epidermidis
(MRSE), as representative Gram-negative and Gram-positive
pathogens, respectively. Minimum inhibitory concentrations
(MICs) were determined using a standard microbroth dilution
assay. The unmodified parent peptide 12 exhibited MIC values
of 50 uM against E. coliand 12.5 uM against MRSE. Peptides 13—
15, containing one to three a-hydrazino acid substitutions,
displayed antibacterial activities comparable to that of peptide
12, whereas tetra-N-aminated analogue 16 exhibited a two-fold

J. Name., 2013, 00, 1-3 | 3
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enhancement in activity against both pathogens. Mono-NMP 17
exhibited similar antibacterial activity against both pathogens
compared to the unmodified peptide 12, while analogues 18—
20, containing two to four Melys substitutions, exhibited
significantly reduced activity. This result is consistent with a
previous report showing that N-methylation of amphipathic -
sheet peptides significantly reduces their membrane lytic
activity.? Encouraged by the antibacterial activity of tetra-NAP
16, we synthesized a tetra-N-hydroxylated analogue (21) using
a dipeptide building block approach. In contrast to 16, tetra-
NHP 21 exhibited significantly weaker activity against both
pathogens relative to 12.

Table 3. H-[lle-Lys]s-NH, (12), backbone-modified analogues (13-21),
and minimum growth inhibitory concentrations (MICs) against E. coli
and MRSE.

NHz Hz
)
HzM,,, N MH;
R O R‘ o
modification MIC (uM)
peptide R? R? R3 R* E. coli MRSE
12 H H H H 50 12.5
13 H H H NH. 50 12.5
14 H H NH, NH, 50 25
15 H NH, NH NH,; 25 12.5
16 NH; NH; NH; NH; 25 6.25
17 H H H Me 50 25
18 H Me Me Me 200 200
19 H Me Me Me 100 100
20 Me Me Me Me 200 100
21 OH OH OH OH 200 100

Having identified 16 as the most potent inhibitor of bacterial
growth, we evaluated its stability against trypsin and in human
serum (37 °C) relative to the unmodified peptide 12. The
fraction of intact peptide over time was monitored by analytical
LC-MS. As expected, peptide 12 was rapidly degraded by trypsin
within 20 minutes. Conversely, analogue 16 remained
completely intact over 24 hours under identical conditions
(Figure 6A and Figure S3A). Similarly, 12 underwent near
complete degradation within 3 hours in human serum, whereas
tetra-NAP 16 remained fully intact over the course of 400 hours
as determined by LC-MS (Figure 6B and Figure S3B). This result
demonstrates that poly-N-amination can dramatically enhance
peptide serum stability, particularly when employed at every
other backbone amide. Moreover, the incorporation of one or
more non-canonical a-hydrazino acids into the parent
octapeptide served to maintain or improve antibacterial activity
in every case, unlike N-methylation, which substantially
reduced activity in most cases.

4| J. Name., 2012, 00, 1-3
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Figure 6. A) Stabilities of peptide 12 and tetra-NAP variant 16 against
trypsin, and B) in 25% human serum, monitored by RP-HPLC (A = 220
nm). Curves are derived from non-linear regression, and error bars
represent SD for each data point (n = 3).

Finally, we assessed whether the antibacterial activity of
peptide 16 is the result of altered secondary structure in a
membrane environment. Circular dichroic (CD) spectra were
thus obtained for peptides 12 and 16 in pure water and in the
presence of 25 mM SDS as a membrane-mimicking surfactant.
As previously reported, peptide 12 exhibited a random coil
signature in water and a clear B-sheet structure in the presence
of SDS, indicating environment-dependent folding (Figure 7A).26
In contrast, 16 displayed anomalous CD signatures in pure water
and aq SDS (Figure 7B). These spectra likely arise from
perturbed electronic transitions, owing to the presence of four
hydrazide bonds within the strand.?® However, the clearly
distinct signatures for 16 in water versus aq SDS are also
indicative of environment-dependent adoption of secondary
structure.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Far-UV CD wavelength scans of (A) parent AMP 12 and (B)
tetra-NAP variant 16. Samples were analyzed at 0.5 mg/mL in
unbuffered water or 25 mM aq SDS. (C) Thermal denaturation of 16 in
25 mM aq SDS determined by VT CD, with fitted curve derived from non-
linear regression.

Interestingly, the CD spectrum of unmodified peptide 12 in aq
SDS remained unchanged even at 90 °C, suggesting strong
membrane association with a highly stable [-sheet-like
structure (Figure S4A). In contrast, thermal denaturation of
peptide 16 in aq SDS revealed a well-defined isodichroic point
indicative of cooperative unfolding (Figure S4B). Fitting to a
two-state denaturation model revealed a Tr, of ~ 60 °C (Figure
7C).30 Although the precise conformation of 16 in aq SDS is
unknown, our results indicate that tetra-N-amination provides
complete protection from degradation in serum while
maintaining the ability to adopt a biologically active fold.

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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Here, we systematically examined how backboneo.N:
heteroatom substitution influences peptide proteoi e Seaitity
as a function of position relative to a defined cleavage site. N-
Amination confers pronounced protection when introduced at
the P1 and P1' positions of the chymotrypsin substrate,
consistent with disruption of interactions required for protease
recognition. Direct comparison with N-hydroxylation and N-
methylation reveals that these backbone modifications exert
distinct effects on proteolytic susceptibility, possibly reflecting
differences in the electronic properties and H-bonding
capacities of the modified amide bonds. Notably, N-amination
at the scissile bond (P1') significantly enhances proteolytic
stability despite the increased electrophilicity of the hydrazide
carbonyl.

The protective effects of N-amination were extended to an
amphipathic antimicrobial octapeptide whose biological activity
is linked to its PB-sheet-like structure. Poly-N-amination
dramatically enhances serum stability while improving
antibacterial activity, whereas poly-N-methylation reduces
membrane lytic activity. Circular dichroism studies indicate that
tetra-N-amination preserves the ability of the peptide to adopt
a membrane-associated folded state despite an unnatural
residue content of 50%.

Together, these results establish backbone N-heteroatom
substitution as a chemically distinct and minimally perturbing
strategy for enhancing the proteolytic stability of bioactive
peptides. In conjunction with their known conformational
preferences, we anticipate that backbone N-amination and N-
hydroxylation will find utility in the design of folded peptide and
protein mimics for studies in cells and in vivo.
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