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ABSTRACT Protein macrocyclization is a pivotal process in the stabili-
zation of protein structures, significantly enhancing their proteolytic
stability and thermostability. While nature elegantly accomplishes this
through a diverse family of ligases, laboratory methods typically rely on
recombinant proteins engineered with unnatural amino acids and cys-
teine crosslinkers. Herein, we present a biological metabolite 4-hy-
droxynonenal (4-HNE) to selectively modify nucleophilic amino acids,
cysteine (Cys), histidine (His), and lysine (Lys) into electrophilic hemiac-
etals followed by cyclization via oxime chemistry. This reaction demon-
strates a broad substrate scope, enabling the modification and cycliza-
tion of proteins with a wide range of three-dimensional structures and
molecular weights, from 5.8 to 60 kDa. The resulting cyclized proteins
exhibit greater proteolytic stability and enhanced thermal stability at
elevated temperatures compared to their uncyclized counterparts. This
clearly underscores the critical role of cyclization in preserving the intri-
cate 3D structures of proteins and opens new avenues for advanced
protein engineering.
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Protein macrocycles have gained significant recognition
in recent years, with numerous examples identified in both
prokaryotic and eukaryotic organisms."* These cyclic pro-
teins are distinguished by their remarkable proteolytic and
thermal stability.>-> Unlike previously known cyclic pep-
tides, such as the immunosuppressant cyclosporin and oth-
er cyclic peptides from microorganisms, these new cyclic
proteins are conventional gene products rather than prod-
ucts of nonribosomal synthesis.>° Additionally, this new
class of cyclic proteins differs from nonribosomal synthe-
sized peptides in size and composition. While traditional
cyclic peptides are typically limited to 5-12 amino acids
and may include modifications like D-amino acids or N-
methylation, these newly discovered cyclic proteins range
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from 14 to 78 amino acids and consist solely of naturally
occurring amino acids without such modifications.?>

The pharmaceutical industry has shown increasing in-
terest in cyclic peptides due to their superior properties,
such as enhanced bioactivity, lower toxicity, improved tar-
get affinity, and greater resistance to proteolysis.!%-13 This
has led to their exploration as potential scaffolds for design-
ing protein-based therapeutics. A notable example is cyclic
insulin, which not only resists degradation by carboxypep-
tidase Y (CPY) but also maintains potency equivalent to that
of linear human insulin.'

Current methods for protein cyclization typically in-
volve the use of enzymes like ligases or cyclases,'>-2! the in-
corporation of unnatural amino acids, or the introduction
of cysteine crosslinks (Figure 1).13-20 However, these meth-
ods are generally limited to proteins with fewer than 80
amino acids. Herein, we introduce a novel biocompatible
chemical approach for protein cyclization utilizing the me-
tabolite 4-hydroxynonenal (4-HNE) generated in the mito-
chondria.???3 This method enables selective conversion of
His and Lys into electrophilic hemiacetals by Michael addi-
tion, followed by cyclization of proteins using oxime chem-
istry (Figure 1).

Our approach is versatile and effective, capable of modi-
fying proteins of varying three-dimensional structures and
molecular weights (5.8-80 kDa) under mild physiological
conditions with quantitative conversions. The cyclic pro-
teins produced through this method exhibit high thermo-
stability at elevated temperatures, surpassing their un-
cyclized counterparts. This new method for protein cycliza-
tion represents a significant advancement and has the
potential to revolutionize the field of protein therapeutics.

In our efforts to develop a method for the cyclization of
wildtype proteins using the 4-HNE metabolite [for synthe-
sis see Figure 1 in the Supporting Information (SI)] and to
apply this chemistry to protein engineering, we began by
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Figure 1 Metabolite-mediated protein macrocyclization. Previous
methods focused on cysteine crosslinks, unnatural amino acids, and en-
zyme catalysis. This method: protein cyclization by biological metabo-
lite, 4-HNE, converting His and Lys nucleophiles to electrophilic
hemiacetals followed by oxime ligation with a dihydroxylamine linker.

optimizing the reaction with model peptides containing
nucleophilic residues. We used peptides AcGXFV, where X
represents Cys (C), His (H), or Lys (K) (1a-c). Each peptide
was subjected to 5 equivalents of 4-HNE under physiologi-
cal conditions (pH 7.45) at room temperature. Our results
revealed complete conversion (>95%) of Cys in peptide AcG-
CFV (1a) to the Michael addition product 2a within 2 h. The
His in peptide AcGHFV (1b) was fully converted (>95%) into
product 2b within 12 h, while Lys in peptide AcGKFV (1c)
achieved 75% conversion into product 2c over 24 h (Scheme
1A and Figure 2 in the SI). To further investigate the reactiv-
ity of His compared to Lys, we incubated equal amounts of
peptides AcGHFV (1b) and AcGKFV (1c) with a limited
quantity (1.5 equivalents) of 4-HNE. Modification occurred
exclusively in the His-containing peptide, with no 1,4-addi-
tion products observed with Lys within 12 h (Scheme 1B
and Figure 3 in the SI).

In an analogous experiment, we observed the formation
of the 1,4-single addition product 2a with the Cys peptide
AcGCFV (1a) in the presence of either His peptide AcGHFV
(1b) or Lys peptide AcGKFV (1c¢) (see Figure 3 in the SI). Giv-
en that Cys is less abundant and often involved in stabiliz-
ing disulfide bonds in protein tertiary structures, signifi-
cant chemoselectivity issues are not anticipated, and we
anticipate this modification to be largely selective for His
and Lys. Additionally, no modification of other reactive
amino acids was observed with peptide Ac-KQYWRMES

(1d), which includes Tyr, Arg, Ser, Met, Trp, Glu, and GlIn,
further demonstrating the selectivity for His and Lys (see
Figure 4 in the SI). For the characterization of the product
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Scheme 1 Hemiacetal formation with 4-HNE. (A) Reaction of peptides
containing nucleophilic residues with 4-HNE. (B) Comparison of the re-
activity of His vs Lys with 4-HNE. Broad 2b peak represents multiple di-
astereoisomers of cyclic hemiacetal. (C) Imidazole reacts with 4-HNE to
form cyclic hemiacetal followed by reaction with hydroxylamine to gen-
erate oxime product.
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with 4-HNE, we carried out a large-scale reaction with im-
idazole and observed the formation of the hemiacetal prod-
uct under the reaction conditions, obtained by the 1,4 Mi-
chael addition followed by the cyclization between hy-
droxy group and aldehyde as analyzed by NMR
spectroscopy (see Figure 5 in the SI). The electrophilicity
of the hemiacetal was demonstrated by the addition of hy-
droxylamine, as full conversion to the oxime product was
observed, with verification by HPLC and HRMS (Scheme
1C and Figure 5 in the SI).

We next assessed the effectiveness of this reaction for
protein modification by using myoglobin as a model protein
and varying the equivalents of 4-HNE from 1 to 6 equiva-
lents. Remarkably, we achieved efficient modification of
myoglobin (>75%) using just 4 equivalents of 4-HNE
(Scheme 2A and Figure 6 in the SI). At higher concentra-
tions (6 equivalents), quantitative modification of myoglo-
bin was observed, with a maximum of five modifications
(Scheme 2A and Figure 6 in the SI).
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We then applied our method to a diverse range of com-
mercially available proteins, including insulin, ribonuclease
A, lysozyme chicken, ubiquitin, B-lactoglobulin, apo-trans-
ferrin, aprotinin, and cytochrome C, spanning molecular
weights from 5,000 Da to over 79,000 Da and various three-
dimensional structures. Our method achieved over >95%
modification with excellent selectivity for His or Lys, even
at low concentrations (100 puM, 10 examples, Scheme 2B
and Figures 7 and 8 in the SI). The mild reaction conditions
preserved critical disulfide bonds, as seen with insulin
(Scheme 2B and Figure 8 in the SI). We proceeded to con-
duct MS/MS analysis of a ribonuclease A sample with seven
4-HNE modification sites, which were found to be on both
His and Lys (Scheme 2C and Figure 9 in the SI). Encouraged
by the high labeling efficiency and the generation of an
electrophilic hemiacetal warhead, we demonstrated the ap-
plication of 4-HNE for selective labeling of native proteins
with varying warheads. We added alkyne-functionalized
hydroxylamine and biotin-functionalized hydroxylamine to
4-HNE-labeled B-lactoglobulin and observed full conversion
to the expected oxime conjugation products (see Figure 10
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Scheme 2 Protein optimization. (A) Optimization conditions for myoglobin and intact masses for modified myoglobin using 4 and 6 equivalents of 4-
HNE. (B) Protein substrate scope. (C) Site of modification is determined by MS/MS analysis of ribonuclease A. (D) Fluorophore labeling of 4-HNE-modi-
fied proteins myoglobin, ribonuclease A, and apo-transferrin and their analysis by in-gel fluorescence.
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in the SI). Next, we incubated native myoglobin, ribonucle-
ase A and apo-transferrin with 4-HNE for 16 h at room tem-
perature, followed by reaction with a hydroxylamine fluo-
rophore, and analysis by SDS-PAGE with in-gel fluores-
cence. The results clearly showed successful fluorophore
labeling of proteins in the presence of all the three reaction
components (lanes 4, Scheme 2D and Figure 11 in the SI).
No fluorophore labeling was observed in control experi-
ments lacking any of the components (lanes 1-3, Scheme
2D).

Given the high efficiency and robustness of 4-HNE
chemistry in forming oxime conjugates with hydroxyl-
amine molecules, we investigated its potential for the se-
lective in situ cyclization of proteins. Our goal was to cre-
ate cyclic proteins by linking two 4-HNE-modified resi-
dues, thereby enhancing the stability of protein tertiary
structures. Traditional protein-cyclization methods often
rely on the incorporation of unnatural amino acids, cyste-
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ine residues, or enzyme-recognized peptide tags at specif-
ic positions within the protein.’>2! In our approach, we
incubated 4-HNE doubly modified native myoglobin with
varying amounts of dihydroxylamine linker (2-6 equiva-
lents). We observed successful crosslinking between the
two hemiacetal groups generated by 4-HNE, achieving ca.
88% conversion into monocyclic protein with 6 equivalents
of dihydroxylamine linker (Scheme 3A and Figure 12 in the
SI). The optimized conditions for this protein cyclization
were determined to be 6 equivalents of dihydroxylamine in
100 mM phosphate buffer (pH 7.5) with ACN at room tem-
perature for 12 h.

We next applied this cyclization approach to a diverse
range of commercially available protein substrates, includ-
ing insulin, ubiquitin, and ribonuclease A. Our method suc-
cessfully achieved full cyclization for these proteins
(Scheme 3B and Figure 12 in the SI). Notably, the use of the
dihydroxylamine linker exclusively resulted in cyclization
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Scheme 3 Protein cyclization and CD data. (A) Optimization of cyclization on
mized condition was found to be the addition of 6 equivalents of linker, result

41% degradation

doubly HNE-modified myoglobin using dihydroxylamine linker. The opti-
ing in >88% conversion into the cyclized product. (B) Scope of cyclized

proteins with varying size and three-dimensional structure. (C) CD spectra of unmodified, HNE-modified, and cyclized myoglobin and ribonuclease A.
Secondary structure and helical content is overall maintained. (D) Thermal denaturation curves collected from 25 °C to 95 °Cat A = 222 nm in 10 mM
pH 7.45 NaP buffer for both native myoglobin and cyclized myoglobin. E. Assessment of proteolytic stability of both native myoglobin and cyclized
myoglobin by trypsin incubation and subsequent analysis of degradation by LC-MS.
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without forming monoaddition products. This absence of
monoaddition is likely due to the reversibility of single ad-
dition products in the presence of the nearby hydroxyl-
amine. These results underscore the potential of this chem-
istry for the selective cyclization of native proteins, enhanc-
ing their stability against chemical denaturation while
preserving their catalytic activity.

We conducted MS/MS analysis of ribonuclease A, insu-
lin, and myoglobin samples with two HNE modifications,
which we subsequently cyclized, to pinpoint the sites of cy-
clization on these proteins. Ribonuclease A cyclization oc-
curred between modified K31 and H105, and insulin cy-
clization was driven by modification of H10 on the B chain,
while myoglobin modification appears to have been less
site-specific, with various 4-HNE-modified residues ob-
served (see Figure 13 in the SI).

To validate that our method does not alter the protein’s
three-dimensional structure, we took CD spectra of 4-HNE-
modified and cyclized myoglobin. Both modifications left
the helical structure of myoglobin largely unperturbed
compared to the native protein, with helical content de-
creasing marginally upon modification and cyclization
(Scheme 3C and Figure 14 in the SI). We also took CD spec-
tra of 4-HNE-modified and cyclized ribonuclease A and ob-
served a-helix and B-sheet character to be retained in the
modified samples. As with myoglobin, helical content did
not decrease substantially upon modification and cycliza-
tion (Scheme 3C and Figure 14 in the SI).

We proceeded to evaluate the thermal stability of our
cyclized proteins by recording the CD signal of both native
and cyclized myoglobin as a function of temperature from
25°Cto 95 °Cat A =222 nm in 10 mM pH 7.45 NaP buffer.
Generation of a thermal denaturation curve revealed a
higher melting temperature (T,,) for the cyclized myoglobin
(T, = 75 °C) relative to the native protein (T, = 63 °C,
Scheme 3D and Figure 15 in the SI). In effect, the secondary
structure of myoglobin is stabilized by the crosslink gener-
ated in 4-HNE-mediated cyclization, with helicity main-
tained at higher temperatures. These findings reveal the ef-
ficacy of this cyclization chemistry in enabling efficient and
selective protein cyclization while preserving structural in-
tegrity and bioactivity at elevated temperatures.

Finally, to assess the proteolytic stability of our cyclized
proteins, we incubated native, and cyclized ribonuclease A
with equal quantities of trypsin under physiological condi-
tions (37 °C). Based on LC-MS, after 16 h, native ribonucle-
ase A was 81% degraded, while cyclized ribonuclease A was
only 41% degraded, demonstrating an enhancement in sta-
bility against proteases upon introduction of the unnatural
4-HNE-mediated crosslink (Scheme 3E and Figure 16 in the
SI).

In summary, we have developed a robust and highly ef-
ficient chemoselective reaction for modifying histidine
(His) or lysine (Lys) residues using mitochondrial-derived

biological metabolite, 4-hydroxynonenal (4-HNE). We ef-
fectively modified nine different proteins of varying sizes
and three-dimensional structures, highlighting 4-HNE’s
ability to discern subtle reactivity differences among His
and Lys on native proteins. This capability is particularly
valuable for protein engineering and antibody-drug conju-
gate (ADC) synthesis. This reaction introduces an electro-
philic hemiacetal warhead, which facilitates further func-
tionalization with a variety of nucleophiles. Leveraging
these electrophilic warheads, we performed selective fluo-
rophore labeling and achieved successful protein cycliza-
tion using orthogonal oxime chemistry. Our approach
demonstrates a broad substrate scope, enabling clean and
efficient conversion into stable macrocyclic proteins. CD
studies revealed the maintenance of secondary structure
upon modification with 4-HNE and subsequent cyclization
with the dihydroxylamine linker. Cyclization of the proteins
enhanced the thermal stability of protein three-dimension-
al structure, as evidenced by an increase in melting tem-
perature relative to native protein. An increase in proteolyt-
ic stability upon cyclization was also revealed by exposing
native and cyclized protein to trypsin digestion conditions.
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