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Photochemically-enabled, post-translational
production of C-terminal amides

David Hymel1,5, Felix Wojcik 2,5, Kim S. Halskov2, Wouter F. J. Hogendorf 2,
Sydnee C. Wong1, Ben M. Williams3, Asmus R. Mortensen3, Nick Cox1,
Ayesha Misquith1, Nanna B. Holländer3, Finn Matthiesen4, Suneet Mehrotra1 &
Michael R. Harris 1

C-terminal α-amidated peptides are attractive therapeutic targets, but pre-
parative methods to access amidated pharmaceuticals are limited both on lab
and manufacturing-scale. Here we report a straightforward and scalable
approach to the C-terminal α-amidation of peptides and proteins from
cysteine-extended polypeptide precursors. This amidation protocol consists
of three highly efficient steps: 1) selective cysteine thiol substitution with a
photolabel, 2) photoinduced decarboxylative elimination and 3) enamide
cleavage by simple acidolysis or inverse electron demandDiels-Alder reaction.
We provide a blueprint for applying this protocol to the semi-recombinant
production of therapeutically relevant targets where gram scale C-terminal α-
amidation is achieved in a photoflow reactor on a recombinantly prepared
peptide YY analogue and a GLP-1/amylin co-agonist precursor peptide. Robust
performance of this reaction cascade in flow highlights the potential of this
chemistry to enable amidated drug leads to enter development that would not
be viable on commercial scale using existing technology.

Peptide therapeutics are currently enjoying a renaissance; with > 50
drugs on the market and hundreds more in development, the phar-
maceutical industry is capitalizing on a modality that offers high spe-
cificity and potency1. Over the past two decades, significant progress
has been made in addressing limitations typically associated with
therapeutic peptides, mainly rapid clearance and poor oral bioavail-
ability. Advances in half-life protraction technologies and permeation
enhancers have paved the way for the development of long-acting
injectable and oral peptide drugs2,3. As interest and demand for pep-
tide therapeutics continue to grow for serious chronic diseases with
large patient populations, such as diabetes and obesity4, there is an
urgent need for scalable manufacturing processes to meet the high-
volume production demands. At these scales, conventional solid-
phase peptide synthesis (SPPS) has a significantly increased environ-
mental burden relative to recombinant production and, depending on
the length of the peptide, may not be feasible. Peptides containing a

C-terminal α-amide are particularly challenging to prepare when SPPS
is not suitable5. While C-terminal amidation is a common post-
translational modification that occurs in half of all hormones and
neuropeptides6 and is critical for the full biological activity of peptides
and of therapeutically relevant molecules that are derived from
them7,8, alternative technologies for making this peptide modification
on scale remain inadequate despite its significance.

Modern semi-recombinant synthesis offers an attractive solution
for the scalable preparation of peptide therapeutics. This approach
combines the environmental benefits of microbial expression systems
with a robust chemical or enzymaticmodification that can install drug-
like properties in a natural peptide9. Previously, semi-recombinant
production of C-terminal α-amides has employed enzymatic methods
where substrate specificity10–12, limited scalability, and the requirement
for enzyme expression in mammalian cultures add significant con-
straints to manufacturing processes13. In contrast, a selective chemical
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approach could provide unparalleled access to therapeutic C-terminal
α-amides on scale. To date, however, no general process-friendly
approach for the direct C-terminal amidation of a recombinantly
expressed peptide or protein has been reported. Some of the most
successful chemical amidations have relied on selective14 formation of
cyanocysteines15–17 which often produce variable yields of amidated
product mostly related to competitive formation of unwanted elim-
ination andhydrolysis byproducts. TheDavis group recently published
an elegant and robust diboron-mediated C-terminal amidation proto-
col from dehydroalanine (DHA) intermediates18, but the inefficient
formation of DHA and the requirement for a large excess of electro-
philic reagents present significant barriers to adapting the process
to scale.

We postulated that a reliable and scalable amidation could be
achieved through a biomimetic process targeting the formation of a
carbinolamide, an intermediate that undergoes amidation in nature by
peptidylglycineα-amidatingmonooxygenase (PAM)19 enzyme (Fig. 1a).
As an alternative to enzymatic cleavage, we recognized thatmild, acid-
promoted cleavage of the carbinolamide20 would afford the desired
C-terminal α-amide (Fig. 1b, Path A). To take advantage of the bio-
synthetic intermediate, we conceived of a C-terminal enamide as a
masked C-terminal α-amide, whereby protonation of the nucleophilic
olefin with an acid in aqueous solution would generate the key

carbinolamide. Under the acidic conditions used to form the carbi-
nolamide, concomitant cleavage to the C-terminal α-amide is expec-
ted. To further generalize the reaction, we envisioned leveraging the
unique properties of the enamide to develop a complementary route
toα-amides based on an inverse electron demandDiels-Alder (IEDDA)-
mediated cleavage21 (Fig. 1b, Path B). The IEDDA chemistry would
enable the enamide cleavage to be performed in a neutral buffer for
peptides and proteins sensitive to acid (e.g., glycopeptides). In addi-
tion, it provides an orthogonal route for the production of pharma-
ceutically relevant C-terminal amides that have a low pI, where
crossing the pI is expected to result in solubility challenges on scale
Cysteinewas chosen as the enamide precursor based on its low natural
abundance anddecades of precedence for selective transformations in
chemical biology22. We reasoned that recombinantly prepared
C-terminal cysteine extended peptides could be converted to their
corresponding C-terminal α-amides using this biomimetic approach,
provided the enamide intermediate is readily accessible.

Recently, mild and efficient electrochemical23 and
photochemical24,25 methods have been developed for the formation of
alkylated C-terminal amides, including an intriguing C-terminal
enamide disclosed by Baker26. Building on the mechanistic precedent
proposed by the Baker group (Supplementary Fig. 52), we postulated
that it would be feasible to selectively conjugate a C-terminal cysteine
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Fig. 1 | C-terminal α-amidation reactions. a Enzymatic (PAM) mediated
α-amidation of peptides containing a C-terminal glycine residue. b Biomimetic
C-terminal α-amidation of peptides containing a C-terminal cysteine residue (this
work). The two reaction pathways provide complementary routes for accessing

C-terminalα-amides thatproceed through a commonenamide intermediate, which
can be converted to the amide under acidic conditions (Path A) via the biosynthetic
carbinolamide intermediate, or under neutral conditions via an IEDDA reaction
with a tetrazine (Path B).
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thiol to a photolabile group that, upon irradiation, would undergo a
decarboxylation/β-fragmentation27 to afford a monosubstituted
C-terminal enamide (Fig. 2). This intermediate was anticipated to have
stereoelectronic properties more favorable to both acidolysis and
IEDDA-mediated cleavage relative to a 1,1-disubstituted enamide, such
as DHA28.

In this work, we demonstrate the highly efficient photochemical
conversion of C-terminal cysteine extended peptides to their corre-
sponding C-terminal α-amides under mild reaction conditions. We
show that the protocol developed herein can be readily applied to the
synthesis of therapeutically relevant peptides. Scalability of the pro-
tocol is achieved with a photoflow process, which is utilized in the
multi-gram semi-recombinant synthesis of a GLP-1/ amylin co-agonist
precursor peptide.

Results
To test our hypothesis, we synthesized the C-terminal cysteine
extended generic peptide H-IWTKDHEEVYEAC-OH (1). This peptide
was used to optimize reaction conditions for each step of the amida-
tion process (Fig. 2a, X =A). Of the photolabile reagents evaluated (see
Supplementary Table 1), bromomaleimide andNBD-Cl offered the best
combination of cost, high conjugation yield, and facile conversion to
C-terminal enamide. We found that the best yields for the photo-
decarboxylation stepwere obtainedwhen temperaturewas controlled
with a cooling fan, and when solvents were degassed with nitrogen
prior to conjugation of the photolabile group. The efficiency of the
acidolysis step was correlated to pKa, where weaker acids like acetic
and oxalic acid were capable of converting enamide to the desired
biosynthetic carbinolamide intermediate, but stronger acids were
needed to promote efficient cleavage to the C-terminal α-amide.
Complete conversion to the desired amide H-IWTKDHEEVYEA-NH2 (2)
was observed when trifluoracetic acid was employed, and no

improvement in reaction yield was observedwhen stronger acids were
used. In contrast, high yields of the IEDDA-mediated cleavage of the
C-terminal enamide could only be achieved using 2-pyridyl substituted
tetrazines, prompting us to choose commercially available 3 as our
preferred reagent. For either enamide cleavage procedure, the addi-
tion of 1mMmethionine reduces oxidative byproducts and boosts the
overall yields of the transformation. The yieldof the acidolysis step can
be further improved by adding 250 µM caffeic acid, which mitigates
the formation of oxidation byproducts29 (see Supplementary Table 4).
Overall, the transformation is operationally simple and can be per-
formed sequentially or in one pot using either visible light from awork
light or a UV LED source and readily available chemical reagents found
in most research labs.

With optimized reaction conditions in hand, webegan a thorough
evaluation of the scope of the amidation with respect to the penulti-
mate amino acid (AA) position. In contrast to enzymatic amidation
reactions where the identity of the penultimate AA can drastically
affect reaction efficiency, our amidation protocol produced
C-terminally α-amidated peptides in moderate to excellent yields for
every AA at this position (Fig. 2b). Some variation in reaction perfor-
mance was evident when comparing the use of bromomaleimide and
NBD-Cl for generating the enamide intermediate (Fig. 2a, routes A and
B), and between the two enamide cleavage protocols (routes C and D).
Generally, our best yields were obtained when peptides were con-
jugatedwith NBD-Cl (route B) andwhen the enamide intermediate was
cleaved by tetrazine-mediated IEDDA reaction (route D). The neutral
conditions employed in the IEDDA chemistry reduce non-specific
oxidation of the backbone as well as hydrolysis of the enamide inter-
mediate to the C-terminal acid, a non-productive reaction that we
found is promoted by the sidechains of penultimate serine, threonine,
and aspartic acid residues (Supplementary Tables 5 and 7). For each set
of conditions, peptides containing a penultimate tryptophan gave
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Fig. 2 | Evaluation of reaction conditions and scope of the α-amidation with
respect to the penultimate position. a Generalized reaction scheme. b Yield of
C-terminal α-amides obtained by substitution with bromomaleimide (Route A) or
NBD-Cl (Route B), followed by enamide cleavage with acid (route C) or by IEDDA

(Route D). *All yields were determined by extracted ion chromatography (XIC).≠

X=A, and the Trp residue at the 2-position is substituted to Phe (IFTKDHEE-
VYEA-NH2).
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slower conversions and showed greater sensitivity to photon flux
during the photocleavage step. Furthermore, the presence of trypto-
phan at any position led to an increased formation of M/z + 26
byproducts. However, when tryptophan was excluded from the pep-
tide sequence, higher yieldswere achieved in the acidolysis step (Fig. 2,
X = A ≠ , routes A/C and B/C).

Having developed a highly efficient and robust C-terminal ami-
dation protocol, we synthesized a broad range of C-terminal cysteine
extended peptides to demonstrate the application of our chemistry to
the production of C-terminal amides of therapeutic relevance. The
photochemical amidation protocol was successfully employed in the
synthesis of a GLP-1R agonist,GLP-1(7-36)30,31 which represents an
important class of therapeutic peptides that include marketed drugs
exenatide32 and lixisenatide33 (Fig. 3). Other obesity and diabetes tar-
gets, PSTi834, PYY35, QRF-amide36, and EP4537, a GLP-1/NPY2R dual
agonist were successfully prepared in good yields using our protocol.
Osteocrin38, a potential treatment for diabetic cardiomyopathy and
cancer targeting peptide LHRH39, is also formed in high yields, high-
lighting that the size of the target peptide therapeutic does not affect
the reaction efficiency. Antiviral drugs Bulevertide40 (Hepcludex) and
Enfuvertide5 (Fuzeon) can also be prepared in good yields by our
photochemical amidation reaction, demonstrating the utility of this
transformation as a platform technology for accessing biologically
important peptides across therapeutic areas. A detailed analysis of the
efficiency of the overall transformation for each biologically relevant
peptide in Fig. 3 can be found in Supplementary Tables 9 and 10.

We next investigated the reactivity of peptides containing back-
bone cysteine residues with the aim of accessing the calcitonin family41

of peptides and other42 pharmaceutically relevant targets containing
both a C-terminal α-amide and one ormore internal disulfide bonds. A
modified protocol was required for the successful amidation of this

substrate class, as demonstrated for a model peptide 4 (IECTKSEGC
EEVYEADHGEPC-OH (Fig. 4). This peptide was globally arylated with
NBD-Cl and selective functionalization of the C-terminal cysteine
residue was accomplished upon irradiation at 420 nm. Dearylation of
the remaining NBD-conjugated cysteine residues to the free thiols and
subsequent disulfide oxidation was achieved with the addition of a
solution of cysteamine and cystamine. The enamide was then cleaved
under standard acidic conditions to afford the desired product 5
(IECTKSEGCEEVYEADHGEP-NH2) in 76% yield. We attempted to apply
the modified protocol to a number of biologically relevant C-terminal
amide peptides containing disulfides (e.g., pramlintide). However, we
found that global Cys-arylation with NBD-Cl caused significant solu-
bility issues that affected downstream chemistry for peptides within
the calcitonin family. Nevertheless, our results provide proof of con-
cept that a modified amidation protocol can, in principle, be utilized
for the generation of disulfide-containing peptides, but we caution
that reaction outcomesmaybe affectedby substrate-specific solubility
of poly-arylated intermediates.

With our C-terminal amidation methodology established on the
laboratory scale, we turnedour attention to scaling the reaction. As the
high absorbance of our substrates would make a homogenous energy
distribution challenging to attain with traditional batch setups, we
moved our efforts to continuous-flow photochemistry systems. The
application of flow microreactors for photochemical transformations
allows for uniform irradiation of the entire reaction mixture43,44. We
chose to pilot our photoflow process with an analog of PYY, an ami-
dated gastrointestinal hormone that is involved in the regulation of
appetite and satiety35,45. Tobe consistentwith industrialmanufacturing
practices for semi-recombinant routes to therapeutic peptides, we
developed an end-to-end process for the preparation of PYY analog 743

based on the production of > 4 g of recombinant starting material 6

Myristic acid -

AA E GS AE FG KLST VYA DE FGH IKL Q RST V W

YA G HKL M NP RTV W AG HL MP T VG LP VG G

YAE L RYA E LP QRYA EK L NP RS VYDE G HI L NP RS T

EEGE G SK HQP Q AK MQ VE E E E

E L RE G L R YE GKL N QRS VYAE FG HIK LM N PQ R S TV WST DE FGH ST L

Y E FH KM PRS VW YK PRS VK PR VKG G

Pyr - GS PY GLWH R

N SK N G RE LEA G FRS FKTG LD KGP PA E GA G Y SS LLA GE EGQ TS F

A HQ D K EH PNS D ANF WNLD FT PGF AP N WF P D PD NGP PN VLG NS L V GN K

R DV P P GS HVV M RFR RIDG KF GQL GA D KS K R IH KRS LS GGS PF D R LN S RS N

Ac- LE AQ WDL NW FKQ ET WLS QN K SQ E LN EES IS HLY LI E

GLP-1 69.6% (B/D) Yield* = 53.4% (B/C)

LHRH Yield* = 77.9% (B/D) PSTi8 Yield* = 71.7% (B/D) 69.2% (B/C)

Cortrosyn Yield* = 63.1% (B/D)

Gastrin releasing peptide Yield* = 68.1% (B/D) 47.9% (B/C)

PYY 3-36 Yield* = 70.2% (B/D)

Enfuvirtide Yield* = 49.2% (B/D) 37.7% (B/C)

QRF-amide Yield* = 73.1% (B/D)

EP45 Yield* = 48.7% (B/D) 56.4% (B/C)

Osteocrin Yield* = 65.6% (B/D)

Bulevertide Yield* = 78.4% (B/D)

-NH2 -NH2

-NH2

-NH2

-NH2

-NH2

-NH2

-NH2

-NH2

-NH2

-NH2
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(Fig. 5a). C-terminal cysteine extended 6 was reacted with NBD-Cl and
subsequently subjected to photo-initiated cleavage reaction in a flow
reactor. Full conversion to the enamide intermediate was achieved in a
standard lab-scale photoflow system; the six-second residence time
was encouraging for the prospect of large-scale production. Sub-
sequent enzymatic digestion of the N-terminus and conversion of the
enamide to the intended amidated product 7was accomplished in 20%
overall yield after a single final purification. Although IEDDA enamide
removal had proven effective in earlier laboratory experiments, we
transitioned to acidic hydrolysis for this substrate due to lower overall
costs and ease of handling on scale. Phosphoric acid, in particular was
identified as a suitable reagent in termsof both substrate solubility and
scalable parameters such as equipment compatibility and handler
safety. Finally,wemeasured thepotency of 7 in a cell-basedhumanY2R
assay and found that its activity was equal to that of PYY(3-36) pre-
pared by SPPS (Supplementary Fig. 51).

As a final test of our methodology, we amidated a challenging
target of therapeutic relevance that is difficult to prepare on scale
using any other process. Using a setup mimicking large-scale API
manufacturing, we converted 12 grams of a recombinant 81 amino acid
GLP1R-amylinR co-agonist precursor peptide 8 (Fig. 5b) into the cor-
responding amide product (see supplementary information sec-
tion VI). For this example, the previously described photo amidation
protocol was carefully developed and optimized on parameters
allowing for an efficient large-scale process such as volume yield
(solubility/concentration), physical and chemical stability, and effi-
cient reaction conversions (Supplementary Figs. 47–50). The recom-
binant starting material was made ready for processing using an
optimized TCEP reduction diafiltration protocol. Subsequently, the
cystenol was converted using an enhanced adaptation of the photo-
chemical amidation protocol, at a concentration range of 7–16mg/ml
throughout the process, showcasing a high initial volume yield of the
process. These concentrations, combinedwith sufficient stabilities and
effective chemical conversions, suggest that this protocol can be
adapted into a future process with an excellent space-time yield,
paving the road for high-volume biopharmaceutical production. The
individual chemical steps of our process (disulfide reduction, NBD
arylation, in-flow photodecarboxylation, Phosphoric acid mediated
enamide hydrolysis) proceeded in a rapid and cleanmanner, resulting
in an overall yield of 78% of the target peptide 9.

In summary, we have developed an end-to-end process for che-
mically converting peptides and proteins to their corresponding
C-terminal α-amides. Our chemical conversion cascade is efficient, has
a broad substrate scope, and can be used on synthetic or recombi-
nantly prepared peptides. We have demonstrated that the

transformation is robust on the benchtop and in a photoflow reactor,
allowing for gram-scale preparation of C-terminalα-amides. Themulti-
gram production of a PYY analog and a GLP1R-amylinR co-agonist
precursor peptide demonstrates the value of this technology for large-
scale manufacturing of pharmaceutically relevant peptide amides,
further enabling the development of this important compound class as
current and future therapeutics.

Methods
Screening-scale reaction procedure for photochemical
C-terminal amidation
C-terminal Cys conjugation to photo labile reagent. To minimize
non-specific oxidation, an aqueous reaction buffer containing 25mM
bis-tris pH 6.4 with 50mM glycine was degassed by bubbling nitrogen
gas for 15min. The C-terminal Cys-modified peptide is dissolved in the
reaction buffer to generate a 1mM stock solution. 25μL of 1mM stock
is added to awell of a 96-well V-bottom assay plate, alongwith 65μL of
additional assay buffer. Either 2-bromomaleimide (3-Bromo-1H-pyr-
role-2,5-dione, CAS: 98026-79-0) or NBD-chloride (4-chloro-7-nitro-
benzofurazan, CAS: 10199-89-0) was dissolved in acetonitrile to
produce a 5mM stock solution. 10μL of the 5mM photo conjugate
reagent is added to thewell (500μM final concentration, 2 equiv.), and
allowed to incubate for 1 h at room temperature with shaking. If
desired, conversion can be monitored by LC-MS.

Photochemical conversion to C-terminal N-vinyl amide. After 1 h,
the plate is irradiated according to the photo aryl group utilized to
generate the C-terminal N-vinyl amide. For 2-bromomaleimide, a 1.5-
meter strip of 365 nm LEDs serves as the irradiation source, and the
conversion proceeds for 4 h. A cooling fan is used to maintain the
reaction mixture at room temperature. For NBD-chloride, irradiation
can be conductedwith a handheld white CFL lamp or a strip of 450nm
LEDs, and the conversion proceeds for 1 h at room temperature. If
desired, conversion can be monitored by LC-MS.

Acidolysis of N-vinyl amide to C-terminal amide product. Acidolysis
of the N-vinyl amide can proceed using a range of strong acids (see
Supplementary Table 2). In general, the acid is added to the reaction
mixture from a 10X aqueous stock solution. Trifluoroacetic acid
appears to perform the fastest and was subsequently used for the
majority of testing conditions. For TFA, 10μL of a 50/50 solution of
TFA/water is added to the reaction well (5% final TFA concentration),
and the plate is shaken at room temperature for up to 24 h. When
additives such as methionine, indole, or caffeic acid are utilized, the
additive reagent is spiked from a 50X or 100X stock solution into the

DA EGEC V Y HC ET E G EI PE K S DA EGEC V Y HC ET E G EI PE K S

DA EGEC V Y HC ET E G EI PE K S

DA EGEC V Y HC ET E G EI PE K S DA EGEC V Y HC ET E G EI PE K S

4

5

Fig. 4 | C-terminal α-amidation of a peptide containing a backbone disulfide bond. *Yield was determined by extracted ion chromatography (XIC).
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reaction prior to the addition of the acid. Conversion is monitored by
LC-MS.

N-vinyl amide removal using inverse-electron demand Diels-Alder
(IEDDA). The N-vinyl amide can also be removed using IEDDA chem-
istry with dipyridyl-tetrazine (3,6-Di-2-pyridyl-1,2,4,5-tetrazine, CAS:
1671-87-0). Dipyridyl-tetrazine is dissolved in a mixture of 80% acet-
onitrile and 20% 125mM aq. HCl to produce a 12.5mM stock solution
(final concentrationofHCl = 25mM, 2 equiv. based on tetrazine conc.).
Solubility of the dipyridyl-tetrazine is poor in acetonitrile alone and
requires the addition of acid to protonate pyridyl groups and improve
solubility. 10μL of this stock solution is added to the reaction well
(1.25mMfinal tetrazine conc., 5 equiv. basedonpeptide conc.), and the
reaction is incubated at 37 °C for 24 h. If desired, 1mMmethionine-HCl

can be spiked into the reaction from a 100X aqueous stock solution to
minimize non-specific peptide oxidation. Conversion is monitored by
LC-MS.

Analysis of conversion by UPLC-MS. Reaction samples were directly
analyzed by UPLC-MS analysis (Gradient: Hold at 95/5A/B for 0.5min,
gradient from 95/5 A/B to 55/45A/B over 7min, followed by wash
and re-equilibration). In several cases, it was not possible to achieve
adequate chromatographic resolution to quantify conversion using
integrated UV data at 214 nm. To quantify conversion, the calculated
masses of all observed peptide starting materials, intermediates, side
products, and desired products were input to generate an extracted
ion chromatogram (XIC). The integrated peaks of these XICs were
summed and normalized to 100%, and conversion to the desired

1.5 equiv. NBD-Cl
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Fig. 5 | Demonstration of gram scale photo amidation using recombinant
starting material. a Multi-step synthesis of peptide YY analog 7 utilizing a pho-
toflow reactor. b Streamlined multigram photoamidation process of a GLP1R-
amylinR co-agonist precursor mimicking biopharmaceutical manufacturing

conditions. Isolated recombinant disulfide backbone 8 was converted to amide 9
using anoptimizedphotoamidationprocessprotocolwithbothhigh chemical yield
and high-volume yield.
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product was calculated based on the normalized integration. Calcu-
lated masses for each peptide species were calculated based on
the most prevalent observed ion by LCMS and are provided in
Supplementary Tables 11–13.

Data availability
The data generated in this study are provided in the Supplementary
Information/ Source Data files. All data are available from the corre-
sponding author upon request. Source data are provided with
this paper.

References
1. Henninot, A., Collins, J. C. & Nuss, J. M. The current state of peptide

drug discovery: back to the future? J. Med. Chem. 61,
1382–1414 (2018).

2. Knudsen, L. B. & Lau, J. The discovery and development of liraglu-
tide and semaglutide. Front. Endocrinol. 10, 1–32 (2019).

3. Drucker, D. J. Advances in oral peptide therapeutics.Nat. Rev. Drug
Discov. 19, 277–289 (2020).

4. Melson, E., Ashraf, U., Papamargaritis, D. & Davies, M. J. What is the
pipeline for future medications in obesity? Intl. J. Obes. https://doi.
org/10.1038/s41366-024-01473-y (2024).

5. Bray, B. L. Large-scale manufacture of peptide therapeutics
by chemical synthesis. Nat. Rev. Drug Discov. 2, 587–593
(2003).

6. Merkler, D. J. C-Terminal amidated peptides: production by the
in vitro enzymatic amidation of glycine-extended peptides and the
importance of the amide to bioactivity. Enzym. Microb. Technol. 16,
450–456 (1994).

7. Roberts, A. N. et al. Molecular and functional characterization of
amylin, a peptide associated with type 2 diabetes mellitus. Proc.
Natl. Acad. Sci. USA 86, 9662–9666 (1989).

8. Boublik, J. H., Scott, N. A., Brown, M. R. & Rivier, J. E. Synthesis and
hypertensive activity of neuropeptide Y fragments and analogues
with modified N- or C-termini or D-substitutions. J. Med. Chem. 32,
597–601 (1989).

9. Zompra, A. A. et al. Manufacturing peptides as active pharmaceu-
tical ingredients. Future Med. Chem. 1, 361–377 (2009).

10. Ray, M. V. L. et al. Production of recombinant salmon calcitonin by
in vitro amidation of an Escherichia coli produced precursor pep-
tide. Nat. Biotechnol. 11, 64–70 (1993).

11. Henriksen, D. B. et al. K. C-terminal amidation of calcitonin by car-
boxypeptidase Y catalyzed transpeptidation with a photocleavable
nucleophile. Pept. Res. 5, 321–324 (1992).

12. Mehta, N. M., Carpenter, S. E. & Consalvo, A. P. C-Terminal α-Ami-
dation. Post-translational modification of protein biopharmaceu-
ticals. (Ed.: G. Walsh), Wiley-Blackwell, 253–276 (2009).

13. Kim, K.-H. & Seong, B. L. Peptide amidation: production of peptide
hormones in vivo and in vitro. Biotechnol. Bioprocess Eng. 6,
244–251 (2001).

14. Spicer, C. D. & Davis, B. G. Selective chemical proteinmodification.
Nat. Commun. 5, 4740 (2014).

15. Nakagawa, S. et al. Chemical cleavage of recombinant fusion pro-
teins to yield peptide amides. J. Am. Chem. Soc. 116,
5513–5514 (1994).

16. Tanaka, M. et al. Biorganic synthesis of end-capped anti-HIV pep-
tides by simultaneous cyanocysteine-mediated cleavages of
recombinant proteins. Biorg. Med. Chem. 17, 7487–7492 (2009).

17. Qiao, Y. et al. Expressedprotein ligationwithout intein. J. Am.Chem.
Soc. 142, 7047–7054 (2020).

18. Mollner, T. A. et al. Reductive site-selective atypicalC,Z-type/N2-C2
cleavage allows C-terminal protein amidation. Sci. Adv. 8,
eabl8675 (2022).

19. Eipper, B. A. &Maines, R. E. Peptideα-amidation.Annu. Rev. Physiol.
50, 333–344 (1988).

20. Csizmadia, V. M. et al. Acid-catalyzed hydrolysis of
N-vinylacetamides (enamides). Substituent effects of the acet-
amido and amino groups and linear free energy correlations of
cyclohexene reactivities. J. Am. Chem. Soc. 101, 974–949 (1979).

21. Zhang, J., Shukla, V. & Boger, D. L. Inverse electron demand Diels-
Alder reactions of heterocyclic azadienes, 1-aza-1,3-butadienes,
cyclopropenone ketals, and related systems. A retrospective. J.
Org. Chem. 84, 9397–9445 (2019).

22. Chalker, J. M. et al. Methods for converting cysteine to dehy-
droalanine on peptides and proteins. Chem. Sci. 2,
1666–1676 (2011).

23. Lin, Y. & Malins, L. R. An electrochemical approach to designer
peptide α‑amides inspired by α‑amidating monooxygenase
enzymes. J. Am. Chem. Soc. 143, 11811–11819 (2021).

24. Bloom, S. et al. Decarboxylative alkylation for site-selective bio-
conjugation of native proteins via oxidation potentials. Nat. Chem.
10, 205–211 (2018).

25. Layden, A. E., Ma, X. & Johnson, C. A. A biomimetic C-terminal
extension strategy for photocaging amidatedneuropeptides. J. Am.
Chem. Soc. 145, 19611–19621 (2023).

26. Richards, D. A. et al. Photochemically re-bridgingdisulfidebonds and
the discovery of a thiomaleimide mediated photodecarboxylation of
C-terminal cysteines. Org. Biomol. Chem. 14, 455–459 (2016).

27. Lu, C. et al. Synthesis of sulfur-containing oxindoles by photo-
induced alkene difunctionalization via sulfur 1,2-relocation. Org.
Lett. 25, 750–755 (2023).

28. Patchornik, A. & Mordechai, S. Nonenzymatic cleavages of peptide
chains at the cysteine and serine residues through their conversion
into dehydroalanine. I. Hydrolytic and oxidative cleavage of dehy-
droalanine residues. J. Am. Chem. Soc. 86, 1206–1212 (1964).

29. Partridge, E. P. et al. 7-Nitro-4-(phenylthio)benzofurazan is a potent
generator of superoxide and hydrogen peroxide. Arch. Toxicol. 86,
1613–1625 (2012).

30. Nauck, M. A. et al. Preserved incretin activity of glucagon-like
peptide 1 [7-36 amide] but not of synthetic human gastric inhibitory
polypeptide in patients with type-2 diabetes mellitus.J. Clin. Invest.
91, 301–307 (1993).

31. Turton, M. D. et al. A role for glucagon-like peptide-1 in the central
regulation of feeding. Nature 379, 69–72 (1996).

32. Davidson, M., Bate, G. & Kirkpatrick, P. Exenatide. Nat. Rev. Drug
Discov. 4, 713–714 (2005).

33. Bolli, G. B. & Owens, D. R. Lixisenatide, a novel GLP-1 receptor
agonist: efficacy, safety and clinical implications for type 2 diabetes
mellitus. Diabetes Obes. Metab. 16, 588–601 (2014).

34. Hossain, Z. et al. Discovery of pancreastatin inhibitor PSTi8 for the
treatement of insulin resistance and diabetes: studies in rodent
models of diabetes mellitus. Sci. Rep. 8, 8715 (2018).

35. Batterham, R. et al. Gut hormone PYY3-36 physiologically inhibits
food intake. Nature 418, 650–654 (2002).

36. Chartrel, N. et al. Identification of 26RFa, a hypothalamic neuro-
peptide of the RFamide peptide family with orexigenic activity.
Proc. Natl. Acad. Sci. USA 100, 15247–15252 (2003).

37. Chepurny, O. G. et al. Chimeric peptide EP45 as a dual agonist at
GLP-1 and NPY2R receptors. Sci. Rep. 8, 3749 (2018).

38. Zhang, X. et al. Osteocrin, a novel myokine, prevents diabetic car-
diomyopathy via restoring proteasomal activity. Cell Death Dis. 12,
624 (2021).

39. Obayemi, J. D. et al. LHRH-Conjugated drugs as targeted ther-
apeutic agents for the specific targeting and localized treatment of
triple negative breast cancer. Sci. Rep. 10, 8212 (2020).

40. Kang, C. & Syed, Y. Y. Bulevirtide: First approval. Drugs 80,
1601–1605 (2020).

41. Sonne, N., Karsdal, M. A. & Henriksen, K. Mono and dual agonists of
the amylin, calcitonin, and CGRP receptors and their potential in
metabolic diseases. Mol. Metab. 46, 101109 (2021).

Article https://doi.org/10.1038/s41467-024-51005-5

Nature Communications |         (2024) 15:7162 7

https://doi.org/10.1038/s41366-024-01473-y
https://doi.org/10.1038/s41366-024-01473-y


42. Bradey, D., Grapputo, A., Romoli, O. & Sandrelli, F. Insect cecropins,
antimicrobial peptides with potential therapeutic applications. Int.
J. Mol. Sci. 20, 5862 (2019).

43. Plutschack, M. B., Pieber, B., Gilmore, K. & Seeberger, P. H. The
Hitchhiker’s guide to flow chemistry. Chem. Rev. 117, 11796–11893
(2017).

44. Buglioni, L., Raymenants, F., Slattery, A., Zondag, S. D. A. & Noël, T.
Technological innovations in photochemistry for organic synthesis:
flow chemistry, high-throughput experimentation, scale-up, and
photoelectrochemistry. Chem. Rev. 122, 2752–2906 (2022).

45. Østergaard, S. et al. The effect of fatty diacid acylation of human
PYY3-36 on Y2 receptor potency and half-life in minipigs. Sci. Rep.
11, 21179 (2021).

Acknowledgements
The authors would like to acknowledge and thank Dr. Simon Kamenov
Gammelgaard, Dr. Tine N. Vinther, and Dr. Uwe Möeginger for their
valuable (LC)MS support throughout these studies. The authors would
like to particularly thankDr. Carsten Jensen, Dr.Mette I. Rosenbaum, and
Hanne Olsen for their insightful technical assistance. Furthermore, we
thank Dr. Thomas Eiland Nielsen, Dr. Lars Linderoth, Dr. Andreas Vegge,
Dr. Per Vedsø, Dr. Sebastian Thordal le Quement, Dr. Sebastian Brandes,
and Dr. Rune Severinsen from Novo Nordisk for providing the resources
and support for this work.

Author contributions
D.H., S.C.W., A.M., M.R.H., F.W., K.S.H, W.F.J.H., B.M.W., and A.R.M. per-
formed and analyzed the experiments. M.R.H., D.H., K.S.H., F.W., N.C.,
andW.F.J.H. designed theexperiments.M.R.H. conceived theproject and
drafted the manuscript with the help of D.H., F. W., K.S.H., W.F.J.H., and
B.M.W. N.B.H. performed experiments supporting continuous-flow pho-
tochemistry. F.M. supported the design and analysis of the PYY purifica-
tion. S.M. conducted experiments and analyzed data for the human
PYYR2 cellular assay. All authors reviewed and edited the manuscript.

Competing interests
All authors except S. C. W. are employees and minor shareholders of
Novo Nordisk A/S. D.H., F.W., W.F.J.H., S.C.W., B.M.W., N.C., A.R.M.,

M.R.H are co-inventors of a patent application (WO23105074A1)
describing photochemically enabled amidations.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-51005-5.

Correspondence and requests for materials should be addressed to
Michael R. Harris.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-51005-5

Nature Communications |         (2024) 15:7162 8

https://doi.org/10.1038/s41467-024-51005-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Photochemically-enabled, post-translational production of C-terminal amides
	Results
	Methods
	Screening-scale reaction procedure for photochemical C-terminal amidation
	C-terminal Cys conjugation to photo labile reagent
	Photochemical conversion to C-terminal N-vinyl amide
	Acidolysis of N-vinyl amide to C-terminal amide product
	N-vinyl amide removal using inverse-electron demand Diels-Alder (IEDDA)
	Analysis of conversion by UPLC-MS


	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




