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& Protein Modifications

Chemical Modification of Dehydrated Amino Acids in Natural
Antimicrobial Peptides by Photoredox Catalysis

A. Dowine de Bruijn and Gerard Roelfes*[a]

Abstract: Dehydroalanine (Dha) and dehydrobutyrine

(Dhb) are remarkably versatile non-canonical amino
acids often found in antimicrobial peptides. This work

presents the selective modification of Dha and Dhb in
antimicrobial peptides through photocatalytic activation

of organoborates under the influence of visible light.

Ir(dF(CF3)ppy)2(dtbbpy)PF6 was used as a photoredox cata-
lyst in aqueous solutions for the modification of thiostrep-
ton and nisin. The mild conditions and high selectivity for
the dehydrated residues show that photoredox catalysis is

a promising tool for the modification of peptide-derived
natural products.

Site-selective modification of peptide-derived natural products
is a promising strategy to obtain new therapeutics. However,

potentially interesting targets are often products of sophisti-
cated biological post-translational machineries, and therefore

difficult to modify by means of common bio-orthogonal
chemistry[1] or bio-engineering approaches.[2] Many of these
structures contain unique non-canonical amino acids, which

are attractive targets for late-stage chemical modification. Par-
ticularly interesting residues are dehydroalanine (Dha) and de-
hydrobutyrine (Dhb). These are commonly found in ribosomal-
ly synthesized and post-translationally modified peptides

(RiPPs), such as the lanthi- and thiopeptides, which are of inter-

est due to their antimicrobial activity.[3] The unique orthogonal
reactivity of the double bond in these dehydrated amino acids
is used by nature to introduce, for example, lanthionine rings
and piperidine moieties. It has been shown that residual dehy-

drated residues can undergo a variety of chemical modifica-
tions;[4] however, catalytic strategies are scarce. Catalytic activa-

tion of an unreactive precursor could provide new strategies
for modification of the complex peptides under mild condi-

tions. Here, we present the selective late-stage modification of

Dha and Dhb in antimicrobial peptides by photocatalysis,
using trifluoroborate salts as radical precursors.

In recent years, photoredox catalysis has emerged as a mild
method for visible-light-induced activation of small mole-

cules.[5] Furthermore, photocatalysis is compatible with pep-

tides and proteins, as was shown in the photocatalytic induced
formation of peptide macrocycles,[6] site-selective modification

of cysteine in peptides,[7] trifluoromethylation of peptides,[8]

and decarboxylative alkylation of proteins.[9] Typically, cyclome-

talated polypyridyl iridium complexes or bipyridyl ruthenium
complexes generate organic radicals by oxidative or reductive

quenching of their excited states. Precursors like organobo-

rates, which are harmless and air- and moisture-stable com-
pounds, are known to generate carbon-centered radicals upon

oxidation by an excited photocatalyst. These radicals react
readily with electron-deficient alkenes.[10] Considering the elec-

tron-deficient character of Dha, together with the orthogonal
reactivity of organoborates, and the mild conditions of visible-
light irradiation, we envisioned this method could be em-

ployed for photocatalytic modification of Dha and Dhb in nat-
ural antimicrobial peptides (see Scheme 1).

Initial studies focused on the photocatalytic modification of
the Dha monomer (1 a) with potassium (p-methoxyphenoxy)-
methyl-trifluoroborate (2 a) (see Table 1). Different commonly

used photocatalysts like Ir(ppy)2(dtbbpy)PF6 (5),
Ir(dF(CF3)ppy)2(dtbbpy)PF6 (6), and Ru(bpy)3Cl2 (7) were evalu-

ated for this reaction in aqueous solution mixed with various
amounts of organic co-solvent under the influence of blue
light (LED 410 nm) for 16 h at room temperature. Catalysts 5
and 6 were found to be insoluble in most of the aqueous mix-
tures (Table S1, Supporting Information), resulting in precipita-

tion of the catalyst and therewith no formation of product 3 a
was obtained (Table 1, entries 1 and 2). Photocatalyst 7 is
water soluble, but no product formation was observed either
(entry 3). Only in the case of 50 % acetone (aq), 50 % 1,4-dioxa-

Scheme 1. Chemical modification of Dha and Dhb in peptides by photore-
dox catalysis.
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ne (aq) and 100 % DMF with catalyst 6 conversion to 3 a was
obtained (entries 4–6). In the case of the Dhb monomer (1 b),

the corresponding product 4 a was obtained (entry 6). Control
reactions in which the reaction was performed in the dark,

without catalyst, or with addition of radical scavenger TEMPO,

resulted in no conversion, indicating the organoborate is
indeed converted into a radical species by means of photore-
dox catalysis (entries 8–10).

The photocatalytic reaction was then tested on Dha and

Dhb in a peptide. The antimicrobial peptide thiostrepton is a
hydrophobic thiopeptide, soluble in apolar solvents like chloro-

form, 1,4-dioxane, and DMF, which is comparable with the con-
ditions found in the screening. Thiostrepton was therefore
mixed with 2 a (6 equiv, 1.5 equiv per dehydrated amino acid),

and 10 mol % 6 in aqueous 1,4-dioxane (9:1 (v/v)). The pres-
ence of water was required to fully dissolve the trifluoroborate

salt. The reaction mixture was irradiated with blue LEDs for
one hour, after which an aliquot of the reaction was analyzed

by LC/MS. Single- and double-modified thiostrepton were ob-

served as main products. Extension of the irradiation time by
another two hours gave rise to triple- and quadruple modifica-

tion of the peptide, which corresponds to the total number of
dehydrated amino acids present.

The scope of the reaction was investigated by varying the
trifluoroborate salts. It was found that the reaction is signifi-

cantly affected by the substituents present on the aryl ring of
the substrate (see Figure 1). Electron-donating groups result in

(almost) full conversion of the starting material (8 a–c), whereas
fewer electron-donating groups on the aryl ring slows down

the reaction, resulting in mostly single modification and re-

maining starting material (8 d–f). This might be due to the nu-
cleophilicity of the generated radicals, or the difference in elec-

trochemical potential to generate radicals from the trifluorobo-
rate salts. Moreover, the oxygen next to the carbon-centered
radical turned out to have a beneficial effect on the reaction.
By using substrates that lack the heteroatom, the reaction was
much slower (8 g), resulting in no conversion (8 h) or in degra-

dation of the peptide. In the absence of the aryl moiety, only
degradation products were obtained (Table S2, Supporting In-

formation).
To determine the site of modification, single-modified thio-

strepton product 8 c was purified by rp-HPLC, and studied by
1H-NMR. The two peaks indicated with the blue star in the LC

chromatogram (Figure 2 a) were established to be two diaster-

iomers of modification at the same position of the peptide,
which could be separated by rp-HPLC (Figure 2 b). Comparison

of the 1H-NMR spectrum of purified 8 c with the 1H-NMR spec-
trum of unmodified thiostrepton shows the disappearance of

two singlets at 6.73 and 5.50 ppm and a shift of the singlets at
6.63 and 5.38 ppm (Figure 2 c). These four signals correspond

Table 1. Results of photocatalytic reaction of Dha monomer with 2 a.

Entry Substrate Co-solvent % H2O Catalyst[c] Yield[a]

1 1 a – 100 5 0
2 1 a – 100 6 0
3 1 a – 100 7 0
4 1 a Acetone 50 6 57 % (41 %)
5 1 a 1,4-Dioxane 50 6 full (64 %)
6 1 a DMF 0 6 56 % (40 %)
7 1 b Acetone 50 6 full (82 %)
8 1 a Methanol 50 6 0
9[b] 1 a Acetone 50 6 0
10[c] 1 a Acetone 50 6 0

Reaction conditions: a mixture of 1 (10 mm), 2 a (20 mm), and photocata-
lyst (2 mol %) dissolved or suspended in the degassed solvent mixture,
and irradiated with blue LEDs for 16 h at room temperature. [a] Conver-
sion and yield determined by 1H-NMR with 20 mm internal standard
1,3,5-trimethoxybenzene. yield in parentheses; [b] reaction performed in
the dark; [c] reaction performed in the presence of TEMPO (10 mm).

Figure 1. Schematic representation of the photocatalytic reaction on thio-
strepton. Dha residues are depicted in red and Dhb residue in orange.
Scope of trifluoroborate salts for photocatalytic modification of thiostrepton,
optimized conditions: thiostrepton (500 mm), trifluoroborate salt (3 mm), and
6 (50 mm) in 400 mL 1,4-dioxane/ water (9:1) irradiated with blue LED
(410 nm) at room temperature for 3 h. Single modification (*), double modi-
fication (**), and triple modification (***) is observed. Conversion (in paren-
theses) is calculated based on integration of the EIC of the corresponding
product divided by the sum of the areas of all compounds, assuming that
ionization is similar for all products, which are structurally very similar.[11]
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to the four b-protons of Dha-16 and Dha-17, the dehydrated
residues in the tail of the peptide. The signals of the other
double bonds in the peptide (i.e. , Dha-3, Dhb-8, piperidine-14,

and quinaldic acid-0) remained unchanged, which indicates
that the peptide is modified at a Dha in the tail. 2D NMR

TOCSY measurements confirmed the modification to be at
Dha-16 (Figure S1 c, Supporting Information). These results

show the photocatalytic modification to be selective for the

dehydrated amino acids. Moreover, the reaction is chemoselec-
tive for Dha-16, which is known to be the most electron defi-

cient dehydrated residue due to it being situated next to a
thiazole ring. Single modification at other positions is observed

in the UPLC chromatogram of the crude reaction mixture (Fig-
ure 2 a), but these products are formed only in low yields, as

can be calculated from the low intensity of the peaks of these
products.

To show the versatility of our approach, the lantipeptide
nisin was subjected to the photoredox catalysis. Nisin is less

hydrophobic than thiostrepton. Hence, the photocatalytic reac-
tion on nisin was performed in 1,4-dioxane or acetone with

50 % water containing 0.1 % AcOH (aq). Nisin was reacted with
2 a (4.5 equiv, 1.5 equiv per dehydrated residue), catalyzed by

10 mol % 6. After irradiation with blue LEDs for 1 h almost full

conversion to triple-modified nisin was obtained, as can be
seen from the MALDI-TOF spectrum (Figure 3 b). Exploration of

the scope of the reaction on nisin showed a similar trend as in
the case of thiostrepton (see Table S3). The best results were

obtained when both the aryl ring as well as the heteroatom
adjacent to the carbon-centered radical are present (9 a–c).
Less donating substituents on the phenyl ring result in lower

conversion and mainly single-modified product (9 b,c). Organo-
borates with less electron-donating substituents like halogens

resulted in no conversion at all (9 d,e). Addition of TEMPO as
radical scavenger gave unmodified starting material, confirm-
ing the involvement of radical species and showing that the

Figure 2. Determination of modification site in thiostrepton; a) UPLC chro-
matogram (280 nm) of crude reaction mixture 8 c : degr. = degraded thio-
strepton due to base-mediated tail cleavage,[12] s.m. = starting material,
* = single-modified thiostrepton, mixture of two diastereomers, ** = double
modified thiostrepton; b) UPLC chromatogram (280 nm) of purified 8 c ;
c) NMR studies on photocatalytically modified thiostrepton (8 c, orange)
compared with unmodified thiostrepton (blue). Zoom in of 5–7 ppm to
show signal shifts of Dha-17 and signal disappearance of Dha-16.

Figure 3. a) Schematic representation of the photocatalytic modification of
nisin; b) MALDI-TOF measurement of the crude product of the photocatalyt-
ic modification of nisin with 2 a I) degraded Nisin(CH2OPhOMe)2 due to
water addition followed by hydrolytic cleavage of the C-terminal region,[13] II)
Nisin(CH2OPhOMe)2, III) Nisin(CH2OPhOMe)3.
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peptide is stable under the conditions of the photocatalytic re-
action.[11c]

To determine the selectivity of the photocatalytic modifica-
tion of nisin, triple-modified product 9 a was studied by NMR

spectroscopy. The 1H-NMR spectrum of this product revealed
that the peaks of Dha-5 (5.35 and 5.48 ppm), Dha-33

(5.60 ppm), and Dhb-2 (6.51 ppm) had disappeared (see Fig-
ure 4 a). Hence, the photocatalytically generated radicals react
selectively with the dehydrated amino acids in the peptide,

yielding an O-phenylhomoserine (OPhHse) residue. To confirm
the presence of this newly formed residue, modified nisin (9 c)

was hydrolyzed in a microwave oven in 6 m HCl (aq) to study
the amino acids present. The hydrolysate was reacted with

Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-l-alanine amide
(FDAA)).[14] Analysis with LC/MS and comparison with FDAA-de-

rivatized OPhHse confirmed the presence of OPhHse in 9 c.
(see Figure 4 b).

In conclusion, we have demonstrated that visible-light-

driven photoredox catalysis is an efficient and mild catalytic
method for the selective late-stage modification of dehydrated

amino acids in antimicrobial peptides. Dha and Dhb react se-
lectively with the carbon-centered radicals generated from or-
ganoborates with only 10 mol % catalyst loading in aqueous
conditions. This study illustrates the potential of photoredox

catalysis for the late-stage modification of complex active natu-
ral products and is therefore a promising tool in the quest for
new antibiotics.

Experimental Section

General procedure of photocatalytic modification of thio-
strepton

Catalysis was performed in dioxane/H2O (9:1) with a final concen-
tration of 500 mm peptide, 2 mm organoborate, and 50 mm catalyst.
A typical catalysis reaction was set up as follows: Thiostrepton
(0.2 mmol in 316 mL dioxane) and 80 mL of a 10 mm organoborate
stock solution (dioxane/H2O 1:1) were combined. 4 mL of 5 mm cat-
alyst stock solution in DMF was added in a Schlenk vial. The mix-
ture was degassed by three repeated freeze–pump–thaw cycles.
The Schlenk was placed under nitrogen atmosphere and exposed
to blue LEDs for 3 h at room temperature. The reaction mixture
was analyzed by UPLC/MS TQD directly.
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