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/Abstract: Dehydroalanine (Dha) residues are attractive non-
canonical amino acids that occur naturally in ribosomally
synthesised and post-translationally modified peptides
(RiPPs). Dha residues are attractive targets for selective late-
stage modification of these complex biomolecules. In this
work, we show the selective photocatalytic modification of
dehydroalanine residues in the antimicrobial peptide nisin
and in the proteins small ubiquitin-like modifier (SUMO) and
superfolder green fluorescent protein (sfGFP). For this pur-
pose, a new water-soluble iridium(lll) photoredox catalyst
was used. The design and synthesis of this new photocata-

-

lyst, [Ir(dF(CF5)ppy),(dNMe;bpy)ICl;, is presented. In contrast\
to commonly used iridium photocatalysts, this complex is
highly water soluble and allows peptides and proteins to be
modified in water and aqueous solvents under physiological-
ly relevant conditions, with short reaction times and with
low reagent and catalyst loadings. This work suggests that
photoredox catalysis using this newly designed catalyst is a
promising strategy to modify dehydroalanine-containing
natural products and thus could have great potential for
novel bioconjugation strategies.

/

Introduction

Peptides and proteins are valuable for therapeutic intervention
and research tools alike."*¥ However, they rarely display all the
desirable features for “unnatural” applications. For example,
properties like activity, stability, and solubility are often not op-
timal for the desired application. Late-stage, site-selective
chemical modification of peptides and proteins is a way to
fine-tune the properties of biologics. However, this is challeng-
ing due to the large diversity of functionalities present in side
chains of amino acids of which these peptides and proteins
are comprised.

Dehydrated amino acid residues are targets for bio-orthogo-
nal modifications, as the electron-deficient carbon-carbon
double bond of these noncanonical amino acids shows unique
electrophilic reactivity.”’ Dehydroamino acids naturally occur in
many ribosomally synthesised and post-translationally modi-
fied peptides (RiPPs), which are of interest because of their an-
tibiotic activity.®” There, dehydroalanine (Dha) and dehydro-
butyrine (Dhb) result from the post-translational enzymatic de-
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hydration of serine (Ser) and threonine (Thr), respectively.”!

Moreover, Dha can also be easily introduced synthetically in
proteins through a bis-alkylation-elimination reaction of cys-
teine (Cys).”®

The unique reactivity of dehydrated amino acids allows for a
plethora of reactions to modify these residues. 1,3-Dipolar cy-
cloadditions, cross-couplings,!®'" cyclopropanations,”? Diels—
Alder reactions,"® hydrogenations,"¥ Michael additions,®'>??
radical carbon-carbon bond formations® and amidations,?
have been developed to modify these unique noncanonical
residues.

Recently, a number of photocatalytic methods for the modi-
fication of peptides have been developed.”>>? Our group and
others have reported photoredox catalysis for the modification
of Dha**" We used the well-known iridium photocatalyst
[Ir(dF(CF;)ppy),(dtbbpy)]IPF, and RBF;K salts as radical precur-
sors to achieve efficient modification of Dha in thiostrepton, a
RiPP from the thiopeptide family, and nisin, a lanthipeptide.
However, both the catalyst and the radical precursor require
significant amounts of organic co-solvent, thus limiting the
scope of peptides and proteins that can be modified.

Inspired by the photocatalytic radical alkylation of electro-
philic olefins using zinc sulfinates developed by Gualandi and
co-workers,“? we considered these water-soluble zinc benzyl-
sulfinates as attractive modification reagents. Aiming for a gen-
eral method to modify dehydrated amino acids in both pep-
tides and proteins, we report herein a novel designed water-
soluble iridium(ll) photoredox catalyst
[Ir(dF(CF;)ppy),(dNMe;bpy)ICl; that catalyses the benzylation of
Dha residues in the antimicrobial peptide nisin and several
proteins in aqueous solutions by using a variety of zinc benzyl-
sulfinates as reagents.
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Results and Discussion

Initial studies were focused on the choice of a water-soluble
photoredox catalyst. Organometallic complexes have been
used and studied most as photoredox catalysts, as their physi-
cal and photophysical properties are easily tuneable.”’ Howev-
er, recently, organic dyes have drawn much attention as they
are cheaper and more abundant, even though that they are
more difficult to tune.* Therefore, we decided to use the
commercially available organic dye riboflavin, which is often
used as water-soluble photoredox catalyst.*%*~

However, as organometallic Ir complexes are generally more
powerful photocatalysts, we also decided to investigate a
water-soluble Ir complex. A heteroleptic Ir"" photoredox cata-
lyst was chosen for this design, because its redox events take
place in different areas of the molecule and can therefore be
tuned separately (Figure 1). Therefore, we hypothesised that
the dative ligand of 1 (i.e., dtbbpy) could be exchanged with a
water-soluble variant to increase the water-solubility of the
complex (Figure 1). Furthermore, the use of chloride or bro-
mide as counter-ion instead of acquiring the complex as PFg
salt is expected to further enhance the water-solubility of the
organometallic complex.

Initially, a similar approach as Li etal. was used to design
and synthesise a glucose-decorated iridium(lll) photoredox cat-
alyst, but in this case containing the fluorinated dF(CF;)ppy cy-
clometallated ligands (S1.12-51.15 in the Supporting Informa-

Figure 1. Schematic representation of a common commercially available
photoredox catalyst [Ir(dF(CF;)ppy),(dtbbpy)IPF, (1) and a designed, charged
Ir" photoredox catalyst [Ir(dF(CF3)ppy),(dNMe;bpy)ICl; (2).

tion).®™ However, dissolving this catalyst in ethanol and subse-

quent diluting the mixture with water, caused the complex to
precipitate immediately. Apparently, the glucose moieties are
not enough to overcome the hydrophobicity of the dF(CF;)ppy
ligands. Therefore, this complex could not be further investi-
gated and we designed another water-soluble photoredox cat-
alyst 2 based on Ir" as core element (Figure 1).

Inspired by Macmillan et al., who designed a carboxylate-
containing iridium(lll) photoredox catalyst, we also introduced
charges to generate hydrophilic groups.®" In our design, the
dative ligand of the Ir'" complex is equipped with two perma-
nently charged hydrophilic moieties over all pH ranges. The
tert-butyl groups on the dative ligand were replaced with qua-
ternary ammonium groups.

Synthesis of 2 was envisioned from a known iridium dimer
intermediate (3) following procedures described by Singh
et al.?? and Tellis et al.”® Synthesis of catalyst 2 was achieved
by refluxing iridium dimer 3 with the bipyridine ligand, 4,4"-
bis(trimethylammoniummethyl)-2,2'-bipyridine (4; Scheme 1).
This ligand was synthesised in three steps from 4,4’-bis(me-
thoxycarbonyl)-2,2'-bipyridine (5). Reduction of ester 5 with
NaBH, gave 4,4'-bis(hydroxymethyl)-2,2"-bipyridine (6).** Sub-
stitution of the hydroxy groups with hydrogen bromide yield-
ed 4,4-bis(bromomethyl)-2,2"-bipyridine (7).** Subsequent nu-
cleophilic substitution with trimethylamine gave 4.5 Reaction
of ligand 4 with iridium dimer 3 gave complex 2 as a mixture
with both chloride and bromide counter-ions. lon-exchange
chromatography provided the organometallic complex as the
pure chloride salt. Iridium(lll) complex 2 proved to be water-
soluble and stock solutions of 1 mm in pure water could easily
be prepared.

Next, the catalytic activity of 2 in water was investigated
and compared to the water-soluble organic dye riboflavin
using a protected Dha substrate 8 (Figure 2). Addition of either
2 mol % iridium(lll) catalyst 2 or riboflavin and irradiation for 3
hours resulted in almost full conversion of Dha 8 into the ho-
mophenylalanine product 9, both at pH 4 (0.1% AcOH in H,0)
and pH 7 (50 mm PBS), as determined by UPLC/MS TQD. Ab-
sence of photocatalyst, performance of the reactions without
irradiation, and addition of TEMPO to the reaction mixture, to

o
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Scheme 1. Synthesis of permanently charged iridium(lll) photoredox catalyst 2.
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Figure 2. Comparison of the photocatalytic activity of 2 with riboflavin in the photoredox-catalysed modification of Dha 8 with zinc benzylsulfinate in various
aqueous media. a) General reaction scheme for nisin. b) Extracted ion chromatograms (EICs) of 8 [M+H]* =144 Da (blue), homophenylalanine 9

[M+H]" =236 Da (red) and sulfonylated product 10 [M+H]" =300 Da (black) from the crude reaction mixture catalysed with I: 2 for 3 h at pH 7 (50 mm
PBS), Il: 2 for 3 h at pH 4 (0.1% AcOH in H,0), llI: riboflavin for 3 h at pH 7 (50 mm PBS) and IV: riboflavin for 3 h at pH 4 (0.1% AcOH in H,0).

trap formed radicals, all resulted in the recovery of 8 and for-
mation of 10, while no generation of 9 was detected (S1.21 in
the Supporting Information). This proves that the presence of
photoredox catalyst combined with blue LED light irradiation
is required to induce catalysis through a single-electron-trans-
fer (SET) reaction and accomplish the photoredox catalysed
benzylation to give product 9. Moreover, it shows that sulfony-
lation, giving rise to product 10, is not a photocatalysed pro-
cess and proceeds significantly slower than the photocatalytic
benzylation.

The reaction was performed at preparative scale (50 mg 8),
using higher concentrations of catalyst and substrates. Product
9 was obtained with an isolated yield of 27 %, indicating that
photoredox catalysis is possible at larger scale, but more effi-
cient at a lower concentration. Tentatively, this is related to the
formation of insoluble zinc salts during the reaction, which
reduce the efficiency of irradiation.

Having established the photoredox catalysed modification
of 8 in aqueous conditions, iridium(lll) complex 2 and ribofla-
vin were subsequently evaluated as catalysts for the modifica-
tion of the lanthipeptide nisin (Figure 3a). Nisin is an antimi-
crobial peptide containing three naturally occurring dehydroa-
mino acids: Dhb-2, Dha-5, and Dha-33, making this peptide a
suitable and attractive candidate for modification. Reactions
were performed in 0.1% AcOH in H,O at pH 4, as nisin has
proven to be more stable at acidic conditions.”® Initial treat-
ment of the peptide with 9 equivalents zinc benzylsulfinate,
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which amounts to 3 equivalents per dehydrated amino acid,
10 mol% 2 or riboflavin, and irradiation for 3 hours with
407.5 nm light resulted in a significant conversion of nisin into
its modified variants, as determined by MALDI-TOF mass spec-
trometry (Figure 3b and c). Reaction with catalyst 2 resulted in
almost complete conversion of nisin into the singly and
doubly modified peptide (Figure 3b). Reaction of nisin cata-
lysed by riboflavin showed a larger amount of unmodified
nisin compared to the reaction catalysed by 2 (Figure 3b and
¢), while mainly singly modified nisin and a negligible amount
of doubly modified peptide was observed (Figure 3c¢). Hence,
both water-soluble photoredox catalysts are able to modify de-
hydroamino acids in the lanthipeptide nisin in aqueous acidic
medium, but the designed iridium catalyst 2 is more active
than riboflavin. Note, besides peaks corresponding to the
modified nisin species, additional peaks are observed in the
MALDI-TOF spectra. These peaks result from a commonly ob-
served water addition to the double bond of Dha and
Dhb.®”*¥ Increased number of modifications and a decreased
quantity of unmodified nisin upon increased catalyst loadings
and irradiation times were observed for both catalysts (Fig-
ure 3d and e). Excess zinc benzylsulfinate (36 or 54 equiv) in
combination with 10 or 20 mol % iridium catalyst 2 resulted in
increased amounts of triply modified nisin, up to 20-30%. Fur-
ther increase of catalyst or reagent loadings resulted in forma-
tion of a turbid suspension, which decreased the efficiency of
photoredox catalysis and resulted in irreproducible results.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Photoredox catalysed benzylation reaction on nisin. a) General reaction scheme for nisin. MALDI-TOF spectra of the reaction on nisin using

b) 10 mol% 2 with irradiation for 3 h and c) 10 mol % riboflavin with irradiation for 3 h. d) Reaction condition screening with 2, bar charts represent the
amount of (un)modified nisin detected for different loadings of 2, different irradiation times and for the control reactions. e) Reaction condition screening
with riboflavin, bar charts represent the amount of (un)modified nisin detected for different riboflavin loadings, different irradiation times and for the control
reactions. N=unmodified, N* = singly modified, N** = doubly modified and N*** =triply modified nisin. Yields are based on the peak area obtained from
MALDI-TOF mass spectrometry of the corresponding product divided by the sum of the areas of all compounds, assuming that ionisation is similar for all
products, which are structurally very similar.""** Water adducts are included in the yields of the respective (un)modified nisin peptides.

Control reactions, in which the photoredox catalyst, irradiation,  2,4-dinitrophenyl-5-L-alanine amide (FDAA)) under basic condi-
or both were omitted from the reaction, resulted in no signifi-  tions. If photoredox catalysed modification occurs chemoselec-
cant reaction, which demonstrates that a combination of pho-  tively at a Dha residue, FDAA-derivatised homophenylalanine
toredox catalyst and irradiation with 407.5 nm light is required ~ (FDAA-HomoPhe) should be detectable in the peptide hydroly-
for the desired reaction to take place. sate. Analysis of the yellow mixture of FDAA-derivatised amino

Chemoselectivity of the reaction at the dehydroamino acid  acids with UPLC/MS TQD at 340 nm using a non-chiral column
residues was determined by using Marfey's method.”” This  showed the presence of both FDAA-L,.-HomoPhe and FDAA-
method was originally developed to quantitatively determine  p,.-HomoPhe at 13.2 and 14.8 minutes, respectively (Figure 4).
p-amino acids in protein hydrolysates by preparing diastereo-  This shows that the photoredox catalysed reaction takes place
mers of amino acids and has been used previously to prove  chemoselectively at the dehydrated amino acids. Detection of
the selectivity of modification reactions in lanthipeptides.""“*¢"  both Marfey-derivatised p- and L-HomoPhe indicates that the
Peptide reaction mixtures were hydrolysed in a microwave in  reaction is not enantioselective, as expected for these radical
6M HCl (aq.), concentrated to dryness, and the individual reactions. No FDAA-derivatised modified Dhb was detected
amino acids were derivatised with Marfey’s reagent (1-fluoro-  under the reaction conditions used, indicating that the Dha

Chem. Eur. J. 2021, 27, 1430 - 1437 www.chemeurj.org 1433 © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Analysis of the chemoselectivity of photoredox-catalysed modified nisin by using Marfey’s method. UV trace (340 nm) of modified nisin hydrolysate
generated by a reaction with a) 9 equiv zinc benzylsulfinate and 10 mol % 2, with irradiation for 3 h and b) 9 equiv zinc benzylsulfinate and 10 mol % ribofla-
vin, with irradiation for 3 h. EICs of [M+H]" =432 Da, corresponding to Marfey-derivatised p- and L-HomoPhe; reaction catalysed by c) 2 and d) riboflavin.

residues are more reactive than Dhb, presumably as Dha’s are
less sterically hindered. In agreement with the MALDI-TOF
mass spectrometry results, comparison of reactions catalysed
by 2 and riboflavin (Figure 4a and b) show a significantly in-
creased amount of FDAA-HomoPhe for 2, which further dem-
onstrates the higher activity of 2 over riboflavin in this trans-
formation.

'H NMR studies were performed to study the site selectivity
of the reaction. Appearance of a multiplet around 7.4 ppm
demonstrated the presence of an aromatic ring, consistent
with the addition of the benzyl-group, both in the reaction cat-
alysed by 2 and riboflavin (Figure 5 and S3.6 in the Supporting
Information). Comparison of the areas under the distinct dehy-
droamino acid peaks between 5 and 7 ppm were used as mea-
sure for the site-specificity of the reaction. According to Mar-
fey’s analysis, Dhb residues were not reactive in this transfor-
mation and therefore the integral of Dhb-2 (6 =6.65 ppm)®?
could be set to 1. The decreased intensity of the integrals of
the Dha residues (Dha-33, 6 =5.77 ppm; Dha-5, 6 =5.47 and
5.59 ppm)®? shows that the reaction takes place at Dha, but
that there is no substantial difference that suggests a prefer-
ence for one of the two Dha’s present.

The scope was investigated by the use of zinc benzylsulfi-
nates with a variety of electron-withdrawing and electron-do-
nating substituents in the para position. Various side chains
(tolyl, 4-fluorobenzyl, and 4-trifluoromethylbenzyl) were intro-
duced in nisin via this photoredox catalysed reaction
(Figure 6). Successful addition was achieved for all p-substitut-

Chem. Eur. J. 2021, 27, 1430- 1437 www.chemeurj.org
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ed zinc benzylsulfinates with only 10 mol% 2 and irradiation
for 3 hours, as determined by MALDI-TOF mass spectrometry
(S3.7 in the Supporting Information). A decreased number of
modifications and a less clean reaction was observed in case of
the strong electron-withdrawing substituent CF,. This substitu-

.. Dha-33

nisin
Dhb-2 Dha-5
M Jk Ju
1.00 1.90 1.00 1.00

Ir-catalyseci
modified nisin

/‘n\ A

0.33 0.33 0.32

1.00 0.43 0.36 0.34

7.0 68 6.6 64 62 6.0 58 56 54 5.2
ppm

Figure 5. '"H NMR studies to analyse the site selectivity of the photoredox-
catalysed modification of nisin with 9 equiv zinc benzylsulfinate and 5 mol %
2 or 10 mol % riboflavin an irradiation for 6 h. Comparison of unmodified
nisin (black) with Ir-catalysed modified nisin (red) and riboflavin-catalysed
modified nisin (blue). Chemical shifts of dehydroamino acids: 0 =5.47 (s, 1H,
Dha-5), 5.59 (s, 1H, Dha-5), 5.77 (d, 2H, Dha-33) and 6.65 ppm (g, 1H, Dhb-
2).[62]
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The generality of the photoredox catalysed benzylation was
investigated by using the reaction for protein modification. As
substrate, a 12.5 kDa small ubiquitin-like modifier (SUMO) pro-
tein was used. Two SUMO proteins with Cys residues at differ-
ent positions were expressed and purified. SUMO_G98C con-
tains a Cys residue near the Cterminus to minimise steric ef-
fects and SUMO_M60C contains a Cys residue in one of the
solvent exposed loops. Quantitative conversion of both Cys
residues was achieved chemically, using the bis-alkylation-elim-
ination reaction with 2,5-dibromohexanediamide.”! The pres-
ence of Dha-containing protein was confirmed by UPLC/MS
TQD analysis (S4.2 in the Supporting Information). Additionally,
as thiols readily react with the electrophilic Dha residues, addi-
tional evidence of the presence of Dha in SUMO was obtained
by thiol Michael addition (S4.3 in the Supporting Information).
Treatment of both Dha-containing SUMO proteins with
50 equivalents zinc benzylsulfinate, 25 mol% 2, and irradiation
for 1 hour (Figure 7a and S4.4 in the Supporting Information)
showed full conversion for both proteins and formation of the
benzylated protein as only detectable product as determined

N**: +330 (2%)
by UPLC/MS TQD and subsequent deconvolution (Figure 7b

and S4.4 in the Supporting Information). This shows that both
low reagent and low catalyst loadings are achieved for the
modification of the SUMO proteins using water-soluble iridiu-
m(lll) catalyst 2. Modification of Dha-containing SUMO proteins
using riboflavin as water-soluble catalyst, resulted in formation
of unknown by-product (54.5 in the Supporting Information).
Furthermore, solubility and efficiency of photoredox catalyst 2
at basic pH (50 mm PBS, pH 8) was confirmed by successful
conversion of SUMO_M60Dha into its HomoPhe-derivative
(S4.5 in the Supporting Information).

Furthermore, to investigate the generality of this approach,
a larger protein, that is, superfolder green fluorescent protein
(sfGFP), was used as substrate. A 30.8 kDa sfGFP protein was
expressed and purified with a Cys residue near the C terminus

50eq ©\/('S? Zn
o)

2
/ 25 mol% Ir-photocatalyst
2% DMSO

50 mM NaH,POy,
150 mM NaCl, pH =7

Figure 6. Scope of zinc benzylsulfinates in the photoredox-catalysed modifi-
cation of nisin. Unmodified (N), singly modified (N*), doubly modified (N*¥),
and triply modified (N***) nisin are observed. The relative yield is displayed
in parentheses. This is based on the peak area obtained from MALDI-TOF
mass spectrometry of the corresponding product divided by the sum of the
areas of all compounds, assuming that ionisation is similar for all products,
which are structurally very similar.""** Note: the various zinc benzylsulfi-
nates used for this modification were not purified and obtained as a mixture
with the corresponding sulfone. Therefore, not many structure-reactivity re-
lationships can be drawn from these results.

ent tentatively destabilises the generated nucleophilic benzylic
radical. Nevertheless, using this method, it is shown to be pos-
sible to introduce a variety of benzyl groups to the Dha resi-
dues in nisin.

blue LED,1 hr
SUMO_G98Dha SUMO_G98HomoPhe
calculated mass = 12516 calculated mass = 12608

b) SUMO_G98HomoPhe
Mcalc = 12608

Mobs= 12608

12608
500 1500 10000 15000
mass (m/z) mass (Da)

Figure 7. Photoredox-catalysed benzylation of SUMO containing a chemically introduced Dha residue. a) General reaction scheme of photoredox catalysis on
SUMO_G98Dha. b) UPLC/MS TQD spectrum of SUMO_G98HomoPhe and deconvoluted spectrum.
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Figure 8. Photoredox-catalysed benzylation on sfGFP containing a chemically introduced Dha residue. a) General reaction scheme of photoredox catalysis on
sfGFP_L272Dha. b) UPLC/MS TQD spectrum of sfGFP_L272HomoPhe and deconvoluted spectrum.

to minimise steric effects (sSfGFP_L272C). Quantitative conver-
sion of Cys at position 272 was achieved with 2,5-dibromohex-
anediamide in a bis-alkylation-elimination reaction (55.2 and
S$5.3 in the Supporting Information).”® Initial combination of
25 or 50 mol% 2 with 50 or 100 equivalents zinc benzylsulfi-
nate and irradiation for 15 min without stirring (to prevent me-
chanical degradation) was insufficient to achieve a significant
conversion of Dha to HomoPhe. Ultimately, treatment of
sfGFP_L272Dha with 100 equivalents zinc benzylsulfinate,
100 mol% 2, and irradiation for 15 min without stirring (Fig-
ure 8a) showed conversion of the Dha-containing protein into
a HomoPhe-derivative (Figure 8b). Emission spectra, emission
quantum yield, and emission lifetime of sfGFP_L272HomoPhe
are indistinguishable from sfGFP_L272Dha, which indicates
that the excited state properties of sfGFP_L272HomoPhe are
not affected by the modification (supporting information S5.6).

The combined results shows that the newly designed water-
soluble iridium(ll) photoredox catalyst
[Ir(dF(CF3)ppy),dNMesbpy)ICl; can be used for bio-orthogonal
modification of dehydroalanines in peptides, such as the anti-
microbial peptide nisin, and proteins, as demonstrated for
SUMO and sfGFP. In comparison with water-soluble riboflavin,
the newly designed catalyst 2 shows better activity for the
modification of nisin, SUMO, and sfGFP (Figure 3d-e, S4.5, and
S5.5 in the Supporting Information), and less by-product for-
mation in the modification of SUMO at pH 7 (54.5 in the Sup-
porting Information). In comparison with commercially avail-
able [Ir(dF(CF;)ppy),(dtbbpy)IPF,, the water-solubility of photo-
redox catalyst 2 allows modification of peptides and proteins
in aqueous medium. Photoredox catalyst 2 allows modification
of peptides and proteins under physiologically relevant condi-
tions at a broad pH range, while maintaining the high activity
of iridium(lll) complexes.

Conclusions

In conclusion, we have designed and synthesised a new water-
soluble iridium(llI) photoredox catalyst
[Ir(dF(CF;)ppy),(dNMe;bpy)]Cl;. It was demonstrated that this
novel designed catalyst is promising for the chemo- and site-
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1436

selective late-stage bio-orthogonal modification of the nonca-
nonical amino acid Dha in peptides and proteins in aqueous
solvents under physiologically relevant conditions over a broad
pH range. Dha reacts selectively with the radical precursor zinc
benzylsulfinate in the presence of low catalyst loadings in a
short reaction time. Even though that the reaction is not ste-
reoselective, it could have great potential for novel bioconju-
gation strategies. This research shows the potential of this
water-soluble iridium(llll)complex in photoredox-catalysed bio-
orthogonal late-stage modification of complex peptides and
proteins in water and aqueous solutions.
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