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ABSTRACT: Bioorthogonal derivatization of peptides and proteins enables investigations into their biological function and allows
for exploitation of their therapeutic potential, among other varied deliverables. Herein, we describe a marine halogenating enzyme-
assisted bioconjugation strategy in which an N-terminal leader peptide guides bromination of a C-terminal Trp residue in genetically
encoded peptides and proteins, setting up further Trp arylation by Suzuki−Miyaura reactions. The bromination and subsequent
cross-coupling reactions are residue-specific and regiospecific for the indole-6 position, occur under mild aqueous conditions, and do
not require any modification of other Trp residues in the substrate peptide and/or protein. Workflows described herein demonstrate
the applicability of halogenating enzymes in bioorthogonal conjugation chemistry.

Suzuki−Miyaura cross-coupling is a universal palladium-
assisted carbon−carbon bond-forming reaction typically

involving aryl halides and organoboron substrates that enables
the bioorthogonal derivatization of peptides and proteins.1−3

With an inventory of organoboron reaction partners already
available,4 the key consideration is the preparation of the
peptidic aryl halides. Reported strategies for introducing
halogens into peptides and proteins include expanding the
genetic code to incorporate amino acids with halogenated side
chains,5,6 post-translational chemical modifications such as the
alkylation of cysteine side chains to generate aryl halide
thioethers,7,8 and chemical synthesis of the peptidic substrates
with preinstalled halogen handles.9,10 For short synthetic
peptides,11 enzymatic halogenation of indolic and phenolic
rings sets up subsequent derivatization via Suzuki−Miyaura
coupling.12,13 However, enzymatic halogenation of genetically
encoded peptides and proteins has been out of reach as the
repertoire of enzymes that halogenate peptidic substrates is
limited.
Biocatalytic halogenation is rooted in natural product

biosynthetic enzymology.14 The flavin-dependent halogenase
MibH that is involved in the biosynthesis of the ribosomally
synthesized and post-translationally modified lanthipeptide
antibiotic NAI-107 is a regiospecific tryptophan side chain
chlorinase.15 MibH is substrate selective; MibH chlorinated
the Trp side chain indole only when all other post-translational
modifications had been installed upon the NAI-107 precursor
peptide, MibA, including the proteolytic removal of the
modified core region from the MibA leader (Figure 1A).
We recently described a peptide brominase, SrpI, encoded in

the microbiomes of marine sponges.16 The likely physiological
substrate for the SrpI was the SrpE peptide in which the three
Cys residues in the SrpE core, -LCCCW, were modified into
thiazoline rings by the YcaO cyclodehydratase SrpC (Figure
1B). Preparation of the post-translationally modified SrpI
substrate, and its derivatives, was hampered by the poor
activity and strict substrate selectivity of the SrpC. Recombi-

nant SrpC was not amenable to purification, and co-expression
of srpC and srpE genes in Escherichia coli yielded a mixture of
partially modified SrpE products. This observation in turn
precluded the in vitro activity reconstitution of SrpI, evaluation
of its the substrate scope, querying whether the activity of SrpI
was dependent on the SrpE leader, and realizing the potential
of SrpI as a general-purpose biocatalyst for peptide and protein
halogenation.
To address the challenge of the preparation of the

physiological substrate for SrpI, we turned to the substrate
promiscuous YcaO cyclodehydratase/azoline oxidase pair
MprC/MprD that we had described for installing azol(in)e
heterocycles into 10 different MprE substrate peptides (Figure
1B and Figure S1).17 MprE and SrpE are proteusin peptides,
characterized by long leader sequences that are similar to those
of nitrile hydratases.18 While the MprC/MprD demonstrated
robust activities in vivo and in vitro, they were selective for the
MprE leader sequences; in contrast, SrpI was tolerant to other
proteusin leaders.16,17 In light of these observations, we
appended the SrpE -LCCCW core to the MprEX leader (a
consensus leader sequence built from the 10 different MprE
leader sequences17), thus creating a chimeric MprEX−LCCCW
substrate (Supplementary Note). Upon co-expression of the
gene encoding this chimeric substrate with mprC/mprD in E.
coli, we obtained the purified MprEX−LCCCW peptide in
which all three Cys residues in the core were neatly converted
into thiazol(in)e heterocycles (Figure 2A and Figure S2).
Using the thusly prepared substrate, the brominating activity of
purified flavin-dependent brominase SrpI was successfully

Received: April 27, 2023

Communicationpubs.acs.org/biochemistry

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acs.biochem.3c00222

Biochemistry XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

G
E

O
R

G
IA

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Ju

ne
 5

, 2
02

3 
at

 1
3:

09
:4

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nguyet+A.+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinayak+Agarwal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biochem.3c00222&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00222?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00222?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00222?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00222?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00222/suppl_file/bi3c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00222/suppl_file/bi3c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00222/suppl_file/bi3c00222_si_001.pdf
pubs.acs.org/biochemistry?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biochem.3c00222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/biochemistry?ref=pdf
https://pubs.acs.org/biochemistry?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


reconstituted in vitro when paired with the flavin reductase
RebF and the phosphite dehydrogenase PTDH (Figure 2B and
Figure S3).19,20 To mitigate potential cross reactivity with
hydrogen peroxide that is produced when flavin cofactor redox
cycling is uncoupled from halide oxidation,21 catalase was
included in all in vitro reactions.
Establishing an in vitro assay allowed us to evaluate several

aspects of the SrpI activity. First, we queried the leader peptide
dependence for SrpI. When the modified LCCCW core was
excised from the MprEX core using the LahT150 peptidase

22

and provided by itself as a substrate to SrpI without the MprEX
leader, no bromination was observed (Figure 2C). When the
modified LCCCW core was provided in trans with the
dissociated MprEX leader, as before, no bromination of the
core was observed (Figure 2D). SrpI did not brominate free
tryptophan either (Figure S4). While bromination of indole
was observed, bromination regiospecificity changed from SrpI
being an indole-6 brominase for RiPP substrates to
halogenating position 3 of free indole (Figure S5).16

Collectively, these data allow us to posit that the presence of
the proteusin leader is an obligate requirement for the SrpI
brominase. Both leaders, SrpE and MprEX, support SrpI
activity. This inference is in contrast to the RiPP chlorinase
MibH that catalyzes tryptophan chlorination only after the
MibA core has been removed from the MibA leader.15

We next evaluated the selectivity of SrpI for different core
sequences. Conservative modifications in which an alanine
residue was added after and before the terminal Trp residue in
the LCCCW core were tolerated by SrpI, yielding brominated
products in each case (Figure 2E,F and Figures S7 and S8). A
tripeptide extension before the terminal Trp residue was also
tolerated (Figure 2G and Figure S9). However, a tripeptide
extension after the Trp residue (MprEX−LCCCWAAA) was
not processed by SrpI (Figure S10). Genes encoding all of the
substrates mentioned above were co-expressed with mprC/
mprD converting the Cys residues to thiazol(in)es. The
consecutive thiazol(in)e sequence could be disrupted, and the
MprEX−GLCACCW substrate was brominated (Figure 2H
and Figure S11). Crucially, moving the Trp residue away from
the C-terminus, substrates MprEX−GLCWCCC and MprEX−

GLCAWCC, did not result in bromination by SrpI (Figures
S12 and S13).
Data presented above identify two requirements for SrpI

activity: the presence of a proteusin leader and the Trp residue
being present at the C-terminus of the core. To test whether
meeting these requirements allows for extension of the
substrate scope of SrpI, we turned our attention to tumor-
homing (TH) hexa- and heptapeptides. The TH peptides can
deliver payloads specifically to tumor cells, making them
attractive vehicles for the delivery of therapeutic payloads.23

We employed two TH peptides, here termed TH1 and TH2,
LTVPLW and VLTVQPW, respectively, that possess terminal
Trp residues.24 In contrast to the physiological pentapeptide
substrate SrpE, the TH1 and TH2 peptides are hexa- and
heptapeptides, respectively. Note that while SrpI can modify
octapeptides, as well [substrate core LCCCAAAW (Figure
2G)], the observed substrate turnover was lower. In contrast to
the physiological substrate, the TH peptides bear no azol(in)e
heterocycles, though the Pro residues in the TH peptides could
serve as surrogates for azol(in)e heterocycles in the substrate
peptide core, as has been observed for other RiPP-modifying
enzymes.25,26 The TH1 and TH2 sequences were appended to
the SrpE proteusin leader. Bromination of these chimeric
substrates was observed in vitro [for SrpE-TH2 (Figure 3A,B
and Figure S14)] and in vivo upon co-expression of peptide-
encoding genes with srpI [for SrpE-TH1 (Figure 3D,E and
Figure S15)]. We also verified that the bromination of SrpE-
TH1 proceeded in vitro in a time-dependent manner (Figure
3G). Despite the TH core sequences being divergent from the
SrpE and bereft of azoline heterocycles, SrpI maintained
regiospecificity for the terminal Trp bromination at the indole-
6 position (Figure S16). SrpI also maintained its rigid
specificity for bromination, and chlorination of either substrate
was not observed in vivo, or in vitro (Figures S17 and S18).
Though the Gln residue in TH2 was well tolerated, the current
inventory of SrpI substrates generally consists of nonpolar
peptides. An expanded investigation of the substrate scope of
SrpI will involve investigating whether charged residues can
also be accommodated in the substrate core.
In line with the extensive application of aryl halogenation as

a reactive handle for late-stage chemical diversifica-

Figure 1. (A) Biosynthesis of lanthipeptide NAI-107. The 33-residue N-terminal leader sequence of the MibA substrate peptide guides post-
translational modification of the C-terminal core. Proteolytic removal of the MibA leader is followed by halogenation by MibH. Post-translationally
modified residues are colored yellow. Abbreviations: Dbh, dehydrobutyrine; Dha, dehydroalanine; Abu, aminobutyric acid. (B) The YcaO
cyclodehydratase SprC catalyzes the cyclodehydration of three Cys residues to thiazoline in the SrpE substrate peptide. Bromination of the C-
terminal Trp side chain is affected by SrpI.
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tion,10,12,13,28,29 we explored the Suzuki−Miyaura coupling of a
panel of boronic acids to brominated peptides furnished by
SrpI. For both in vitro-brominated SrpE-TH2 and in vivo-
brominated SrpE-TH1, peptides that are >100 amino acids in
length, coupling to boronic acids was observed (Figure 3C,F
and Figures S19−S26). Obligate bromination by SrpI, without
contaminating chlorination, allowed for mild reaction con-

ditions in aqueous buffer. Qualitatively, in this proof-of-
concept demonstration, benzylic boronic acids with electron-
donating substituents delivered a higher yield of cross-coupling
products. This observation was corroborated by the stoichio-
metric yield for coupling toluene and p-methoxyphenyl
boronic acids to the in vitro-brominated SrpE-TH1 peptide
(Figure 3H). SrpI also enabled the bromination and Suzuki−
Miyaura coupling on large globular proteins. The SrpE-TH1
sequence was appended at the C-terminus of the 400-residue
maltose binding protein (Figure 3I). The chimeric protein was
a competent substrate for in vitro bromination by SrpI,
followed by Suzuki−Miyaura coupling under conditions that
did not require protein denaturation or the use of organic co-
solvents (Figure 3J and Figures S27−S31). It is noteworthy
that the SrpI-mediated strategy for peptide and protein labeling
did not require the mutation of other Trp residues; SrpI itself
maintains specificity for labeling only the C-terminal Trp. The
MprEX leader possesses other Trp residues, as does the maltose
binding protein, and they were not brominated and thus not
conjugated.
While monitoring the halogenation assays mentioned above,

we routinely observed the appearance of two brominated
peptidic products, even in reactions in which the peptide/
protein substrates were omitted. Using high-resolution mass
spectrometry, we traced bromination to be occurring at two
SrpI Tyr residues (SrpI Y102 and Y110); the brominated
products mentioned above were generated by LysC digestion
of SrpI in the reaction mixture (Figure 4A and Figure S32).
Homology models indicate that these Tyr residues are
proximal to the catalytic Lys residue (SrpI Lys84) that is
implicated in forming a haloamine intermediate after halide
oxidation at the flavin isoalloxazine ring or, as a proton donor,
to facilitate resolution of the hypohalous acid intermediate
(Figure S33).21 Mutating either or both these Tyr residues did
not compromise SrpI activity (Figure 4B). Our fortuitous
discovery of SrpI self-halogenation was enabled by monitoring
the progress of SrpI reactions using MALDI-ToF MS; it is
conceivable that the self-halogenation could occur for other
halogenating enzymes that bear electron rich amino acid side
chains near the catalytic Lys residue.
Flavin-dependent halogenases have previously been used for

the halogenation of short synthetic peptides containing
tryptophan residues.11 However, to the best of our knowledge,
SrpI represents the first of its class enzyme for a leader peptide-
guided bromination of genetically encoded peptides. The
ability to deliver a bromide adduct selectively upon a single
Trp residue in a ribosomally translated peptide and protein
presents the opportunity to further develop SrpI as a
biotechnology tool to facilitate bioorthogonal Suzuki−Miyaura
cross-coupling reactions, and other conjugation reactions
requiring halogenated peptide/protein precursors. These
efforts will require an expanded investigation of the substrate
scope for SrpI, as well as confirmation that brominating a
fusion peptide at the C-terminus of a protein substrate does
not alter the function or activity of the protein itself. As such,
because the activity of SrpI is restricted to C-terminal residues
and does not extend to internal Trp residues, SrpI likely serves
to provide a route for peptide/protein labeling and
bioconjugation, rather than modulation of the structure and
activity of the biomolecular substrate.
Compared to amino acids such as Cys and Lys, chemical

strategies for Trp arylation are sparse and almost exclusively
restricted to position 2 of indole.8 The regiospecificity of SrpI,

Figure 2. (A) MALDI-ToF MS spectra for the unmodified MprEX−
LCCCW chimeric peptide (top) and the MprEX−LCCCW peptide in
which the three Cys residues were converted to thiazol(in)e
heterocycles (bottom). Digestion with the LysC protease removes
the N-terminal 31 amino acids from the MprEX leader. (B) Reaction
scheme for in vitro bromination by SrpI. LC/MS extracted ion
chromatograms (EICs) demonstrating that bromination does not
occur when (C) the modified LCCCW core is provided to SrpI by
itself or (D) in trans with the dissociated MprEX leader peptide. The
EIC for the modified LCCCW core is colored red, and that for the
conceivable brominated product blue. The retention time for the
brominated product lies within the acquisition time window
illustrated here (Figure S6). (E−H) Bromination of modified cores
appended to the MprEX leader.
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bromination at indole-6, opens other sites on the indole side
chain for modification. Several bottlenecks need to be
overcome to improve the applicability of SrpI as a biocatalyst,

among which is the limited activity of SrpI observed in vivo,
contracting the leader peptide required for SrpI activity, and
ameliorating the deleterious consumption of oxidized bromine

Figure 3. (A) Reaction scheme for in vitro bromination and Suzuki−Miyaura cross-coupling for SprE-TH2. Abbreviation: ADHP, 2-amino-4,6-
dihydroxy-pyrimidine. (B and C) MALDI-ToF MS spectra demonstrating the unmodified peptide (pink peaks), brominated peptide (yellow
peaks), and Suzuki−Miyaura coupling products (blue peaks) for the SprE-TH2 substrate. (D) Reaction scheme for in vivo bromination and
Suzuki−Miyaura cross-coupling for SprE-TH1. (E and F) MALDI-ToF MS spectra demonstrating the unmodified peptide, brominated peptide,
and coupling product for the SprE-TH1 substrate. (G) Time-dependent in vitro bromination of SrpE-TH1 by SrpI. Assays after proteolytic
digestion were analyzed by liquid chromatography/mass spectrometry (LC/MS), and areas under the extracted ion chromatograms corresponding
to the substrate peptide and the brominated product were determined. Means and standard deviations for three independent reactions are plotted.
Note that the substrate and product peptides demonstrate disparate abundances using LC/MS. (H) Abundance of the brominated SrpE-TH1
peptide and after coupling to toluene and p-methoxyphenyl boronic acids monitored by LC/MS. (I) Reaction scheme for in vitro bromination and
Suzuki−Miyaura cross-coupling for the SprE-TH1 peptide appended to the C-terminus of the maltose binding protein (illustrated as a green
ribbon, Protein Data Bank entry 1FQD27). (J) MALDI-ToF MS spectra demonstrating a negative control reaction in which no bromide was added,
and hence no brominated product was observed, followed by detection of the brominated and conjugated products.
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for self-halogenation of Tyr residues. Though in line with
previous reports for cross-coupling reactions with peptidic
substrates,30−33 the organometallic catalyst loading in our
reactions is currently high. A screening of organoboron
reaction partners (Figure S34), core peptides of different
lengths bearing the terminal Trp residue, and reaction
conditions is currently underway.
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11 SUPPLEMENTARY MATERIALS AND METHODS

12 Preparation of constructs for expression of SrpI, PtdH, RebF, and chimera peptides

13 Genes optimized for expression in Escherichia coli for SrpI, PtdH, RebF, and the chimeric 

14 substrate peptides were used as templates for the amplification and subcloning of PCR amplicons in 

15 plasmid vectors. The chimeric peptides were designed by incorporating the leader peptide SrpE or the 

16 consensus leader peptide sequence MprEX as described in the Supplementary Note (below).

17

18 General polymerase chain reaction protocol

19 PCR reactions (25 µL) contained 20 ng template DNA, 0.4 µM each of reverse and forward 

20 primers, 0.2 mM dNTPs, Phusion reaction buffer, and 0.25 U Phusion-high fidelity DNA polymerase 

21 (Thermo). PCR amplicons were subcloned into plasmid vectors using Gibson Assembly HiFi master mix 

22 (NEB). For co-expression with chimeric substrate peptide genes, the modification enzyme encoding genes 

23 (mprC, mprD, and srpI) were subcloned without any affinity chromatography tags. All constructs were 

24 verified by Sanger sequencing.

25

26 Protein expression and purification 

27 General procedure for heterologous protein expression: Plasmid DNA (20 ng) was transformed in 

28 E. coli BL21(DE3). Colonies were grown under appropriate antibiotic selection on LB agar media for 16 

29 h. A single colony was picked and inoculated in 10 mL of terrific broth (TB) supplemented with 

30 appropriate antibiotics for 16 h at 37 °C. This inoculum was used to initiate 1 L TB cultures supplemented 

31 with corresponding antibiotics. Cultures were incubated with shaking at 30 °C until the OD600 reached 

32 0.6. Cultures were cooled at 18 °C for 1 h before induction of protein expression by adding 0.3 mM 

33 isopropyl-β-d-thiogalactopyranoside (IPTG). Cultures were incubated at 18 °C, 180 rpm for 24 h.

34 General purification protocol for N-His6-substrate peptides: Cultures were harvested by 

35 centrifugation (5,000 rpm, 25 min, 4 °C) and resuspended in 50 mL lysis buffer A (20 mM Na-phosphate 

36 (pH 7.5), 50 mM NaCl, 4M Gdn-HCl). Cells were lysed by sonication, and the lysate was clarified by 

37 centrifugation at 18,000 rpm for 45 min at 4 °C. The supernatant was loaded onto a 5 mL His-Trap Ni-

38 NTA column equilibrated with the lysis buffer. The column was washed with 10 mL wash buffer A1 (20 

39 mM Na-phosphate (pH 7.5), 50 mM NaCl, 30 mM imidazole, 4M Gdn-HCl), 10 mL of 1:1 wash buffer 

40 A1:wash buffer A2 (20 mM Na-phosphate (pH 7.5), 50 mM NaCl, 30 mM imidazole), and 10 mL wash 

41 buffer A2. Bound proteins were then eluted using elution buffer A (20 mM Na-phosphate (pH 7.5), 50 
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42 mM NaCl, 1M imidazole) in three fractions of 5 mL volume each. The second fraction was found to 

43 contain the highest concentration of the peptide, and thus, collected. This fraction was desalted using 

44 Sephadex G-25 PD10 column in storage buffer B (20 mM Na-phosphate (pH 7.5), 100 mM NaCl). The 

45 peptide concentration was measured by Bradford assay. Aliquots were frozen and stored at –80 °C for 

46 future use.

47

48 Purification of PtdH and RebF was performed according to published protocols.1-2 

49

50 Purification of N-His6-SrpI: Chaperones (from chaperone plasmid pGro7, Takara) were co-

51 expressed to assist the folding of SrpI. After addition of IPTG and 48 h of incubation at 18 °C, cultures 

52 were harvested by centrifugation as above, and cell pellets were resuspended in lysis buffer B (20 mM 

53 Na-phosphate (pH 7.5), 100 mM NaCl). Cells were lysed by sonication. The lysate was clarified by 

54 centrifugation at 18,000 rpm for 60 min. The supernatant was loaded onto a 5 mL His-Trap Ni-NTA 

55 column. The column was washed extensively with wash buffer B (20 mM Na-phosphate (pH 7.5), 100 

56 mM NaCl, 30 mM imidazole), and protein was eluted using a linear gradient from 0% to 100% elution 

57 buffer B (20 mM Na-phosphate (pH 7.5), 100 mM NaCl, 250 mM imidazole). The purity of eluent 

58 fractions was checked by SDS-PAGE, and fractions containing protein of interest were pooled and 

59 concentrated by Amicon® Ultra Centrifugal Filter Unit. The protein was further purified by size 

60 exclusion chromatography on a Superdex 75 16/200 column with 20 mM Na-phosphate (pH 7.5), 100 

61 mM NaCl buffer. The purity of eluent fractions was checked by SDS-PAGE and pure fractions pooled. 

62 The concentrations were measured by Bradford assay. Aliquots were frozen and stored at –80 °C for 

63 future use.

64

65 Enzymatic and chemo-enzymatic assays

66 Halogenation assays: Bromination reactions were performed in 200 µL volume containing 50 

67 mM HEPES-Na (pH 7.5), 20 mM KBr, 25 µM FAD, 0.625 mM NAD+, 6.25 mM Na2HPO3, 5 µM flavin 

68 reductase (RebF), 5 µM phosphite dehydrogenase (PTDH), 100 µM substrate peptide, 20 µM SrpI, 0.05 

69 µg/µL catalase. After 24 h incubation at 30 °C, reactions were quenched by protease addition (LysC, 

70 LahT150, or carboxypeptidase A) according to published protocols.3 The reactions treated with LysC 

71 were then desalted and analyzed by MALDI-ToF, the reactions treated with LahT150 and 

72 carboxypeptidase A were analyzed by HPLC-MS/MS. 
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73 Indole was used as a substrate at a final concentration of 2 mM in the above-mentioned assay. 

74 After 24 h of incubation, an equal volume of EtOAc was used to extract the assay. The mixture was then 

75 centrifuged at 16,000 rpm for 20 min to remove debris. The EtOAc extract was analyzed by GC-MS 

76 (1260G with 7890a MS; Agilent Technologies) in electron ionization (70 eV) mode using a DF-5ms ultra 

77 inert GC column (30 m length, 0.25 mm width and 0.5 µM film thickness). The column temperature 

78 conditions were as follows: 40 °C for 3 min, increased to 200 °C at 10 °C/min, and held for 1 min with a 

79 total run time of 20 min. The injection port, interface, and ion source were kept at 250 °C, 300 °C, and 

80 230 °C, respectively. Helium was used as carrier gas at a 0.9 mL/min flow rate.

81

82 Time-course experiments to monitor the bromination of SrpE-TH1: The experimental procedure 

83 was conducted with a total volume of 600 µL, comprising a mixture of 50 mM HEPES-Na (pH 7.5), 20 

84 mM KBr, 25 µM FAD, 0.625 mM NAD+, 6.25 mM Na2HPO3, 5 µM flavin reductase (RebF), 5 µM 

85 phosphite dehydrogenase (PTDH), 20 µM substrate peptide SrpE-TH1, 10 µM SrpI, and 0.05 µg/µL 

86 catalase. To ensure optimal O2 transfer, 100 µL assay was transferred and incubated in individual tubes. 

87 At 0, 2, 4, 6, 8, and 24 h, the reaction was quenched by adding 1 µL of 6N HCl, followed by brief 

88 centrifugation to remove precipitated protein. The reaction mixture was neutralized with 1 µL of 6N 

89 NaOH, and then 1 µL of 2 mg/mL GluC was added and incubated at 30 °C for an additional 2 h. Any 

90 precipitation was removed by centrifugation after adding 100 µL of MeOH. Finally, 100 µL of the 

91 quenched reaction mixture was analyzed by HPLC-MS, and the area under the curve for the starting 

92 material and product was calculated using the extracted chromatogram for [M+2H]2+ ion at m/z 564.33 

93 and 604.28, respectively.

94

95 d-labeling of indole: 2.4 mg indole was dissolved in 500 µL D2O and stirred at 150 ⁰C overnight. 

96 The product was analyzed by NMR using a 400 MHz Bruker NMR showing that conversion of indole to 

97 indole-3-d progressed with 85% yield. 1H-NMR (400 MHz, D2O): δ 7.61 (dt, 1H), δ 7.45 (dt, 1H), δ 7.31 

98 (s, 1H), δ 7.15 (ddd, 1H), δ 7.06 (ddd, 1H). The sample was used for enzymatic halogenation without 

99 further purification.

100

101 Suzuki-Miyaura cross-coupling reactions

102 Several water soluble ligands have been developed to facilitate Suzuki-Miyaura cross coupling 

103 reactions, including phosphine-based ligands4-5 and nitrogen-based ligands6-7 (Fig. S34). Nitrogen-based 

104 Pd-ligands containing the guanidine moiety have been shown to be less sensitive to air than the 
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105 phosphine-based counterparts. Intensive studies in developing mild protocol for cross-coupling reaction 

106 utilizing guanidine moiety-containing ligands for proteins were conducted by Davis,7-9 Lin,10 and Zhang.11 

107 In our proof-of-concept demonstration, we adapted procedures for Suzuki-Miyaura cross-coupling 

108 reactions from Davis.9 

109 Preparation of Pd-ADHP: To 5 mL 0.1 M NaOH, 13 mg 2-amino-4,6-dihydroxy pyrimidine (0.1 

110 mmol) was added, followed by 11 mg palladium acetate (0.05 mmol). The solution was stirred at 65 ºC 

111 for 30 min to yield 0.01 M catalyst solution. 

112 Brominated peptide SrpE-TH1 was obtained by co-expression of the substrate peptide (SrpE-

113 TH1) encoding gene and srpI. The brominated peptide was purified and stored in 20 mM Na-phosphate 

114 (pH 7.5), 100 mM NaCl buffer.

115 The halogenation of the chimeric substrates SrpE-TH2 and MBP-SrpE-TH1 was performed in 

116 vitro on a 10 mL-scale reaction as described above. The reaction solution was desalted by Sephadex G-25 

117 PD10 column using 20 mM Na-phosphate (pH 7.5), 100 mM NaCl buffer to remove all cofactors that 

118 have been shown to have a deleterious effect on Pd-catalyzed cross-coupling reaction.12 

119 The cross-coupling reactions were performed in 200 µL volume containing 250 µM halogenated 

120 substrate peptide or proteins, 2.5 mM Pd-ADHP, 75 mM Na2HPO4, and 2.5 mM boronic acid. The 

121 reaction was incubated at 45 °C for 8 h. 1 µL 0.2 mg/mL LysC or GluC proteases were added and then 

122 incubated at 30 °C for further 90 min. 100 µL of 5 µL/mL 3-mercaptopropionic acid was added to chelate 

123 the excess Pd. The reactions treated with LysC were analyzed by MALDI-ToF, and the reactions treated 

124 with GluC were analyzed by LC/MS, as described below. 

125 Mass spectrometry

126 For matrix-assisted laser desorption-ionization-time of flight mass spectrometry (MALDI-ToF 

127 MS), reactions samples were desalted using C18 ZipTips (Sigma) and spotted on a MALDI target using 2 

128 µL saturated sinapinic acid (Sigma) in 7:3:0.1 MeCN:H2O:TFA solvent for analysis by a rapifleX 

129 MALDI-ToF mass spectrometer (Bruker Daltonics) in reflectron positive ionization mode. The data were 

130 analyzed using flexAnalysis software. 

131 The Suzuki-Miyaura coupling reaction products, the bromotryptophan standards, and the excision 

132 product generated by carboxypeptidase A were analyzed using Vanquish Flex UHPLC (Thermo) coupled 

133 to a Q Exactive HF hybrid quadrupole-orbitrap mass spectrometer (Thermo). Mass spectrometry data 

134 were collected in the positive ionization mode in the mass range m/z 100–2000 Da. Samples were 

135 analyzed using Acquity UPLC BEH C18 1.7 μm column (100×2.1 mm) at a flow rate of 0.4 mL/min, and 

136 the chromatographic separation was achieved using solvent A: H2O + 0.1% (v/v) formic acid, and solvent 
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137 B: MeCN + 0.1% (v/v) formic acid. The chromatography profile was as follows: 5% solvent B from 0–

138 0.5 min, linear gradient to 100% solvent B from 0.5–7 min, 100% solvent B from 7–10 min, linear 

139 gradient to 5% solvent B from 10–11 min, 5% solvent B from 11–12 min.

140 The halogenated peptides after the digestion with LahT150 were analyzed by Bruker amaZon SL 

141 ion trap mass spectrometer coupled to an Agilent 1260 HPLC. Mass spectrometry data were collected in 

142 the positive ionization mode in the mass range m/z 100–1000 Da. Chromatography was performed using 

143 Luna 5 μm C18 reversed-phase HPLC column (100×4.6 mm) at a flow rate of 0.5 mL/min; solvent A: H2O 

144 + 0.1% v/v formic acid, solvent B: MeCN + 0.1% v/v formic acid. The chromatography elution profile 

145 was as follows: 5% solvent B from 0–5 min, linear gradient to 100% solvent B from 5–35 min, 100% 

146 solvent B from 35–40 min, linear gradient to 5% solvent B from 40–41 min, and 5% solvent B from 41–

147 42 min.
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148 SUPPLEMENTARY NOTE

149 The sequence of the MprEX leader peptide:

150 MNEEQMQQYSQIVAKCWADAEFKAKLIADPKATLAAEGIAVPDGIELRVLENTATTVNLVLPPPP§AEGEL

151 SDEDL‡GAVTGG†

152 The sequence of the SrpE leader peptide:

153 MRSGDDMLQHLVEKSALDADFRQQLLADPKSTISQELGISIPESMTIRVHESDMETVHLALPPDP§NLTEE

154 QL‡EAISAG†

155 The double glycine motif† which marks the leader/core boundary, the proline-rich motif,§ and the YcaO 

156 binding motif‡ are underlined.

157 The sequence of the SrpI halogenase:

158 MIQPGSESLRKIAVIGRGTAGSLAAASVTRLHPDADHELHHIYDSRIPVIGVGEGSWPSLVQEVQQLTGL
159 PHETVQQRLKGTRKYGVAFEGWGRRGRDFTHYFTPQQVSYAYHLSADLLADMLHESSRARHIDAKVLDIA
160 RVDGGARVEFEGRAPERYDLVFDARGFPRELDTDEHIDISFIPTNTAVIRRCPAIVEEAAGPVLQHTYTR
161 AVARPHGWIFVIPLAVHTSYGYIFNRDVTGLDEVESDFDAFLETDGVPEFEQRAVLRFPNFVHRRIYDGA
162 VARIGNAAAFMEPLEATAIVSAQIQIGMVLKTRLGRSVEHLDRDAPAVNRFLVKNVLRYGLFVGWHYSCG
163 SRYDSPFWRFARDRTWPRYRSAADPAAVDCNALGEFDEMIRLLHQPVIDQGDWHRMCAVPLTSYAQMSQG
164 LGC 
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165 SUPPLEMENTARY TABLE

166 Table S1. Calculated and observed masses of substrate and product peptides in this study

Compound Calculated mass Observed mass
LCCCW 569.15 569.19

Br-LCCCW 647.06 647.06
3-Br-indole 194.97 194.86
Indole-3-d 118.06 117.96
LCCCWA 640.18 640.18

Br-LCCCWA 718.09 718.09
LCCCAW 640.18 640.18

Br-LCCCAW 718.09 718.09
LCCCAAAW 782.26 782.26

Br-LCCCAAAW 862.17 862.24
LCCCWAAA 5717.81 5717.52
GLCACCW 697.20 697.20

Br-GLCACCW 775.11 775.12
GLCWCCC 5720.78 5718.28
GLCAWCC 5688.81 5687.22

AISAGLTVLPW (TH1) 1127.65 1127.65
AISAGVLTVQPW (TH2) 1241.69 1241.70

Br-TH1 1205.55 1205.55
Br-TH2 1319.60 1319.59

4-Methoxyphenyl-TH1 1233.69 1233.69
4-Methylbenzene-TH1 1217.69 1217.69

2-Naphthalene-TH1 1253.69 1253.69
4-Trifluoromethylphenyl-TH1 1271.66 1271.66

4-Methoxyphenyl-TH2 1347.73 1347.73
4-Methylbenzene-TH2 1331.74 1331.74

2-Naphthalene-TH2 1367.74 1367.74
4-Trifluoromethylphenyl-TH2 1385.70 1385.71

167
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168 SUPPLEMENTARY FIGURES

169

170 Fig. S1. (A) The mpr biosynthetic gene cluster showing the genes mprC and mprD gene clustered with 

171 genes encoding ten different MprE substrate peptides. (B) MprC catalyses the cyclodehydration of Cys, 

172 Ser, and Thr residues to form azoline rings. MprD catalyses the oxidation of azolines to azoles. (C) 

173 Promicuity activity of MprC/MprD allows for the installation of azol(in)e heterocycles in ten different 

174 MprE substrate peptides.
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175

176 Fig. S2. Structural annotation of the MS2 fragmentation spectra for the modified SrpE core (LCCCW) 

177 obtained by co-expression of the gene encoding the MprEX-LCCCW chimeric substrate with mprC and 

178 mprD, followed by the treatment of the purified product with the protease LahT150 to remove the leader 

179 peptide and furnish the modified core as the product. 
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180

181 Fig. S3. Structural annotation of the MS2 fragmentation spectra for the brominated SrpE core obtained by 

182 in vitro halogenation of modified MprEX-LCCCW substrate by SrpI followed by the treatment of the 

183 product with LahT150. 
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184

185 Fig. S4. LC-MS extracted ion chromatograms (EICs) for tryptophan and bromotryptophan showing that 

186 the bromination of free tryptophan is not catalyzed by SrpI. 
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187
188 Fig. S5. (A) 1H-NMR (400 MHz, D2O) spectrum for indole-3-d. (B) GC-MS analysis for SrpI assays for 

189 indole-3-d showing the brominated product as 3-Br-indole. (C) MS spectra of indole-3-d. (D) MS spectra 

190 of 3-Br indole.
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191

192 Fig. S6. Reaction scheme for in vitro bromination of the modified MprEX-LCCCW chimeric substrate by 

193 SrpI followed by the treatment of the product with LahT150. LC-MS EICs demonstrate that the substrate 

194 and brominated products, after scission from the leader, are eluted within the time window from 16–19 

195 min as is illustrated in Fig. 2C.
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196
197 Fig. S7. Structural annotation of the MS2 fragmentation spectra for the brominated LCCCWA core. 
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198
199 Fig. S8. Structural annotation of the MS2 fragmentation spectra for the brominated LCCCAW core.
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200

201 Fig. S9. Structural annotation of the MS2 fragmentation spectra for the brominated LCCCAAAW core.
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202

203 Fig. S10. MALDI-ToF MS spectra for the in vitro bromination reaction of MprEX-LCCCWAAA 

204 followed by the treatment of the reaction with LysC showing that MprEX-LCCCWAAA is not processed 

205 by SrpI.
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206
207 Fig. S11. Structural annotation of the MS2 fragmentation spectra for the brominated GLCACCW core.
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208

209 Fig. S12. MALDI-ToF MS spectra for the in vitro bromination of MprEX-GLCWCCC followed by the 

210 treatment of the reaction with LysC shows that MprEX-GLCWCCC is not processed by SrpI.
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211

212 Fig. S13. MALDI-ToF MS spectra for the in vitro bromination of MprEX-GLCAWCC followed by the 

213 treatment of the reaction with LysC shows that MprEX-GLCAWCC is not processed by SrpI. 
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214

215 Fig. S14. Structural annotation of the MS2 fragmentation spectra for the C-terminal fragment containing 

216 tumor homing peptide sequence TH2 (VLTVQPW) after in vitro halogenation by SrpI followed by the 

217 treatment of the product with protease GluC. m/z cal.: 1319.60, m/z obs.: 1319.59.
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218

219 Fig. S15. Structural annotation of the MS2 fragmentation spectra for the C-terminal fragment containing 

220 brominated tumor homing peptide sequence TH1 (LTVLPW) by co-expression of gene encoding SrpE-

221 TH1 with sprI followed by the treatment of the purified product with protease GluC. m/z cal.: 1205.55, 

222 m/z obs.: 1205.55
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223

224

225 Fig. S16. LC-MS extracted ion chromatograms for m/z 283.01 ± 0.1 Da corresponding to 

226 bromotryptophan. From bottom to top: co-injection of the carboxypeptidase digestion reaction of 

227 brominated SrpE-TH2 with 2-, 4-, 5-, 6-, and 7-bromotryptophan standards. Observation of a single peak 

228 upon co-injection with 6-bromotryptophan demonstrates that bromination of the SrpE-TH2 substrate 

229 occurred at the indole-6 position.
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230
231 Fig. S17. Scheme for in vivo bromination of SrpE-TH1 by SrpI followed by GluC digestion. LC-MS 

232 extracted ion chromatograms of the substrate, brominated product, and the conceivable chlorinated 

233 product shows that SrpI is strictly specific for incorporation of bromine.
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234
235 Fig. S18. Reaction scheme for in vitro bromination of SrpE-TH2 by SrpI followed by GluC digestion. 

236 LC-MS extracted ion chromatograms of the substrate, brominated product, and the conceivable 

237 chlorinated product shows that SrpI is strictly specific for incorporation of bromine.
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238

239 Fig. S19. Structural annotation of the MS2 fragmentation spectra for TH1-derived Suzuki-Miyaura 

240 coupling product, as illustrated. m/z cal.: 1233.69, m/z obs.: 1233.69.
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241

242 Fig. S20. Structural annotation of the MS2 fragmentation spectra for TH1-derived Suzuki-Miyaura 

243 coupling product, as illustrated. m/z cal.: 1217.69, m/z obs.: 1217.69.
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244

245 Fig. S21. Structural annotation of the MS2 fragmentation spectra for TH1-derived Suzuki-Miyaura 

246 coupling product, as illustrated. m/z cal.: 1253.69, m/z obs.: 1253.69.
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247

248 Fig. S22. Structural annotation of the MS2 fragmentation spectra for TH1-derived Suzuki-Miyaura 

249 coupling product, as illustrated. m/z cal.: 1271.66, m/z obs.: 1271.64.
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250

251 Fig. S23. Structural annotation of the MS2 fragmentation spectra for TH2-derived Suzuki-Miyaura 

252 coupling product, as illustrated. m/z cal.: 1347.73, m/z obs.: 1347.73.
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253

254 Fig. S24. Structural annotation of the MS2 fragmentation spectra for TH2-derived Suzuki-Miyaura 

255 coupling product, as illustrated. m/z cal.: 1331.74, m/z obs.: 1331.74.
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256

257 Fig. S25. Structural annotation of the MS2 fragmentation spectra for TH2-derived Suzuki-Miyaura 

258 coupling product, as illustrated. m/z cal.: 1367.74, m/z obs.: 1367.74.
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259

260 Fig. S26. Structural annotation of the MS2 fragmentation spectra for TH2-derived Suzuki-Miyaura 

261 coupling product, as illustrated. m/z cal.: 1385.70, m/z obs.: 1385.71.



35

262

263 Fig. S27. Structural annotation of the MS2 fragmentation spectra for the brominated C-terminal fragment 

264 of the MBP-SrpE-TH1 substrate delivered by digestion by GluC protease. m/z cal.: 1205.55, m/z obs.: 

265 1205.55.
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266

267 Fig. S28. Structural annotation of the MS2 fragmentation spectra for the modified C-terminal fragment of 

268 the MBP-SrpE-TH1 substrate delivered by digestion by GluC protease. m/z cal.: 1233.69, m/z obs.: 

269 1233.69.
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270

271 Fig. S29. Structural annotation of the MS2 fragmentation spectra for the modified C-terminal fragment of 

272 the MBP-SrpE-TH1 substrate delivered by digestion by GluC protease. m/z cal.: 1217.69, m/z obs.: 

273 1217.69.
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274

275 Fig. S30. Structural annotation of the MS2 fragmentation spectra for the modified C-terminal fragment of 

276 the MBP-SrpE-TH1 substrate delivered by digestion by GluC protease. m/z cal.: 1253.69, m/z obs.: 

277 1253.69.
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278

279 Fig. S31. Structural annotation of the MS2 fragmentation spectra for the modified C-terminal fragment of 

280 the MBP-SrpE-TH1 substrate delivered by digestion by GluC protease. m/z cal.: 1271.66, m/z obs.: 

281 1271.64.
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283

284 Fig. S32. LC-MS analysis of self-bromination assay products. MS2 spectrum of the SrpI fragment (A) 

285 DFTHY and (B) the corresponding brominated fragment at m/z 682.283 and m/z 762.194, respectively. 

286 MS2 spectrum of (C) FTPQQVSY and (D) the corresponding brominated fragment at m/z 969.467 and 

287 m/z 1047.378, respectively.
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288

289 Figure S33. Structural model of SrpI generated by AlphaFold. Catalytic Lys residue is shown in magneta. 

290 Two Tyr residues which are self-brominated are shown in cyan. 
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292 Fig. S34. Selected water-soluble ligands used for aqueous palladium-catalyzed cross coupling reactions.
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