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Sibiromycin is an antitumor antibiotic belonging to the class of
naturally produced pyrrolo[1,4]benzodiazepines (PBDs).1

This group of natural products shares a common pyrrolo-
[1,4]benzodiazepine ring system consisting of fused six-, seven-,
and five-membered rings (Figure 1A),2 where the differing sub-
stitution patterns of the anthranilate and pyrrole moieties and the
degree and position of unsaturation in the C-ring greatly influence
the biological activities.3 They are sequence-specific DNA-alky-
lating agents showing significant antitumor properties, which
makes them an interesting research topic.4

Their biological mode of action consists of establishing a
covalent linkage between C11 of the PBD and the exocyclic N2
of a guanine base in double-stranded B-DNA.5 Because of the
right-handed twist of their ring system, resulting from the S-
configuration of C11a, PBDs fit nicely into the minor groove,
causing very little distortion of the overall DNA structure.5 This
makes it more difficult for the DNA repair machinery to
recognize and fix this DNA modification compared to DNA
adducts resulting from other alkylating agents, which significantly
contributes to the potency of PBDs.6 Sibiromycin, produced by
Streptosporangium sibiricum, has the highest DNA binding affinity
(ΔTm = 16.3 �C) and cytotoxicity of all known PBDs, including
synthetically produced PBDs, with IC50 values varying from 4 to
1.7 pM in leukemia, plasmacytoma, and ovarian cancer cell lines.7

Despite these promising properties, further testing of sibiromycin

is precluded because of a dose-dependent cardiotoxicity ob-
served in clinical trials.8,9 Extensive structure�activity relation-
ship studies established the C9 hydroxyl group in anthramycin,
and by analogy in sibiromycin, to be the cause of these cardio-
toxic properties.3,10�12 These studies also showed that O-glyco-
sylation at C7 significantly enhances DNA binding affinity, which
is in agreement with sibiromycin possessing the highest potency
of all PBDs, being one of only two known glycosylated members
of this class, the other being sibanomicin.13 The promising
potencies of PBDs sparkedmany attempts to synthesize naturally
occurring PBDs and synthetic derivatives thereof. While many
structurally less complex PBD analogues could be produced
synthetically, the routes to more complex natural PBDs were
found to be laborious and inefficient in terms of yield.2 In addition,
the synthesis of the glycosylated sibiromycin has not yet been
accomplished because of problems related to the synthesis of the
corresponding sibirosamine sugar moiety and subsequent agly-
con coupling.2,14�17

Information concerning the biosynthesis of PBDs is mainly
restricted to the anthramycin, tomaymycin, and sibiromycin
systems, which have been analyzed to some extent by precursor
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ABSTRACT: The antitumor antibiotic sibiromycin belongs to
the class of pyrrolo[1,4]benzodiazepines (PBDs) that are
produced by a variety of actinomycetes. PBDs are sequence-
specific DNA-alkylating agents and possess significant antitu-
mor properties. Among them, sibiromycin, one of two identified
glycosylated PBDs, displays the highest DNA binding affinity
and the most potent antitumor activity. In this study, we report
the elucidation of the precise reaction sequence leading to the
formation and activation of the 3,5-dihydroxy-4-methylanthra-
nilic acid building block found in sibiromycin, starting from the
known metabolite 3-hydroxykynurenine (3HK). The investi-
gated pathway consists of four enzymes, which were biochemi-
cally characterized in vitro. Starting from 3HK, the SAM-dependent methyltransferase SibL converts the substrate to its 4-methyl
derivative, followed by hydrolysis through the action of the PLP-dependent kynureninase SibQ, leading to 3-hydroxy-4-
methylanthranilic acid (3H4MAA) formation. Subsequently the NRPS didomain SibE activates 3H4MAA and tethers it to its
thiolation domain, where it is hydroxylated at the C5 position by the FAD/NADH-dependent hydroxylase SibG yielding the fully
substituted anthranilate moiety found in sibiromycin. These insights about sibiromycin biosynthesis and the substrate specificities of
the biosynthetic enzymes involved may guide future attempts to engineer the PBD biosynthetic machinery and help in the
production of PBD derivatives.
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feeding experiments and gene deletion studies.18,19 Those in-
vestigations established a close relationship among the three
biosynthetic systems, showing that they share common biosyn-
thetic precursors (Figure 1B). The anthranilate moiety is derived
from L-tryptophan, the pyrrole moiety from L-tyrosine, the ter-
minal methyl group in the C-ring side chain of sibiromycin from
L-methionine, and the sibirosamine sugar moiety from D-glucose
6-phosphate.18,19 Resistance to PBDs in the producer strains is
thought to arise from changes in cell permeability with regard to
the antibiotics and to be regulated by their biosynthesis.20 The
gene clusters for anthramycin,21 tomaymycin,22 and sibiromycin23

have recently been identified and functionally annotated through
the use of homology analysis, gene inactivation, chemical com-
plementation, and a comparative analysis of the three above-

mentioned clusters and the gene cluster of the related lincosa-
mide antibiotic lincomycin (Figure 1C).24,25 Using those in-
sights, it was possible to postulate a putative biosynthetic route
for sibiromycin assembly, in which the anthranilate and dihy-
dropyrrole moieties are synthesized before the NRPS-dependent
formation of the diazepine ring system (Figure 2).23,26 The
anthranilate and dihydropyrrole building blocks are activated
by the adenylation domains (A-domains) and subsequently
tethered to the thiolation domains (T-domains) of NRPS
modules SibE and SibD, respectively. After condensation cata-
lyzed by the N-terminal condensation domain (C-domain) of
SibD, the dipeptide is released from the assembly line by a two-
electron reduction catalyzed by SibD's C-terminal reductase
domain (R-domain). After autocatalytic ring closure and forma-
tion of the pyrrolo[1,4]benzodiazepine ring system, the sibiro-
samine moiety is installed on the C7 hydroxyl group of the
aglycon by the putative glycosyltransferase SibH, resulting in the
formation of the mature natural product. The suggested bio-
synthesis of the dihydropyrrole moiety starts with the formation
of a five-membered ring by a tyrosine hydroxylase (SibU) and an
L-DOPA 2,3-dioxygenase (SibV), followed by the successive
action of five further enzymes, which install the propenyl side
chain and adjust the oxidation level of the five-membered
heterocycle.23,26 With regard to the 3,5-dihydroxy-4-methylanthra-
nilic acid (3,5DH4MAA) moiety found in sibiromycin, it was
proposed that starting from L-tryptophan the intermediate
3-hydroxykynurenine is formed via a route analogous to the
kynurenine pathway. Furthermore, it could be deduced that all
substituents located on the anthranilate moiety are installed
before diazepine ring formation, but the precise sequence of
reactions leading to the observed substitution pattern remained
speculative.23,26 Similar anthranilate-based building blocks de-
rived from L-tryptophan include 3-hydroxy-4-methylanthranilic
acid (3H4MAA), found in several secondary metabolites, in-
cluding the actinomycins.21,27 Another related compound is the
more widespread 3-hydroxyanthranilic acid (3HAA), which is
present in fungi, yeasts, higher eukaryotes, and a limited number
of bacteria, excluding actinomycetes, as an intermediate of NADþ

biosynthesis or L-tryptophan catabolism.28,29 Nevertheless,
previous studies were able to establish a link between 3HAA
and 3H4MAA in an actinomycete by the discovery of an enzyme
from the actinomycin-producing Streptomyces antibioticus that
specifically methylates 3HAA at its C4 position, forming
3H4MAA.30,31

In this study, we focus on 3,5-dihydroxy-4-methylanthranilic
acid formation and its incorporation into sibiromycin. Our
approach was to biochemically characterize all proposed en-
zymes involved in anthranilate formation starting from 3-hydro-
xykynurenine. For this reason, the SAM-dependent methyl-
transferase SibL, the PLP-dependent kynureninase SibQ, the
FAD/NADH-dependent hydroxylase SibG, and the NRPS di-
domain SibE, as well as the excised thiolation domain SibE-PCP,
were cloned and recombinantly expressed in Escherichia coli.
Through biochemical in vitro characterization of those enzymes,
we were able to establish the precise sequence of reactions
leading to the formation and activation of the fully substituted
anthranilate moiety found in sibiromycin. Improving our un-
derstanding of sibiromycin biosynthesis and elucidating the
specificities of the processing enzymes may guide future
attempts to engineer the PBD biosynthetic machinery and pave
the way to the biocombinatorial synthesis of (glycosylated)
PBD derivatives.

Figure 1. Structure and biosynthesis of PBDs. (A) Pyrrolo[1,4]ben-
zodiazepine ring system highlighting the numbering and designation of
the fused rings. (B) Common metabolic precursors and chemical
structures of the PBDs tomaymaycin, sibiromycin, and anthramycin.
(C)Genetic organization of the sibiromycin gene cluster. Panels A and B
were partly adapted from ref 23.
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’MATERIALS AND METHODS

Bacterial Strains, Materials, and Instruments. S. sibiricum
DSM 44093 was obtained from DSMZ, cultivated in liquid ISP4
or GYM medium, and maintained on ISP4 agar plates. E. coli
TOP10 cells purchased from Invitrogen were used for cloning
procedures. E. coli BL21(DE3) or E. coli Rosetta(DE3) cells
(Novagen) transformed with pET-derived vectors were used for
overexpression of proteins in LB medium supplemented with
kanamycin (50 μg/mL). All chemicals, including oligonucleotide
primers and L-amino acid oxidase (Crotalus atrox), were pur-
chased from Sigma-Aldrich unless stated otherwise. Phusion
High-Fidelity DNA Polymerase (New England Biolabs) was
used for polymerase chain reaction (PCR) amplification. DNA
sequencing was performed by GATC Biotech. Nickel-nitrilotria-
cetic acid agarose (Ni-NTA) superflow was purchased from
Qiagen. Protein samples were concentrated using Amicon Ultra
Filters (Millipore). DNA and protein concentrations were deter-
mined with a Nanodrop ND-1000 spectrophotometer (PEQLab)
and in the case of SibE-PCP with the Bradford Protein Assay Kit
(Bio-Rad). [32P]PPi was purchased from PerkinElmer.
Preparative HPLC purification was performed on a 1100

Series LC system (Agilent) equipped with a C18 column
[Macherey and Nagel, Nucleodur C-18 ec, 250 mm � 21 mm,
particle size of 5 μm, pore size of 110 Å, and flow rate of 18 mL/
min, with solvent A being 0.1% (v/v) TFA with ddH2O and
solvent B being 0.1% (v/v) TFA with acetonitrile] using
gradient elution (0 to 95% B over 30 min). HPLC-MS analysis
of reaction mixtures was conducted with an ESI-Quad 1100(A)
Series MSD LC-MS system (Agilent). HPLC-MS analysis of
proteins was achieved on a qTOF-MS QStar Pulsar i instru-
ment (Applied Biosystems) coupled to an HP 1100 HPLC
system (Agilent) equipped with a ProSwift RP-4H column
[Dionex, 50 mm� 1 mm, pore diameter of 104 Å, and flow rate
of 0.2 mL/min, with solvent A being 0.45% (v/v) formic acid
with ddH2O and solvent B being 0.45% (v/v) formic acid with
acetonitrile] using gradient elution (5 to 95% B over 8 min).
Protein mass reconstruction was assessed using Analyst QS
version 1.1 (Applied Biosciences). Nuclear magnetic reso-
nance (NMR) spectra were recorded on a Bruker Avance
300 instrument.

Kinetic parameters were determined by using experimentally
obtained starting velocities and the Enzyme Kinetic Module for
Sigma Plot 8.0 (SPSS).
Cloning of SibE, SibE-PCP, SibG, SibL, and SibQ. The genes

encoding SibE, SibE-PCP, SibG, SibL, and SibQ were amplified
by PCR from genomic DNA extracted from S. sibiricum using the
Phusion High-Fidelity DNA Polymerase with GC buffer accord-
ing to the manufacturer’s protocol. The sibE gene was amplified
using oligonucleotides 50-AAA AAA CCA TGG CTT CCG
CCC TTC CCT CTC TCC GAG-30 (NcoI) and 50-AAA AAA
CTC GAG TGC AGG CAC CTC CCG GTG GC-30 (XhoI).
The amplification of sibE-PCP was conducted using the primer
combination of 50-AAA AAA CAT ATG GTC CTG GTC GAG
CCG GAC GG-30 (NdeI) and 50-AAA AAA CTC GAG TGC
AGG CAC CTC CCG GTG GC-30 (XhoI). The gene encoding
SibG was amplified using 50-AAA AAA CAT ATG AGG ATC
CTG GTC AAC GGC GGG-30 (NdeI) as the forward primer
and 50-AAA AAA AAG CTT CCC GCG TAC GGG TAC CGC
TC-30 (HindIII) as the reverse primer. The sibL gene was
amplified using the primer pair of 50-AAA AAA CCA TGG
CTA GCT CCG AAC TGT CCG CCC TCG-30 (NcoI) and 50-
AAA AAA GCG GCC GCT CGC GGA CGG CTC CCC GAC
A-30 (NotI). The amplification of sibQ was achieved using the
primer combination of 50-AAAAAACCATGGCTGAATCGA
CAC GCG GAT GGG CCG-30 (NcoI) and 50-AAA AAA CTC
GAG CCG CAG CAC CTC CCG CAA GTG-30 (XhoI). In the
case of sibE-PCP and sibG, the purified and digested PCR
products were ligated into the pET41a expression vector and
the constructs confirmed by DNA sequencing. For sibE, sibL, and
sibQ the purified and digested PCR products were ligated into
expression vector pET28a and the sequences confirmed by DNA
sequencing.
Production of Recombinant Proteins. The resulting expres-

sion constructs of sibE, sibE-PCP, sibL, and sibQ were used to
transform E. coli BL21(DE3) cells. Because of the presence of a
rare arginine codon (AGG) following the starting methionine,
the expression construct of sibG was used to transform E. coli
Rosetta(DE3) cells. Expression and purification of all five
enzymes followed the same general protocol that is detailed
here. The transformed cells were grown at 37 �C to an OD600

Figure 2. Proposed biosynthetic pathway leading to the anthranilate building block and assembly of the PBD ring system of sibiromycin by NRPS
modules SibE and SibD with subsequent transfer of the sibirosamine sugar moiety onto the C7 hydroxyl group of the sibiromycin aglycon.
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of 0.3 and subsequently at 25 �C to an OD600 of 0.6. The cultures
were induced using isopropyl β-D-thiogalactopyranoside (IPTG,
final concentration of 0.1 mM) and grown for an additional 18 h
at 18 �C. The cells were harvested by centrifugation (7000 rpm
for 20 min at 4 �C), resuspended in buffer A [50 mM HEPES,
100 mMNaCl, and 20mM imidazole (pH 8.0)], and lysed with a
French press (SLM Aminco, Thermo French press). Cell debris
was removed by centrifugation (17000 rpm for 40 min at 4 �C),
and Ni-NTA affinity chromatography was performed using an::
Akta Prime system (GE Healthcare Life Sciences). The Ni-NTA
column was equilibrated with buffer A, and after the sample had
been applied, bound protein was eluted by employing gradient
elution with an increasing imidazole concentration [2 to 95% B
over 30 min; buffer B contained 50 mMHEPES, 100 mMNaCl,
and 200 mM imidazole (pH 8.0)]. Designated protein fractions
were identified by sodium dodecyl sulfate�polyacrylamide gel
electrophoresis (SDS�PAGE), combined, concentrated, and
subjected to buffer exchange [25 mM HEPES and 50 mM NaCl
(pH 7.0)] using a HiPrep Desalting Column (GE Healthcare
Life Sciences). Obtained proteins were flash-frozen in liquid
nitrogen and stored at �80 �C until further use.
Preparation of 3-Hydroxy-4-methylanthranilic Acid. Re-

duction of 3-hydroxy-4-methyl-2-nitrobenzoic acid to its 2-amino
derivative (3-hydroxy-4-methyl-2-anthranilic acid) was conducted
according to a procedure developed by Brockman andMuxfeldt.32

The purification of the product was achieved by preparative
HPLC. Lyophilization of the product-containing fractions
(tR = 13.0�14.5 min) yielded 3-hydroxy-4-methylanthranilic
acid as a white solid (140 mg, 56%): 1H NMR (300 MHz,
C2D3N) δ 7.33 (d, J = 8.3 Hz, 1H), 6.45 (d, J = 8.3 Hz, 1H), 2.18
(s, 3H); HR-ESI-MS [MþH]þm/z 168.0656, theoretical mass
m/z 168.0655.
Preparation of 3,5-Dihydroxy-4-methylanthranilic Acid.

To a solution of 3,5-dihydroxy-4-methylbenzoic acid (100 mg,
564 μmol) in ethyl acetate (5 mL) cooled to 0 �C using an ice
bath was added 65% aqueous nitric acid (19.6 μL, 282 μmol).33

The reaction mixture was stirred at 0 �C for 15min, subsequently
flash-frozen in liquid nitrogen, and subjected to lyophilization.
The resulting yellow powder was dissolved in 5% (v/v) aqueous
acetonitrile and purified by preparative HPLC. The product-
containing fractions (tR = 9.5�10.5 min) were freeze-dried, and
the resulting yellow powder (11 mg, 11%) of 3,5-dihydroxy-
4-methyl-2-nitrobenzoic acid was directly converted to the
2-amino derivative as described previously.32 Preparative HPLC
purification and subsequent lyophilization yielded 3,5-dihy-
droxy-4-methylanthranilic acid (6 mg, 55%) as a white solid: 1H
NMR(300MHz,C2D3N)δ6.94 (s, 1H), 2.21 (s, 3H);HR-ESI-MS
[M þ H]þ m/z 184.0604, theoretical mass m/z 184.0604.
Preparation of 3H4MAA-CoA. 3-Hydroxy-4-methylanthrani-

lic acid (3.12 mg, 18.6 μmol), CoA trilithium salt dihydrate (MP
Biomedicals; 46.5 mg, 55.8 μmol), and PyBOP (Novobiochem;
49.6 mg, 93.1 μmol) were dissolved in 1.5 mL of a THF/ddH2O
mixture (1:1, v/v). DIPEA (16.2 μL, 93.1 μmol) was then added,
and the reaction mixture was stirred at 25 �C for 2 h. After
lyophilization and resuspension in 5% aqueous acetonitrile,
preparative HPLC was performed. The product-containing frac-
tions (tR = 18.0�20.5 min) were combined, lyophilized, and
yielded 3H4MAA-CoA as a white solid (5.12mg, 29%): HR-ESI-
MS [M þ H]þ m/z 917.1702, theoretical mass m/z 917.1702.
Preparation of 3HAA-CoA. 3-Hydroxyanthranilic acid (6.11

mg, 40 μmol), CoA trilithium salt dihydrate (MP Biomedicals;
50.5 mg, 60 μmol), and PyBOP (Novobiochem; 32.2 mg,

60 μmol) were dissolved in 2.0 mL of a THF/ddH2O mixture
(1:1, v/v). DIPEA (69.5 μL, 400 μmol) was then added, and the
reaction mixture was stirred at 25 �C for 2 h. After lyophilization
and resuspension in 10% aqueous acetonitrile, preparative HPLC
was performed. The product-containing fractions (tR = 15.0�
17.0 min) were combined, lyophilized, and yielded 3HAA-CoA
as a white solid (10.6 mg, 25%): HR-ESI-MS [M þ H]þ m/z
903.1542, theoretical mass m/z 903.1545.
Separation and Stereochemical Analysis of D-/L-3-Hydro-

xykynurenine. Separation of racemic 3-hydroxykynurenine into
its enantiomers was achieved by HPLC using a chiral semipre-
parative ligand exchange column based on D-penicillamine [Phe-
nomenex, Chirex3126, 250 mm� 4.6 mm, particle size of 5 μm,
pore size of 110 Å, and flow rate of 1 mL/min, with solvent A
being 2 mMCuSO4 in a ddH2O/2-propanol mixture (95:5, v/v)
and solvent B being 2-propanol] and applying isocratic condi-
tions (5% B). The separated product peaks (tR = 14.2 and
17.8 min) were collected, and the stereochemistry of the
corresponding enantiomers was determined by using L-amino
acid oxidase according to themanufacturer’s protocol. The assays
were analyzed by HPLC-MS [Macherey and Nagel, Nucleodur
C18 ec, 125mm� 4.6mm, particle size of 3μm,pore size of 110Å,
and flow rate of 0.3 mL/min, with solvent A being 0.1% (v/v) TFA
with ddH2O and solventB being 0.1% (v/v) TFAwith acetonitrile]
using gradient elution (0 to 95% B over 23 min). The first peak
(tR = 14.2 min) was identified as corresponding to L-3-hydroxyky-
nurenine and the second peak (tR = 17.8 min) to D-3-hydroxyky-
nurenine (Figure S1 of the Supporting Information).
General Methylation Assay. The recombinant methyltrans-

ferase SibL (20μM)was incubatedwith the cosubstrate S-adenosyl-
L-methionine (1 mM) and the substrate of interest (500 μM) in
50 μL of 25 mM HEPES and 50 mM NaCl (pH 7.0) at 30 �C for
2 h. The reactions were stopped by addition of TFA [final concen-
tration of 10% (v/v)] and analyzed by HPLC-MS [Macherey and
Nagel, Nucleodur C18 ec, 125mm� 4.6mm, particle size of 3 μm,
pore size of 110 Å, and flow rate of 0.3 mL/min, with solvent
A being 0.1% (v/v) TFA with ddH2O and solvent B being 0.1%
(v/v) TFA with acetonitrile] by applying a linear gradient from
0 to 95% B over 23 min. Control reactions were conducted by
excluding either SibL or S-adenosyl-L-methionine.
When using a SibE-tethered substrate, the didomain SibE

(30 μM) was artificially loaded with 3HAA-CoA (300 μM) by
using the promiscuous phosphopantetheinyl transferase Sfp
(3 μM).34,35 After the loading reaction had reached completion,
SibL (10 μM) and the cosubstrate S-adenosyl-L-methionine (500
μM)were added and the reactionmixture was incubated at 30 �C
for 2 h. The reaction was stopped by addition of formic acid [final
concentration of 10% (v/v)] and analyzed by HPLC-MS.
Exclusion of Racemization during the SibL Methylation

Assay. To exclude racemization of 3-hydroxykynurenine as the
reason for the apparent promiscuity of SibL with regard to the
stereochemistry of its substrate, methylation assays using D- and
L-3-hydroxykynurenine were performed, and they were subse-
quently used as substrates in L-amino acid oxidase assays (vide
supra). The analysis of reaction mixtures was conducted via
HPLC-MS. Only in assays containing L-3-hydroxykynurenine
was the typical oxidation product observed, which confirms that
no racemization occurs during SibL methylation assays (Figure
S2 of the Supporting Information).
Kinetic Investigations of SibL. The kinetic parameters of

SibL were determined with the concentration of S-adenosyl-
L-methionine maintained at 1 mM and the concentration of D- or
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L-3-hydroxykynurenine varied from 0 to 1000 μM. Assays were
initiated by the addition of SibL to the reaction mixtures and
stopped by addition of TFA [final concentration of 10% (v/v)]
after 20 min, which was determined to be an appropriate reaction
time for being in the linear conversion range. All reactions were
performed in triplicate.
Coupled Methylation�Hydrolytic Cleavage Assay. The

methylation assays were conducted as described above. After
2 h, the kynureninase SibQ (14 μM) and the corresponding
cofactor pyridoxal 50-phosphate (14 μM)were added (final assay
volume of 150 μL). The reaction mixture was incubated at 30 �C
for an additional 30 min and subsequently analyzed via HPLC-
MS [Macherey andNagel, Nucleodur C18 ec, 125mm� 4.6 mm,
particle size of 3 μm, pore size of 110 Å, and flow rate of 0.3 mL/
min, with solvent A being 0.1% (v/v) TFA with ddH2O and
solvent B being 0.1% (v/v) TFA with acetonitrile] using gradient
elution (0 to 95% B over 23 min).
ATP�[32P]PPi Exchange Assay. A typical assay contained, in

a total volume of 500 μL, 800 μM acid substrate, 1 mM ATP,
10 mMMgCl2, 5 mMNaPPi, and 2 μMSibE. Before the reaction
was started by the addition of SibE, 5μL of aNa[32P]PPi solution
(∼2.0 � 107 cpm/mL) was added. The reaction mixure was
incubated at 30 �C for 15 min and the reaction subsequently
quenched with 750 μL of a charcoal suspension [100 mMNaPPi,
600 mM HClO4, and 1.6% (w/v) charcoal]. After two washing
steps using a wash solution (100 mM NaPPi and 600 mM
HClO4), the resuspended charcoal was transferred into 4 mL
of scintillation solution (Rotiszint, Carl Roth) and radioactivity
measurements were performed using a liquid scintillation analy-
zer (Packard Tricarb 2100TR). All reactions were performed in
triplicate.
Substrate TetheringAssay.The didomain SibE (30μM)was

artificially loaded with CoA (300 μM) by using the promiscuous
phosphopantetheinyl transferase Sfp (3 μM).34,35 The loading
reaction mixture additionally contained 3 mM MgCl2, 50 mM
NaCl, and 25 mM HEPES (pH 7.0). The reaction mixture was
incubated at 30 �C for 15 min, which was determined to be
sufficient for complete conversion of the apoprotein to the cata-
lytically active holoprotein. Subsequently, 700 μM ATP and
500 μM acid substrate were added, and the reaction mixture was
incubated at 30 �C for an additional 30 min. The assays were
stopped by the addition of 5% (v/v) formic acid (final con-
centration) and subjected to HPLC-MS analysis.
Hydroxylation Assay with SibE-S-3H4MAA and SibE-PCP-

S-3H4MAA. SibE (50 μM) or SibE-PCP (50 μM) was artificially
loaded with 3H4MAA-CoA (400 μM) using the promiscuous
phosphopantetheinyl transferase Sfp (5 μM) for a reaction anal-
ogous to the loading reaction described above. After loading had
been completed, SibG (10 μM), FAD (20 μM), and NADH
(2 mM) were added to the reaction mixture, which was subse-
quently incubated at 30 �C for an additional 30min. The reaction
was stopped by the addition of 20% (v/v) formic acid (final
concentration) and analyzed via HPLC-MS.
KOHCleavage of PCP-Bound 3,5DH4MAA. PCP-bound 3,5-

dihydroxy-4-methylanthranilic acid was released from the pro-
tein by precipitation with 10% TCA followed by hydrolyzation of
the base-labile thioester linkage, which was achieved by incubat-
ing the precipitate with 100 mM KOH (100 μL) at 70 �C for 15
min. Subsequently, proteins were removed by precipitation using
methanol, and the supernatant was analyzed by HPLC-MS using
a Hypercarb column [Thermo Electron Corp., 100% carbon,
particle size of 5 μm, and pore diameter of 250 Å, with solvent

A being aqueous nonafluoropentanoic acid (20 mM) and sol-
vent B being acetonitrile] and gradient elution (0 to 95% B
over 25 min).
Kinetic Investigations of SibG. The loading of SibG-PCP

with 3H4MAA-CoA and the subsequent hydroxylation of the
PCP-bound substrate by SibG were conducted in a manner
analogous to that of the reactions described above. The appro-
priate enzyme concentration of SibG was determined to be
0.25 μM and the reaction time to be 5 min. The kinetic para-
meters of SibG were determined using SibE-PCP-S-3H4MAA as
the substrate at a concentration that varied between 0 and
500 μM, while the concentrations of FAD (10 μM) and NADH
(1mM) were held constant. Assays were stopped by the addition
of 20% (v/v) formic acid (final concentration) and diluted 1:10
(v/v) with ddH2O for subsequent HPLC-MS analysis.

’RESULTS AND DISCUSSION

Expression and Purification of SibE, SibE-PCP, SibG, SibL,
and SibQ.The sibE, sibG, sibL, and sibQ genes, as well as the sibE-
PCP gene fragment from S. sibiricum, were amplified and cloned
into expression vectors. The corresponding recombinant pro-
teins were overproduced in E. coliBL21 or Rosetta as His6-tagged
fusions (SibE, 64.6 kDa; SibG, 39.9 kDa; SibL, 38.9 kDa; SibQ,
42.9 kDa; SibE-PCP, 11.6 kDa) and purified using Ni-NTA
affinity chromatography. SDS�PAGE analysis indicated that
each protein was isolated in high purity (Figure S7 of the
Supporting Information). Protein identity was verified by mass
spectrometry, and the following protein yields could be obtained
from 1 L of bacterial culture: 7.9 mg of SibE, 9.7 mg of SibG,
4.2 mg of SibL, 1.7 mg of SibQ, and 2.4 mg of SibE-PCP.
SibL Is a Stereochemically Promiscuous SAM-Dependent

Methyltransferase. It was previously reported that SibL shares a
high degree of sequence homology with ORF19,36 a proposed
SAM-dependent aromatic C-methyltransferase located in the
anthramycin biosynthetic gene cluster from Streptomyces refui-
neus, and AcmL/AcmI from the actinomycin gene cluster in
Streptomyces chrysomallus,37 which were shown to catalyze the
transformation of D-3-hydroxykynurenine to the corresponding
4-methyl derivative, as well as the methylation of L-tyrosine, in
vitro. Phylogenetic analysis revealed that SibL/ORF19 clusters in
a sister clade near AcmL/AcmI, as expected for typical ortholo-
gues catalyzing the same reaction. On the basis of those
previously reported results, we envisioned that SibL would
behave like an aromatic C-methyltransferase acting on 3-hydro-
xykynurenine, which would establish the C8 methylation step in
sibiromycin biosynthesis to take place not on the anthranilate,
but on the kynurenine scaffold. The assumption that methylation
takes place after the C7 hydroxyl group is installed on the
aromatic ring of kynurenine is in agreement with the proposed
mechanism for aromatic C-methylation by SAM-dependent
methyltransferases, which requires a phenolic hydroxyl group
in the ortho position with respect to the methylation site, as
has been noted for the C-methyltransferases CouO and NovO
in the biosynthesis of the antibiotics coumermycin and novobio-
cin, respectively.38 A phenolate ion is most likely formed and
activates the benzene ring in the ortho position, facilitating
a nucleophilic attack on the methyl group of S-adenosyl-L-
methionine. Furthermore, it would be interesting to investigate
if SibL shows some degree of stereochemical promiscuity as
reported for AcmL/AcmI.36
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To determine the biosynthetic origin of the C8 methyl group
found in the A-ring of sibiromycin, we incubated SibL with
commercially available racemic 3-hydroxykynurenine and the
corresponding cosubstrate S-adenosyl-L-methionine (Figure 3).
HPLC-MS analysis revealed the time-dependent formation of
a new compound with a mass of 238 Da, corresponding to
3-hydroxy-4-methylkynurenine. This result confirmed our as-
sumption that SibL would act on 3-hydroxykynurenine to
generate the 4-methyl derivative thereof, installing the methyl
group indeed before anthranilate formation. To further elucidate
the substrate specificity, we tested if the methylation of substrates
that are structurally similar to 3-hydroxykynurenine could be
performed by SibL (Table S1 of the Supporting Information). It
was found that in contrast to AcmL/AcmI none of the addition-
ally tested compounds were suitable substrates of SibL, indicat-
ing that the longer side chain of 3-hydroxykynurenine, compared
to anthranilate or aromatic amino acid substrates, is important for
substrate recognition or methylation of the aromatic ring. To
exclude the possibility of methylation at a later stage in the
biosynthesis, namely at the stage of free or SibE-bound 3HAA,
we incubated both substrates with SibL and the appropriate
cosubstrate. In both cases, no methylation could be observed
(Table S1 of the Supporting Information).

Turning again to the question of stereochemical promiscuity
as observed in the AcmL/AcmI orthologues, we set out to test
both enantiomeric forms of 3-hydroxykynurenine separately for
their potential as methylation substrates of SibL. For that, we
developed a HPLC separation strategy employing a chiral
stationary phase based on D-penicillamine, followed by identifi-
cation of the two separated isomers using a promiscuous L-amino
acid oxidase (Figure S1 of the Supporting Information). HPLC-
MS analysis showed that, indeed, both enantiomers of 3-hydro-
xykynurenine were accepted as substrates of SibL (Figure 3A,B),
extending the sequential homology of AcmL/AcmI and SibL to
the functional level by establishing that all three enzymes show
a relaxed specificity regarding the stereo configuration of the R-
carbon in their substrates. To exclude the possibility of racemiza-
tion during the assays, which could in principle also account for
the observed results, we performed coupled assays, adding
sequentially SibL and L-amino acid oxidase. Prompted by the
fact that the oxidation product could be detected only in assays
employing L-3HK as the substrate, we were able to conclude that
no racemization did occur during the methylation assays (Figure
S2 of the Supporting Information).
To further characterize SibL, the kinetic parameters for D- and

L-3-hydroxykynurenine were determined (Figure 3D). The

Figure 3. Characterization of SibL as a stereochemically promiscuous SAM-dependent aromatic C-methyltransferase. Abbreviations: 3HK,
3-hydroxykynurenine; 3H4MK, 3-hydroxy-4-methylkynurenine. (A) Extracted ion chromatograms (225 Da for 3HKþ and 239 Da for 3H4MKþ) of
the time course for the methylation of L-3HK by SibL. The respective reaction times are shown next to the chromatographic traces. (B) Extracted ion
chromatograms (225Da for 3HKþ and 239Da for 3H4MKþ) of the time course for themethylation of D-3HK by SibL. The respective reaction times are
shown next to the chromatographic traces. (C) Chemical transformation catalyzed by SibL. (D) Kinetic characterization of SibL using both L- and D-
3HK as substrates, showing the obtained kinetic parameters. Error bars represent standard deviations from three independently performed experiments.
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lowerKm value found for L-3-hydroxykynurenine (210( 29μM)
compared to that of D-3-hydroxykynurenine (311 ( 38 μM)
indicates a higher affinity of SibL for the L-enantiomer, pointing
toward the possibility that the L-stereoisomer might be the main
substrate in vivo (vide infra). The apparent rates for both
substrates (0.080 ( 0.003 min�1 for L-3HK and 0.075 ( 0.004
min�1 for D-3HK) were lower, but in the same range as the rates
observed for the related AcmL/AcmI enzymes (kcat for both
AcmL and AcmI being 0.11 ( 0.02 min�1).36 Compared with
those of the unrelated aromatic C-methyltransferases CouO and
NovO, the kcat values of SibL were lower and the Km values
higher (for CouO, kcat = 2.2 ( 0.25 min�1 and Km = 52.0 (
4.5 μM; for NovO, kcat = 0.5 ( 0.02 min�1 and Km = 26.5 (
5.5 μM),38 indicating an overall greater catalytic efficiency for the
CouO/NovO class of C-methyltransferases.
The biosynthetic significance of the observed promiscuity of

SibL regarding the stereochemistry of its substrate will be more
thoroughly discussed in the following section.
PLP-Dependent Cleavage of Kynurenine Derivatives by

SibQ. The putative kynureninase SibQ possesses the canonical
PLP binding domain characteristic of this class of enzymes,39

which catalyze cleavage of the Cβ�Cγ bond of kynurenine
derivatives based on a mechanism involving the formation of a
tautomerized Schiff base employing PLP, attack of an enzyme
nucleophile on the Cγ carbonyl, and subsequent hydrolysis of the
acyl�enzyme intermediate yielding an anthranilic acid derivative
and alanine as the reaction products.39,40 There are two different
types of kynureninases in nature with differing substrate specifi-
cities. While the bacterial enzyme involved in L-tryptophan cata-
bolism reacts with L-kynurenine forming anthranilic acid as a
reaction product,41 the eukaryotic kynureninase, also called
hydroxykynureninase, involved in NADþ biosynthesis, prefers
3-hydroxykynurenine as a substrate leading to 3-hydroxyanthra-
nilic acid formation.42,43 A way to discriminate between those
two types of kynureninases was previously suggested on the basis
of functional and structural studies of kynureninase-type en-
zymes, where the substrate specificity is influenced by a dis-
tinctive signature in the substrate-binding pocket of the
enzyme.39 The residues involved are H102 and S332 of the
human kynureninase sequence, which are characteristic of hy-
droxykynureninases, while kynureninases using L-kynurenine as a
substrate show W102 and G332 signatures. Recently published
work presented an interesting finding regarding a kynureninase
enzyme found in the actinomycin system from St. chrysomallus,
where the enzyme AcmH displayed a specificity signature con-
sisting of W102 (kynureninase-type) and S332 (hydroxyky-
nureninase-type), while being able to convert both kynurenine
and 3-hydroxykynurenine to the corresponding anthranilate
derivatives with comparable efficiencies.37 The kynureninase SibQ
located in the sibiromycin gene cluster from S. sibiricum surpris-
ingly exhibits the specificity signature of a typical L-kynurenine-
converting enzyme (W102 and G332), despite the fact that
biochemical logic would suggest 3-hydroxy-4-methylkynurenine
(3H4MK) as the main substrate based on the observed substrate
specificity of the methyltransferase SibL (vide supra).
To investigate the enzymatic capabilities of SibQ in vitro and

to test 3H4MK as a substrate, we performed coupled assays, first
transforming 3-hydroxykynurenine (3HK) to 3H4MK using
SibL, followed by incubation with SibQ and the corresponding
cofactor PLP (Figure 4). This was necessary because of the
commercial unavailability of 3H4MK. HPLC-MS analysis of the
reaction mixture showed that SibQ was able to transform both
3HK and the methylation product 3H4MK to the corresponding
anthranilate derivatives indicated by the appearance of two new
peaks corresponding to masses of 154 and 168 Da that coeluted
with the standards for 3HAA and 3H4MAA, respectively
(Figure 4A). Control reactions lacking SibQ and PLP showed
no sign of anthranilate formation. Additionally, kynurenine could
be used as a substrate by SibQ, forming anthranilic acid (AA) as a
reaction product (Table S2 of the Supporting Information). This

Figure 4. Characterization of SibQ as a PLP-dependent kynureninase.
(A) Coupled methylation�hydrolytic cleavage assay (orange). Control
reaction without SibQ and PLP (light blue). Standards of 3-hydroxyan-
thranilic acid (3HAA) and 3-hydroxy-4-methylanthranilic acid
(3H4MAA) (dark blue and red, respectively). Dashed LC�MS traces
indicate the use of D-stereoisomers as substrates. Abbreviations: 3HK,
3-hydroxykynurenine; 3H4MK, 3-hydroxy-4-methylkynurenine. All traces
shown represent extracted ion chromatograms (154 Da for 3HAAþ, 168
Da for 3H4MAAþ, 225 Da for 3HKþ, and 239 Da for 3H4MKþ). (B)
Chemical reactions catalyzed by SibL and SibQ resulting in the forma-
tion of 3HAA and 3H4MAA.

Table 1. Specificity-Conferring Amino Acids and Experi-
mentally Determined Substrate Specificities of SibE, ORF21,
TomA, and AcmA

A-T didomain active site residues substrate producta

SibE AATNISAALK 3H4MAAb Sib

ORF21 AATNISAALK 3H4MAA (56) Ant

TomA AAISLSGSIK ? Tom

AcmA NMMYVGVLI- 3H4MAA (55) Act
aAbbreviations: Sib, sibiromycin; Ant, anthramycin; Tom, tomaymycin;
Act, actinomycin. bEstablished in this study.
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broad substrate specificity is surprising considering the fact that
inhibition of human hydroxykynureninase by L-kynurenine was
previously reported.44 The observed relaxed substrate specificity
with regard to the substitution pattern on the anthranilate part of
the kynurenine derivative indicates that despite the presence of a
specificity signature generally found in L-kynurenine-hydrolyzing
enzymes it is necessary to biochemically characterize kynureni-
nases to gain thorough insights into their actual substrate
specificities.
Turning now to the stereochemistry of the tested substrates, we

were able to show that in all cases only the L-stereoisomer was
accepted (Figure 3A andTable S2 of the Supporting Information).
This finding is in agreement with previous results that showed no
hydrolyzation of D-kynurenine upon incubation with the kynur-
eninase from Pseudomonas marginalis45 and even an inhibitory
effect of D-kynurenine on human hydroxykynureninase.44 The fact
that only L-enantiomers of kynurenine derivatives are acceptable
substrates of SibQ indicates that the observed stereochemical
promiscuity of SibL likely plays no role in vivo and is only an in
vitro artifact.
Activation and Tethering of 3H4MAA by the NRPS Dido-

main SibE. SibE represents a NRPS didomain consisting of an
A-domain and a T-domain (also called PCP, peptidyl carrier
protein). Both belong to the canonical set of domains found in all

functional NRPSmodules, where the A-domain is responsible for
selection and activation of a substrate by utilizing ATP to form an
adenylate with a substrate carboxyl group, while the T-domain
functions as the site for subsequent substrate tethering to theNRPS
enzyme by which it is sequestered from the cellular pool of soluble
metabolites.46,47 Now the PCP-bound substrate can undergo
further modifications catalyzed by tailoring enzymes, followed by
condensation with the PCP-bound building block of the down-
streammodule catalyzed by the downstreamC-domain.47,48 Before
substrate tethering can occur, the apo-T-domain has to be trans-
formed into the holo form by attachment of a 40-phosphopan-
tetheine cofactor to a conserved serine residue through a dedicated
phosphopantetheinyl transferase.47 In general, the use of A-T
didomains is a strategy for sequestering a fraction of the pool of a
proteinogenic amino acid or other metabolite and modifiying it for
use in secondary metabolic pathways and for incorporation into
natural products.47,49,50

The substrate specificity of bacterial A-domains can be pre-
dicted by using various web-based resources such as the NRPS
predictor,51 which are based on the so-called “nonribosomal
code” consisting of 10 specificity-conferring amino acid residues
located between the A-domain’s A4 and A5 core motifs.52�54

Using those online tools, no prediction for the sibiromycin A-T
didomain SibE was achieved. The extracted residues for SibE,

Figure 5. Characterization of SibE substrate specificity. (A) Reaction catalyzed by the A-T didomain SibE. (1) First half of the reaction, in which the acid
substrate is activated as an adenylate. (2) Thiolation step by which the activated substrate is covalently tethered to the T-domain. (B) Relative activities
obtained from the ATP�[32P]PPi exchange assay for SibE. Error bars represent standard deviations from three independently performed experiments.
(C) Results observed in the substrate tethering assay. The three tested anthranilate derivatives were tethered to SibE (green check mark), whereas no
tethering for the tested R-amino acids could be observed (red X). (D) Examplary qTOF-MS data from the 3-hydroxy-4-methylanthranilic acid assay,
where the observed mass of 64986 Da corresponds to SibE covalently linked to 3H4MAA. Abbreviations: 3H4MAA, 3-hydroxy-4-methylanthranilic
acid; 3HAA, 3-hydroxyanthranilic acid; AA, anthranilic acid; 5HAA, 5-hydroxyanthranilic acid; 3,5DH4MAA, 3,5-dihydroxy-4-methylanthranilic acid.
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and for the homologous A-T didomains in the related anthra-
mycin (ORF21) and tomaymycin (TomA) systems, as well as for
the didomain AcmA found in the actinomycin system of
St. chrysomallus are listed in Table 1. Via analysis of those
specificity signatures, it is directly apparent that in all cases the
aspartate residue at position 1, which is generally observed in R-
amino acid-activating A-domains, is substituted with an uncharged
residue. This indicates that the activated substrate may not be an
R-amino acid, but as proposed an aryl β-amino acid (anthranilic
acid derivative). Among the enzymes listed, AcmA and ORF21
were previously biochemically characterized with regard to their
substrate specificities.55,56 Those results showed that 3H4MAA is
the main substrate of ORF21's A-domain, while 3HAA was
activated to a lesser extent. In the case of AcmA, similar activities
for 3H4MAA and 3HAA as well as AA could be observed.
Comparison of the active site residues found in SibE and
ORF21 shows that all positions are perfectly conserved, strongly
suggesting that SibE activates preferentially 3H4MAA as well. To
verify this assumption, we tested SibE’s function using the classical

ATP�[32P]PPi exchange assay, by which the adenylation half of
the two-step reaction catalyzed by an A-TNRPS didomainmay be
monitored (Figure 5A). The obtained results indicate that, indeed,
3H4MAA is the preferred substrate of SibE. Additionally, side
specificities for 3HAA and AA were observed, while all the tested
proteinogenic R-amino acids showed only background-level activ-
ity (Figure 5B), in agreement with the specificities of the already
characterized enzymes ORF21 and AcmA. The fact that 3,-
5DH4MAA shows a significantly reduced activity in the ATP�
[32P]PPi exchange assay compared to those of the other tested
anthranilic acid derivatives indicates that the C7 hydroxyl group
found in the aglycon of sibiromycin is installed after activation of
3H4MAA by SibE, which will be discussed in more detail below.
Taking all the results mentioned above into account, we find

that it seems that the planar spatial arrangement of the carboxyl
and amino groups in anthranilate derivatives is crucial for the
activation by the corresponding A-domains. Additionally, in the
case of SibE, a more relaxed specificity regarding the substituents
at the C3 and C4 positions could be observed, whereas the

Figure 6. Characterization of SibG as a FAD/NADH-dependent hydroxylase. (A) Hydroxylation of PCP-bound 3H4MAA by SibG, employing the
cosubstrates and cofactors NADH,O2, and FAD. (B) Kinetic characterization of SibG using SibE-PCP-S-3H4MAA as the substrate. Error bars represent
standard deviations from three independently performed experiments. (C) qTOF-MS data from left to right for apo-SibE (64497 Da), holo-SibE
(64837 Da), 3H4MAA-SibE (64986 Da), and 3,5DH4MAA-SibE (65002 Da). The corresponding reactions are shown above the MS data.
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presence of a C5 hydroxyl group (5HAA or 3,5DH4MAA)
seemed to disturb activation.
Turning to the second step of the A-T didomain-catalyzed

reaction, namely the thiolation step, we performed substrate
tethering assays by incubating holo-SibE with the corresponding
acid substrates and the appropriate cosubstrates (ATP andMg2þ)
followed by HPLC-MS analysis (Figure 5C). The findings were
in agreement with the activities observed in the ATP�[32P]PPi
exchange assays. Only in the case of anthranilate derivatives
could an appropriate mass shift be observed, which indicates that
only they were covalently tethered to the holo-SibE didomain
(Figure 5C,D).
Hydroxylation of PCP-Bound 3H4MAAby the FAD/NADH-

Dependent Hydroxylase SibG. On the basis of mutational
studies and complementation experiments, SibG was proposed
to be involved in C7 hydroxylation of the anthranilate moiety of
sibiromycin, where the installation of the hydroxyl group would
take place before diazepine ring formation.23 In general, two
possibilities exist. SibG would either act on the free precursor
(3H4MAA) or catalyze the hydroxylation of the PCP-bound

anthranilate, a strategy often employed in secondary metabolism
to modify monomeric building blocks.48

Sequence analysis revealed that SibG possesses the canonical
FAD and NADH/NADPH binding sites, while sharing a high
degree of sequence homology with salicylyl-CoA 5-hydroxylases,
among them SdgC (37% identical) from Streptomyces sp. WA46,
which was shown to catalyze the C5 hydroxylation of salicylyl-
CoA in vitro, resulting in the formation of gentisyl-CoA.57 These
bioinformatic data combined with the insights gained by deter-
mination of the SibE substrate specificity suggest that SibG likely
hydroxylates PCP-bound 3H4MAA, leading to the formation of
the fully substituted anthranilate moiety found in sibiromycin.
To test this hypothesis and establish the stage at which hydro-
xylation occurs, we incubated SibG with FAD and NADH or
NADPH as an electron source, as well as with different anthra-
nilic acid derivatives, to experimentally exclude hydroxylation at
the stage of the free precursor. Subsequent HPLC-MS analysis
showed that, indeed, none of the tested substrates could be
hydroxylated by SibG (Table S3 of the Supporting Information).
Now we moved on to test if SibG would be able to hydroxylate
PCP-bound 3H4MAA, proposed to be the correct substrate
when considerations mentioned above are taken into account.
Therefore, we artificially loaded the apo didomain SibE using Sfp
and 3H4MAA-CoA, followed by incubation with SibG and the
appropriate cosubstrates (Figure 6A). HPLC-MS analysis first
showed that SibG could indeed hydroxylate PCP-bound
3H4MAA, indicated by a mass shift of 16 Da after incubation
with SibG (Figure 6C). Second, it demonstrated that only NADH
was accepted as an electron source. To actually prove that PCP-
bound 3H4MAA is formed upon incubation with SibG, as
indicated by the observed mass shift, we performed a KOH
cleavage of the thioester-bound anthranilate and subsequently
compared it to a chemically synthesized 3,5DH4MAA standard
usingHPLC-MS analysis (Figure 7A). The obtained results, show-
ing identical retention times for the standard and the cleaved
compound, indeed prove that SibG hydroxylates the C5 position
of PCP-bound 3H4MAA (Figure 7B).
To further characterize SibG, we determined the kinetic

parameters for 3H4MAA-S-SibE-PCP (Figure 6B). Using the
excised PCP domain SibE-PCP was necessary, because SibE
could not be obtained at concentrations sufficiently high for
kinetic characterization. The apparent kinetic parameters (Km =
743 ( 149 μM; kcat = 88.8 ( 14.4 min�1) indicate that SibG
possesses an affinity similar to that of the employed substrate as
does the FAD/NADPH-dependent hydroxylase PvdA from
Pseudomonas aeruginosa for its substrate ornithine, while the
possibility that using the excised PCP domain of SibEmay lead to
a lowering of substrate affinity compared with that of the in-
tact SibE didomain cannot be excluded. In general, modifying
enzymes acting on PCP-bound substrates exhibit greater sub-
strate affinities than similar enzymes using free substrates, as
exemplified by the non-heme iron oxygenases KtzO from
Kutzneria sp. (Km = 121.5 ( 28.1 μM),58 which acts on PCP-
bound glutamic acid, and VioC from Streptomyces vinaceus (Km =
3400( 450 μM),59 which hydroxylates free arginine. Compared
with the class of heme-dependent P450 monooxygenases like
AziB1 from Streptomyces sahachiroi (Km = 2.4 ( 0.4 μM),60

which acts on free 5-methylnaphthoic acid, all other mentioned
hydroxylases, including SibG, show much greater Km values,
indicating an especially high substrate affinity of heme-depen-
dent hydroxylases. With regard to the turnover rate of SibG, it
can be noted that it is greater than the rates of other hydroxylases

Figure 7. Identification of the SibG reaction product. (A) Outline for
the identification of the hydroxylated reaction product of the SibG-
catalyzed reaction by KOH cleavage and subsequent HPLC-MS analysis.
(B) HPLC-MS traces of the cleaved hydroxylation product and the
corresponding standard. All traces shown represent extracted ion
chromatograms [168 Da for 3H4MAAþ (red and blue) and 184 Da
for 3,5DH4MAAþ (green and orange)].
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acting on PCP-bound substrates (e.g., kcat = 0.34 ( 0.03 min�1

for KtzO),58 resembling more closely the rates observed
for hydroxylases using free substrates (e.g., kcat = 298.8 (
19.2 min�1 for AsnO from Streptomyces coelicolor).61

’CONCLUSIONS

The question we set out to answer concerned the precise order
of reaction steps leading to 3,5DH4MAA formation and activa-
tion for subsequent incorporation into the sibiromycin molecule.
Therefore, we biochemically characterized the four enzymes
proposed to be involved in anthranilate formation, starting from
the known metabolite 3-hydroxykynurenine. First, we estab-
lished that SibL is a SAM-dependent aromatic C-methyltransfer-
ase acting on L- and D-3-hydroxykynurenine, showing that the C8
methyl group found in sibiromycin is installed on the kynurenine
and not the anthranilate scaffold. The observed stereochemical
promiscuity of SibL was dismissed as an in vitro artifact due to the
observed substrate specificities of the downstream enzymes
leading to 3,5DH4MAA formation. Turning to SibQ, we were
able to show that it belongs to the class of PLP-dependent
kynureninases while displaying a relaxed substrate specificity
regarding the C3, C4, and C5 substituents of the benzene ring in
the kynurenine scaffold. Subsequent investigation of the two half-
reactions catalyzed by the NRPS didomain SibE showed a clear
preference for anthranilate derivatives, indicating that the corre-
sponding A-domain recognizes only aryl β-amino acids.
3H4MAA could be identified as the preferred substrate, directly
suggesting that the C5 hydroxylation of the anthranilate moiety
takes place on the PCP-bound intermediate. To verify this
hypothesis, we characterized SibG and were able to show that
it is a FAD/NADH-dependent hydroxylase indeed acting on
PCP-bound 3H4MAA. Those new insights allowed us to estab-
lish the precise sequence of reactions leading to the formation of

the highly substituted anthranilate moiety found in the antitumor
antibiotic sibiromycin, starting with the known metabolite L-3-
hydroxykynurenine (Figure 8). Extending our results to the
related PBD system of anthramycin, we suggest that the C8
methyl group found in the mature natural product is introduced
by the SibL homologue ORF19 using L-3HK as the substrate
analogous to the sibiromycin system. Future work on the
sibiromycin system will focus on the biochemical characteriza-
tion of NRPS module SibD, the reductive mechanism employed
to release the intermediate from the NRPS assembly line, and the
formation of the central seven-membered B-ring found in the
mature PBD scaffold of sibiromycin. Additionally, investigations
will involve the characterization of putative glycosyltransferase
SibH in terms of substrate specificity regarding both the sugar
moiety and the aglycon.

To the best of our knowledge, this is the first biochemical
characterization of a pathway leading to anthranilate formation and
activation in a pyrrolo[1,4]benzodiazepine system. This work may
guide engineering attempts of the PBDbiosyntheticmachinery and
function as a starting point for future experiments regarding the
biocombinatorial synthesis of (glycosylated) PBD derivatives.
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Figure 8. Summary of the investigated enzymatic steps leading to the formation and activation of the 3,5DH4MAA building block in sibiromycin
biosynthesis. Enzymes characterized in this study are colored red. The last common precursors in the syntheses of the related PBDs tomaymycin and
anthramycin are indicated by additional arrows.
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