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Introduction

Cytochrome P450 enzymes (P450s) are a superfamily of mono-
oxygenases that are exploited in all kingdoms of life to execute

a broad array of physiological functions, for example, xenobiot-
ic metabolism and metabolite synthesis.[1] These heme–thiolate

proteins generally use O2 and a reducing cofactor, NAD(P)H, to

insert one oxygen atom into an organic substrate, often the
inert C@H bond, leading to hydroxylation and epoxidation re-

actions, as well as tens of less common reactions (e.g. , aryl
coupling and molecular rearrangement).[2] The catalytic mecha-

nism of P450s has been extensively studied over past de-
cades.[3] The primary reactive intermediate driving P450 reac-
tions is one porphyrin p-radical cation ferryl species, known as

compound I,[3b, 4] which abstracts a hydrogen atom from the
substrate to yield both compound II (an Fe4 +@OH species) and
a substrate radical species. The latter rebinds to the hydroxyl
radical of compound II to generate a hydroxylated product. In

addition to compound I, nature has exploited other reactive
species of the P450 catalytic cycle (e.g. , ferric peroxo and/or

hydroperoxo species) for chemical innovations.[5] The ability to
functionalize inert C@H bonds of an extraordinarily broad

range of substrates in a regio- and stereospecific manner
makes P450s valuable to a variety of synthetic applications.[6]

Natural products and their synthetic derivatives have count-

less applications in medicine, veterinary practice, agriculture,
and industry.[7] These compounds occupy enormously broad

structural diversity, presumably translating into their impressive
functional richness.[8] P450s are key players to bestow and

expand the structural diversity of natural products.[1b, 2b, 9]

Indeed, they can diversify building blocks for the assembly of
natural products and modify assembled intermediates for the

attachment of additional moieties or interactions with other
targets. Accommodating a tremendously wide substrate range
and a broad reaction scope, P450s involved in natural product
biosynthesis have evolved with many intriguing features.[1b, 2b, 9]

In particular, some P450s catalyze multiple transformations in
the same biosynthetic pathway (Scheme 1). For example, PikC

hydroxylates C10 and C12 of the 12-membered polyketide (PK)

macrolide YC-17 and C12 and C14 of 14-membered narbomy-
cin in the antibiotic pikromycin/methymycin biosynthetic path-

way,[10] whereas TamI catalyzes at least three oxidation reac-
tions on three sites to produce the PK/nonribosomal peptide

(NRP) hybrid antibiotic tirandamycin (Scheme 1 A).[11] Similarly,
P450sky hydroxylates the b position of three amino acid build-

ing blocks tethered onto the corresponding thiolation domains

in the biosynthesis of NRP skyllamycin (Scheme 1 A).[12] Modifi-
cations on multiple sites by a single P450 are also important

for the biosynthesis of other families of natural products, for
example, Tri4 in tailoring the terpenoid mycotoxin tricho-

diene[13] and TsrR for the production of the ribosomally synthe-
sized and post-translationally modified peptide antibiotic thio-
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strepton (Scheme 1 A).[14] Notably, multifunctional P450s are
also found in primary metabolism pathways, as exemplified by

CYP11A, CYP17, and CYP11B2 in the biosynthesis of steroid
hormones;[15] CYP107H1 (P450BioI) in the formation of pimelic

acid as the majority of the carbon skeleton of biotin;[16] and
CYP24A1 in the degradation of vitamin D.[17] On the other

hand, many natural products have a high abundance of aro-
matic and aliphatic C@H bonds, but it is rarely known for any
biosynthetic P450 to catalyze both aromatic and aliphatic hy-

droxylation.[18] The dissociation energy of these two types of
C@H bonds is different by about 10 to 20 kcal mol@1. To address
this energy difference, P450s usually employ the hydrogen ab-
straction strategy by using compound I for aliphatic hydroxyl-

ation, while generating an initial epoxide ring followed by a
1,2-hydride shift for the formation of the aromatic C@OH

group.[3, 19] Notably, both reactions are well within the range of

P450 activities (Scheme 1 A),[3] but rarely catalyzed by any
single enzyme.

Thaxtomins are virulence factors of multiple plant pathogen-
ic Streptomyces strains and cause potato common scab dis-

ease.[20] Two NRP synthetases (NRPSs), TxtA and TxtB, assemble
l-phenylalanine (l-Phe) and 4-NO2-l-tryptophan (4NO2-l-Trp)

into one 2,5-diketopiperazine (DKP) thaxtomin D (3 ;

Scheme 1 B).[20, 21] 4NO2-l-Trp is converted from l-Trp by a
unique P450 TxtE that uses cosubstrates O2 and nitric oxide

synthesized from l-arginine by TxtD.[20, 22] Genetic studies of
thaxtomin biosynthesis imply that the second pathway-specific

P450 TxtC sequentially hydroxylates the aliphatic tertiary C14
and aromatic C20 of 3 to produce thaxtomins B (2) and A (1;

Scheme 1 B).[21b, 23] Recently, we biochemically confirmed the

dual functions of recombinant TxtC fused with the reductase
domain of P450BM3 (BM3R) through a 14-amino acid linker,

named as TCB14.[21a] In addition, we revealed substantial sub-
strate promiscuity of TCB14 toward nitro-containing thaxto-

mins in aliphatic and aromatic hydroxylation as the biocatalytic
production of 58 hydroxylated thaxtomin analogues from 3 l-

Trp and 12 l-Phe analogues.[21a] This work provides the first

biochemical evidence for the existence of natural P450s for
both aliphatic and aromatic C@H hydroxylation, which is fur-
ther supported by a recent report on the structural characteri-

zation of TxtC.[24] The only other known example is the P450
FmoC/TbrH, which hydroxylates both the indole ring and the

b position of 6-chlorotryptophan attached to the thiolation
domain in genetic studies on the biosynthesis of JBIR-34/35/

tambromycin (Scheme 1 A).[18] The DKP core is a privileged scaf-
fold in drug research,[25] and selective hydroxylation of the core

by chemical methods is lengthy and sometimes synthetically
challenging.[26] So far, only three P450s, CYP121, CYP134A1,
and BcmD, are known to be involved in the biosynthesis of

DKP natural products mycocyclosin,[27] pulcherriminic acid,[28]

and bicyclomycin,[29] respectively (Scheme 1 A).
Herein, we describe the further development of TxtC as a

biocatalyst for hydroxylating aromatic DKPs. We first engi-

neered the linker length between TxtC and BM3R and found
TCB14 as the most active variant among four fusion enzymes

toward 3. By using 3, thaxtomin C (4), and two unnatural ana-

logues (5, 6) as substrates (Scheme 1 B), we observed the sig-
nificant effects of N-methylations of the DKP core on the re-

activity and product profiles of TCB14. The substrate scope of
TCB14 was further evaluated with 30 desnitro thaxtomin ana-

logues synthesized from 5 l-Trp and 6 l-Phe analogues by
TxtA and TxtB, yielding 43 hydroxylated desnitro thaxtomin an-

alogues. Finally, we developed one new biocatalytic route by

using TCB14 and one promiscuous N-methyltransferase (MT)
Amir_4628 from the actinobacterium Actinosynnema mirum[30]

along with the human methionine adenosyltransferase
(hMAT2A),[31] which forms S-adenosylmethionine (SAM) from l-

methionine and ATP, and successfully synthesized several hy-
droxylated di-N-methylated aromatic DKPs.

Results and Discussion

Effect of the linker length between TxtC and BM3R on the
catalytic activity of fusion enzymes

P450 reactions generally require redox partners to shuttle elec-
trons from the reducing agent. In a previous study, we created

15 self-sufficient TxtE nitration biocatalysts by fusing the P450
with BM3R through linkers of 3 to 27 amino acids,[32] easing

biocatalytic use. Notably, the natural linker sequence between
the P450BM3 heme domain and BM3R was used to create chi-
meric enzymes that were named TBX, in which X corresponded
to the linker length. Among these fusion enzymes, TB14 dem-

onstrates the highest activity in nitrating l-Trp, whereas TB3,
TB6, and TB9 are not properly folded and inactive. Recently,
we used the same design to create self-sufficient TCB14, which
was highly soluble and catalytically active toward 32 analogues
of thaxtomin D (3).[21a] To identify highly active TxtC biocata-

lysts for DKP hydroxylation, we sought to examine the poten-
tial effect of the linker length on the catalytic performance of

chimeric TxtC–BM3R fusion enzymes. Following the previous

protocol, we created chimeric TCB11, TCB17, and TCB22 with
linkers of 11, 17, and 22 amino acids, respectively (Figure 1 A).

All variants were expressed as soluble proteins in Escherichia
coli and possessed featured Soret bands at l= 450 nm in their

differential CO-reduced spectra (Figures S1 and S2 in the Sup-
porting Information). We then incubated 1.5 mm recombinant
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enzymes and the glucose dehydrogenase (GDH)-based NADPH

regeneration system with 0.1 mm 3 as a substrate for 2 h.[21a]

HPLC analysis revealed the production of 2 in all reactions, and

TCB14 was the most active enzyme, followed by TCB11 and
TCB17 (73.5 and 55.7 % of the activity of TCB14, respectively;

Figure 1 B). The catalytic performance of these self-sufficient

enzymes was presumably determined by their coupling effi-
ciency. The highest coupling efficiency was observed with

TCB14 ((2.36:0.08) %), followed by TCB11 ((1.98:0.15) %),
TCB17 ((1.87:0.14) %), and TCB22 ((1.38:0.07) %). On the

other hand, the low coupling efficiency of these enzymes
suggests an important direction for the future development of

TxtC as biocatalysts. Nonetheless, TCB14 was used to gain
useful insights into its substrate scope in the following studies.

Influence of N-methylation of thaxtomin substrates on the
reactivity and product profile of TCB14

Plant pathogenic Streptomyces strains produce 12 known thax-
tomin analogues, the structures of which mainly differ in N-

methylation of the DKP scaffold and hydroxylation on the
phenyl group of l-Phe.[20] The N12@ and N15@CH3 groups are

installed by the MT domain of NRPS TxtB and TxtA, respective-
ly, whereas TxtC hydroxylates the phenyl group as one of its

Scheme 1. A) Selected examples of multifunctional P450s discussed in this study. TxtC and FmoC are unique in catalyzing both aliphatic (red) and aromatic
(blue) hydroxylation. Notably, TamI works along with TamL to form the ketone of tirandamycin B labeled in red. B) Schematic outline of the thaxtomin biosyn-
thetic pathway. Chemical structures of natural and unnatural thaxtomin analogues 1–6 are also shown.
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two reactions (Scheme 1 B). Our recent in vitro study revealed
that the N-methylation of thaxtomins was controlled by the

availability of SAM in TxtA and TxtB reactions.[21a] If [SAM] is
limiting, one thaxtomin analogue without any N@CH3 group

(5) is produced, along with small quantities of 3 and 4 carrying

the N12@CH3 group (Scheme 1 B).[21a] However, whether the N-
methylation status of thaxtomin substrates influences the TxtC

reactions is unknown. To address this question, we examined
the performance of TCB14 toward 3, 4, 5, and one unnatural

thaxtomin analogue (6) that carried the single N15@CH3 group
(Scheme 1 B). Compounds 3 and 4 were isolated from the cul-
ture medium of one thaxtomin-producing Streptomyces albus-

thx2 strain that we previously created,[21b] whereas 5 was enzy-
matically synthesized in the reaction of TB14, TxtA, and TxtB
without SAM.[21a] To enzymatically synthesize 6, we prepared
recombinant TxtB G554R mutant in E. coli (Figure S1). The

G552XG554XG556 motif in TxtB MT is highly conserved among N-
MTs of multiple NRPSs and essential for the binding of SAM

(Figure S3).[33] The G554R mutation is thus expected to inacti-
vate the MT domain of TxtB. Indeed, we observed a single
product from the reaction of TB14, TxtA, and TxtB G554R that

showed an expected m/z value (393.1557, D0.5 ppm) through
HRMS analysis (Figure 2 A). The structure of compound 6 was

further elucidated by means of 1D and 2D NMR spectroscopy
analysis (Figures 2 A and S4).

Having prepared 3–6, we examined the catalytic per-

formance of TCB14 toward these substrates. At 1.5 mm, TCB14
converted (13.0:1.4) % of 3 (0.1 mm) into 2 within 2 h (trace I,

Figure 2 B). By contrast, compound 5 was completely inactive
in the reaction with TCB14 under the same conditions. Further

incubation of the reaction containing ten times more TCB14
(15 mm) for 20 h led to undetectable amounts of hydroxylated

5 by means of HPLC and LC-MS analyses (trace VI, Figure 2 B).

On the other hand, TCB14 (1.5 mm) produced monohydroxylat-

ed 4 and 6 (0.1 mm substrate) after 2 h (traces II and III, Fig-
ure 2 B). Both products showed expected m/z values in HRMS

analysis and diagnostic tandem MS patterns that allowed accu-
rate assignment of their structures (Figures S5 and S6 and

Table S1).[21a] This work further revealed 6 as the second best
substrate of TCB14 in C14-hydroxylation, but only with (29.0:
2.1) % relative activity of 3, followed by 4 ((23.0:3.1) % relative

activity of 3 ; Figure 2 C). The relative activities of these sub-
strates agreed with the trend of their binding affinities with

TCB14. Biolayer interferometry (BLI) technology revealed the
strongest interaction between 3 and TCB14 (Kd = 33 mm), which

was in the same range of the Km value ((30.0:6.2) mm) deter-
mined in our recent kinetic study,[21a] followed by 6 and 4 (Kd =

Figure 2. Characterization of the effects of substrate N-methylations on
TCB14 performance. A) HPLC analysis revealed the production of 6 in the
reaction of TB14, TxtA, and TxtB G554R (trace II), which was missing from
the control carrying heat-inactivated TxtB G554R (trace I). B) HPLC analysis
showed different product profiles of reactions of TCB14 with 3–6 as sub-
strates. Traces I–III represent the reactions containing 1.5 mm TCB14 and
0.1 mm substrate for 2 h, whereas traces IV–VI show the reactions with
15 mm TCB14 and 0.2 mm substrate for 20 h. The peaks of monohydroxylat-
ed 4 and 6 are indicated with D, whereas # shows dihydroxylated 6. C) The
relative activities of TCB14 toward 3–6. The amounts of monohydroxylated
products in TCB14 reactions after 2 h were determined at 380 nm through
HPLC analysis and the highest amount ((13.0:0.1) mm of 2) was set as
100 % to normalize the relative activities of the enzyme toward other sub-
strates. The data represent means: s.d. of at least two independent experi-
ments.

Figure 1. TCB14 was the most active among four self-sufficient chimeric en-
zymes. A) Schematic illustration of four self-sufficient chimeric enzymes, in-
cluding linker sequences. B) The relative activities of four chimeric enzymes.
The reactions contained 1.5 mm enzyme and 0.1 mm 3 and were terminated
after 2 h. The amount of 2 in the reaction mixtures was determined at
380 nm through HPLC analysis. The amount of 2 in the TCB14 reaction was
set as 100 % to normalize the relative activities of other enzymes. The data
represent means: standard deviation (s.d.) of at least two independent ex-
periments.
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0.14 and 1.1 mm, respectively). Compound 5 showed no meas-
urable binding with TCB14. Strong binding between 3 and

TCB14 (Kd = (9.8:0.7) mm) was confirmed by means of the UV
titration method.[32] Notably, the maximal absorbance of 3 is

around 380 nm and has significant interference with the sub-
strate-bound Soret band at around 392 nm. We further evalu-

ated the catalytic performance of TCB14 toward two mono-
methylated substrates by incubating the reactions containing

15 mm of TCB14 and 0.2 mm of 4 and 6 for 20 h (Scheme 1 B).

HPLC analysis of the reactions revealed only monohydroxylat-
ed 4 (about 16 % conversion) and about 75 % conversion of 6
into 69 % monohydroxylated and 6 % dihydroxylated 6 (traces
IV and V, Figure 2 B and Table S1). These results together sug-

gested that the N@CH3 groups of the thaxtomin DKP core
affect the substrate/enzyme interactions, thereby influencing

the catalytic performance of TCB14. Recently, the group of

Challis reported a 3-bound TxtC crystal structure (PDB ID:
6F0B).[24] In the range of 5 a, Leu74, Val168, Val 169, and Val232

form a hydrophobic cavity for the binding of the N12@CH3

group of 3, whereas Leu284 and Thr384, along with Ser280,

mediate interactions with N15@CH3 (Figure S7). As such, the
lack of both DKP N@CH3 groups in 5 is likely to lead to no in-

teractions with the hydrophobic pockets within the active site

of TxtC. On the other hand, one DKP N@CH3 group in 4 or 6
seems to be sufficient to mediate catalytically effective interac-

tions (Figure 2), albeit with significantly lower catalytic per-
formance than that of 3.

Hydroxylation of 28 desnitro analogues of thaxtomin D (3)
by TCB14

The structures of natural thaxtomins contain the C4@NO2

group, which is important to their virulence activity
(Scheme 1 B).[20] We recently revealed the promiscuity of TCB14

toward 32 nitro-containing thaxtomin analogues.[21a] However,

the extent to which the C4@NO2 group influences the activity
of TxtC has not been studied, to date; an advanced under-

standing would aid the development of this enzyme for bio-
catalytic uses. To tackle this question, we first synthesized des-

nitro-4Me-thaxtomin D (7) in reactions of TxtA and TxtB
(1.2 mm) with 4Me-d,l-Trp (0.5 mm) and l-Phe (0.5 mm) as sub-
strates. In our previous study, TxtA and TxtB were evaluated
with five l-Trp and six l-Phe analogues, and the highest con-

version ratio (about 22 %) was observed with the above two
substrates.[21a] HPLC analysis revealed the successful synthesis
of 7 with the same retention time as that of the standard

(traces I and II, Figure 3 A).[21a] We then included TCB14 (4.5 mm)
along with the regeneration system of NADPH in the reaction

of TxtA and TxtB for an additional 20 h. Two new peaks with
an increased polarity were observed by HPLC analysis (trace III,

Figure 3 A) and showed m/z values identical to those of mono-

and dihydroxylated 7 (392.1960, D2.3 ppm; 408.1918,
D0.2 ppm), which were further supported by their MS/MS frag-

mentation patterns (Table S2). Dihydroxylated 7 was the major
product (about 75 %) of the reaction. Notably, compound 7
produced in the TxtA and TxtB reaction (calculated to be
0.11 mm) was completely consumed by TCB14; thus indicating

that the C4@NO2 group of thaxtomins is dispensable to the
TCB14 reaction. This result was supported by a recent in vivo
study in which TxtC was heterologously expressed in S. albus

and converted the majority of in situ generated 7 mainly into
the monohydroxylated product (about 0.1 mg L@1).[23a] The ob-

served product profile difference of the in vitro and in vivo
TxtC reactions can be related to substrate availability.

To further evaluate the substrate requirement of TCB14, we
prepared a library of 30 desnitro analogues of 3, including 7 in

the TxtA and TxtB reactions with five l-Trp (l-Trp, 4Me-d,l-Trp,
4F-l-Trp, 5F-l-Trp, and 6F-d,l-Trp; 0.5 mm) and six l-Phe (l-
Phe, 2F-l-Phe, 3F-l-Phe, 3Cl-l-Phe, 4F-l-Phe, and 4Cl-l-Phe;
0.5 mm) analogues as substrates.[21a] Notably, only the l-form
of racemic amino acids is taken for the enzymatic DKP synthe-

sis.[21a] In our recent work, the conversion ratios of this library
varied from 22 to 0.7 %, making the calculated concentrations

of potential TCB14 substrates as low as 3.5 mm.[21a] To enhance

substrate availability for TCB14 reactions, we doubled the con-
centrations of both TxtA and TxtB (2.4 mm) for library prepara-

tion. We then incubated TCB14 at 3.0 mm with this library for
20 h. Notably, the TxtA and TxtB reactions were not terminated

upon adding TCB14 and likely continued. HPLC analysis of the
one-pot, three-enzyme reactions revealed that 28 out of 30

Figure 3. Biocatalytic synthesis of hydroxylated desnitro analogues of 3 by
TxtA, TxtB, and TCB14. A) TCB14 hydroxylated desnitro-4Me-thaxtomin D (7)
was synthesized with TxtA and TxtB (1.2 mm) after 30 h (trace II) and showed
the same retention time as that of the standard (trace III). Trace I showed
the reaction of TCB14 with mono- and dihydroxylated 7, as indicated by D

and #, respectively. B) TCB14 hydroxylated 28 of the 30 desnitro analogues
of 3 synthesized from 5 l-Trp and 6 l-Phe analogues, with conversion ratios
ranging from 40.0 to 0.2 %. The products were detected at 280 nm by HPLC
and their concentrations were then determined by using the standard curve
of cyclo-(l-Trp-l-Phe). The conversion ratios of mono- and dihydroxylated
products are shown as solid and sliced bars, respectively. The data represent
means of at least two independent experiments, with details shown in
Table S2.
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desnitro analogues of 3 were converted into a total of 43
mono- or dihydroxylated products (Figure 3 B). Hydroxylated

products were confirmed by HRMS and tandem MS/MS analy-
ses (Figure S5 and Table S2). We then determined the concen-

trations of hydroxylated products by using the standard curve
of commercially available cyclo-(l-Trp-l-Phe). The conversion

ratios of the TxtA, TxtB, and TCB14 reactions were calculated
as [hydroxylated product]/0.5 mm V 100 % and ranged from

40.0 to 0.2 % (Table S2). Undetectable amounts of hydroxylated

products were available in the reaction with 4F-l-Trp and 3F-l-
Phe or 6F-d,l-Trp and 3Cl-l-Phe as substrates (Figure 3 B).

TCB14 tended to be more active toward the substrates con-
structed from 4Me-l-Trp. Indeed, the three best enzyme sub-

strates were 7, desnitro-4Me-19F-thaxtomin D, and desnitro-
4Me-20F-thaxtomin D, the conversion ratios of which were all
about 40 % (Figure 3 B). Compared with the @F substituent on

the C3 and C4 atoms of the phenyl group of l-Phe, the re-
placement of @Cl significantly reduced the conversion ratios of

TCB14 toward the DKPs with 4Me-l-Trp as the other building
block. On the other hand, TCB14 showed low conversion ratios
(4.8 to 0.2 %) toward other 23 desnitro DKP substrates (Fig-
ure 3 B and Table S2). Another observation was that TCB14 pro-

duced more dihydroxylated products than those with a single

@OH group (27 vs. 16). The conversion ratios of dihydroxyla-
tion were also higher in 23 of 28 TCB14 reactions. Notably,

TCB14 produced dihydroxylated products from eight desnitro
DKP substrates constructed from 3F-l-Phe and 3Cl-l-Phe; thus

suggesting that TCB14 is able to hydroxylate the alternative
site of the phenyl group if C20 is occluded. The regiopromiscu-

ity of enzymatic aromatic hydroxylation was further highlight-

ed by the production of one major and one minor dihydroxy-
lated products from desnitro thaxtomin D; desnitro-20F-thaxto-

min D; and five desnitro analogues of 3 that comprise 4Me-l-
Trp and l-Phe, 2F-l-Phe, 3F-l-Phe, 4F-l-Phe, and 4Cl-l-Phe as

the other building block (Table S2). In line with this observa-
tion, our recent study found that TCB14 produced dihydroxy-

lated products from analogues of 3, the C20 sites of which

were substituted with @F, @Cl, or @Br.[21a] The alternative hy-
droxylation site can be ortho to the methylene group, followed
by para-hydroxylation, as suggested by recent studies from
the groups of Micklefield and Challis.[23a, 24] Collectively, the
present study revealed the considerable promiscuity of TCB14
in hydroxylating desnitro analogues of 3, particularly those

with small substituents on the C4, C5, C19, and C20 sites.
These hydroxylated products can be used to develop new her-
bicides, for example, gaining insights into the structure–activity
relationship. Indeed, our recent study revealed the potent her-
bicidal activity of compound 7.[21a] Among all substituents, the

C4@CH3 group gave rise to higher conversion ratios likely due
to its efficient interactions with a hydrophobic nitro-binding

cavity in the TxtC active site.[24] On the other hand, we are

aware that the uneven abundance of desnitro analogues of 3
synthesized in the TxtA and TxtB reactions can influence the

TCB14 reactions. For example, 7 and desnitro-4Me-20F-thaxto-
min D are the two most abundant products of the library of

desnitro analogues of 3 in our recent study.[21a] However, the
substrate concentration is not the sole determining factor of

the catalytic performance of TCB14. Indeed, although TxtA and
TxtB showed similar levels of conversion ratios toward 5F-l-Trp
and 4Me-l-Trp,[21a] the six DKPs with 5F-l-Trp as one building
block had conversion ratios ranging from only 3.9 to 0.4 % (Fig-

ure 3 B, Table S2).

Multiple hydroxylated, methylated, aromatic DKPs produced
in one-pot reactions with TCB14 and Amir_4628

With an advanced understanding of TCB14 promiscuity, we at-
tempted to employ this enzyme to hydroxylate aromatic DKPs

that were structurally different from desnitro thaxtomins. We
selected ten commercially available aromatic DKPs for this

study (Figure S8), all of which contained at least one aromatic

amino acid building block. Given the strong preference of
TCB14 toward the substrates with two DKP N@CH3 groups

(Figure 2), we next selected Amir_4628 to methylate these
select aromatic DKPs.[30] Amir_4628 is a relatively promiscuous

N-MT enzyme of the actinobacterium Actinosynnema mirum
and generates mono- and/or di-N-methylated cyclo-(l-Trp-l-

Trp), named cWW-Me and cWW-Me2, respectively. This enzyme

also methylates four other l-Phe containing DKPs, cFF, cFY,
cFM, and cFL, with reduced efficiency.[30] We expressed the

codon-optimized Amir_4628 gene in E. coli and prepared the
recombinant enzyme (Figures S1 and S9).[30] Furthermore, the

human hMAT2A cDNA was expressed in E. coli to obtain the
enzyme for generating SAM from l-Met and ATP (Figure S1),

thereby reducing the reaction cost.[31] In the proof-of-concept

study, we incubated cWF with Amir_4628 and hMAT2A or SAM
for 20 h. To our delight, HPLC analysis revealed that about

(57.7:4.7) % of cWF was converted into cWF-Me2 with a small
quantity of cWF-Me ((2.2:1.4) %; traces II and III, Figure 4 A).

These products showed the expected m/z values by HRMS
analysis and their tandem MS patterns suggested that mono-

methylation occurred on the amine group of l-Phe (Figures S5

and S10). Both SAM and hMAT2A were equally efficient in sup-
porting the reaction. Subsequently, we added TCB14 to the

above reaction mixture. After 20 h, HPLC analysis showed the
complete conversion of cWF-Me2 into mono- (67 %) and dihy-

droxylated (33 %) products (trace IV, Figure 4 A). The products
showed the expected m/z values in HRMS analysis and tandem

MS patterns (Table S3). Intriguingly, two dihydroxylated prod-
ucts with retention times of 8.8 and 9.6 min were produced in

the reaction; thus further illuminating the regioflexibility of
TCB14. Collectively, these results demonstrated the successful
development of the biocatalytic route to hydroxylated desnitro
thaxtomin analogues starting from cWF.

Next, we employed the above biocatalysis strategy to hy-

droxylate nine other aromatic DKPs (Figure S8). HPLC and
HRMS analysis revealed that Amir_4628 methylated five DKPs

to a varying extent (Figure 4 B and Table S3) ; cPH, cGF, cSF, and
brevianamide F (cPW) were not methylated. The location of
the single methyl group on the DKPs, except cGW, was deter-

mined on the basis of tandem MS analysis (Table S3).[21a, 30]

Amir_4628 converted about 69.5 % of the best substrate, cWW,

into (47.2:5.0) % of cWW-Me2 and (22.3:3.5) % of cWW-Me
(Figure 4 B). The other top substrates included cWY, cLF, and
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cWF; all of which were converted by about 58 %. On the other
hand, cGW was a poor substrate of Amir_4628 with 4.3 %

conversion into cGW-Me (Figure 4 B). Interestingly, the single
product from cFF was cFF-Me2 (about 35 % conversion), which

demonstrated a different product profile than that of the pre-

vious in vivo study.[30] With an advanced understanding of the
methylated DKP profiles of the Amir_4628 reaction, we then

sought to hydroxylate methylated DKPs by using TCB14. Nota-
bly, Amir_4628 was likely to continue its reaction after the

addition of TCB14 (Figure 4 B and C). HPLC, HRMS, and tandem
MS analyses showed the production of monohydroxylated

cWY-Me2, cWW-Me2, and cLF-Me2, but the conversion ratios
were low (Figure 4 C and Table S3). Collectively, this work indi-

cates that TCB14 is able to hydroxylate DKP scaffolds carrying
at least one aromatic amino acid building block, and future

engineering can make this enzyme more useful to synthetic
applications. Similar to TCB14, both CYP121 and CYP134A1 act

on unnatural DKP substrates to varying extents in in vitro stud-
ies.[27b, 28]

Conclusions

Both aliphatic and aromatic C@H hydroxylations are syntheti-
cally useful reactions. We characterized, in detail, the substrate

requirement of TCB14 and employed it, along with TxtA and

TxtB or Amir_4628, to produce over 40 novel hydroxylated,
methylated, aromatic DKPs. Our study revealed that both N12@
and N15@CH3 of thaxtomin analogues were essential to effi-
cient hydroxylation by TCB14, while the enzyme showed po-

tential for hydroxylating substrates carrying small substituents
on the indole and phenyl moieties, including omission of the

C4@NO2 group. Finally, the use of Amir_4628[30] and TCB14 suc-

cessfully produced monohydroxylated and dimethylated
cWWs, cWYs, and cLFs, albeit with low conversion ratios. The

formation of cLF-Me2-OH further highlights the significant pro-
miscuity of TCB14 toward aromatic DKP-Me2 substrates; thus
suggesting its potential for synthetic applications. Future stud-
ies will improve the catalytic performance (e.g. , coupling effi-

ciency) of TxtC biocatalysts. Encouragingly, during the review
of the present work, the group of Challis reported the rapid
conversion of 3 into 2 and then 1 by TxtC reconstituted with
spinach ferredoxin and ferredoxin reductase,[24] which suggest-
ed the evaluation of additional redox partners for creating

more active, self-sufficient biocatalysts.[34] Furthermore, the
crystal structures of TxtC can aid engineering efforts to devel-

op biocatalysts for hydroxylating structurally diverse aromatic

DKPs. It is also envisioned that other functionally diverse en-
zymes (e.g. , O-prenyltransferases) from different sources[35] can

be incorporated to expand the structural and functional spec-
tra of hydroxylated aromatic DKPs.

Experimental Section

General : Molecular biology reagents and chemicals were pur-
chased from Fisher Scientific, Sigma-Aldrich, or New England Bio-
labs, Inc, unless specified otherwise. Primers were ordered from
Sigma-Aldrich. 4-Me-d,l-tryptophan was from MP Biomedical
(Santa Ana, CA), whereas 3-(aminopropyl)-1-hydroxy-3-isopropyl-2-
oxo-1-triazene (NOC-5) was purchased from EMD Millipore. Nine
cyclic dipeptides used in this study were purchased from Chem-
Impex Int’l, Inc. Brevianamide F was purchased from Ark Pharm,
Inc. E. coli BL21-GOLD (DE3; Agilent) and BAP1 were used for rou-
tine molecular biology studies (Table S4) and protein expression,
respectively, and were grown in lysogeny broth or Terrific broth.
DNA sequencing was performed at Eurofins. Primers used in this
study are listed in Table S5. TB14 used in the study was reported in
our previous study.[32] 1D and 2D NMR spectra of compounds were
recorded in CD3OD on a Bruker 600 MHz spectrometer by using
the 1.5 mm high-temperature superconducting cryogenic probe at

Figure 4. Biocatalytic synthesis of hydroxylated, methylated, aromatic DKPs
by using TCB14 and Amir_4628. A) HPLC analysis revealed the formation of
methylated cWFs and hydroxylated cWF-Me2. Trace I represents the negative
control containing heat-inactivated Amir_4628, whereas traces II and III
show the full reactions with SAM or hMAT2A that generate SAM in situ,
respectively. Trace IV indicates the above reaction after adding TCB14. The
peaks of mono- and dihydroxylated cWF-Me2 are indicated with D and #, re-
spectively. B) Amir_4628 methylated six aromatic DKPs to a varying extent.
Mono- and dimethylated products are shown as orange and green bars, re-
spectively. The complete consumption of DKP substrates was set as 100 % of
the conversion ratio. The data represent means: s.d. of at least two inde-
pendent experiments. C) HPLC analysis revealed that TCB14 was able to pro-
duce monohydroxylated cWW-Me2, cWY-Me2, and cLF-Me2, as indicated by
D.
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the University of Florida, Gainesville, FL, USA. Spectroscopy data
were collected by using Topspin 3.5 software. All 1H NMR were
water suppressed to remove the high background water signal.
HRMS data were obtained by using a Thermo Fisher Q Exactive
Focus mass spectrometer equipped with an electrospray probe on
a Universal Ion Max API source.

Enzyme preparation : The plasmids of TCBXs were prepared by fol-
lowing the same method for constructing TCB14.[21a] Briefly, the
txtC gene was amplified from pET26b-TCB14 in the PCR reaction
by using a pair of primers, C-NcoI-F and C-SacI-R (Table S5). The
PCR product was purified and digested with the restriction en-
zymes NcoI and SacI. pET28b-TB11, TB17, and TB22 vectors that we
prepared previously[32] were digested with the above two enzymes
and the linear plasmids were purified. The digested txtC fragment
was then ligated with the corresponding digested plasmids to gen-
erate expression constructs pET28b-TCBXs. For the expression of
Amir_4628, codon-optimized Amir_4628 was used as a template
for PCR amplification. To obtain the TxtB mutant G554R, primers
carrying the mutation site were used to amplify two fragments in
the PCR reactions with pET28b-TxtB as a template. After purifica-
tion, the two fragments were assembled by using the Gibbon as-
sembly method (New England Biolabs). Inserts in all expression
constructs were sequenced to exclude any potential errors intro-
duced during PCR amplification and gene manipulation. E. coli
transformation, protein expression, and purification followed our
previously established protocols.[32] Briefly, E. coli cells harboring
the expression constructs were cultured in Terrific broth medium
supplemented with suitable antibiotics at 37 8C, 250 rpm. To ex-
press P450s, the medium also contained 1 V trace metal solution
(1000 V stock solution: 50 mm FeCl3, 20 mm CaCl2, 10 mm MnSO4,
10 mm ZnSO4, 2 mm CoSO4, 2 mm CuCl2, 2 mm NiCl2, 2 mm
Na2MoO4, and 2 mm H3BO3). After OD600 reached 0.6, protein ex-
pression was induced with isopropyl b-d-1-thiogalactopyranoside
(IPTG; 0.1 mm) at 16 8C, 250 rpm for 16 h. Cell pellets were then
collected after centrifugation (5000 g, 10 min, and 4 8C). To purify
recombinant proteins, cell pellets were resuspended in lysis buffer
(cell biomass/volume = 1:4; 25 mm Tris·HCl, pH 8.0, 100 mm NaCl,
20 mm imidazole, 3 mm b-mercaptoethanol, and 10 % glycerol).
Soluble proteins were released by sonication and collected by cen-
trifugation at 35 000 g at 4 8C for 30 min. Ni-NTA agarose resin
(Thermo) was then used for protein purification. Purified recombi-
nant proteins were exchanged into a storage buffer (25 mm
Tris·HCl, pH 8.0, 100 mm NaCl, 3 mm bME, and 10 % glycerol) by
using a PD-10 column, aliquoted, and stored at @80 8C until re-
quired. Protein concentrations were determined by NanoDrop,
whereas the concentrations of properly folded TCBXs were mea-
sured by absorbance difference at two wavelengths of l&420 nm
and 390 nm after differential CO-reduced P450 spectral analysis.[32]

Enzyme reactions : The TCB14 reaction solutions (100 mm Tris·Cl,
pH 8.0, 100 mL) typically contained compound 3–7 or other sub-
strates (0.1- 0.2 mm) and the NADPH regeneration system (9.0 mm
GDH, 0.75 mm NADPH, and 30.0 mm glucose). The reactions were
initiated by adding TCB14 (1.5–15.0 mm final concentration) and
incubated at 21 8C, 400 rpm, for 2–20 h prior to termination with
methanol (200 mL). The resulting mixtures were centrifuged at
18 407 g for 15 min and clear supernatant (10 or 20 mL) was then
subjected to HPLC analysis. One-pot biocombinatorial synthesis of
hydroxylated desnitro analogues of 3 comprised two stages, in-
cluding the first step for the production of desnitro 3 with TxtA
and TxtB (2.4 mm, 21 8C, 400 rpm for 30 h), and the second step
driven by TCB14 (3.0 mm) and the GDH system (21 8C, 400 rpm for
20 h). The products were analyzed and quantitated by HPLC and

LC-MS analyses. The Amir_4628 reaction solutions (100 mm Tris·Cl,
pH 8.0, 200 mm NaCl, 100 mL) typically contained DKP (0.5 mm) and
SAM (2.5 mm). Alternatively, the reactions contained the SAM gen-
eration system (8.6 mm hMAT2A, 5 mm ATP, 1 mm MgCl2, 100 mm
KCl, and 2.5 mm l-methionine). The reactions were initiated by
adding Amir_4628 (67.0 mm final concentration) and incubated at
21 8C, 400 rpm for 20 h prior to termination with methanol
(200 mL). The resulting mixtures were centrifuged at 18 407 g for
15 min and then clear supernatant (10 mL) was subjected to HPLC
analysis. The coupling reaction (50 mm Tris·Cl, pH 8.0, 100 mm
NaCl, 100 mL) of Amir_4628 with TCB14 typically contained Amir_
4628 (38.5 mm), TCB14 (15.0 mm), the NADPH regeneration system,
DKPs (0.25 mm), SAM (1.25 mm for cWW and cLF), or the SAM gen-
eration system (cWF and cWY). The reactions were incubated at
21 8C, 400 rpm, for 20 h prior to termination with methanol
(200 mL). The resulting mixtures were centrifuged at 18 407 g for
15 min and then clear supernatant (10 mL) was subjected to HPLC
analysis. All experiments were repeated independently at least
twice.

Determination of conversion ratios : The quantitation of thaxto-
min analogues in the enzymatic reactions were based on the stan-
dard curve of 1. The quantitation of hydroxylated desnitro DKPs in
the TxtA, TxtB, and TCB14 reactions was based on the standard
curve of cWF. The conversion ratios into hydroxylated products
were calculated as [hydroxylated product]/0.5 mm V 100 %. The
conversion ratios of methylation and hydroxylation of aromatic
DKPs were based on the comparison of UV trace integrals of prod-
ucts areas to the total areas of the UV trace integrals of both the
substrate and products.

Large-scale enzymatic synthesis of DKP analogues : The enzymat-
ic syntheses of compounds 5 and 6 were based on our previous
study,[21a] except TxtB G554R, which was used for the synthesis of
compound 6.

Determination of binding affinities between substrates and
TCB14 : The ForteBio Octet RED384 System equipped with ForteBio
Dip and ReadTM Anti-Penta-HIS1K (HIS1K) biosensors was used to
quantitate the binding between TCB14 and compounds 3–6. This
technique measured the interaction kinetics of small molecules
and biomolecules through recording changes of the interference
pattern of white light, which was reflected from a layer of immobi-
lized partner on the biosensor tip. The biosensors were hydrated in
desalting buffer (pH 8.0) for 10 min prior to experiments. TCB14
(100 mg mL@1) was reconstituted in desalting buffer. The gradient
concentrations of analytes were 1000, 200, 40, 8, 1.6, and 0.32 mm.
The time scheme setting was as follows: an initial baseline for
200 s, loading for 900 s, baseline for 600 s, association for 900 s,
and dissociation for 900 s. Correction of baseline drift was per-
formed by subtracting the averaged shift recorded for a sensor
loaded with TCB14, but incubated with desalting buffer. Experi-
mental data were fitted by using a global fit 1:1 model to deter-
mine the Kd values. The binding affinity of 3 with TCB14 was
further determined by using the UV-titration method.[32] The stock
solution of 3 (10 mm) was prepared in DMSO. Serial volumes (0–
10 mL, 1 mL each time) of the stock solution were then added to
TCB14 solution (1.5 mm) to record the spectra. Blank controls were
buffers containing the corresponding volumes of the stock solu-
tion because 3 had a maximal absorbance at l= 380 nm. The
changes in absorbance (DA) were then determined by subtracting
the absorbance at l&420 nm from that at l&392 nm. Data were
then fitted to the equation DA =DAmax[L]/(Kd + [L]) by using Graph-
Pad Prism 4.
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Spectral analysis of TCBX : The absorbance spectra (l= 400–
600 nm) of the recombinant enzymes in Tris·HCl (25 mm, pH 9)
buffer were recorded by using a Shimadzu UV2700 dual beam UV/
Vis spectrophotometer. The ferric heme of the enzymes was then
saturated by gentle bubbling of carbon monoxide (Airgas) for
1 min, and the spectra of enzyme solutions were then recorded. A
finite amount of solid sodium dithionite (Fisher) was subsequently
added to enzyme solutions to reduce the ferric heme. After record-
ing the reduced spectra, we generated the CO-reduced differential
spectra of all enzymes by subtracting their CO binding spectra
from the corresponding reduced spectra. Data were further plotted
in Excel.

Determination of the coupling efficiency of TCBXs : To determine
the coupling efficiency, the reaction mixtures contained TCBX
(1.5 mm), 3 (0.1 mm), and NADPH (0.4 mm), and were incubated at
24 8C for 30 min. NADPH consumption was measured at l=
340 nm (e= 6.22 mm@1 cm@1) with a Biotek Synergy HT multidetec-
tion microplate reader. Non-enzymatic oxidation of NADPH was
subtracted as the background. The amount of hydroxylated prod-
uct was determined by HPLC analysis. Coupling efficiency [%] was
determined as product [nmol]/consumed NADPH [nmol] V 100 %.
All reactions were repeated independently at least three times.
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