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KtzJ-dependent serine activation and O-methylation
by KtzH for kutznerides biosynthesis

Olga E Zolova! and Sylvie Garneau-Tsodikova®

Kutznerides are hexadepsipeptide antifungal and antimicrobial agents containing O-methyl-L-serine in their very unique peptidic
backbone. During kutznerides biosynthesis, this O-methylated amino-acid residue is proposed to result from the action of an
adenylation (A) domain present in KtzH, which is interrupted by the S-adenosylmethionine-binding-containing part of a
methyltransferase. In this study, we co-expressed recombinant KtzH(A4MA4T,) with its MbtH-like protein partner KtzJ and
demonstrated the requirement for KtzJ in producing soluble and active KtzH(A;4MA4T4). We demonstrated the specificity of
KtzH(A4;MA4T,4) toward L-Ser and showed the activity of the partial methyltransferase enzyme in O-methylation of L-Ser after its
covalent attachment to the thiolation domain of KtzH(A4MA4T,). The insights gained from this work may guide future study and
development of engineered interrupted adenylation domains for combinatorial biosynthetic methodologies.
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INTRODUCTION

The antifungal and antimicrobial agents kutznerides are non-
ribosomal cyclic hexadepsipetides derived from the soil actinomycete
Kutzneria sp. 744.> Nonribosomal peptides are built on large multi-
modular assembly-lines termed nonribosomal peptide synthetases.
Each nonribosomal peptide synthetase module comprises a minimum
of 3 core domains: an adenylation (A) domain responsible for
activation of an amino-acid building block to its AMP counterpart,
a thiolation (T) domain onto which the activated amino-acid
building block gets covalently attached and a condensation (C)
domain responsible for linking the amino-acid building blocks
tethered to the T domains surrounding it. Additional auxiliary
domains such as methyltransferases (M) can be embedded into the
assembly-line to increase structural diversity of the natural product
generated.

The skeleton of the unique and highly structurally diverse
nonribosomally biosynthesized kutznerides is composed of an
a-hydroxy acid, either (S)-2-hydroxy-3,3-dimethylbutyric acid
(OHdiMeBu) or (S)-2-hydroxy-3-methylbutyric acid (OHMeBu)
and five rare nonproteinogenic amino acids: p-piperazic acid (Pip),
O-methyl-1-serine (O-Me-1-Ser), the erythro or threo isomer of
3-hydroxy-p-glutamic acid (3-OH-Glu), (2S,3aR,8aS)-6,7-dichloro-
3a-hydroxy-hexahydropyrrolo[2,3-b]indole-2-carboxylic acid (diCl-
PIC) and 2-(1-methylcyclopropyl)-p-glycine (p-mecPG) (Figure 1a).

Soon after the discovery of the kutznerides, Walsh and co-workers®
identified a biosynthetic gene cluster comprised of three potential

nonribosomal peptide synthetases, KtzE, KtzG and KtzH, responsible
for their formation (Figure 1b). His research team also elucidated a
number of important biochemical transformations involved in the
production of the unique building blocks that compose the kutzner-
ides structural scaffold. They performed pioneering studies towards
understanding Pip biosynthesis by establishing KtzI as an ornithine
N-hydroxylase responsible for the conversion of ornithine into N°-
hydroxy-ornithine, the first committed step during Pip formation.*
They identified KthP as the halogenase responsible for the
chlorination of Pip.> They discovered KtzO and KtzP as the
nonheme Fe'/o-ketoglutarate-dependent hydroxylases involved in
the formation of threo- and erythro-3-OH-Glu, respectively.® They
also confirmed the sequential chlorination of 1-Trp by the oxygen-
and FADH,-dependent halogenases KtzQ and KtzR involved in the
production of diCIPIC.” Finally, they demonstrated that KtzA-D are
involved in the formation of (-)-(1S,2R)-allocoronamic acid instead
of the originally proposed D-mecPG.® Although much progress
has been made toward understanding kutznerides biosynthesis,
the formation of the other key component of the kutznerides core,
O-Me-1-Ser, remains unexplored.

As our group is interested in understanding and engineering
unique adenylation (A) domains for future combinatorial biosynth-
esis,”"!! we were intrigued by the formation of O-Me-L-Ser by this
potential activation and O-methylation of L-Ser by the adenylation
domain (A;) of KtzH, which is interrupted by a part of a
methyltransferase (M) enzyme (Figure 1c). MbtH-like proteins were
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Figure 1 (a) Structures of kutznerides 1-9 with the O-methylated L-Ser, formation of which is described in this study, marked by a box. (b) Kutznerides’
entire gene cluster. White, pale gray and dark gray arrows represent genes encoding for enzymes previously biochemically characterized, not studied and

studied herein, respectively.

(c) Structural organization of the kutzneride NRPS. Here, A denotes adenylation domain; C, condensation domain;

E, epimerization domain; KR, ketoreductase domain; M, methyltransferase domain; T, thiolation domain (note: in the literature, T domains are also referred
to as carrier protein and peptidyl carrier protein domains denoted as CP or P, PC and PCP, respectively); TE, thioesterase domain. (d) The general overview

of the activity of the KtzH(A4zMA4T4) and KtzJ enzyme pair studied herein.

recently demonstrated to have a critical role as beneficial and, in some
cases, obligatory A domain partners required for the solubility and
activity of these A domains.!>"!8 Although still controversial, out of
the proposed roles for MbtH-like proteins, folding chaperones,'®!°
integral parts of the nonribosomal peptide synthetase complex,!'®
allosteric regulators of adenylating enzymes,?® recent structural studies
of an enzyme comprised of an MbtH-like protein and an A domain?®
point to the latter as a more plausible role for MtbH-like proteins. We
were also interested in understanding the possible importance of the
MbtH-like protein Ktz] in production of O-Me-1-Ser. In this study,
we report our efforts towards delineating O-Me-L-Ser formation in
kutznerides biosynthesis.

MATERIALS AND METHODS

Bacterial strains, plasmids, materials and instrumentation

Primers used for PCR were purchased from Integrated DNA Technologies
(Coralville, TA, USA). Restriction enzymes, Phusion DNA polymerase, T4
DNA ligase and all other cloning reagents were purchased from New England
Biolabs (Ipswich, MA, USA). Chemically competent E. coli TOP10 was
purchased from Invitrogen (Carlsbad, CA, USA). The E. coli BL21 (DE3)ybd-
Z::aac(3)IV strain was generously provided by Professor Michael G. Thomas
(University of Wisconsin-Madison, W1, USA). The pET28a and pACYCDuet-1
vectors were purchased from Novagen (Gibbstown, NJ, USA). All chemicals
were purchased from Sigma-Aldrich (St Louis, MO, USA) and used without
any further purification. [methyl->H]SAM (S-adenosylmethionine) and
[*H]acetyl-CoA were purchased from American Radiolabeled Chemicals
(St Louis, MO, USA). [*?P]PP; and [*H(G)]i-Ser were purchased from
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Perkin Elmer (Waltham, MA, USA). DNA sequencing was performed at the
University of Michigan DNA sequencing Core.

Preparation of pKtzH(A;MA,T,)-pET28a and pKtz]-pACYCDuet-1
over expression constructs

The genes encoding KtzH(A;MA4T,) and Ktz] were PCR-amplified using
Kutzneria sp. 744 genomic DNA (Kutzneria sp. 744 used for genomic DNA
isolation was a generous gift from Dr Anders Broberg, Swedish University of
Agricultural Sciences, Uppsala, Sweden) and Phusion DNA polymerase as
described by New England Biolabs. The primers used for the PCR amplifica-
tion of KtzH(A;MA,T,) (forward (5'-GCCGCCCATATGACCGTGCCGCTGA
CCG-3') and reverse (5'-CAGCGGCTCGAGCTACGGCAGCACCTCGGC-3'))
and Ktz] (forward (5-AAGGAGGAATTCCATGAGCGCCAACCCGTTC-3')
and reverse (5-CGGTCCAAGCTTTCAGTCGGCCGCCATGGCCTC-3'))
introduced Ndel/Xhol and EcoRI/HindlIl restrictions sites (underlined),
respectively. The amplified KtzH(A;MA,T,) and Ktz] genes were inserted into
the linearized pET28a and pACYCDuet-1 vectors via the corresponding Ndel/
Xhol and EcoRI/HindlIII restriction sites, respectively, to give constructs pKtzH
(A;MA4T,)-pET28a and pKtz]-pACYCDuet-1 encoding NHis-tagged proteins.
All cloning experiments were done in E. coli TOP10 chemically competent
cells. Both expression clones were sequenced; these sequences matched
perfectly with the annotated ones (accession numbers ABV56588 (KtzH)
and ABV56590 (Ktz])).

Co-overproduction and purification of KtzH(A;MA4T,) and KtzJ]
proteins

The purified plasmid pKtzH(A;MA4T,)-pET28a was co-transformed with
pKtz]-pACYCDuet-1 into E. coli BL21 (DE3)ybdZ::aac(3)IV competent cells



for protein co-expression and purification. One liter of Luria-Bertani medium
supplemented with MgCl, (10mMm final concentration), kanamycin
(50 pgml 1) and chloramphenicol (25 pgml~!) was inoculated with 5ml of
an overnight culture of a fresh co-transformant and incubated (25°C, 200
r.p.m.) until the bacterial culture reached an ODgg of ~0.7. The culture was
then cooled to 15 °C before induction with isopropryl-B-thiogalactopyranoside
(0.1 ml of a 1M stock) and shaken for an additional 16 h at 15 °C. Cells were
harvested by centrifugation (6000 r.p.m., 10min, 4°C) and resuspended in
buffer A (25mm Tris-HCl pH 8.0, 400mm NaCl and 10% glycerol). The
resuspended cells were lysed by sonication (5min using 10s ‘on’ alternating
with 20s ‘off’) and the cell debris was removed by centrifugation (16 000
r.p.m., 45min, 4 °C). Imidazole (2mwm final concentration) was added to the
supernatant before incubation with 3 ml of Ni-NTA agarose resin (Qiagen,
Gaithersburg, MD, USA) at 4°C for 2h with gentle rocking. The resin was
loaded onto a column and washed with 10ml of buffer A containing 5mm
imidazole and then with 10ml of buffer A containing 20 mmM imidazole.
KtzH(A4MA,T,) and Ktz] were co-eluted from the column in a stepwise
imidazole gradient (one 5ml fraction of 20 mm, 40 mm and 60 mum, as well as
two 5ml fractions of 200 mm and 500 mm imidazole). Fractions with 200 mm
imidazole containing the desired proteins (as determined by SDS-polyacryla-
mide gel electrophoresis) were combined and dialyzed at 4 °C overnight against
a total of 81 of buffer B (40 mwm Tris-HCI pH 8.0, 200mMm NaCl and 10%
glycerol). The KtzH(A;MA,T,4) and Ktz] co-eluted proteins were concentrated
using Amicon Ultra PL-3 concentrators, flash frozen in liquid nitrogen and
stored at —80 °C.

It is important to note that only the co-expression and purification of
KtzH(A4;MA,T,) with its MbtH-like protein partner Ktz] described in this
section yielded soluble and active KtzH(A4;MA,T,). The following experiments
were also attempted to express and purify KtzH(A;MA,T,) alone but yielded
insoluble protein. We generated plasmids pKtzH(A;MA,T,)-pET28a,
pKtzH(A;MA,Ty)-Int-pET19b-pps,  pKtzH(A,MA,T,)-pET22b,  pKtzH
(AAMA4T,)-pGS-21a, pKtzH(A;MA,T,)-pMCSG7 encoding proteins with
NHisg, NHisyg, CHisg, GST and MOCR tags, respectively. We attempted to
express KtzH(A;MA4T,) from these constructs in BL21 (DE3) at various
temperature (15, 25 and 37 °C), inducing with various amounts of isopropryl-
B-thiogalactopyranoside (100, 250, 500 and 1000 pv) and growing for different
periods (2, 5 and 16h) after induction. We also attempted different lysis
methods (sonication and cell disruption using an Avestin Emulsiflex-C3
(Ottawa, ON, Canada)).

Substrate specificity and determination of kinetic parameters for
the A domain of KtzH(A;MA,T,4) by ATP-[32P]PP; exchange assays
To establish the substrate specificity profile of the A domain of KtzH(A4.
MAyT,), ATP-[32P]PP; exchange assays were performed for 2h at room
temperature (RT) in reactions (100 pl) containing Tris-HCI (75 mm, pH 7.5),
TCEP (5mmM, pH 7.0), MgCl, (10mm), ATP (5mm), NasP,0O; (1mm,
containing ~400000 c.p.m. of [3>P]PP; per reaction), amino-acid substrate
(5mm) and KtzH(A;MA4T,) (1 pm) (co-expressed and co-purified with Ktz])
as previously described.'* For the determination of the kinetic parameters (K,
and k) for 1-Ser, duplicate reactions (100pl) containing various
concentrations of 1-Ser (0, 0.05, 0.1, 0.25, 0.5, 1, 1.75, 2.5, 5, 10 and 17 mm)
were initiated by addition of KtzH(A;MA,T4) (1pm) (co-expressed and
co-purified with KtzJ) and stopped after 15 min.

Characterization of the T domain of KtzH(A;MA4T,) in time-
limited assays

To confirm the activity of the T domain of KtzH(A;MA4T,), its conversion
from its inactive (apo = non-modified T-domain enzyme) to active (holo=T
domain, where the active site serine has been modified by addition of a
phosphopantetheine arm from the action of a phosphopantetheinyltransferase
(for example, Sfp) and CoA) form was first determined by incorporation of
[*H]acetyl into the apo protein by using trichloroacetic acid (TCA) precipita-
tion assays at RT as previously described.?! Briefly, reaction mixtures (25 pl)
containing Tris-HCl (75 mwm, pH 7.5), MgCl, (10 mm), TCEP (1 mwm, pH 7.0),
[*H]acetyl-CoA (100 um), apo KtzH(A;MA,T,) (25 um) (co-expressed and co-
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purified with Ktz]) were initiated by addition of Sfp (1pm) and terminated
after 1, 2, 3, 15 and 60 min before processing and liquid scintillation counting.

To confirm loading of 1-Ser onto the holo T domain, the apo to holo
conversion (12.5pl) was first performed for 2h as described above, but by
using CoA instead of [*H]acetyl-CoA. Simultaneously, the activation of 1-Ser
to 1-Ser-AMP was performed in a separate reaction mixture (12.5pul)
containing Tris-HCl (75mwm, pH 7.5), MgCl, (10mm), TCEP (1 mm, pH
7.0), ATP (5mwm), apo KtzH(A;MA4T,) (5um) (co-expressed and co-purified
with Ktz]), 1-Ser (200 pm, containing ~400000 c.p.m. of [*H(G)]i-Ser per
reaction). After 2h of incubation at RT for each individual reaction mixture,
the reaction mixtures (12.5 pl each) containing the holo enzyme and the [*H]1-
Ser-AMP were combined. Reactions (25 pl total) were terminated after 5, 10,
15, 30, 90 and 180 min by addition of 10% TCA (100 pl). The protein was
pelleted by centrifugation (13000 r.p.m., RT, 7min), washed with 10% TCA
(100 pul) and resuspended in 88% formic acid (100ul). The radiolabeled
product was counted by liquid scintillation counting.

Characterization of the M domain of KtzH(A;MA4T,) in time-
limited assays

To confirm the activity of the M domain of KtzH(A;MA,T,), the T domain of
the enzyme was first converted from its apo to its holo form in reactions
containing Tris-HCI (75 mm, pH 7.5), MgCl, (10 mm), TCEP (1 mwm, pH 7.0),
CoA (100 pm), apo KtzH(A;MALT,) (25 um) (co-expressed and co-purified
with KtzJ) and Sfp (1 pm). After 2 h of incubation at RT, ATP (5mm) and 1-Ser
(100 um) were added for activation by the A domain of the enzyme and
loading of the amino acid onto the holo T domain. After an additional 2h of
incubation at RT, SAM (100 pM, containing ~170000 c.p.m. of [methyl-
SH]SAM per reaction) was added. Reactions (25 pl total) were terminated after
1, 2, 5, 10, 20, 30, 60 and 90min by addition of 10% TCA (100 pul) and
processed as described in the previous section.

Methylation of L-Ser-AMP before loading onto the T domain was also
attempted. Reactions containing Tris-HCI (75mm, pH 7.5), MgCl, (10 mm),
TCEP (1 mwm, pH 7.0), ATP (5 mm), apo KtzH(A;MA4T,) (5pum) (co-expressed
and co-purified with Ktz]) and 1-Ser were incubated for 2h at RT. SAM
(100 pum, containing ~ 170000 c.p.m. of [methyl->H]SAM per reaction) was
then added. After an additional 2 h of incubation at RT, the holo T domain was
added. Reactions (25 pl total) were terminated after 1, 2, 5, 10, 20, 30, 60 and
90 min by addition of 10% TCA (100 ul) and processed as described in the
previous section.

RESULTS AND DISCUSSION

Requirement of the MbtH-like protein Ktz] for KtzH(A;MA,T,)
expression and purification

By gene deletion studies, MbtH-like proteins®> were originally
demonstrated to be essential for the production of some secondary
metabolites.?*?* In the following years, the importance of these small
(~8kDa) proteins in assisting A domain production and activity was
reported.!>”18 Although structures of MbtH-like proteins have been
determined,>>2° the insight into the structural basis of the interaction
of MtbH-like proteins with adenylating enzymes was gained only very
recently through the crystal structure of SIgN1, an enzyme composed
of an N-terminal MbtH-like protein and a C-terminal A domain.?°
The kutznerides gene cluster also contains an MbtH-like protein, Ktz],
that could have a role in production and activity of the interrupted A
domain (KtzH(A4MA,)) involved in O-Me-1-Ser formation. To probe
the role of Ktz] in KtzH(A;MA,T,) expression, we first attempted to
purify KtzH(A;MA,T4) alone, which resulted in no soluble protein
production despite all efforts at varying growth temperature,
induction conditions, tags (MOCR, His, GST) and tag locations.
Expression of soluble and active recombinant KtzH(A;MA,T,) in
E. coli BL21 (DE3) was achieved only when we co-expressed it with
the MbtH-like protein Ktz]. The co-expressed KtzH(A;MA,T,) and
Ktz] were purified by Ni'-NTA affinity chromatography (Figure 2)
and used in biochemical assays.
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Substrate specificity and kinetic characterization of the interrupted
A domain of KtzH(A;MA4T,)

During nonribosomal peptide biosynthesis, A domains dictate the
identity of the amino acid/amino acid-like building block to be
activated for loading onto the downstream thiolation (T)-domain
partner and incorporation of this amino-acid residue into the
growing peptide chain. A domains are characterized by ten conserved
core signature sequences (al—-al0).”” A domains interrupted by a part
of a methyltransferase (M),?83% a ketoreductase (KR),>! an oxidase
(0x),%23% or a monooxygenase (MOx)*?3* domain have been found
in nature. Most commonly, the interruption of A domains occurs
between core signature sequences a8 and a9, as in the case of
KtzH(A4MA,) (Figure 1b), although interruptions between a2 and
a3 as well as between a4 and a5 have also been reported. In the
majority of cases of A domains interrupted by M, only the portion of
the methylating enzyme containing the SAM-binding sequence is
present between two of the ten core signature sequences of the
A domain.

To evaluate the proposed role of KtzH(A;MA,T,) in O-Me-L-Ser
formation, we determined the substrate specificity profile of the A
domain of this enzyme by monitoring the formation of amino acid-
AMP by using the well-established ATP-[*P]PP; exchange assay
(Figure 3). We confirmed that 1-Ser is the substrate of choice for
KtzH(A4MA4T}), as none of the 21 other amino acids that were tested
acted as substrates of the enzyme. We also established that adenylation
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Figure 2 Coomassie blue-stained 15% Tris-HCI SDS-polyacrylamide gel
electrophoresis gel showing the co-purified KtzH(AzMA4T4) and KtzJ.
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Figure 3 The relative substrate specificity of KtzH(AZMA4T4)/Ktz)

determined at a 2h end point in the ATP-[32PIPP; exchange assays
catalyzed by the A domain of KtzH(AzMA4T4)/KtzJ.
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of 1-Ser occurred before its methylation, as O-methyl-p,L-Ser was not
a substrate of KtzH(A;MA,Ty).

We also determined the Michaelis—Menten kinetic parameters (K,
and k) of the steady-state ATP-[*P]PP; exchange by KtzH
(A;MA,T,) co-expressed with Ktz] with 1-Ser by varying the
concentration L-Ser from 0 to 17 mm while keeping the concentration
of the enzyme constant at 1um (Figure 4). The K, value of
3.13£0.26 mm observed for L-Ser is characteristic of the high-um to
low-mm K, values generally observed with isolated A domains.
Furthermore, with the k., value of 2.41+0.07 min—!, the resulting
catalytic efficiency of adenylation of 1-Ser by the interrupted A
domain of KtzH(A;MA4T,) (0.77 +0.07mmM 'min~!) is lower than
what is generally observed with uninterrupted A domains (for
example, k.,/Ky, for 1-Phe adenylation by TioK co-expressed with
TioT =49 + 8 mm ' min ~%;!4 L-Tyr adenylation by CloH co-expressed
with CloY=2,670s"'M !¢ and 1-Tyr adenylation by SimH co-
expressed with SimY =6,180s ' M ~!116), These data suggest that,
although still active, the dual function of interrupted A domains may
come at a cost of efficiency of amino-acid activation.

Activity of the T domain of KtzH(A;MA,T,)

After activation by A domains, the amino acid-AMP are typically
transferred to a cognate T domain via covalent tethering to the
phosphopantetheine (Ppant) arm of the holo enzyme. To determine
whether the 1-Ser activated by the interrupted A domain of
KtzH(A;MA,T,) could be transferred to T4, we initially monitored
the apo to [*H]acetyl-S-T, conversion of KtzH(A;MA4T,) by the
TCA precipitation assay (Figure 5a). With the activity of T,
established, we next observed the transfer of [*H]L-Ser-AMP gener-
ated by A;MA, of KtzH(A;MA,T,) onto the T domain via a similar
TCA precipitation assay (Figure 5b).

Methyltransferase activity of the partial M domain of
KtzH(A;MA,T,)

Because we could not generate O-methyl-Ser-AMP by using the
interrupted A domain in the presence of ATP and O-methyl-p,L-Ser,
as it is not a substrate for the enzyme (Figure 3), and as we could not
readily generate O-methyl-L-Ser-AMP from 1-Ser-AMP in the pre-
sence of SAM, we opted to investigate the methyltransferase activity of
the partial M domain of KtzH(A;MA,T;) by monitoring the
conversion of 1-Ser-S-KtzH(A4MA,T,) to [*H]O-methyl-1-Ser-S-
KtzH(A;MA,T,) by TCA precipitation assays. After formation of 1-
Ser-AMP (Figures 3 and 4) and its loading onto T, (Figure 5), we
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Figure 4 Michaelis—-Menten analysis of the KtzH-catalyzed adenylation of
-Ser by KtzH(AzMA4T4)/KtzJ.
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Figure 5 (a) Conversion of apo- to [3Hlacetyl-S-KtzH(A4MA4T4), observed
by TCA precipitation assays. (b) Conversion of apo- to [3HI.-Ser-S-
KtzH(A4MA4T4) via TCA precipitation assays. Here, [3H(G)l.-Ser was
activated by the A domain of KtzH(A4MA4T4) and then loaded onto the holo
T domain of this enzyme.
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Figure 6 Conversion of L-Ser-S-KtzH(AsMA4T4) to [3H]O-methyl-L-Ser-S-
KtzH(A4MA4T4) observed by TCA precipitation assays. Here, after activation
of L-Ser to L-Ser-AMP and subsequent loading of the activated amino acid
onto the holo T domain [methyl-3HISAM was added resulting in the
methylation by the M domain of this enzyme.

used [methyl>’H]SAM to methylate 1-Ser-S-KtzH(A;MA4T,) and
form [*H]O-methyl-1-Ser-S-KtzH(A,MA4T,) (Figure 6). The success-
ful methylation of 1-Ser on the loaded T, domain of KtzH(A;MA4T,)
observed in these assays completed the reconstitution of O-Me-L-Ser
found in kutznerides.

CONCLUSIONS
In summary, we have demonstrated the KtzJ-dependent r-Ser activa-
tion and O-methylation by KtzH for kutznerides biosynthesis. We
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have characterized the activities of the interrupted A/methyltransfer-
ase (M) and T domains of KtzH(A;MA,T,), thereby reconstituting
the production of O-Me-1-Ser. Even though not as efficient as
uninterrupted A domains, A; domain interrupted by the SAM-
binding-containing part of a methyltransferase can perform both the
conversion of L-Ser into L-Ser-AMP before loading onto T, as well as
methylation of the amino acid after its covalent attachment to the
enzyme. Interrupted A domains present an interesting avenue for
generating novel building blocks for combinatorial biosynthesis. We
are currently studying interrupted A domains from other biosynthetic
gene clusters and working toward engineering novel enzymes for
future amino-acid derivatives production.
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