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The N-sulfonated monobactams harbor considerable potential to combat emerging bacterial infections
that are problematic to treat due to their metallo-B-lactamase mediated resistance against conventional
B-lactam antibiotics. Herein, we report a divergent synthesis of C3-substituted 2,3-diaminopropionates
featuring an array of small functional groups and examine their potential as alternative precursors during
monobactam biosynthesis in a mutant strain (4sulG) of Pseudomonas acidophila that is deficient in the
supply of this native precursor. In vitro assays revealed high diastereoselectivity, as well as a substrate
tolerance by the terminal adenylation domain of the non-ribosomal peptide synthetase (NRPS) SulM

toward the majority of synthetic analogs. Chemical complementation of this mutant yielded
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Accepted 14th March 2023 a fluorinated, bioactive monobactam through fermentation as confirme y a combination o
spectrometric data and microbiological assays. This study demonstrates site-specific functionalization of

DOI: 10.1035/d25c068932 a clinically important natural product and sets in place a platform for further strain improvements and
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Introduction

Non-proteinogenic o,B-diamino acids are valuable building
blocks for both natural product biosynthesis and the develop-
ment of synthetic drugs.*” 1-2,3-Diaminopropionate (.-Dap, 1)
as well as its C3-functionalized derivatives are the structural
backbone of the azetidinone warhead of monobactams,
a structurally distinct class of B-lactam antibiotics. The growing
emergence of Ambler class B metallo-B-lactamases (MBLs), for
which no FDA approved inhibitor is yet available, has brought
renewed attention to monobactams because of their intrinsic
stability to MBLs and their promise to overcome otherwise
resistant bacterial infections where traditional B-lactam anti-
biotics have failed.**
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engineered NRPS-biosynthesis of non-native congeners.

The isolation of the first monobactam sulfazecin (2) from
Pseudomonas acidophila® and subsequent discovery of several
structurally related congeners from natural sources inspired
and ultimately resulted in the development of aztreonam? (3),
currently the only FDA approved monobactam for clinical use.

Our group recently elucidated the biosynthesis of sulfazecin
combining in vivo gene inactivation and in vitro enzyme
studies.®® The final module of the NRPS SulM incorporates L-
Dap, which itself is derived from the primary metabolite r-
phosphoserine through the successive action of two enzymes,
SulG and SulH, onto the upstream p-Glu-p-Ala dipeptide
precursor (Scheme 1A). Following a distinct enzymatic mecha-
nism, this linear tripeptide is N-sulfonated in trans by the sul-
fotransferase SulN, a step that is essential for the unusual
thioesterase-mediated cyclization to yield the sulfonated B-lac-
tam core. Hydroxylation and O-methylation catalyzed by SulO
and SulP, respectively, furnish the final structure of sulfazecin
2.8,9

Owing to the lack of a traceable chromophore and the
formally charged monobactam core that prevents facile extrac-
tion with organic solvents from the aqueous fermentation
media, multi-step isolation processes are necessary to obtain
these natural products from their native producers.'®"* There-
fore, synthetic procedures have historically been utilized to
access derivatives of this potent pharmacophore for clinical
development.™

Unlike naturally-occurring 2, a prominent feature of
synthetic monobactams is a substitution at C4 of the
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Scheme 1 Biosynthesis of sulfazecin 2. (A) Biosynthetic gene cluster (top) and biosynthesis of sulfazecin 2. The L-Dap 1 derived subunit is shown
in red. (B) Representative synthetic monobactams. Additional functionalization is highlighted in blue. AKN: predicted adenylylsulfate kinase of
unknown function, A: adenylation domain, PCP: peptidyl-carrier-protein, C: condensation domain, E: epimerase domain, TE: thioesterase

domain.

azetidinone moiety, as exemplified by carumonam 4 and
ancremonam 5 (Scheme 1B).**** This structural modification
has been shown to improve both stability against serine B-lac-
tamases and antibiotic activity.'>'® However, unlike the majority
of naturally occurring monobactams, the C3-methoxy substit-
uent is absent in the synthetic compounds. This functionali-
zation is similarly observed in the cephamycin class of f-lactam
natural products and semi-synthetic drugs such as cefoxitin
where it has been demonstrated to improve the stability of these
cephalosporin derivatives to serine p-lactamases.”

In a previous key experiment disruption of sulG abolished
sulfazecin production, but could be fully restored by exogenous
supplementation of 1-Dap 1 to the fermentation medium.? Such
strains that lack supply of native building blocks have the
potential to expand structural product diversity by means of
mutasynthesis.’® This approach of mutasynthesis has been

3924 | Chem. Sci,, 2023, 14, 3923-3931

developed for the production of manifold valuable compounds
such as the antiparasitic ivermectin,” and enabled structural
modification associated with enhanced bioactivity of estab-
lished drugs including vancomycin, neomycin, and
rapamycin.**** Contemporary approaches in the field of NRPS-
based mutasynthesis, however, are wusually limited to
substituted aromatic non-proteinogenic building blocks such
as hydroxyphenylglycines, B-hydroxytyrosine or salicylates,
where synthetic analogs are readily available.?***-¢

In this study we aimed to extend this concept through
supplementation of non-native derivatives of r-Dap to P. acid-
ophila AsulG. Here, these synthetic analogs both functionalize
an unreactive sp>-carbon and introduce an additional stereo-
center into the molecule. Incorporation of any analog would
allow the biosynthetic production of non-native, potentially
bioactive monobactams or relay compounds for semi-synthesis

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that are substituted at the azetidinone C4 position, just like
their purely synthetic counterparts. These molecules would
further bear the clinically relevant C3-methoxy moiety, which is
not present in synthetic monobactams and provide a biosyn-
thetic route to chemical space that is challenging to cleanly
access by synthetic means.>” Moreover, access to these densely
functionalized diamino acid building blocks affords great utility
in traditional synthetic and medicinal chemistry for the
construction of bioactive compounds.?

Results and discussion

During NRPS-mediated biosynthesis the adenylation (A)
domain selects its amino acid substrate in a highly chemo- and
stereoselective manner before activating it for downstream
processing.*®" Since introduction of any substituent at the p-
carbon of t-Dap introduces diastereomers, we reasoned that As,
the adenylation domain in SulM that activates r-Dap during
sulfazecin biosynthesis, would be biased towards one or the
other. We initially prepared the known compounds (25,3R)-6
and (2S,3S)-methyl-Dap 7, the structurally simplest derivatives
bearing an additional methyl group, by adapting established
methodology (Scheme S1t). To probe the chemo- and stereo-
selectivity of A; toward the methyl-analogs 6 and 7, we per-
formed two complementary colorimetric adenylation domain
activity assays in vitro: The first one detects inorganic pyro-
phosphate (PP;) that is released during the ATP-driven amino
acid activation,**> whereas the second assay relies on direct
detection of the aminoacyl-adenylate through capture with
hydroxylamine and complexation of the resulting hydroxamate
species with Fe(m) (Fig. 1A).**** Both assays consistently
revealed that A; exhibits a strong preference for the (2S,3R)-
diastereomer 6 with only marginal activation of the (25,35)-
diastereomer 7 (Fig. 1B). Interestingly, while r-serine is not
activated, as shown previously,® both p-Dap and the 1-2,4-dia-
minobutyric acid (1-Dab) 8 control, a non-native substrate that
would preclude downstream p-lactam formation, showed lower,
but clear activation.

Encouraged by these initial results we continued to construct
an extended library of functionalized -Dap derivatives bearing
the preferred threo stereochemistry. It is worth noting that the
absolute configuration at C4 of the azetidinone core in the
anticipated final monobactam products would correlate with
that in penicillins, cephalosporins, carbapenems and clavulanic
acid where this stereocenter is essential to potent antibiotic
activity.®® Notably, the erythro (4S) stereochemistry is present in
aztreonam 3, which simplified its commercial production from
readily available r-threonine. Newer synthetic monobactams,
however, and the 4R-diasteomer of aztreonam itself have been
demonstrated to have greater B-lactamase stability and antibi-
otic activity than the 4S-diastereomer.” The selection of the
sulfazecin biosynthetic machinery for the more potent diaste-
reomer therefore constitutes an important intrinsic advantage.

Hydroxymethyl-Dap 9 was initially targeted to focus
construction of our library, believing the hydroxyl moiety would
be a useful handle for further functionalization (Scheme 2A).
Evaluating the literature, we identified butyrolactone 11 as a key

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Principle of A-domain in vitro assays. (B) Substrate prefer-
ence of Az towards Dap isomers based on in vitro assays.

synthetic intermediate that could be prepared by the procedure
of Hanessian et al. from r-aspartate.’® Unexpectedly, upon
repeating the reported procedure with minor modifications we
isolated a product that we believed to be 11, but that did not
agree with the reported spectral characterization. Single crystal
X-ray crystallographic analysis, however, confirmed the identity
of this product with the anticipated anti stereochemistry (Fig. S1
and Table S17).

With butyrolactone 11 in hand, we proceeded to 12 through
a one-pot hydrogenation and Boc-protection. A single-step acid
deprotection and hydrolysis of 12 was attempted to obtain 9,
but appreciable re-lactonization was observed upon isolation.
Lactonization is a well characterized phenomenon in related

Chem. Sci., 2023, 14, 3923-3931 | 3925
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Scheme 2 Synthesis of functionalized 2,3-diaminopropionates. (A) Diastereoselective synthesis of diamino-butyrolactone 12. (B) C4 func-
tionalization by nucleophilic substitution. (C) Preparation of alkenyl/alkynyl analogs by head-to-tail inversion. (D) Amide cleavage and global

deprotection to afford final 2,3-diaminopropionate analogues.

systems such as homoserine,*” which we believe was made even
more thermodynamically favorable by the threo stereochemistry
in 9. Therefore, we elected to pursue other derivatives that
would not be subject to competing re-lactonization.

Literature precedence for similar systems showed that
a Weinreb amide effectively suppresses this interfering reaction
and permits isolation of the y-hydroxy compound.*® Accord-
ingly, both lactones 11 and 12 were subjected to an AlMe;-
mediated amidation,* which cleanly generated 13 and 14
without the need for further purification (Scheme 2B). This
factor proved to be particularly important, as both compounds
were found to nonetheless undergo re-lactonization on silica gel
as well as upon prolonged standing at room temperature.
Extended reaction telescoping and careful selection of reaction
conditions enabled desired downstream transformations to be
carried out while minimizing re-lactonization of intermediates
(see ESIt Synthetic Procedures).

3926 | Chem. Sci., 2023, 14, 3923-393]

From 13 and 14, our syntheses diverged slightly to access
various derivatives. Weinreb amide 13 was efficiently converted
to its cyclic sulfamidate 15 in 65% yield over 3-steps from 11,
simultaneously “capping” and activating the 3-hydroxy group.
Compound 15 proved to be an excellent common intermediate
for the generation of derivatives through facile nucleophilic ring
opening by halides (16a-18a, see ESIt) and cyanide (19a, see
ESIt), followed by hydrolysis of the N-sulfate (Scheme 2B).* The
a-azide in these products was then reduced and Boc-protected
to yield 16b-19b in moderate yields, likely due to steric
congestion. To access additional derivatives, Boc-protected
diamino lactone 12 was employed as a precursor instead.
Acetylation of its Weinreb amide 14 yielded acetoxymethyl 20,
which we hoped could serve as a “masked” hydroxyl group.
Sulfonylation of 14 generated tosylate 21, which was displaced
to provide azidomethyl 22, which was not accessible in our
hands from 13 (Scheme 2B).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Next, we attempted to oxidize 14 to the aldehyde (23, see ESIT)
and further convert it to the olefin using Wittig chemistry.
However, the latter reaction only yielded a small amount of the
anticipated product, presumably due to competing reaction of the
phosphonium ylide at the Weinreb amide. We therefore took
advantage of its molecular symmetry to perform a head-to-tail
inversion by oxidizing and protecting 14 as the di-amino succi-
nate 24. Its Weinreb amide was selectively reduced to the aldehyde
25 (see ESIT) and subjected to Wittig olefination or Corey-Fuchs
reaction to yield vinyl 26 and alkynyl 27, respectively (Scheme 2C).

For the remaining Weinreb amides basic hydrolysis proved
very difficult, requiring extended reaction times and often
leading to racemization, as well as destruction of labile func-
tionalities at C4. Instead, the amide was readily reduced to the
aldehyde and subsequently re-oxidized, followed by protection
of the free carboxyl to simplify final purification. This protocol
allowed preparation of the globally-protected Dap derivatives
26-33 in ample yields without detectable racemization. At this
stage azidomethyl 33 was also converted to the tri-amine 34, and
vinyl 26 was reduced to ethyl 35. This series of compounds,
encompassing diverse chemical functionalities of small size,
was then subjected to a final global deprotection and anion
exchange to afford amino acids 36-43 (Scheme 2D). All of these
compounds exhibited spectral signatures consistent with the
threo stereochemistry of 2S,3R-methyl-Dap (6), by displaying
H2-H3 vicinal coupling constants of ca. 3-4 Hz.*' Unfortu-
nately, in the case of cyanomethyl 31 and acetoxymethyl 32, this
final reaction led to decomposition, excluding them from
further experiments. Bromide 41 was obtained with trace
lactone, likely due to favorable 5-exo-tet cyclization.

With our extended substrate library in hand we employed the
operationally simple hydroxamate assay to once again probe the
promiscuity of SulM Aj; in vitro, as this domain represents the
entry point of these substrate analogs into the monobactam
biosynthetic machinery. In vitro assays revealed appreciable
activation for the fluoromethyl-Dap 39, although less than
observed for the smaller (25,3R)-methyl-Dap 6. Except for the
rigid alkyne 38, all synthetic L-Dap analogs exhibited low but
measurable activity (Fig. 2A).

To obtain a more detailed understanding how the additional
substituents affect the reactivity of A;, we applied the commonly
used  continuous 6-methyl-7-thioguanosine (MesG)/
hydroxylamine coupled assay*>** to record kinetic profiles of
A; for its native substrate 1 and the two analogues 6 and 39,
which show the highest relative activity in end-point assays.
While the size of the substituent did not have a large effect on
kear, it did notably increase the Ky; by approx. factor 10 for 6
(0.09 mM for 1 vs. 1.08 mM for 6) and 200 for 39 (0.09 mM for 1
vs. 20.7 mM for 39), in line with the observed relative activities
(Fig. S2.1) Although the measured k,/Ky of 78.4 mM ' min ™"
is low for the native substrate 1, this value might not necessarily
reflect the actual catalytic efficiency of A; under in vivo condi-
tions, as the enzyme might favour a more acidic environment
that is not compatible the MesG-hydroxylamine continuous
assay.” Furthermore, it has been shown that the turnover
number can be much higher in the presence of a native acceptor
molecule (here the #0lo-PCP;) instead of hydroxylamine.***

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Finally, we set out to examine whether any synthetic analog
could substitute for 1-Dap throughout the entire sulfazecin
biosynthetic pathway in vivo, resulting in the production of non-
native monobactams. We therefore selected the most promising
candidates (25,3R)-methyl-Dap 6 and fluoromethyl-Dap 39, as
well as chloromethyl-Dap 40 and vinyl-Dap 37 because of their
potential as chemical handles for semi-synthetic modification,
and performed a chemical complementation of the P. acidophila
4sulG mutant that is deficient in t-Dap 1 biosynthesis and,
therefore, sulfazecin production by itself.?

Initial bioassays on super-sensitive E. coli ESS* plates
showed antibacterial activity for the cell-free supernatant (CFS)
of the 4sulG culture supplemented with 6, whereas the inhibi-
tion zone was smaller compared to that of the positive control
culture with added t-Dap 1 (Fig. S31). Both samples also showed
B-lactamase-induction activity (1 > 6) by nitrocefin assay,”
further corroborating the microbiological growth inhibition
data for B-lactam production (Fig. S31). No positive signals from
either bioassay were obtained for the CFS of the 4sulG cultures
supplemented with any other synthetic analog. We suspected
that either lower production or an altered antibacterial spec-
trum might be the reason other potential monobactam analogs
eluded detection. Therefore, semi-purified fractions of each CFS
were analyzed by Ultra Performance Liquid Chromatography-
High Resolution Mass Spectrometry (UPLC-HRMS) as a more
sensitive detection method. Indeed, a signal corresponding to
the anticipated monobactam product was obtained not just for
the cultures supplemented with 1 and 6, but also for the culture
supplemented with fluoromethyl 39, the only other analog that
showed distinct activation by A; besides 6 (Fig. 2B). Moreover,
a slightly shorter retention time (39 < 6 < 1) with increasing
product hydrophobicity met expectations for the chromato-
graphic parameters used.

Analysis of the tandem MS/MS (MS®) spectra (Fig. S4-S77)
confirmed the presence of imine fragments consistent with the
highly diagnostic, formal [2 + 2] cycloreversion, a fragmentation
pattern common to other B-lactams*® including aztreonam
(Fig. S8%). These fragments not only bear the charged sulfamate
species for detection in ESI(—) but also contain the corre-
sponding substitution at the C4 position. The observation of
these characteristic fragments leaves little doubt as to the
assigned structures.

Reassured by these spectrometric data, we repeated our
previous chemical complementation and bioassays using 7x
concentrated CFS of 4sulG cultures supplemented with either 1,
6 or 39. In fact, nitrocefin-positive and antibacterial activities
were observed for all concentrated samples except that for the
non-supplemented 4sulG mutant negative control (Fig. 2B). The
methylated sulfazecin analog (termed MM42842) obtained by
fermentation in the presence of (2S,3R)-methyl-Dap 6, wherein
the methyl- and methoxy-substituents are trans, has been
previously isolated from P. cocovenenans.”” Our supplementa-
tion studies suggest that P. cocovenenans might directly employ
6, rather than r-Dap 1, as the native precursor during the
biosynthesis of MM42842. In contrast to sulfazecin 2 its anti-
bacterial activity has been described as mainly directed against
Gram-positive bacteria, in line with our observed activity

Chem. Sci,, 2023, 14, 3923-3931 | 3927
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Fig. 2

(A) Hydroxamate-based in vitro assays with Az against the synthetic L-Dap library. (B) UPLC-HRMS analysis and bioassays of concentrated

P. acidophila 4sulG cell-free supernatant (semi-purified for UPLC-MS) supplemented with selected -Dap derivatives.

against Bacillus licheniformis ATTC 14580 and Kocuria rhizophila
ATCC 9341.%

A novel fluorinated monobactam, fluoromethyl-sulfazecin,
was identified when the AsulG mutant was fermented in the

3928 | Chem. Sci, 2023, 14, 3923-393]

presence of 39. In line with the methylated analog it showed
pronounced antibacterial activities against the two Gram-
positive strains tested, but weak activity against E. coli ESS
(Fig. 2B). While these data suggest that C4-substitutions alter

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the bioactivity profiles compared to sulfazecin 2, extended
studies will be required to assess their antibacterial spectrum in
greater detail. Nevertheless, these initial bioassay results and
spectrometric data support the generation of bioactive mono-
bactam derivatives. This outcome furthermore shows that
despite the unfavourable kinetic performance of A; in vitro,
under native conditions the biosynthetic machinery can
successfully utilize 6 and 39 as alternative building blocks.

Currently, our ability to isolate these new products in suffi-
cient quantities for downstream applications is met by
numerous challenges. The low titre of sulfazecin 1 in wild type
P. acidophila combined with the decreased affinity of the native
biosynthetic machinery towards our unnatural substrates and
an extensive purification protocol'**® necessitate fermentations
on a larger scale. While our synthetic route (¢f. Scheme 2) was
intended to generate substantial product diversity from
a common precursor, it was not designed to yield large quan-
tities of the  corresponding  functionalized  2,3-
diaminopropionates.

It has been long recognized that introduction of fluorine into
drugs can have beneficial effects on pharmacokinetic properties
due to improved metabolic stability, enhanced membrane
permeation and increased target binding affinity.>*** The incor-
poration of even a single fluorine into natural products either by
chemical synthesis®* or mutasynthesis*® has been demonstrated
to significantly improve their potency. Due to its extreme scarcity
among natural products, there is high interest in manipulating
biosynthetic pathways to enable the site-selective incorporation
of fluorine to yield compounds with potentially improved
bioactivity that remain largely untapped.®* Recent successes have
utilized fluorinated extender units in engineered polyketide
synthases (PKS) to generate previously unknown macrolide
products bearing aliphatic C-F bonds.**** In NRPS biosynthesis,
fluorinated amino acids have been successfully incorporated into
peptidyl natural products, however these examples consist
almost exclusively of halogen-substituted aromatic o-amino
acids.>***¢ Owing to the much simpler installation of C-sp>-F
bonds, these biosynthetic precursors are either commercially
available or prepared in few synthetic steps. For instance, in
order to isolate a fluorinated analog of balhimycin, Stissmuth
et al. applied a three-step synthetic sequence to access racemic
fluorinated beta-hydroxy tyrosine, which was required in multi-
gram quantities to isolate the mutasynthetic product.** Here,
although unable to obtain such quantities, we have installed
fluorine at an aliphatic position to prepare fluoromethyl-Dap 39
as a single stereoisomer. Exploiting the inherent substrate flexi-
bility of the entire native late-stage sulfazecin biosynthetic
machinery, we were able to selectively produce a bioactive fluo-
rinated monobactam using conventional fermentation methods.
To the best of our knowledge, we report the first example for the
generation of non-native monobactams through precursor-
directed fermentation.

Conclusions

The monobactam class of antibiotics is unique among the B-
lactams not only for their unusual structure and biosynthetic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rationale but also due to their inherent stability against the
clinical threat of Ambler class B MBLs. Here, a divergent
synthesis was developed to prepare densely functionalized 2,3-
diaminopropionates as biosynthetic replacements for the
essential r-Dap 1 motif in sulfazecin 2. Combining in vitro
assays, and in vivo chemical complementation coupled with
spectrometric and microbiological data, we demonstrate that
these substituted analogs illustrate the potential to be incor-
porated into bioactive monobactam products.

Adenylation domain activity end-point assays of our r-Dap
library roughly correlate with spectrometric data of mono-
bactam products obtained from fermentation experiments with
selected substrates. These observations imply that A; is flux-
limiting in the efficient production of non-native sulfazecin
analogs due to its decreasing activation of larger substrates (cf.
Fig. 2A). Enzyme engineering is a powerful approach to over-
come this hurdle by altering the active site to accommodate
modified substrates, although rational optimization of A-
domains to-date has been met with limited success.”””* Here
the terminal NRPS module of sulfazecin biosynthesis presents
unique advantages we intend to exploit - the pronounced
discrimination of A; against cellularly ubiquitous canonical o-
amino acids® and strict selection of o,B-diamino acids is
a fortunate circumstance for reprogrammed biosynthesis.
Future work will aim to determine the structural basis for this
a,B-diamino selectivity and to streamline A; towards the effec-
tive activation of dedicated non-native L-Dap analogs.

Nevertheless, adenylation is only the first step in a short
sequence of terminal biosynthetic transformations that include
condensation of the non-native precursor with the upstream
dipeptide, followed by in trans N-sulfonation and TE-catalyzed
B-lactam formation with concurrent release from the NRPS. A
two-step methoxylation, which is difficult to install stereo-
selectively using conventional synthetic methods, then
furnishes the structure of the sulfazecin-like product.® Studies
to probe and optimize the substrate tolerance of participating
enzymes are currently ongoing, with the aim to improve the
scope and efficiency of our biosynthetic platform in vivo. Addi-
tionally, establishment of a more scalable synthetic or biosyn-
thetic route to selected precursor amino acids will enable large-
scale fermentation and isolation of monobactams for further
characterization. Although it was recognized from the outset
that mutasynthesis of monobactams presents a difficult target
due to their naturally low production titre, the present work
establishes the feasibility and lays the foundation to manipulate
the biosynthetic machinery to produce customized mono-
bactams by fermentation.
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