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Methods for increasing production of carbapenem antibiotics

and derivatives in bacteria

FIELD OF THE INVENTION

The present invention is in the field of production of
carbapenem antibictics by microorganisms, specifically bacteria.

BACKGROUND OF THE INVENTION

The present invention is in the field of production of
antibictics by microorganisms, specifically bacteria.

An antikbictic relates to an agent that either kills or inhibits
the growth of a microorganism. At present most modern
antibacterials are naturally occurring compounds, or
semisynthetic modifications thereof. Some compounds are still
isolated from living organisms, such as aminoglycosides, whereas
many others are produced by chemical synthesis. Focllowing
screening of antibacterials against a wide range of bacteria,
production of the active compounds or cof their precursors is
often carried out in strongly aercbic conditions.

Antibacterial compounds may be classified on the basis of
their origin inte natural, semisynthetic, and synthetic. Another
classificaticn system is based on biological activity; in this
classification, antibacterials are divided into two broad groups
according to their biological effect on microorganisms:
Bactericidal agents kill bacteria, and bacteriostatic agents
slow down or stall bacterial growth.

Antibiotics have many medical uses, such as treatment of a
bacterial infection, of a protozcan infection, immunomodulation,
and non-operative rescurce for patients who have non-complicated
acute appendicitis. Alsoc preventicn of infection may be
considered, such as of a surgical wound, and dental antibiotic
prophylaxis.

The use of antibiotics to treat and cure infectious disease
has removed cne of the major causes of death te the human
population. Recently, the antibiotic arsenal is losing its
effectiveness, as resistant bacteria are beginning to spread,
making infections that only a decade ago would be considered
trivial often fatal. Furthermore, healthcare costs are rising
worldwide. Any technology that might alleviate the upward

pressure on healthcare costs would save lives.
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Antibacterial antibiotics may also be classified based on
their mechanism of action, chemical structure, or spectrum of
activity; typically they target a bacterial function or growth
process, such as a bacterial cell wall, and a cell membrane, and
interference with essential kbacterial enzymes. Bactericidal
aminoglyccsides may target protein synthesis (macrolides,
lincosamides and tetracycline) but are typically not
bacteriostatic. Further detailed categorization may be done.

In general a problem with present antibiotics is that
micreorganisms become resistant. In view thereof, and also in
view of other treatments, novel antibiotics may need to be
developed. While novel antibiotics have been discovered, the
microbial producers are often species that are either difficult
or impossible to culture in large-scale fermentations. This
presents a severe hindrance to producing the antibictics on an

industrial scale, which is needed if the antibiotics are to find
medical applications. Hence, alternative production methods may

be reguired to develop and produce antibictics at an increased
speed and frequency.

Various chemical classes of antibiotics exist, such as the BR-
lactam class. Members of this f$-lactam class are carbapenemns,
renicillins and cephalosporins. An exanmple of a carbapenem is
thienamycin, a naturally derived product of Streptomyces
cattlevya.

In general, production of antibictics and precursors thereocof
by microcorganisms normally not producing the antibiotic is
inherently cumbersome, as increased levels of antibiotics inside
the microcerganism kill the microorganism. So despite successes
in identifying metabolic pathways for antibiotic production,
improvements have only been established towards non-toxic or
slightly toxic intermediate products.

Antibiotics may be produced within engineered bacteria;
however, some antibiotics cannot be made commercially by these
engineered bacteria because the host is not amenable to genetic
engineering or industrial cultivation processes. In an
alternative natural producers can be mutated or otherwise
manipulated, but alterations to natural producers may not be
sufficient to achieve industrially-relevant titres or

productivity. In these instances it would be advantageous to
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make the antibiotic within a cultivation-friendly host such as
Escherichia coll or Bacillus subtilis. However, these hosts are
susceptible to antibiotics, limiting their application to
antibiotic production.

Antibiotics are therefore not normally produced by
susceptible hosts because they are toxic to the hosts, and this
toxigity would impede production to high titres. It is therefore
a problem to make antibiotics in bacterial species that are
highly susceptible to the antibicotic. This procbkblem has not been
addressed yet to the knowledge of the inventers. Typically
production of such antibictic compounds is achieved in native
procducers, which have natural mechanisms to resist antibiotics.
Even these native hosts de¢ not produce large amounts as they are
rarely totally resistant to their own products. In principle
these natural mechanisms cculd be replicated in engineered
strains. However, there is no guarantee these mechanisms would
work in alternative production hosts such as E. coli.

Recently advances have been made in identifying potential
producticn routes, such as for kanamycin.

Carbapenems exemplify a class of antibiotics that cannot be
economically produced via microbial synthesis due to low titers.
Carbapenems show powerful broad-spectrum activity and resist
inactivation by pB-lactamases far better than other P-lactam
antibiotics, making carbapenems valuable last-resort treatments
against multi-drug resistant infections.

Some documents recite carbapenem production routes. For
instance U32013/0065878 Al recites cell-free systems for
generating carbapenems.

Us 5,871,922 A (or WO 95/3229%4 A) recites genes invelved in
the biosynthetic pathway of carbapenem, comprising: a) at least
one of the genes carA, carB, carC, carD, carE, carF, carG, carH,
b} DNA capable of hybridizing to any cf the genes defined in a)
and capable of functioning as such genes in the biosynthetic
pathway of a carbapenem, c) DNA which is a) or b) above by
virtue of the degeneracy of the genetic code. Polypeptides
encoded by such DNA.

Coulthurst et al. in “Regulation and biosynthesis of
Carbapenem antibiotics in RBacteria”, Nature Reviews,
Microbioclogy, Veol. 3, No. 4, p. 295-306 (2005) recites some
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biosynthetic principles of carbapenem and carbapenem production
in bacteria, which may involve genetic engineering. On p. 296-
297 it is clearly indicated that only low titres are obtainable,
which is supposed to relate to < 0.1 mg/l.

McGowan et al. in “Analysis of bacterial carbapenem
antibiotic production genes reveals a novel B-lactam biosynthesis
pathway”, Molecular Microbiclogy, 22{3), p. 415-4Z2¢ (1998)
recites a method for preparation of an engineered microorganism,
such as E.coli, capable of carbapenam production, such as
expression of CarA and CarB.

Nufiez et al. in “The Biosynthetic Gene Cluster for the fB-
Lactam Carbapenem Thienamycin in Streptemyces cattleya”,
Chemistry & Biology, Vol. 10, p. 301-311, (2003) recites
identification of genes involved in biosynthesis of thienamycin
and insertion thereof in bacterial hosts thereby producing
thienamycin.

Bodner et al. in “Definiticn of the Common and Divergent
Steps in Carbapenem B-Lactam Antibiotic Biosynthesis”,
ChemBicChem, Vcl. 12, p. 2159-2165 (2011), and McGowan et al. in
“Bacterial production of carbapenems and clavams: evolution of B~
iactam antibiotic pathways”, Trends in Micrcbiology, Vol. &, No.
5, p. 203-208 (1998} recite preparation cf an engineered
micreocorganism capable of carbapenem production comprising
expressiocn of CarA and CarB in E. coli.

US 2015/0353%39 Al recites preparation ¢f an engineered
microorganism capable of carbapenem production comprising
expression of CarA and CarB in z host cell, wherein the sequence
used originates from P. carctoveora.

The present invention therefore relates to an improved method
for producing high levels of antibictics, and specifically
carbapenem antibiotics, which solves one or more of the above
problems and drawbacks of the prior art, providing reliable
results, without jeopardizing functicnality and advantages.

SUMMARY OF THE INVENTICN

The present invention relates to an improved methcd cof
production of an engineered microorganism according to c¢laim 1,
wherein the microorganism is selected from fungl and bacteria,
wherein the microorganism is capable of producing l-pyrroline-5-

carboxylate (P5C} and comprises genes enceding a glutamate-5-
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semialdehyde dehydrogenase PrcdA) and glutamate 5-kinase (ProB).
In principle one could even start with a naturally or modified
microorganism having the proA and proB genes, removing at least
one of these genes, and continue according to the invention;
these modified microorganisms are consider to fall under the
scope of the microorganisms as c¢laimed. Therewith amcngst others
high titres (from a few hundred to about ten thousand LC/MS
counts, or likewise 1-100 mg/l, such as 2-20 mg/l) are obtained;
put different a 50-100-feold improvement in productivity is
obtained. In an example E. coli is used as a host to engineer a
synthesis pathway for carbapenem (5R)-carbapen-2-em-3-carboxylic
acid (known as Car). By additicnally identifying and
overexpressing a cofactor of a key enzyme, and by increasing
supply of native metabolites that serve as Car precursers, a
productivity enhancement of 35-60-fold was obtained. As all
known carbapenem pathways share initial steps in their
biosynthetic pathways, other carbapenems can be produced
likewise. The present invention enables production of
antibiotics that are considered immediately toxic to a
microorganism’s cell, such as carbapenem antibictics, which are
derived from a common metabolite (3%,58)-carbapenam. The present
class of antibiotics (carbapenems) cannot yet be industrially
produced via a biclogical process, and is produced using
chemical synthesis, which greatly raises its cost to medical
systems worldwide. A benefit of the present methods is the
development of a process for producing an expensive class of
antibiotics wvia inexpensive micrcocbial synthesis. The development
of such processes has caused antibiotic costs to dramatically
plummet for other B-lactam antibiotics. A further benefit is
that the ease of genetic modifications enables the antibiotic
production pathway to be readily modifiable by the addition or
removal of other genes, enabling the production of derivatives
the present antibiotics that evade resistance mechanisms. The
term “gene” also refers to homelcgues thereof, and derivatives
thereof. The term “derivative” is used in its chemical meaning,
being a compound that 1s derived from a similar compound by a
chemical reaction. The term “analogue” or “structural analogue”
is used in its chemical meaning as being a compcound having a

structure similar to that of another one, but differing from it
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in respect of a certain component. The term “precursor” is used
to refer to a first compound that participates in chemical
reaction that produces a further compound, and the first
compound therefore precedes the further compound. It is noted
that this would not overcome the problem c¢f resistance; it would
however expand the repertoire of avallable drugs.

The present method improves the production of precursors of
the carbapenem class of antibiotics, which are used extensively
in the c¢linic; in an example Escherichia coli is manipulated
such that producticn of B-lactam antibiotics are made possible
while avoiding cell lysis, which would normally cease antibiotic
production.

Inventors have engineered in an example the metabolism of
Escherichia coli to produce a precursor to clinically-relevant
antibiotics known as carbapenems. In an example inventors cloned
genes from Pecteobacterium carotovcora specles that produces a
simple carbapenem, known as "Car" (l-carbapen-Z-em-3-carboxylic
acid). 2 codon-optimized Car pathway was cloned into a high-copy
number plasmid (pCarCBA) which was transformed intoc E. coli
BLZ?1l. In addition inventors implemented several modifications to
the strain that together have resulted in a 60-fold increase in
total Car productivity, as defined by amount of antibiotic
produced per cell per hour. Several of these improvements are
applicable for production of cther carbapenem compounds, such as
thienamycin and their derivatives, such as N-acetylthienamycin,
and N-acetyldehydrothienamycin.

Inventors also used several new apprcaches for generating
antibiotics while preserving the metabolism cf the production
host, without which, productivity is considered to be severely
limited by the toxicity of the antibiotic compound. These are
approaches that are found generally useful for production of
antibiotics in wvulnerable species.

Inventors have found a way to produce sufficient Car to lyse
the producing cells, thus providing a piatform to test
approaches to circumvent B-lactam toxicity to cells that enable
production of antibictics to continue over time. In an example
they have combined feedback-resistant ProB enzyme complex within
a living system, resulting in increases in carboxymethylproline

and antibkiotic production. In addition inventors used a method



10

15

20

25

30

35

WO 2018/074916 PCT/NL2017/050564

for increasing malonyl-CoR concentrations to improve
carboxymethylproline production. They alsoc used timed iron
feeding to delay Car production until a sufficient amount of
biomass had been accumulated. Withholding iron (Fe) is found to
render iron-dependent CarC enzyme inactive. Iron is added only
once sufficient numbers of cells have accumulated in the growth
medium: this leads to a 3.5-fold increase in final Car levels.
Inventors inhibit lysis caused by B-lactam antibilotics by
inhibiting fatty acid synthesis. In additicen, CarE is used
specifically tc improve CarC (for (5R)-carbapenem-3-carboxylate
synthase) activity.

In a first step of the present engineering method at least
one nucleotide sequence comprising at least cone of genes carB
(for Carboxymethylproline synthase), carA {(for Carbapenam-3-
carboxylate synthase), and proB, wherein the enzyme product

encoded by proB* is relieved from inhibition by preline, and

. optionally carE (ferredoxin)} and/or carC, encoded thereon,

wherein genes carB, carA, and proB, are provided at least once,
is provided. Subsequently a step of expressing the genes encoded
on the at least one nucleotide seguence in the microcrganism is
performed, and finally a step of culturing the microorganism in
a medium. Therewith at least one nucleotide sequence comprising
genetic codes is provided to the microorganism, wherein the
microorganism is selected from fungi and bacteria, which enables
the microorganism tc produce (38,58)-carbapenam.

In an exemplary biochemical production route cof a
microorganism a precurscr mclecule l-pyrroline-5-carboxylate
(P5C) is converted intc carboxymethyl proline. Thereto the carB
gene is provided into the present microorganism. Typically as a
co-enzyme malonyl-CoA is reguired for this conversion. Next the
carboxymethyl proline is converted into the precursor (38,58)-
carbapenam. Theretc the carA gene is provided into the present
microorganism. Typically ATP 1s required for this conversicn.
In an example the carbapenem antikbiotics are derived from a
common precursor, {(35,58)-carbapenam. Examples thereci are
mentioned below. For instance, feor thienamycin further genes
thnlL, thnP, or thnK {(methyl transferase), and remaining genes
required for thienamycin production cobtained from Streptomyces
cattleya are introduced.
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In a further step (38,53)-carkapenam may be converted into
carbapenem. Thereto the carC and/or carE gene is/are introduced
into the present microcrganism. It is noted that in an agueous
environment carbapenem is typically unstable.

The present invention now enables the production of
antibiotics in bacterial species that are highly susceptible tc
the antibiotic, and thus are not natively produced by these
susceptible hosts like E. coli, because they are toxic to the
hosts, and this toxicity would impede precduction to high titres.
The present method avoids exposure to the antibiotic to some
extent while the cell remains vulnerable (during growth, and
expression of antibiotic production enzymes). The present method
helps surmount this barrier, which enables in principle
production of several classes of antibiotics within hosts rather
than native producers. This not only leads to lower production
costs for antibiotics, but more importantly, it enables rapid
development of production methods for novel antibiotics.

It is noted that according to the knowledge of the inventor
the present problem has not even been addressed. As mentioned,
typically production of antibiotic compounds is achieved in
native producers, which have natural mechenisms to resist
antibioctics. These natural mechanisms could in principle be
replicated in engineered strains. However, these natural
mechanisms may be overwhelmed (even in native producers) at high
concentrations achieved of antibiotics or toxic precursors
during producticn in an industrial fermentation. Furthermore
there is no guarantee these mechanisms would work in alternative
susceptible production hosts such as E. coli.

The present inventor has found that production of antibiotics
in genetically-tractable and fast-growing species can be much
faster and much cheaper than production in native strains, as
genetic manipulation tools have been established. Growtn is very
rapid (enabling the quick production of large quantities of
biomass), and there is much experience with using e.g. E. coli
in industrial fermentation, indicating that boundary conditions
per se for growth of E. cocli are well known. In another aspect
the production of antibiotics in E. coli enables a much quicker
development of antibictic production pathways after the

discovery of the genes responsible for their production. This
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also enables a rapid diversification ¢f antibictics using
biochemical diverse synthesis.

It is noted that antibiotic production in susceptible cells
is expected to limit achievable titres by inhibiting biomass
producticon {(growth), and by disrupting cell metabolism. ODsoo
measurements clearly indicate growth inhibition occurring very
early (2 h) after induction of high-production pathways.

For better understanding of the biosynthesis routes,
engineering of microcrganisms, and details thereof, reference
can be made to the presentation by H. Shomar et al, 3t Synthetic
Biclogy Congress, London, United Kingdom. October 20, 2016, and
a to be published paper by G. Bokinsky on the same topic, as
well as a paper entitled “Metabeolic engineering of a carbapenem
antibictic pathway in Escherichia cecli” of amongst others G.
Bokinsky, of which the contents are inccrpcrated by reference.

In a second aspect the present invention relates tc a
micrcorganism, whereln the microorganism is selected from
Enterobacteriales, Actinobacteria, Bacillaceze, Streptomyces,
hscomycota and Basidiomycota, such as E.coli, S.cerevisiae and
Bacillus subtilis, obtainable by the engineering method
according to the invention.

In a third aspect the present invention relates fto & method
of producing a carbapenem compound, comprising the step of
providing the microorganism of the present inventicn.

In a fourth aspect the present invention relates to a method
for improving antibioctic production with an engineered
microorganism, such as the microorganism of the present
invention. Typically micrcorganisms, such as E. coli, rely on Fe
(or Fe ions) when growing. It has now been found, which is
unexpected in view of the Fe dependency, that if Fe is withheld
for a period of time, starting when growth of the culture is
initiated by incculation, until sufficient cell bicmass has been
generated, such as during at least 0.5 hour in an initial
biomass production stage, preferakly during at least 1 hour,
such as at least two hours, cell lysis can be prevented and
preduction of the antibiotic is increased significantly. The
amcunt of cell blomass may be considered sufficient at 5*108-5%*
10% cells per ml, which can be verified with spectrophotometry by

measuring the optical density such as at 600 nm. A concentration
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of Fe in a medium (such as for activating CarC) 1is preferably 10-
6-10"% mole/l Fe, more preferably 5*10-6-5*10-° mole/l, e.g. 107°-
3*10-5 mole/l. Fe is typically present as Fe?* and/or Fei+.
Likewise producticn of antibiotic is increased if cell growth is
in at least one stage during production of the antibiotic
inhibited.

In an example thereof the present antibiotic is produced in
so-called growth-arrested cells; the cells are put in
circumstances where amino acid starvation occurs. It 1is
considered that non—-growing cells show increased resistance to
antibiotics. A method for creating non-growing cells that are
still capable of producing antibiotics 1s to withhold a nutrient
needed for growth, which nutrient is not critical for antibioctic
production, such as amino acids. The removal of ProC (for
Pyrroline-5-carboxylate reductase) is an example of this
approach. proC knockout cells are unable to synthesize proline,
and thus cannot grow without exogencusly-provided proline. When
a culture runs out of procline, growth will arrest as a
consequence, and the cells will cease to grow; these cells are
found to become mcre resistant to antibiotics (especially B-
lactam antibiotics, such as carbapenems). Thus, cells can be
grown in the presence of limiting proline, such that the cells
will cease to grow, but continue to consume other nutrients
available (e.g. glutamate, gluccse, ammonia) which will be used
to produce the carbapenem antibiotics (or other antibioctics).
The proline concentration may be tuned to attain a desired
amount of biomass (as biomass production is considered
impossible without proline). The time at which cells are
triggered to produce carbapenem zantibiotics (as expressing the
Car pathway requires proline, but activity does not) may also be
tuned. This is also supported by timing Fe supplementation (i.e.
by withholding Fe until proline is exhausted, ensuring no Car is
produced until the cell is protected against Car by proline
starvation). Thus production mey be split into two phases: a
growth phase, during which the cells use exogenous preocline to
produce biomass and express the Car pathway, and an antibiotic
production phase, during which the cells have consumed all the
available proline and are producing the Car antibiotic in a

growth-arrested state that renders them resistant to the
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toxicity of the antibioctic.

Froline may be supplemented during the production phase. A
phenomencon that has been observed so far is that the
productivity {rate cof amino acid production) of the grcwth-
arrested cells during aminc acid starvation decays over several
hours, due to unknown factors. Supplementation of the limiting
amino acid can restore productivity once agaln. ARddition of very
small amounts of proline during production phase is considered
sufficient to restore productivity. Next to the present approach
with proline (wherein the proC knockout is present, limitation
cf other amino acids or nutrients whose lack causes immunity to
B-lactam antibiotics, 1s envisaged. This includes, but is not
limited to, phenylalanine, tryptophan, tyrosine, leucine,
isocleucine, valine, serine, glycine, alanine, and glutamine.
This approach is considered better than other triggers for
growth arrest, as aminc acid limitation can be readily
engineered by proper formulation of growth medium used in
fermentation, and does not rely on the expression of growth-
arresting proteins {e.g. HipA (for Serine/threonine-protein
kinase toxin HipA), RelA), which depend upon the addition of
expensive chemical inducers, and the maintenance of plasmids
encoding the growth-arresting proteins.

In a fifth aspect the present invention relates to an
antibiotic cbtainable by the present inventicen. In an exemplary
embodiment the antibiotic product may further comprises residual
products of the production method. These residual products may
provide further advantages, such as inherently a mixture of
antibiotics may be produced, making the mixture (or cocktail)
more effective.

Thereby the present invention provides a solution to cne or
more of the above mentioned problems and drawbacks.

Advantages of the present descripticn are detailed throughout
the description.

DETAILED DESCRIPTION COF THE INVENTION

The present invention relates in a first aspect to an
engineering method according to claim 1.

In an exemplary embodiment of the present engineering method
the microorganism is capable of producing l-pyrroline-5-

carboxylate (P5C}, wherein the microccorganism is preferably
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selected from fungi and bacteria, such as from
Enterobacteriales, such as Escherichia, such as Escherichia
coli, Actinchacteria, Streptcmyces, such as Streptomyces
cattleva, Streptomyces argenteolus, Streptomyces flavogriseus,
Bacillagceae, such as a Bacillus, such as Bacillus subtilis, and
Fungi, such as Ascomycota and Basidiomycota, such as
Saccharomycetes, such as S. cerevisiae. These genera and species
have been found especially suited for engineering genes thereof.

In an exemplary embodiment of the present engineering method
the at least one nucleotide sequence additionally comprises proa
(for Gamma-glutamyl phosphate reductase). In an initizl step of
the present synthesis glutamate (Glu} may be converted into
glutamyl-5-phosphate {(G5F). Thereto the proB gene (for Glutamate
5-kinase) is provided inte the present microorganism in order to
support said conversion. In a further step of the present
synthesis glutamyl-5-phosphate (G5P} may be converted intoc L-
glutamate-5-semialdehyde (GSH). Thereto the prcA gene is
provided intc the present microorganism in order to support said
conversion. GSH may than release a water molecule in order to
convert to P5C in an eguilibrium reaction.

In an exemplary embodiment of the present engineering method
a glutamate kinase enzyme is co-expressed, and the glutamate
kinase has been mutated to relieve feedback inhibition by
preline, wherein the proB gene has been mutated to preoB*,
wherein the enzyme product ProB encoded by proB#* is relieved
from inhibition by proline, such as feedback resistant ProB,
such as at least one of E. coli E143A {glutamate 142 mutated to
alanine), K145A (lysine 145 mutated tc alanine), I69E
{isoleucine 69 mutated to glutamate, and N134D. As such it has
been found that yields of antibiotics can be increased. One proB
mutation that has been shown to relieve feedback inhibition by
proline is I6SE, though other mutations that relieve feedback
inhibition, such as N134D, K145A, may also increase yields of
antibiotic.

In an exemplary embodiment of the present engineering method
the genes carB, carA, and copticnally at least one of carE, carC,
proA, and feedback resistant proB*, are arranged in at least one
operon, preferably an opercon in a plasmid, preferably in the

same plasmid. Likewise the genes and operxon may be incorporated
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in a chromosome of the microorganism, or provided on a separate
plasmid, especially for production on industrial scale. Genes
can be introduced in the genetic material of a heost, they can be
added as a plasmid comprising the genes, wherein typically the
plasmid further comprises a gene for producing a toxic
resistance. As such it has been found easier to incorporate said
genes into the microorganism. The opticnal genes may support the
yield of the present antibictic. It was found that co-expressing
the Car pathway with ProA and feedback-resistant mutants of ProB
improved the yield. Co-expression of mutant ProB I69E with the
enzymes CarCBAE {BLZ1lpCarCBAE ProABmut and BLZ21

pCarCBADE ProABmut) improved Car productivity by 5-fold compared
to the strain pCarCBAE. In contrast, co-expression of wild-type
ProAB enzymes did not significantly increase Car productivity or
CMP titres., Co-expressing CarE znd feedback-resistant ProBA
improved Car titres measured early after induction by nearly 40-
fold compared to the minimal pathway.

In an exemplary embodiment of the present engineering method
the at least one nucleotide sequence further comprises at least
one of genes carD, carF, carG, carH, and modified FabD,
optionally arranged in the present operon. These further genes
can typically be found in microorganisms, such as P. carotovorum
or Streptomyces cattleya, and may be asscociated with production
of carbapenem or precursors thereof. It was found that co-
expression of both CarD and CarE with CarCBA (BLZ21pCarCBADE)
increased Car productivity (defined as hCar per cell per unit
time) by 11-fold compared to the minimal pathway pCarCBA.
Further research identified that CarD itself did not
significantly increase Car productivity, whereas expression of
Cark alcone was sufficient to recover the 11-fold productivity
increase observed with CarDE expression. FabB/FabF/FabD were not
expressed with the Car enzymes. These Fab enzymes are typically
expressed by the bacteria to make fats for membranes. In an
embodiment inventors modified FabD (for Malonyl CoA-acyl carrier
protein transacylase) so that it would be degraded at a certain
point during growth, which was found to channel more precursors
into the Car pathway, and also arrested growth.

In an exemplary embodiment of the present engineering method

the proC gene has been removed. As such conversion of P3C to
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proline is significantly reduced and thereby antibiotic yield is
increased.

In an exemplary embodiment of the present engineering method
the at least one nucleotide sequence 1is extracted from P.
carotovorum or Streptomyces cattleya. That is it is identified,
isolated and extracted, as well as treated further, such as by
PCR. Likewise the nucleotide sequence is produced by chemical
synthesis.

In general for the engineering of microorganisms, as
described above, the DNA of the microbial species, or likewise a
combination of species, can be changed. After changing the DNA
in an initial stage the microorganism is cultured in order to
obtain a population. Said population may be used for further
purposes, such as preducing an antibiotic.

In & second aspect the present invention relates to a
microcrganism, wherein the microcrganism is selected from
Enterchacteriales, Actinobacteria, Bacillaceae, Streptomyces,
Ascomycota and Basidiomycota, FEscherichia, such as Escherichia
celi, Bacillus, such as Bacillus subtilis, Streptomyces
cattleya, Streptomyces argenteclus, Streptomyces flavogriseus,
and Saccharomycetes, such as 5. cerevisiae, cbtainable by an
engineering method according to the inventioen.

In a third aspect the present invention relates to a method
of producing a carbapenem compound, comprising the step of
providing the microorganism of claim 13, culturing the
microorganism, and thereby prcducing at least one of a
carbapenem (l-carbapen-2-em-3-carboxylic acid), (3§,558)
carkapenam, and carbapenem.

In an exemplary embodiment of the present production method
the carbapenem compound is & carbapenem antibiotic, such as
azabicyclo[3.2.0]hept-2-ene-Z2-carboxylic acids, such as 7-oxo-1-
azabicycle[3.2.0]hept-2-ene-2-carboxylic acids, such as
thienamycin (({5R,6S)-3-[(2-Amincethyl)thiol-6-[(1R})-1-
hydroxyethyl]-7-oxo-1l-azabicyclo[3.2.0]hept-2-ene-2-carboxylic
acid), imipenem (5R,%$)-6-[(1R)-1-hydroxyethyl]-3-({2-

[ (iminomethyl)amino]ethyllthio}-7-oxo-1-azabicyclo[3.2.0]hept-2-
ene-2-carboxylic acid, meropenem 4R,5S,6S)-3-({(3S,53)-5-
(Dimethylcarbamoyl)pyrrolidin-3-yl)thic) -6~ {{R)-1-hydroxyethyl) -
4-methyl-7-oxo-l-azabicyclo[3.2.0]lhept-2-ene-2-carbexylic acid,
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ertapenem (4R, 55,63)-3-[(38,58)-5-[ (3-carboxyphenyl)carbamoyl]
pyrrolidin-3-yl]sulfanyl-é-(l-hydroxyethyl)-4-methyl-7-
oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid, doripenem
(4R, 55, 65)-6- (1-Hydroxyethyl) -4-methyl-7-oxo-3-(( (58)-5-
{{sulfamoylaminc)methyl)pyrrolidin-3-yl)thic)-1-
azabicyclo[3.2.0]lhept-2-ene-Z2-carboxylic acid,
panipenem/betamipron (5R,6S8)-3-{[(35)-1-ethanimidoylpyrrolidin-
3-yl]sulfanyl}- 6-[(1R)-1-hydroxyethyl]l-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid, biapenem

(4R, 55,68)-3-(06, 7-dihydro-5H- pyrazclec[l,2-a](l,2,4]triazol-8-
ium-6-ylsulfanyl)- 6-({l-hydroxyethyl)- 4-methyl-7-oxo-1-
azablcyclo[3.2.0)hept-2- ene-Z-carboxylate, razupenem

(4R, 55,65} -6- ((R)-1l-hydroxyethyl)-4-methyl-3-((4-((3)-5-methyl-
2,5-dihvdro-1H-pyrrol-3-ylithiazol-2-v1)thio)-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid, tebipenem

(4R, 58,68) - (Pivaloyloxy)methyl 3-((1-(4,5-dihydrothiazol-2-
vl)azetidin-3-yl)thioc)-6~((R)-1-hydroxyethyl)-4-methyl-7-oxo-1-
azabicycle[3.2.0lhept-2-ene-2-carboxylate, lenapenem, and
tomocpenem ((4R,53,65)-3-[(35,58)-5-[({338)-3-[[2-
(diaminomethylideneamino)acetyl]aminc]pyrrolidine-l-carbonyl]-1-
methylpyrrolidin-3-yl]lsulfanyl-6-[(1R)-1-hydroxyethyl]-4-methyl-
7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid), or a
derivative thereof, or an analogue thereof. Hence a large
variety of antibiotics can be produced,

In an exemplary embodiment of the present production methed
iron is withheld for a period of time, starting with withholding
iron when growth of the culture is initiated by inoculation,
generating sufficient cell biomass and then stopping with
withholding iron, such as during at least 0.5 hour during
bacterial growth, preferably during at least 1 hour, such as at
least two hours, therewith preventing cell lysis, wherein the
medium comprises 107%-107¢ mole/l Fe, more preferably 5%1(0-6-5%1(0-5
mole/1l, such as 10-5-3*10-° mole/l. The amount of cell biomass may
be considered sufficient at 5*108-5*10° cells per ml, which can
be verified with spectrophotometry by measuring coptical density
such as at 600 nm. The ODgo is preferably > 1, more preferably >
2, or even >»5 or > 10. Surprisingly and unexpectedly, as
typically microorganisms as E. coli rely on Fe for their

bicsynthesis, reducing an amount of Fe in e.g. the growth medium
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in an initial stadium of antibictic production, significantly
increases the amount of carbapenem produced by about a factor 3-
5. Likewise, when Fe is withheld fully hardly any carbapenem is
produced, showing the dependency of the production pathway
activity within the microorganism on Fe during antibiotic
production.

In an exemplary embodiment of the present production method
the carbapenem compound is produced in at least one stage, and
cell growth is in at least one antibiotic producticn stage
inhibited, thereby delaying expression of antibictic synthesis
to the next stage. It has been found that such inhibition
enables antibiotic production to continue for longer, such as
about 50-200% longer. In an exemplary embodiment expression of
at least one gene of carB, carA, car(C, carD, carE, cark, carG,
carH, prod, and proB*, is delayed, such as by overexpressing
HipA.

In an exemplary enbodiment of the present production method a
10-fold improvement in production of Car is found by co-
expressing the gene carE (from the original cperon).

In an example a several-fold improvement in production of Car
is found by increasing precursor supply by co-expression of
feedback-resistant mutants of ProB, which are not inhikited by
proline and thus are found to supply the Car pathway with a
higher concentraticn of precursor molecule PLC,

In an exemplary embodiment of the present production method
an improvement is achieved in the precursor pool
carboxymethylproline by increasing the precursor malonyl-CcA.

In an exemplary embodiment of the present production methed
an improvement is achieved by preventing cell lysis when the
antibiotic is produced: this is considered to prevent the
antibictic from halting production, thereby improving carbapenam
preduction.

In an exemplary smbodiment of the present preduction method
an improvement is achieved by a method for preventing cell lysis
before sufficient biomass is generated: by withholding iron
(Fe), CarC is considered to be kept inactive until a sufficient
amount of cells have accumulated. This may prevent antibiotic
accumulation, which may lead to cell lysis and prevent the

accumulatiocn of sufficient biomass that could enable high-titre
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production. Cnce enough bicmass has accumulated, addition of
iron is found to trigger Car preductiocn. Inventors have
identified an optimum time for ircn addition for maximum
benefit.

In an exemplary embodiment the present preoducticen method
comprises at least one further biclecgical or chemical synthesis
step of producing an antibiotic, such as addition or removal of
a moiety, such as methylation and thioclaticn, oxidation,
reduction, epimerization, reacting with a further compound,
etc.; i.e. one may start with the present biosynthesis of
carbapenam and ccmplete a full synthesis, towards a desired
molecule, with at least cne further biclogical or chemical
synthesis step, preferably only (a) biological synthesis step(s)
as production can then be carried out by a microorganism. When
using only microorganism production is typically limited to
natural occurring carbapenems. The present method may be
considered to deliver an intermediate product in such a case.

By splitting the present method in various steps also
alternative biosynthesis routes beccme directly available,
starting from more common steps. Such makes the present method
very versatile.

The above characteristics of the host cell provide specific
advantages for the production of specific antibictics, such as
carbapenems.

In a fifth aspect the present invention relates to an
antibiotic product cbtained by the present method.

In an exemplary embodiment the product further comprises
residual products of the production method. These residual
products may provide further advantages, such as inherently a
mixture of antibiotics may be preoduced, making the mixture {or
cocktail) more effective.

In a sixth aspect the present invention relates to a method
for improving antibictic production with an engineered
microorganism, such as the microcrganism according to the
invention, wherein iron is withheld for a period of time,
starting with withhelding iron when growth of a culture is
initiated by incculation, generating sufficient cell biomass and
then stopping with withholding iron, therewith preventing cell

lysis, wherein the medium comprises 10-5-10-¢ mole/l iron, and/ocr
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wherein the antibiotic is producsed in at least one stage and
wherein cell growth is in at least one antibiotic production
stage inhibited thereby delaying expression of antibiotic
synthesis to the next stage. For sufficient cell biomass the
ODsos is preferably > 1, more preferably > 2, or even >5 or > 10.

In an exemplary embodiment of the method for improving
antibiotic production the medium comprises 5*107%-5*10"° mole
iron/l, such as 10-5-3*10-% mole iron/l.

In an exemplary embodiment of the method for improving
antibiotic production lysis is inhibited by fatty acid synthesis
inhibition. For example, once sufficient bicmass has been
reached, in a& similar manner as with iron limitation, i.e. grow
cells, and then inhibit cell growth at the same time as when
antibiotic production is started.

The one or more of the zbove examples and embodiments may be
combined, falling within the scope of the invention.

FIGURES
Fig. 1: Car biosynthesis pathway.

Fig. 2: diagram of examples of the present invention
superimposed on the Car pathway.

Fig. 3: production of Car.

Fig. 4: Effect of Fe delay on Car production.

Fig. 5a,b: Operon construct.

Fig. %a,b shows the chemical structures of carboxymethyl-proline
{CMP) and hCar, respectively.

Figs. 7-10 show experimental results.

DETAILED DESCRIETION CF THE FIGURES

Fig. 1: Integration of the Car synthesis pathway from P.
carotovorum with E. coli proline synthesis pathway. The
production of the carbapenam intermediate is considered relevant
to synthetic pathways of other carbapenem antibiotics (side
paths). The figure has been detailed through the description.
Encircled is the P-lactam part in (33,53)-carbapenam. Also
indicated are exemplary antibictics thienamycin (B), imipenem
(C), meropenem (D), ertapenem (E), and doripenem (F).

Fig. 2 shows an overview of steps modified that result in
increases of Car or carboxymethylproline production. In section
1 a relief of inhibition of ProBA by proline is achieved. In

section 2 intracellular malonyl-CoA concentrations are
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increased. Such can e.g. be done by inhibiting a fatty acid
pathway, such as by timed starvation of the microorganism and/orx
by removing fatty acid synthesis enzymes from the microcorganism.
In section 3 CearC activity is regenerated with CarE. This is
found to be Fe dependent. In section 4 Prol is removed to
decrease competition for P3C. Therewith genes are expressed, a
high cell mass is obtained, CarE/CarC are/can be activated, and
production is increased (Fe). Alsc indicated are exemplary
antilpiotics panipenem/betamipren (G), biapenem (H), razupenen
(I), tebipenem (J), lenapenem (K), and tomopenem (L).

Fig. 3 shows the production cf Car per cell after 24 hours.
Influences of various koundary conditions are studied. With
Carc, Card, and CarB (CAB) and tricine added small amcunts of
Car were produced. With CarC, CarB, CarA, CarD and CarE {CBADE)
and with CarC, CarB, CarA, and CarE (CBAE), i.e. with CarE, the
production of Car significantly increased. Mutant ProBA* further
increased the production of Car. Exemplary nucleotide seguence
are provided as separate documents.

Figure 4: Effect of Fe delay on Car production. When no Fe
was supplied hardly or no Car was produced (bottom line). Under
conditions when Fe was supplied production gradually picked up
over time (middle line). Unexpectedly, when supply of Fe was
delayed for some time, initial production of Car stayed low, but
when Fe was supplied production of Car increased rapidly. The
vertical axis shows total Car production, whereas the horizontal
axis shows time (hours).

Fig. 5a shows the naturally-occurring operon encoding enzymes
for Car production as found in P. carotovorum. Therein three
enzymes, CarA, CarB, and CarC, are found necessary for the
biosynthesis of Car. The enzymes CarD and CarE are found to
increase the producticn of Car.

Fig. 5b shows an exemplary embodiment of the present
artificial, engineered, operon for E.coli. It is preferably
encoded on a plasmid, preferably on the same plasmid; an
alternative to the plasmid is a chromosome. Therein the genes
broB*, proA, carA, carB, carC, and cark, are shown. ProB* is a
mutant of E. coli glutamate kinase enzyme ProB in which feedback
inhibition has been removed. ProcA is E. coli glutamate semi-
aldehyde dehydrogenase. The genes are turned on c.g. off at the
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same Time.

Figure 7 shows the Car biosynthesis pathway and LC/MS
detection of metabolites (details of the LC-MS method can be
found in the above articles of Bokinsky). {a) The enzyme CarB
joins P5C, an intermediate of proline synthesis, with the fatty
acid precursor malonvl-CclA to yield carboxymethylproline (CMP}.
CarA catalyses the ATP-dependent formation of the B-lactam ring
to generate carbapenam, the precursor to all known naturally-
occurring carbapenems. CarC catalyses two enzymatic steps: Cb
epimerisation and C2-C3 desaturation to produce the bicactive
carbapenem nucleus of Car. As with all carbapenems, the B-lactam
ring of Car is susceptible to spontanecus hydrolysis.
Highlighted are the strategies emploved to increase Car
production. (I} increasing P5C by relieving allosteric
inhikition by proline; (II} eliminating consumption of malonyl-
CoA by FabD; (III) regenerating CarC activity by expressing the
ferredoxin CarE. (k) Chromatograms of Car pathway metabolites
and by~-products detected in cultures of E. coli plarB, pCarAB,
pCarCBA, and BLZ21: CMP (3), carbapenam (4) and hCar (o).
Fragmentation spectra are included as well.

Figure B8 shows Metabolic engineering of the Car biosynthesis
pathway in E. coli. (a) Successive metabolic engineering
interventions increased productivity by 60-fold over the minimal
pathway (E. coli pCarCBA). Productivity is calculated from hCar
LC/MS counts in culture supernatants divided by the cell density
(OD600) recorded 1.5 h after induction. (b) hCar titers in
culture supernatants of engineered strains 1.5 h after
induction. Error bars represent the standard deviation of 5 mL
culture triplicates derived from a single colony. (c) {Top) Gene
schematic of plasmid pCarCBA E encoding CarCBA and CarE under
the control of orthogonal promcters PLacUV5 (IPTG-inducible) and
PTet (aTc-inducible), respectively. (Bottom) Effect of CarkE
induction on hCar productivity (hCar counts/0D600) recorded 1.5
h after induction. Solid line representis average productivity in
relation to aTc inducer concentration. Dots represent values of
biclogical duplicates from 25 mL cultures. {(d) Average pathway
metabolite levels (LC/MS counts) of duplicate 25 mL cultures 4 h
after induction. Circle areas are proportional to the peak area

of CMP, carbapenam, and hCar.
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Figure 9 shows Car production limits greowth, causes lysis,
and decreases achievable antibictic titres. (a) Growth curves of
engineered strains after induction cf Car production. Dots
represent 25 mL-culture biological replicates. (b) Photographs
of cultures 24 h after induction exhibiting significant cell
debris and poor growth in Car-producing strains. {(c) Cell
permeability measurements in Car-producing cultures 24 h after
induction. As optical density is not an accurate measure of
total biomass produced in lysed cultures, propidium iodide (PI)
fluorescence was normalized instead te total protein
precipitated by methanol-chloroform extraction from whole
cultures. Error bars represent the standard deviation of
analytical triplicates. (d) LC/MS analysis of hCar titres after
induction. Dots represent 25 mL-culture biological replicates.
(e} Productivity comparison at 2 h after induction with final
titres achieved at 24 h. Prcductivity cf lysed cultures was
estimated by hCar titres per total protein extracted in culture
samples collected 2 h after induction (dark bars). In addition
it is found that mutations of cysteine residues (C43S and C46S)
that participate in the FeS cluster of Cark (BL21 pCarCBAEmut)
eliminate the high-producticn phenotype. Productivity is
calculated from hCar LC/MS counts divided by the cell density
(OD600) recorded in culture supernatants 1.5 h after induction.

Figure 10 shows Engineering antibiotic tolerance and improved
Car pathway flux. (a) Growth curves of pCarCBAE_ProABmut
cultures after induction indicating lysis (450%
0D600 decrease) in BL21 strains, which is reduced in fabD-pdt#3

strain (17% 0OD600 decrease). (b} Cell permeability measurements
24 h after induction indicates that FAS inhibition in fabD-pdt#3
reduces Car-induced lysis. (¢) Titres of 3, 4, and & (left,

centre, and right, respectively) in culture supernatants 24 h
after induction. FAS inhibition and malonyl-CoA accumulation
increases Car pathway flux. Error bars represent the standard
deviation of biological triplicates grown from 3 separate
colonies.

The invention is further detailed by the accompanying
example, which is exemplary and explanatory of nature and are
not limiting the scope of the invention. To the person skilled

in the art it may be clear that many variants, being obvious or
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not, may be conceivable falling within the scope of protectiocn,
defined by the present claims.

EXAMPLE

Example of an experiment for carbapenem production.

Strains and growth medium.

E. coli BL21(DE3) was used for Car production experiments.
For all Car production experiments, cells freshly-transformed
with plasmids encoding the Car pathway were used. Transformants
were grown overnight on selective media agar plates at 37°C.
Colonies grown for more than 48 h on agar plates showed poor
growth when inoculated into ligquid medium. Car production
cultures were grown in MOPS-based minimal medium (8.372 g L
MOPS, 0.717 g L™! Tricine, 2.9%2 g L7' NaCl, 11 mg L7t MgClz*7H20,
0.56 pg L7t CaClz, 200 pL micronutrient stock4l} supplemented
with 4 g L! D-glucose, 28.5 mM NH4Cl, 10 uM FeSOs and 5 g L°*
potassium glutamate. The antibiotics kanamycin (25 ng/mLj,
ampicillin (30 upg/mL) and chloramphenicol (17.5 pg/ml) were
added when apprepriate.

Plasmid construction.

All plasmids were constructed using Gibson assembly in E.
coli DHBo. Genes encoding the Car enzymes from P. carotovorum
(carABCDE) were codon-optimized for expression in E. coli. The
proAB genes were obtained by PCR amplification from E. coli
BL21{DE3) genomic DNA. The mutant variants I69E of ProB, and
C438/C465 of CarE were constructed by PCE site-directed
mutagenesis using the primers Pl and P2 in Supplementary Table
2. Biosynthetic opercns were assembled and cloned into the
pBbESk BglBrick backbone. The plasmid pCarCBA E was constructed
from pCarCBA, by addition of the CarE expression unit under
contrel of the inducible PTet promoter. The reverse segquence of
the CarE inducible expression unit was placed at the 3’ end of
the bi-directional terminator present on the pBbE5k BlgBrick
backbone. hipA was cloned from E. coli MG1655 genomic DNA and
inserted into the pBbSZc BglBrick backbone to make pHipA. To
construct the mf-Lon protease expression vector, we introduced
the codon optimised mf-Lon gene and strong rikosome binding site
from pECL275 into the pBbA2c BglBrick backbone. The resulting
plasmid pmf-Lon contains a chloramphenicol resistance cassette.

The derivative plasmid pmf-Lon-bis contains an ampicillin
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resistance cassette instead. All the strains and plasmids
constructed in this work are listed in Supplementary Table 1.

Construction of strains with tuneable protein degradation.

The degradation tag pdt#33% at the C terminus of the genes of
interest in E. coli BL21(DE3) chromosomal DNA. For each targeted
gene (fabB, fabD and fabF), PCR prcoducts were generated that
contained the pdt#3 tag amplified from pECT3 and 37-42 bp 57
extensions with homology tc the C terminus, and 3’ extensions
with homology to the immediate 3’ untranslated region of the
gene of interest. The Pl and P2 primer seguences and full-
length primers used to target fabB, fakbD and fabF. Genomic pdt#3
insertions were performed using homologous recombination by
transforming the PCR products into E. coli BL21(DE3) containing
pKD46. Successful insertions were verified by PCR. The kanamycin
resistance cassette was subsequently removed using the plasmid
pCPZ20. The resulting strains, fabB-pdi#3, fabD-pdt#3 and
fabF-pdt#3 were screened by PCR and verified by DNA sequencing.

Genetic manipulaticns.

The specific nucleotide sequences as used are provided in the
appendices to this application.

Growth conditions.

Proeduction of Car in E. coli from the present synthetic
operon, 1s achieved using the following growth conditions.

Medium composition

Car production is carried out in a MOPS minimal medium, which
composition was based on the standard recipe described in

http://www.genome.wisc.edu/rescurces/protocols/mopsminimal.html.

A 10X MOPS salts solution withcut iron was prepared according to
the recipe above, except for the addition of FeSQ:; salts. The Car
production medium was prepared using the iron-depleted MOPS
salts, supplemented with 0.4% glucose, 28.5 mM NH4Cl and 0.5%
potassium glutamate.

10x MOPS-Fe Salts {1 L)

A one litre solution was prepared having 83.72 g MOPS, 7.17 g
Tricine, 29.2 g NaCl, 0.11 g MgCl:.7H20, and 28 uL of 20 g CaCl..

MCM-Fe (500 mL)

A 500 ml scluticn was prepared having 50 mL 10X MOPS-Fe
salts, 20 mL 10% glucose, 7.5 mL 1.9 M NHaCl, 5 mlL KzHPO,, 1 mL
K504, 50 mL 5% potassium glutamate, and 366.5 mL millipore Hz0.
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Culture conditions and iron supplementation

Freshly transformed Car procducing strains are incubated
overnight in a minimal medium without ircn (supplemented with
the required antibiotics) at 37°C and 250 rpm, the day prior the
experiment.

Car production is carried out by inoculating 25 mL of medium
from the overnight cultures, and with a normalized initial cell
density (monitored as optical density measured at 600 nm) of
0.06. Cultures are incubated at 37°C and 250 rpm in 250 mL
Erlenmeyer flasks to an CDso of 0.5-0.6 followed by induction of
the Car pathway with IPTG (0.25 mM final concentration). This
high density was not found if the cultures are grown in the
presence of iron, due to the leaky expression of the Car
pathway. Simultaneously, a sterile solution of 28 mg/mL FeSOs
(~0.18 M/1l) is freshly prepared and diluted 10-fold {(~0.018
M/1l); 25uL of the diluted iron sulfate solution is added at time
of induction to each culture. The presence of Fe?* ions (~1.8
*10-> M/1) initiates the catalytic activity of the enzyme CarC.

CarE titration experiment.

As the enzyme CarC is found tc ke iron-dependent, an iron-
deficient MOPS-based production medium (without FeSO4
supplementation) was used to limit Car production from leaky
expression of the Car pathway. Individual colonies of BL21{DE3)
pCarCBA E were grown overnight in 5 mL of iron-deficient
production medium. Overnight cultures were diluted intc 250 mL
Erlenmeyver flasks containing 25 mL selective iron-deficient
production medium te an initial ODge of 0.06. Cultures were
grown at 37 °C with shaking (250 rpm) until reaching an ODegy of
0.25. At this point, CarE expression was induced by addition of
anhydrous tetracycline {aTc). The cultures were further
incubated for 2 h, after which CarCBA expression was induced
with 0.25 ml 5 mM IPTG and the medium supplemented with 10 uM
FeS0s. Cultures were then incubated at 37 °C with shaking and
samples were collected 1.5 h after induction. Supernatant
aliquots were collected and stored at -80 °C for LC/MS.

Validation

To detect and guantify the levels of production cof the
intermediate CMP (carboxymethyl-prcline) and carbapenem, an LC-
MS analytical method was developed, based on HILIC
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chromatography. It is considered that as the end product
carbapenen is chemically unstable, its hydrolysed form hCar is
detected. '

Metabolite concentrations in the culture supernatant were
measured using ligquid chromatography/mass spectrometry (LC/MS).
Samples of the producing cultures were taken at different time
peints and immediately centrifuged at maximum speed for 3
minutes. For each sample, the supernatant was collected and
stored at -20°C until measurement. Prior analysis, 5upl of
supernatant was transferred into a clean Eppendorf containing
195 ui ACN with 0.1% formic acid. This is to ensure that the
total amount of carbapenem present in samples would be
hydrclysed and converted to hCar, and to ensure cptimal
conditions for the chromatography. For measurement of CMP and
hCar, ligquid chromatography separation was conducted at 30°C
with an Agilent ZCRBAX HILIC Plus column (100-mm length, Z.l-mm
internal diameter, 3.5 pm particle size) using a LC-MS system
(Agilent) consisting of a binary pump (G1312B), an autosampler
(G7167A), a temperature-controlled column compartment (Gl316A),
and & triple guadrupole mass spectrometer (G6460C) equipped with
a standard ESI source. For each measurement 2 pL of injection
volume was used. The mobile phase was composed of 25 mM ammonium
formate (solvent A) and 100% acetonitrile (solvent B). The
metabolites were separated with a gradient from 95% to 60% of
solvent B for 5 minutes at a flow rate of 0.5 ml/min, =z
subsequent gradient from 60% to 50% for 2 minutes at a flow rate
from 0.5 mL/min to 0.6 mL/min was carried, 50% to 95% solvent B
for 2 minutes at 0.7 mL/min, fcllowed by a hold at 95% scolvent B
for 2 min at a flow of 0.5 mL/min.

Peaks were analysed by mass spectrometry using ESI ionization
in MRM mode. The precurscor ions analysed for each compound was
determined by mass calculaticn based on the chemical formula.
Biological controls were used te confirm that the peaks obtained
(and the resulting preoduct ions used for quantification and
qualitative analysis) were exclusively present in the presence
of the exogenocus enzymes responsikle for their synthesis and
corresponding substrates.
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Com-— Formula | Mass Pre- Pro- | Dwell Frag- Colli- Polarity | Reten-
pound cur- duct mentor sion tion
sor iens Ener- Time
ion gy (V)
hCar C7HaNCy 171.05 170 126 60 %0 8 Negative | 2.75 min
100 8
CMF CqH1NOs | 173.07 174.1 128 60 9C 12 Positive | 4.946
114 12 min

Table 1: analytical results.

The analytical results show that Car was produced in
detectable amounts.

Circumventing antibiotic toxiecity to improve Car production
and Car pathway flux

Toxicity of Car limits achievable cell density of production
cultures and severely limits antibictic titres. Inventors
improved tolerance tec antibiotic products without compromising
productivity. An approach tc mitigate biomass limitation caused
by Car toxicity was to induce expressicn of the Car pathway once
a sufficient amount of bicomass is produced, rather than at an
early point during exponential phase. Induction of BLZ21
pProABmut CBAE at a higher cell density (OD600 1 rather than
00600 0.35) increased both maximum biomass and hCar titre by
nearly 2-fold. However, lysis was still observed in late-induced
cultures as decreasing 00600 from 3 to 24 h. A phenotype known
as persistence, in which cells are temporarily immune to
antibiotic exposure, is artificially induced by expressicn of
growth-arresting toxin proteins. Cverexpression of e.g. toxin
HipA causes growth-arrest and confers pP-lactam tolerance. HiphA-
arrested cultures survive pB-lactam exposure while remaining
metabolically active, and are able to sustain producticn of the
iscprencid precursor mevalonate from a heterologous pathway,
while resisting phage-induced lysis.

B-lactam tolerance was, in an alternative approach, achieved
by direct inhibition of fatty acid synthesis (FAS). Inhibkition
of FAS using mycotoxin cerulenin inhibits phospholipid synthesis
and confers pB-lactam tolerance. Cerulenin treatment was found to
cause accumulation of malonyl-CoA, a substrate of CarB.

Inhibition of FAS by cerulenin thus benefits carbapenen
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production in two ways: by decreasing lysis, and by increasing
availability of a precurscor metabeolite. Treatment of Car-
producing cultures with 20 ug/mL cerulenin decreased Car-induced
lysis. Cerulenin was found to increase titres of CMP by nearly
5-fold. Although malonyl-CoA accumulation did not significantly
improve hCar titres, FAS inhibition greatly improved flux into
the Car pathway while alleviating Car-induced lysis. In an
alternative to cerulenin a synthetic protein degradation system
to target FAS enzymes which consume malonyl-CoA was used. pdt#3
was appended to chromosomally-encoded fatty acid synthesis
enzymes which use malonyl-CoA as a substrate (FabB, FabF, and
FabD), and induced expression of the mf-Lon protease. Similar to
cerulenin treatment, induction ¢f the mf-Lon protease caused
both growth arrest and malonyl-CoA accunulation in BLZ21 FabD-
pdt#3 and increased CMFP production in BLZ1 FabD-
pdt#3 pCarCBAE ProABmut. Simultaneous induction of the Car
pathway and FabD degradation reduced both cell lysis and
membrane permeability. While hCar titers were not significantly
increased by FabD degradation, malonyl-CcA accumulation
substantially improved flux into the Car pathway, increasing
titres of carbapenam 4 by 5-fold.

Supplementary Table 2. List of primers used
Primer name Full seguence
P1-I69E TGAGCACCTGGGTTACCCGGAACTGCCAGCGACTGAAGCCTCGAARCARCTGCTGGC
P2-I69E TTGTTTCGAGGCTTCAGTCGCTGGCAGTTCCGGGTAACCCAGGTGCTCALCG
Pl1-CarE CCGGTGTATCCAAGGTGCGCCTGACGTCCEGCAACGTCAACATGGATCATTCTGGTGGE
P2-CarE ACGTTGCCGGACGTCAGGCGCACCTTGGATACACCGGAGTAACCAGAAGCACAGCGATAA
Pl-fabB GGCGGCACCAACGCCACGCTGGTAATGCGCAAGCTGARAGATGCGGCGAACARARARCGAA
P2-fabB GATGCGACGCTGGCGCGCCTTACCCGACCTACGGCGAATTATGTAGGCTGGAGCTGCTT
Pl-fabD TGAACGAACCTTCAGCGATGGCAGCGGCGCTCGAGCTTGCGGCGARCARAAACGAA
P2-fabD CAGTGCGATTTITTCCTTCAAAATTCATGATTTTCCTCTITTTATGTAGGCTGGAGCTGCTT
Pl-fabF GCTTCGGTGGCACTAATGGITCTTTGATCTTTAARARGATCGCCGGCGARACAAMMACGAA
P2-fabF CGCAAGCGGACCTTTTATATGGGTGGEAAATGACAACTTATGTAGGCTGGAGCTGCTT
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Reference or

Plasmid name Description Used in
source

Plasmids

pCarAB Codon optimized CarAB enzymes in pBbaA5k backbone  This work F2, F3

pCarCBA Codon optimized CarCBA enzymes in pBbaASk This work F2, F3, 53
backbone

pCarCBAE Codon optimized CarCBAE enzymes in pBbaASk This work F2, F3, S3, 84
backbone

pCarCBAE_ProABmut ProABmut and codon optimized CarCBAE enzymes (in This work F2, F3, F4, 4,
that order} in pBbaASk backbone S5, 87

pCarCBADE Codon optimized CarCBADE enzymes in pBbaASk This work F2 a,b
backbone

pCarCBADE_PrOABmu‘t ProABmut and codon optimized CarCBADE enzymes (in This work F2ab,K 54
that order) in pBbaASk backbone

pCarCBADE_ProABwt ProABwt and codon optimized CarCBADE enzymes (in This work F2 ab, S4
that order) in pBbaASk backbone

pCarCBA_E Codon optimized CarCBA enzymes under the control of  This work F2¢
Pcuvs: and CarE under control of pre

pCarE Codon optimized CarE enzyme in pBbaASk backbone This work S2

pCarf_mutant Mutant variant of CarE (C435/C465) in pBbaASk This work S2
backbone

pCarCBAEmMut Codon optimized CarCBA enzymes and mutant variant This work $3
of CarE (C435/C46S) in pBbaASk backbone

pHipA HipA toxin in pBbS2c This work S5

pmf-Lon Coden optimized mf-Lon protease in pBbA2c This work F4, 57

pmif-Lon-bis Codon optimized mf-Lon protease in pBbA2a This work S6

pECL275 Source of codon optimized mi-Lon protease Cameron, MIT

pECT3 Source of pdt#3 tag Cameron, MIT

pCFR Malonyl-CoA biosensor V. Libis, Evry 56

Strains

Escherichia colf DH5ax E coli strain for cloning and plasmid amplification Invitrogen

Escherichia colf £. colf strain for antibictic production and HipA Invitrogen

BL21(DE3) overexpression. Source of proAs.

Escherichiz cofi MG1655  Source of AjpA ATCC

Escherichia coli fabD- £ coli strain BL21{DE3) centaining FabD-pdt#3 fusion This work F4, $6

pdt#3

Fscherichiz colf abB £ coli strain BL21(DE3) containing FabB-pdt#3 fusion This work 56

pdt#3

Escherichia coli f2bF £ cofi strain BL21(DE3) containing FabF-pdt#3 fusion This work S6

pdt#3
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CLAIMS

1. Method for the production of an engineered microorganism,
capable of (38,58)~carbapenam production, comprising the steps
of

providing a microcrganism, wherein the microorganism is
selected from fungi and bacteria, wherein the microorganism is
capable of producing l-pyrroline-5-carboxylate (P5C} and
comprises genes encoding a glutamate-5-semialdehyde
dehydrogenase (preod) and glutamate 5-kinase (proB),

providing at least one nuclectide seqguence comprising at
least one of genes carB, card, and proB#*, and optionally carE
and/cr carC, encoded therecn, wherein genes carB, cardA, and
proB*, are provided at least once,
expressing the genes encoded on the at least cone nucleotide
sequence in the microorganism, and
culturing the microorganism in a medium.
2. Method accerding to claim 1, wherein the microorganism is
preferably selected from Entercbhbacteriales, Actinobacteria,
Bacillaceae, Streptomyces, Ascomycota and Basidiomycota.
3. Method according to claim 2, wherein the microorganism is
seiected from Escherichia, such as Escherichia coli, Bacillus,
such as Bacillus subtilis, Streptomyces cattleya, Streptomyces
argenteolus, Streptomyces flavogriseus, and Saccharomycetes,
such as S.cerevisiae.
4. Method according to any of the preceding claims, wherein the
at least one nuclecotide seguence additionally comprises proA.
5. Method according to claim 4, wherein a glutamate kinase
enzyme is co-expressed, and the glutamate kinase has been
mutated to relieve feedback inhibition by proline.
6. Method according to any of the preceding claims, wherein the
proB* is feedback resistant ProB, such as at least one of E.
coli ProB I69E, E143A, K1453A, and N134D.
7. Method according to any of the preceding claims, wherein the
genes carB, and card, are arranged in at least one operon,
preferably simultaneously expressing the genes.
8. Method according to claim 7, wherein the operon is a plasmid
operon.

9. Method accerding to any ¢f the preceding claims, wherein the
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at least one nuclecotide seguence further comprises at least one
of genes carD, carF, carG, carH, and modified FabD.

10. Method according to claim 9, wherein at least one of carkE,
carC, prod, proB#*, and FabD, are arranged in the operon of claim
7 or claim 8.

11. Method according to any of the preceding claims, wherein the
proC gene has been removed.

12. Method according to any of the preceding claims, wherein the
at least one nucleotide sequence of any of the preceding claims
is obktained from P. carotovorum or Streptomyces cattlieya.

13. Microorganism o¢btainable by a method according to any of the
preceding claims, wherein the microorganism is selected from
Enterobacteriales, Actinobacteria, Bacillaceae, Streptomyces,
Ascomycota and Basidiomycota.

14. Method of producing a carbapenem compound, comprising the
step of providing the microorganism of claim 13, culturing the
microorganism, and thereby producing at least one of (1-
carbapen-2-em-3-carboxylic acid), (35,58) carbapenam, and
carbapenem.

15. Method according to claim 14, wherein the carbapenem
compound is a carbapenem antibiotic.

16. Method according to claim 15, wherein the carbapenem
compound is selected from azabicyclo[3.2.0lhept-2-ene-2-
carboxylic acids, such as 7-oxo-l-azabicyclo[3.2.0]lhept-2-ene-2-
carboxylic acids, such as thienamycin ((5R,63)-3-[(2-
Bmincethyl)thic]-6-[(1R)-1-hydroxyethyl]-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid), imipenem
(5R,68)-¢-[ (1R) -1-hydroxzyethyl] -3- ({2~

[ (iminomethyl)aminolethyilthio)-7-oxo-1-azabicyclo[3.2.0]hept-2-
ene-Z2-carboxylic acid, meropenem 4R,5S,68)-3-({(35,58)-5-
(Dimethylcarbamoyl)pyrrolidin-3-yl)thio)-6-({R)-1-hydroxyethyl) -
4-methyl-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid,
ertapenemn (4R,58,65)-3-[(35,58)~-5-{(3-carboxyphenyl)carbamoyl]
pyrrolidin-3-yllsulfanyl-6-(l-hydroxyethyl)-4-methyl-7-
oxo-l-azabicyclio[3.2.0]hept-2-ene-2-carboxylic acid, doripenem
(4R, 58,65)-6- (1-Hydroxyethyl)-4-methyl-7-0oxo-3-({(58)-5-
{(sulfamoylamino)methyl)pyrrolidin-3-yl)thio)-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid,

panipenem/betamipron (5R,638)-3-{[(33)-1l-ethanimidoylpyrrolidin-
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3-yilsulfanyl}- 6-[(1R)-1-hydroxyethyl]-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid, biapenem

(4R, 55,65)-3-(6,7-dihydro-5bH~ pyrazecle[l,2-al[l,2,4]triazcl-8-
ium-6-ylsulfanyl)- 6-(l-hydroxyethyl)- 4-methyl-7-oxo-1-
azabicyclo[3.2.0]hept-2~ ene-2-carboxylate, razupenem

(4R, 58, 68)—6—( {(R) -l-hydroxyethyl)-4-methyl-3~( (4-((S)-5-methyl-
2,5-dihydro-1H-pyrrel-3-yl)thiazel-2-yl)thic)-7-oxc-1-
azabicyclo[3.2.0]lhept-2~ene-2-carboxvlic acid, tebipenem

(4R, 58,68) - (Pivaloyloxy)methyl 3-({1-{4,5-dihydrothiazocl-2-
yl)azetidin-3-yl)thio)-6-{{(R)-1-hydroxyethyl)-4-methyl-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate, lenapenem, and
tomopenem ((4R,58,63)-3-[(35,53)-5-{(35)-3-[[2-
(diaminomethylideneaminc)acetyl]aminolpyrrelidine-l-carbonyl]-1-
methylpyrrolidin-3-yl]sulfanyl-6-[ (1R)-1-hydroxyethyl]-4-methyl-
7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid}, a
derivative therecf, and an analogue therecf.

17. Method according to any of claims 14-16,

wherein ircn is withheld for a pericd of time, the period of
time starting with withholding iron when growth of the culture
is initiated by inoculation, generating cell biomass with ODspo>1
and then stopping with withholding iron, therewith preventing
cell lysis, wherein the medium comprises 10-%-10-% mole/1 iron.
18. Method according to claim 17, wherein the medium comprises
5*107%-5*10"> mole iron/l, such as 107°-3*10-° mole iron/l.

12. Method of producing a carbapenem compound according to any
of claims 14-18, wherein the carbapenem compound is produced in
at least one stage, wherein cell growth is in at least one
antibiotic production stage inhibited thereby delaying
expression of antibiotic synthesis to the next stage.

20. Method according to any of claims 14-1%, wherein expressicn
of at least one gene of carB, carA, carC, carD, carE, carF,
carG, carH, proA, proB*, and proB, 1s delayed, such as by
overexpressing HipA.

21. Method accerding to any of claims 14-20, comprising at least
one further biological or chemical synthesis step of producing
an antibiotic carbapenem compound, preferably only (a)
biological synthesis stepi(s).

22. Method for improving antibioctic production with an

engineered microorganism, such as the micreoorganism of claim 13,
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wherein iron is withheld for a period of time, starting with
withholding iron when growth of a culture is initiated by
inoculation, generating sufficient cell biomass and then
stopping with withholding iron, therewith preventing cell lysis,
wherein the medium comprises 10-¢-10-% mole/l iron, and/or wherein
the antibiotic is produced in at least one stage and wherein
cell growth is in at least one antibiotic production stage
inhibited thereby delaying expression of antibiotic synthesis to
the next stage.

23. Methoed according to claim 22, wherein the medium comprises
5*%10-6-5*10-5 mole iron/l, such as 1075-3*10-° mole iron/l.

24. Method according to claim 22 or 23, wherein lysis is

inhibited by fatty acid synthesis inhibition.
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