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New antibiotics are critically needed in the fight against anti-
microbial resistance. Though metagenome sequences1, dif-
ficult-to-culture organisms2 and cryptic biosynthetic gene 

clusters3 have been successfully mined for novel antibiotics, such 
compounds are often produced at titers far too low for large-scale 
production2,4 or biochemical characterization3. Prior to the arrival 
of modern genetic engineering methods, the use of fermentation 
engineering and untargeted mutagenesis yielded strains capable of 
large-scale antibiotic production. Unfortunately, these techniques 
do not guarantee higher titers5–7 and cannot be applied to microbial 
species that cannot be cultivated in the laboratory2. Furthermore, 
improving production by rational metabolic engineering is either 
intractably slow or not yet possible for most species8. Thus, without 
a platform for high-titer production, many antibiotics will remain 
beyond our reach and thus clinically irrelevant. Developing new 
platforms for antibiotic synthesis (for example, heterologous hosts 
or novel production methods) is therefore as urgent as discovering 
new antibiotics and biosynthetic pathways.

The use of fast-growing, genetically tractable species (such as  
E. coli8 and Saccharomyces cerevisiae9) as heterologous hosts for 
antibiotic biosynthesis could bridge discovery with production. The 
immense wealth of genetic tools available for such hosts enables 
rapid design and testing of engineered pathways. Improved path-
ways could be reintroduced into native antibiotic producers when 
possible5, or large-scale production could be further developed 
using the heterologous host. Heterologous production is likely the 
only solution for harnessing biosynthesis pathways from unculti-
vable organisms such as sponge symbionts10. Heterologous expres-
sion could also enable the generation of novel antibiotic derivatives 
(via in vivo combinatorial biochemistry or enzyme engineering11). 
However, any attempt to engineer heterologous production, espe-
cially within susceptible bacterial species, must address the effects 
of the antibiotic on the host. This is especially true for bactericidal 
antibiotics, which cause cell death, disrupt metabolism and arrest 

antibiotic synthesis. Although bacteriostatic (growth-arresting) 
antibiotics such as erythromycin have been produced using E. coli12, 
its suitability for production of small-molecule bactericidal antibi-
otics at high titers has not yet been systematically explored.

The carbapenems, a family of β​-lactams, exemplify a class of bac-
tericidal antibiotics that currently must be chemically synthesized 
because of difficulties improving production by natural micro-
bial hosts. Carbapenems are relied upon as last-resort treatments 
against multidrug-resistant infections13 and are particularly valu-
able because of their broad-spectrum activity and superior resis-
tance against the vast majority of β​-lactamase enzymes14. However, 
bacterial resistance to carbapenems is rapidly increasing owing to 
the proliferation of genes encoding specific metallo-β​-lactamases 
active against carbapenems15. Carbapenem resistance could be 
addressed using the more than 40 naturally occurring known car-
bapenems if large-scale production of such compounds was pos-
sible. Unfortunately, carbapenem titers from microbial production 
are typically low (for example, 1–4 mg/L thienamycin from wild-
type Streptomyces cattleya)16, and a lack of sophisticated genetic 
engineering tools has precluded extensive metabolic engineering of 
native hosts8. Engineering carbapenem production within heterolo-
gous hosts that are more genetically tractable could circumvent this 
obstacle and accelerate deployment of natural and novel carbapen-
ems to the clinic.

Here we engineer heterologous biosynthesis of the carbapenem 
antibiotic (5R)-carbapen-2-em-3-carboxylic acid (known as Car) 
within E. coli. Despite our use of low-density shake-flask cultures, 
we surpass carbapenem titers reported using wild-type Streptomyces 
species cultivated in tank fermenters. As the biosynthetic pathways 
of all known carbapenems share early intermediates17, our path-
way provides a universal platform that could potentially be further 
engineered for production of any carbapenem, including novel 
derivatives generated via in vivo combinatorial biochemistry. We 
additionally demonstrate how E. coli cells can be stabilized against 
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carbapenem-induced lysis to further increase antibiotic productiv-
ity. Such approaches will enable the production of carbapenems 
from engineered microbes and are likely applicable to heterologous 
biosynthesis of other bactericidal cell-wall-targeting compounds.

Results
Heterologous production of a carbapenem antibiotic. The antibi-
otic Car (5​) is biosynthesized18 from pyrroline 5-carboxylate (P5C, 1​),  
an intermediate of proline biosynthesis from glutamate (Fig.  1a), 
and malonyl-CoA (2​), a substrate of fatty acid synthesis. A previ-
ous study established the enzymes required for Car production by 
cloning the complete gene cluster from Pectobacterium carotovorum 
in E. coli19; however, titers of Car were not reported. We cloned the 
codon-optimized minimal Car pathway into a high-copy-number 
plasmid (pCarCBA) that was transformed into E. coli BL21. Car 
production cultures were grown in MOPS-based minimal medium 
supplemented with glucose and glutamate.

We developed an LC–MS method to quantify Car pathway 
metabolites in culture supernatants. As the product 5​ is rela-
tively unstable (3 h estimated half-life20), we instead quantified 
hydrolyzed Car (hCar, 6​) as a measure of pathway productivity.  

An LC–MS signal from a compound matching the expected  
171 m/z ratio of 6​ was detected exclusively in cultures express-
ing the complete pathway (BL21 pCarCBA) under control of an 
IPTG-inducble promoter PlacUV5 (Fig. 1b). Control cultures express-
ing incomplete Car pathways (BL21 pCarB and BL21 pCarAB) 
were used to identify LC–MS signals corresponding to the path-
way intermediates (2 S,5 S)-5-carboxymethylproline (CMP, 3​) and 
(3S,5S)-carbapenam-3-carboxylic acid (4​) (173 m/z and 155 m/z, 
respectively). Fragmentation spectra of each compound further sup-
ported our assignments (Supplementary Fig. 1).

Metabolic engineering of the Car pathway. Expression of the carD 
and CarE genes from the P. carotovorum Car gene cluster is known 
to substantially increase Car production19,21. CarD and CarE have 
sequence similarity with proline dehydrogenase from Drosophila 
melanogaster and [2Fe–2S] ferredoxins, respectively19, leading to the 
hypothesis that CarD increases Car production by converting pro-
line into the CarB substrate 1​, with CarE presumably acting as the 
reducing cofactor for CarD17 (Fig. 1a). We co-expressed both carD 
and carE with carCBA (BL21 pCarCBADE) and observed an 11-fold 
increase in Car productivity (defined as concentrations of 6​ per unit 
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Fig. 1 | The Car biosynthesis pathway and LC–MS detection of synthetic intermediates and products. a, The enzyme CarB couples P5C (1​), an 
intermediate of proline synthesis, with the fatty acid precursor malonyl-CoA (2​) to yield (2S,5S)-5-carboxymethylproline (CMP, 3​). CarA catalyzes ATP-
dependent cyclization to form the β​-lactam ring, generating (3S,5S)-carbapenam-3-carboxylic acid (4​), the precursor to all known naturally occurring 
carbapenems. CarC catalyzes two enzymatic steps, C5 epimerization and C2–C3 desaturation, to produce the bioactive carbapenem nucleus of Car (5​).  
As with all carbapenems, the β​-lactam ring of Car is susceptible to spontaneous hydrolysis, forming hCar (6​). As indicated, the enzyme CarD and the 
ferredoxin CarE have been previously proposed to produce 1​ from proline. Highlighted are the strategies employed to increase Car production:  
(i) increasing 1​ by relieving allosteric inhibition by proline; (ii) eliminating consumption of 2​ by FabD; (iii) regenerating CarC activity by expressing the 
ferredoxin CarE (our proposed mechanism). b, Representative chromatograms of Car pathway metabolites 3​, 4​ and byproduct 6​ detected in cultures of  
E. coli pCarB, pCarAB, pCarCBA, and BL21. Fragmentation spectra are included in Supplementary Fig. 1.
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biomass per unit time; Fig. 2a) compared to the minimal pathway 
pCarCBA. To further investigate the specific roles of CarD and CarE, 
we co-expressed each protein individually with CarCBA. Although 
CarD did not significantly increase Car productivity when expressed 
without CarE, expression of CarE alone recovered the 11-fold pro-
ductivity increase observed with CarDE expression (Fig. 2a).

We next separated expression of carE from carCBA by cloning 
it into a separate operon controlled by an orthogonal promoter 
(PTet, strain BL21 pCarCBA_E) and titrated induction of CarE while 
maintaining constant induction of CarCBA. Car productivity cor-
related with increasing induction of CarE (Fig. 2b). The presence of 
the predicted [2Fe–2S] cluster of CarE was confirmed using whole-
cell EPR spectroscopy22,23. An in vivo EPR spectrum obtained from 
E. coli BL21 overexpressing CarE displayed a clear [2Fe–2 S] cluster 
signal that is absent in whole-cell EPR spectra of wild-type E. coli 
BL21 (Supplementary Fig.  2a). The observed g-values (2.04; 1.95; 
1.89) closely correlate with the known [2Fe-2S] cluster signal of the 

spinach ferredoxin protein (2.05; 1.96; 1.89)24. Mutations of cysteine 
residues (C43S and C46S) that form the FeS cluster suppressed the 
[2Fe–2S] signal (Supplementary Fig. 2b) and eliminated the high-
production phenotype (Supplementary Fig. 3a), indicating that the 
FeS cluster is required to increase Car production. We next tested 
whether CarE facilitates production of 1​ by quantifying 3​, the prod-
uct of CarB. Co-expression of carD with carB (strain BL21 pCarBD) 
increased production of 3​ by approximately 70%, consistent with 
the hypothesized assignment of CarD as a proline dehydrogenase. 
However, the CarD-dependent increase in 3​ does not require CarE, 
and co-expression of carE with carB (strain BL21 pCarBE) did not 
increase production of 3​ compared to BL21 pCarB (Supplementary 
Fig. 3b). Finally, a BLAST search25 failed to detect a CarD homolog 
in the E. coli genome that may interact with CarE. We thus conclude 
that CarE does not influence any catalytic step upstream of CarA.

If CarE does not facilitate CarD activity, what could be the role 
of a ferredoxin in the Car pathway? CarE is unlikely to facilitate the 
synthesis of 4​ from 3​ by CarA, as this reaction has been character-
ized and is not known to require reducing equivalents26. Car pro-
duction is severely limited by the activity of CarC, a redox-active 
Fe(ii)- and 2-ketoglutarate-dependent enzyme, which catalyzes both 
C5 stereoinversion and C2–C3 desaturation of 4​ to yield 5​ (ref. 27). A 
recent mechanism based upon extensive in vitro evidence proposed 
that stereoinversion by CarC is limited to a single turnover, as the 
reaction oxidizes the bound Fe(ii) to Fe(iii)28. Regeneration of Fe(ii) 
by a reducing cofactor is thus required for subsequent C2–C3 desat-
uration and further stereoinversions. On the basis of our results, 
and the location of the carE gene within the native car operon, we 
propose that CarE may be the primary reducing cofactor of CarC. 
CarE overexpression likely increases Car productivity by accelerat-
ing CarC reduction after stereoinversion. Further in vitro studies 
using purified CarC and CarE are needed to evaluate this hypothesis.

To further improve Car productivity, we sought to increase the 
abundance of the CMP precursor 1​, an intermediate of the pro-
line biosynthesis pathway. In E. coli, 1​ is generated from glutamate 
by the enzymes ProB (glutamate 5-kinase) and ProA (glutamate 
5-semialdehyde dehydrogenase). As with other amino acid bio-
synthetic pathways, proline inhibits its own synthesis via feed-
back inhibition of ProB29 (Fig. 1a). Production of 3​, and ultimately 
carbapenems, may therefore be limited by low concentrations 
of 1​. We co-expressed the Car pathway with ProA and feedback-
resistant mutants of ProB29 (Supplementary Fig. 4). Expression of 
the mutant ProB I69E (BL21 pCarCBAE_ProB(I69E)A and BL21 
pCarCBADE_ProB(I69E)A) further improved productivity of 6​ by 
three-fold (Fig.  2a). In contrast, expression of wild-type (proline-
inhibited) ProB and ProA resulted in a smaller productivity increase 
(Fig. 2a) and did not increase titers of 3​ (Supplementary Fig. 5).

Co-expressing CarE and feedback-resistant ProBA improved 
productivity of 5​ shortly after induction by nearly 60-fold compared 
to the minimal pathway (Fig. 2a). We quantified biosynthesis inter-
mediates 3​ and 4​ to identify bottlenecks in our engineered pathway 
that may limit production of 5​. Figure 2c depicts concentrations of 3​,  
4​ and 6​ 2 h after induction in 25-mL cultures. As expected, expres-
sion of CarE appears to increase flux through the Car pathway by 
conversion of 4​, whereas expression of feedback-resistant ProB and 
ProA improved production of 3​ by at least 13-fold compared to 
BL21 pCarCBAE, likely by increasing concentrations of precursor 1​.  
The accumulation of 3​ in strains expressing feedback-resistant 
ProB(I69E) and ProA suggests that insufficient CarA activity acts 
as a bottleneck in our engineered pathway and indicates that this 
enzyme could be a target for future protein engineering.

Improved antibiotic productivity triggers cell lysis. Production 
of antibiotics in susceptible cells is expected to limit achievable  
titers by inhibiting biomass production (growth). In particular, 
production of β​-lactam antibiotics, which target cell-wall synthesis,  
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should further limit titers by triggering lysis and arresting biosyn-
thesis. Measurements of optical density at 600 nm (OD600) clearly 
indicated that growth inhibition occurred very early (2 h) after 
induction of high-performing pathways (Fig.  3a). Growth inhi-
bition reduced maximum biomass achievable (as estimated by 
OD600) by nine-fold compared to a control strain (BL21 pCarAB). 
Car-producing cultures accumulated cell debris characteristic of 
cell lysis, which was also reflected by decreasing trends in OD600 
that were apparent 3–5 h after induction (Fig. 3a). Measurements 
of membrane permeability using propidium iodide (PI) con-
firmed that permeability increases early after induction of the 
Car pathway and correlates with Car productivity, consistent with 
Car-induced lysis (Fig.  3b). Measurements of cell viability, as 
determined from counts of colony forming units (CFU) 24 h after 
induction, confirmed that cell death correlates with productivity 
(Supplementary Fig. 6).

Growth inhibition by 5​ prevented the translation of productivity 
improvements into titer increases. Twenty-five-milliliter cultures of 
BL21 pCarCBAE exhibited 14-fold higher productivity than BL21 
pCarCBA shortly after the pathway was induced but reached only 
70% of the titer of 6​ measured at 24 h. BL21 pCarCBAE_ProB(I69E)
A (37-fold higher productivity) improved 24-h titers of 6​ by only  
2.6-fold (Fig.  3c,d). This was partly caused by the considerable 
reduction in biomass produced caused by growth inhibition and lysis 
by 5​. Production of 5​ by cultures of BL21 pCarCBAE_ProB(I69E)
A apparently continued during lysis, but at a decreasing rate, likely 
owing to arrest of cell metabolism (Fig. 3a,c).

Increased antibiotic tolerance improves Car production. The tox-
icity of Car limits the achievable cell density of production cultures, 
which in turn severely limits antibiotic titers. We sought to engineer 

strains and fermentations to improve tolerance to 5​ without com-
promising productivity. A straightforward approach to mitigate bio-
mass limitation caused by Car toxicity is simply to delay expression 
of the Car pathway until late exponential growth, when a sufficient 
amount of biomass has been produced. Induction of BL21 pCar-
CBAE_ProB(I69E)A at a higher cell density (OD600 =​ 1 rather than 
OD600 =​ 0.4) increased both maximum biomass and 6​ titer by nearly 
two-fold (Supplementary Fig. 7a). However, lysis was still observed 
in late-induced cultures as an OD600 decrease between 3 and 24 h 
(Supplementary Fig. 7b).

To prevent lysis of Car-producing cells and extend Car production 
further, we explored natural mechanisms that confer tolerance to  
β​-lactams. A phenotype known as persistence, in which cells are tem-
porarily immune to antibiotic exposure, can be artificially induced 
by expression of growth-arresting toxin proteins30. Overexpression 
of the toxin HipA causes growth arrest and confers β​-lactam toler-
ance by triggering guanosine tetraphosphate synthesis (ppGpp)31, 
which directly inhibits the phospholipid synthesis enzyme PlsB32. 
HipA-arrested cultures survive β​-lactam exposure while remain-
ing metabolically active and are able to sustain production of the 
isoprenoid precursor mevalonate from a heterologous pathway 
for several days while resisting phage-induced lysis31. We tested 
whether growth arrest by HipA could also prevent Car-induced 
lysis. Although HipA-arrested cultures sustained production of 5​ 
and exhibited lower cell permeability (Supplementary Fig.  8a,d), 
higher titers were not achieved, likely because of decreased produc-
tion of 3​ (Supplementary Fig. 8c).

We were, however, encouraged by the improved tolerance of 
HipA-arrested cells against Car-induced lysis. β​-lactam tolerance 
can also be achieved by direct inhibition of fatty acid synthesis (FAS) 
even without ppGpp accumulation33. Inhibition of FAS using the  
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mycotoxin cerulenin, an inhibitor of FabF and FabB enzymes, starves 
phospholipid synthesis and confers β​-lactam tolerance33. Furthermore, 
by inhibiting fatty acid elongation, cerulenin causes accumulation of 
2​ (ref. 34), a substrate of CarB. Inhibition of FAS by cerulenin could 
thus improve carbapenem production by E. coli via two mecha-
nisms: by decreasing lysis and by increasing availability of a precursor 
metabolite35,36. Treatment of Car-producing cultures with 20 µ​g/mL 
cerulenin indeed decreased cell permeability and Car-induced lysis 
(Supplementary Fig. 8a,b). Fluorescence readings from a genetic sen-
sor37 confirmed that cerulenin treatment increased accumulation of 2​ 
(Supplementary Fig. 9a). Addition of cerulenin increased titers of 3​ by 
nearly five-fold (Supplementary Fig. 8c). Although accumulation of 2​ 
did not significantly improve titer of 6​ under these experimental con-
ditions (Supplementary Fig. 8d), observed increases in 3​ confirmed 
that FAS inhibition improves flux into the Car pathway while alle-
viating Car-induced lysis. We thus decided to further optimize FAS 
inhibition to improve Car production.

As the cost of cerulenin makes its use in large-scale fermenta-
tions impractical, we sought a genetically encoded trigger for FAS 
inhibition. We used a recently developed synthetic protein-degrada-
tion system to eliminate FAS enzymes that consume 2​ (ref. 38). The 
mf-Lon protease degrades proteins carrying a specific C-terminal 
tag (pdt). We thus appended a tag that confers a fast degrada-
tion rate (pdt#3)38 to chromosomally encoded fatty acid synthesis 
enzymes (FabB, FabF and FabD) and induced expression of the mf-
Lon protease. Similarly to cerulenin treatment, induction of the mf-
Lon protease arrested growth while leading to accumulation of 2​ 
in BL21 fabD-pdt#3 (Fig. 4a; Supplementary Fig. 9) and increased 
production of 3​ in BL21 fabD-pdt#3 pCarCBAE_ProB(I69E)A 
(Supplementary Fig.  10). Induction of FabD degradation reduced 
both cell lysis and membrane permeability of Car-producing cells, 
indicating that FAS inhibition via FabD degradation decreases 
Car toxicity (Fig. 4a,b). Furthermore, FabD degradation increased 
Car production (normalized to culture volume) by 50% (Fig. 4c). 
Inhibition of FAS by FabD degradation also decreased appar-
ent lysis caused by the complex carbapenem antibiotic imipenem 
(Supplementary Fig. 11).

To confirm that better tolerance can directly lead to improved 
Car titers, we tested the stability of Car production in FAS-inhibited 
cells by supplementing cultures with fresh medium 1.5 h after induc-
tion. We hypothesized that addition of fresh medium would prolong 
productivity of metabolically active cultures, either by restor-
ing depleted nutrients or by diluting inhibitory waste products.  

No additional 5​ was produced in control cultures after medium 
supplementation, suggesting that the cultures had been metaboli-
cally inactivated by lysis. However, biosynthetic activity continued 
in FAS-inhibited cultures, and the total amount of 6​ increased by 
40% (Fig.  4c). Overall, Car production in FAS-arrested cultures 
supplemented with fresh medium improved by two-fold compared 
to control cultures. We attribute this increase to a combination of 
antibiotic tolerance and increased concentrations of 2​ available for 
synthesis of 3​ by CarB.

Estimating Car titers to benchmark strain performance. As 
authentic chemical standards for 5​ and 6​ are not available, estimating 
Car titers via LC–MS alone is not possible. Therefore, we used dif-
ferential UV spectroscopy, a technique used to quantify carbapen-
ems in both crude fermentation broths and purified extracts16,39,40. 
Carbapenems exhibit UV absorption that is lost upon aminolysis of 
the chromophore by hydroxylamine41. Thus, carbapenem concen-
trations can be calculated by measuring the UV absorbance elimi-
nated after hydroxylamine treatment. We confirmed the reliability 
of differential spectroscopy using an imipenem standard added 
to lysed E. coli cultures (Supplementary Fig.  12; Supplementary 
Table  1a). Next, we used differential spectroscopy to quantify 5​ 
in cultures of BL21 pCarBAE_ProB(I69E)A 3 h after induction, 
which is when we estimate that most 5​ has not yet been hydrolyzed. 
Using the extinction coefficient previously determined for Car42, 
we calculated a titer of 5​ of 17.0 ±​ 5.1 mg/L (Supplementary Fig. 13; 
Supplementary Table 1a).

We sought to determine the total amount of 5​ produced over a 
24-h fermentation to enable comparisons with native carbapenem-
producing species. However, the near-total hydrolysis of 5​ after 24 h 
precludes the direct use of differential spectroscopy (Supplementary 
Fig. 13). Therefore, we estimated total 5​ produced over 24 h by mul-
tiplying the 3-h titer of 5​ with the ratio of LC–MS counts of 6​ at 3 h 
and 24 h after induction. In the absence of FAS arrest, BL21(DE3) 
pCarBAE_ProB(I69E)A produced 37.3 ±​ 16.7 mg/L of 5​, whereas 
FAS-arrested cells produced 54.1 ±​ 17.4 mg/L (detailed calculations 
are in Supplementary Table 1b). These titers demonstrate a substan-
tial improvement over carbapenem titers achieved by S. cattleya.

Discussion
Our results demonstrate how E. coli can be harnessed as a het-
erologous platform for biosynthesis of bactericidal antibiotics. 
The genetic tractability and fast growth of E. coli enabled rational  
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engineering and short fermentation times: in less than 24 h, and 
despite low cell density, titers of 6​ reached 54.1 ±​ 17.4 mg/L, whereas 
tank fermentation cultures of wild-type S. cattleya require at least 5 
d to reach a final thienamycin titer of 4 mg/L16. Although 5​ is too 
unstable to be clinically useful, our pathway modifications, which 
increase flux to the universal carbapenem precursors 3​ and 4​, could 
be used to improve production of more stable carbapenem antibi-
otics, either in E. coli or in a carbapenem-producing Streptomyces 
host. The co-expression of carbapenem tailoring enzymes, obtained 
either from the variety of known carbapenem pathways or via mod-
ification of existing enzymes11, could generate novel derivatives and 
further expand carbapenem diversity18.

Increasing the concentrations of carbapenem precursors 1​ and 2​ 
improved productivity, indicating that the activity of CarB, and thus 
flux through the carbapenem pathway, is limited by precursor avail-
ability. Increasing precursor concentrations has been shown repeat-
edly to improve biosynthesis of other antibiotic families43,44, which 
is consistent with findings that flux through microbial biosynthetic 
pathways are often limited by precursor metabolites45. We have 
also identified a likely reducing partner for the enzyme CarC, an 
unusual enzyme with dual activities that is notorious for its low cat-
alytic rates. Overexpression of CarE increased Car productivity by 
11-fold, illustrating the importance of identifying and overexpress-
ing reducing partners for redox enzymes in biosynthetic pathways.

The identification of additional reducing partners will likely 
prove necessary for heterologous expression of complex carbape-
nem pathways, which include several redox-active iron–sulfur (FeS) 
enzymes46. The requirement of FeS enzymes for complex carbape-
nem biosynthesis presents a barrier to heterologous carbapenem 
production in yeast, which are otherwise well-suited for producing 
β​-lactam antibiotics because of their natural tolerance9. Engineering 
functional expression of bacterial FeS enzymes in eukaryotes has 
proved challenging because of apparent incompatibilities of bacte-
rial FeS enzymes with eukaryotic FeS assembly pathways47. Until 
FeS enzymes can be reliably transferred between prokaryotes and 
eukaryotes, bacterial species may be more amenable hosts for heter-
ologous carbapenem production.

Our approach for mitigating Car toxicity provides a strategy for 
producing growth-inhibiting compounds within susceptible hosts. 
Delaying induction of Car biosynthesis to allow biomass accumula-
tion improved Car titer. Timed arrest of FAS synthesis, which confers 
tolerance against β​-lactam antibiotics, prolonged Car production and 
improved titers further. As FAS arrest protects cells against β​-lactam 
antibiotics, including complex carbapenems such as imipenem48, 
this approach will likely prove effective for production of clinically 
relevant carbapenems. The use of fed-batch cultivation to reach high 
cell densities (i.e., 20-fold more than the densities achieved here), 
together with timed FAS arrest and continued nutrient feeding, may 
bring carbapenem titers close to industrially relevant levels. The use 
of self-inducing promoters49 to trigger antibiotic production and 
FAS arrest would remove the dependence of the present system on 
chemical inducers, which are not economical at large scales. Other 
methods for improving tolerance, such as mutating the cellular target 
of carbapenem, or expressing efflux channels, could further translate 
productivity improvements into increased titers. Combined with our 
engineered carbapenem pathway, such approaches could fully capi-
talize on the strengths of E. coli as a production host and bring natu-
ral and novel carbapenems closer to clinical use.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41589-018-0084-6.
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Methods
Strains and growth medium. E. coli BL21(DE3) was used for Car production 
experiments. We used cells freshly transformed with plasmids encoding the 
Car pathway. Transformants were grown overnight on selective LB agar plates 
at 37 °C, after which plates were stored at 4 °C. Liquid cultures inoculated from 
colonies bearing the Car pathway showed poor growth if the colonies were kept 
longer than 48 h. Car production cultures were grown in MOPS-based minimal 
medium (8.372 g L−1 MOPS, 0.717 g L−1 tricine, 2.92 g L−1 NaCl, 11 mg L−1 MgCl2•​
7H2O, 0.56 µ​g L−1 CaCl2, 200 µ​L micronutrient stock50) supplemented with 4 g L−1 
d-glucose, 28.5 mM NH4Cl, 10 µ​M FeSO4 and 5 g L−1 potassium glutamate. The 
antibiotics kanamycin (25 µ​g/mL), ampicillin (50 µ​g/mL) and chloramphenicol 
(17.5 µ​g/mL) were added when appropriate. All strains and plasmids used in this 
work are listed in Supplementary Table 2.

Plasmid construction. All plasmids were constructed using Gibson assembly51 in 
E. coli DH5α​. Genes encoding the Car enzymes from P. carotovorum (CarABCDE) 
were codon optimized for expression in E. coli. proB and proA were cloned from 
E. coli BL21(DE3) genomic DNA (primers in Supplementary Table 3). The mutant 
variants I69E of ProB, and C43S/C46S of CarE were constructed by PCR site-
directed mutagenesis using the primers P1 and P2 in Supplementary Table 3. 
Biosynthetic operons were assembled and cloned into the pBbE5k BglBrick 
backbone52. The plasmid pCarCBA_E was constructed from pCarCBA by addition 
of the CarE expression unit under control of the inducible PTet promoter. The 
reverse sequence of the CarE-inducible expression unit was placed at the 3′​ end of 
the bidirectional terminator present on the pBbE5k BlgBrick backbone (Fig. 2b). 
hipA was cloned from E. coli MG1655 genomic DNA and inserted into the 
pBbS2c BglBrick backbone to make pHipA (primers in Supplementary Table 3). 
To construct the mf-Lon protease expression vector, we introduced the codon 
optimized mf-Lon gene and strong ribosome binding site from pECL275 (ref. 38) 
into the pBbA2c52 BglBrick backbone. The resulting plasmid pmf-Lon contains a 
chloramphenicol resistance cassette. The derivative plasmid pmf-Lon-bis contains 
an ampicillin resistance cassette instead. All the strains and plasmids constructed 
in this work are listed in Supplementary Table 2.

Car production protocol. Individual colonies of engineered strains were picked into 
5 mL selective production medium and incubated overnight with shaking at 37 °C. 
From overnight cultures, culture triplicates were seeded at an initial OD600 of 0.06 
either in 5 mL of selective production medium in culture tubes (small-scale assays) 
or in 25 mL medium in 250 mL Erlenmeyer flasks (shake-flask assays). Cultures were 
incubated at 37 °C with shaking (250 r.p.m.). Car production was induced at OD600 
0.3–0.45 by addition isopropyl β​-d-thiogalactopyranoside (IPTG) to 0.25 mM final 
concentration. Samples taken from production cultures were cleared by centrifugation, 
and supernatant aliquots were collected and stored at −​80 °C for LC–MS.

CarE titration experiment. As the enzyme CarC is iron dependent, we used an 
iron-deficient MOPS-based production medium (without FeSO4 supplementation) 
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 into 250 mL 
Erlenmeyer flasks containing 25 mL selective iron-deficient production medium 
to an initial OD600 of 0.06. Cultures were grown at 37 °C with shaking (250 r.p.m.) 
until reaching an OD600 of 0.25. At this point, CarE expression was induced by 
addition of anhydrotetracycline (aTc). The cultures were further incubated for 2 h, 
after which CarCBA expression was induced with 0.25 mM IPTG and the medium 
was supplemented with 10 µ​M FeSO4. 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.

Whole-cell EPR spectroscopy. 25 mL cultures used for EPR spectroscopy were 
incubated for 2–3 h after induction at 0.3 OD600, and cell pellets were recovered 
by centrifugation. Pellets were stored at −​80 °C until analysis. Samples for EPR 
spectroscopy were prepared by resuspending the pellet in 200 µ​L sterile 50 mM 
Tris buffer (pH 8). The suspension was transferred into quartz glass EPR tubes 
and frozen in liquid nitrogen. X-band EPR measurements were performed using 
a Bruker ECS-106 EPR spectrometer with a National Instruments interface. 
Data acquisition was performed using an in-house developed software written 
in LabVIEW and FORTRAN 90/95. EPR conditions were as follows: microwave 
frequency, 9.388 GHz; microwave power, 20 mW; modulation frequency, 100 kHz; 
modulation amplitude, 1.27 mT; temperature, 27 K. EPR spectra were analyzed 
using programs previously described53.

Propidium iodide (PI) fluorescence measurements. A stock solution of 10 mM 
propidium iodide in DMSO was prepared and stored at −​20 °C. 100 µ​L of culture 
sample was mixed with an equal amount of a 2×​ PI working solution (prepared 
by adding 3 µ​L of stock solution to 1 mL of water). Mixtures were incubated in 
transparent 96-well plates at room temperature (20–21 ºC) in the dark. After 
15 min incubation, PI fluorescence was measured using a BioTek Synergy HTX 
microplate reader, equipped with an excitation filter of 485/20 nm and an emission 
filter of 620/15 nm with a gain setting of 40.

Total protein quantification in production cultures. Due to Car-induced cell 
lysis, optical density measurements >​ 2 h after induction no longer accurately 
measure total biomass accumulation. We therefore estimated biomass 
accumulation by measuring the total amount of protein present per volume 
of culture by chloroform–methanol protein precipitation. We added 400 µ​L of 
methanol, 100 µ​L of chloroform and 300 µ​L of water to 100 µ​L of culture. Mixtures 
were vortexed vigorously and centrifuged at 10,000g for 1 min. The upper MeOH/
water layer was carefully removed without disturbing the interface, after which 
300 µ​L of methanol were added to the remaining phase. Mixtures were then 
vortexed vigorously and centrifuged at 10,000g for 1 min. The supernatant was 
discarded and pellets obtained were dried by vacuum centrifuge. Protein pellets 
were resuspended in 10–100 µ​L binding buffer (6 M urea, pH 7.2). The colorimetric 
Bradford assay54 was used to measure protein concentrations.

Construction of strains with tunable protein degradation. The degradation tag 
pdt#3 was fused to the C terminus of the genes of interest in E. coli BL21(DE3) 
chromosomal DNA38. For each targeted gene (fabB, fabD and fabF), we generated 
PCR products that contained the pdt#3 tag amplified from pECT3 and 37–42 bp 
5′​ extensions with homology to the C terminus, and 3′​ extensions with homology 
to the immediate 3′​ untranslated region of the gene of interest. The P1 and P2 
primer sequences and full-length primers used to target fabB, fabD and fabF 
are found in Supplementary Table 3. Genomic pdt#3 insertions were performed 
using homologous recombination55 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 pCP20. 
The resulting strains, fabB-pdt#3, fabD-pdt#3 and fabF-pdt#3, were screened by 
PCR and verified by DNA sequencing.

Relative malonyl-CoA quantification. We used the transcription-factor-based 
biosensor plasmid pCFR37, which expresses red fluorescent protein (RFP) in 
response to intracellular malonyl-CoA. Strains transformed with pCFR were 
grown to OD600 0.1, and 100 µ​L culture aliquots were placed on transparent 96-well 
plates in triplicate. RFP and OD600 were monitored using a BioTek Synergy HTX 
microplate reader, equipped with an excitation filter of 485/20 nm and an emission 
filter of 620/15 nm with a gain setting of 40.

LC–MS analysis. Metabolite levels in culture supernatants were measured using 
LC–MS. As 5​ is known to rapidly hydrolyze in acid (pH <​ 3)56, all samples were 
acidified before analysis to hydrolyze any remaining 5​ into 6​. For each collected 
sample, 5 µ​L of supernatant was added to 195 µ​L ACN with 0.1% formic acid. The 
mixtures were vortexed, centrifuged at 15,000g for 2 min and incubated for 1 h 
prior analysis. 2 µ​L of the sample was injected onto an Agilent ZORBAX HILIC 
Plus column (100-mm length, 2.1-mm internal diameter, 3.5 µ​m particle size). 
Liquid chromatography separation was conducted at 30 °C using a LC–MS system 
(Agilent) consisting of a binary pump (G1312B), an autosampler (G7167A), a 
temperature-controlled column compartment (G1316A) and a triple quadrupole 
mass spectrometer (G6460C) equipped with a standard ESI source. The mobile 
phase was composed of 25 mM ammonium formate (solvent A) and 100% 
acetonitrile (solvent B). Samples were separated with a gradient from 95% to 60% of 
solvent B for 5 min at a flow rate of 0.5 mL/min, which was followed by a gradient 
from 60% to 50% for 2 min at a flow rate of 0.5 mL/min to 0.6 mL/min and 50% to 
95% solvent B for 2 min at 0.7 mL/min, and then held at 95% solvent B for 2 min 
at a flow of 0.5 mL/min. Peaks were analyzed by MS using ESI ionization in MRM 
mode. The precursor ion analyzed for each compound (3​, 4​ and 6​) was determined 
by mass calculation based on their chemical formula. For each compound, 
fragmentation spectra and MRM settings are found in Supplementary Table 4.

Estimating Car titers. Car concentration is estimated from the difference in 
absorbance (262 nm) between hydroxylamine-treated and untreated samples 
using a molar extinction coefficient previously determined for Car42 (4,500) and 
a pathlength of 0.1 cm. Absorbance was measured using the pedestal mode of 
a NanoDrop 2000 spectrophotometer. For hydroxylamine treatment, 100 µ​L of 
culture supernatants were mixed with hydroxylamine (10 mM final concentration; 
hydroxylamine solution freshly prepared from NH2OH HCl, pH 7) in 10 mM 
KH2PO4 pH 7 for 1 h at room temperature. Addition of hydroxylamine did 
not affect the absorbance spectra of supernatants taken from fosfomycin-lysed 
cultures that do not produce Car (BL21 pCarAB_ProB(I69E)A, Supplementary 
Fig. 12a). We validated the use of differential UV spectroscopy by quantifying 
known concentrations of imipenem added to cultures in order to closely mimic 
the conditions of Car sampling. Imipenem absorbance (300 nm) was extinguished 
by hydroxylamine (Supplementary Fig. 12b, c). Calculated values linearly 
corresponded to known concentrations of imipenem added, with 14% average 
error at concentrations of 2 mg/L or higher (Supplementary Fig. 12d and detailed 
calculations in Supplementary Table 1a). For quantification of Car, overnight 
cultures from individual colonies of BL21 pCarCBAE_ProB(I69E)A were used 
to inoculate 25 mL production medium at a starting OD600 of 0.06 and incubated 
at 37 °C with shaking (250 r.p.m) in 250-mL Erlenmeyer flasks. Cultures were 
induced at OD600 1.0 with 0.25 mM IPTG. 1 mL culture supernatant aliquots were 
collected 3 h (or 24 h) after induction and cleared by centrifugation.  

Nature Chemical Biology | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


Articles NATure CHemicAl Biology

UV absorption spectra and detailed calculations are described in Supplementary 
Fig. 13a and Supplementary Table 1. Consistent with the known instability of Car, 
no hydroxylamine-labile absorbance was detected in samples collected 24 h after 
induction of Car biosynthesis (Supplementary Fig. 13b).

Statistics. Unless otherwise noted in the figure legend, bars and lines depict 
averages of independent cell cultures grown from independent bacterial colonies, 
by which we define biological replicates. Sample sizes are described in the figure 
legends. Error bars represent ±​ 1 s.d. from the mean. Dots in figures report values 
obtained from independent biological replicates.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

References
	50.	Neidhardt, F. C., Bloch, P. L. & Smith, D. F. Culture medium for 

enterobacteria. J. Bacteriol. 119, 736–747 (1974).
	51.	Gibson, D. G. et al. Enzymatic assembly of DNA molecules up to several 

hundred kilobases. Nat. Methods 6, 343–345 (2009).
	52.	Lee, T. S. et al. BglBrick vectors and datasheets: A synthetic biology platform 

for gene expression. J. Biol. Eng. 5, 12 (2011).
	53.	Hagen, W. R. Biomolecular EPR Spectroscopy. CRC Press. (CRC Press, Boca 

Raton, 2008).
	54.	Bradford, M. M. A rapid and sensitive method for the quantitation of 

microgram quantities of protein utilizing the principle of protein-dye binding. 
Anal. Biochem. 72, 248–254 (1976).

	55.	Datsenko, K. A. & Wanner, B. L. One-step inactivation of chromosomal genes 
in Escherichia coli K-12 using PCR products. Proc. Natl Acad. Sci. USA 97, 
6640–6645 (2000).

	56.	Parker, W. L. et al. SQ 27,860, a simple carbapenem produced by species of 
Serratia and Erwinia. J. Antibiot. (Tokyo) 35, 653–660 (1982).

Nature Chemical Biology | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


1

nature research  |  life sciences reporting sum
m

ary
N

ovem
ber 2017

Corresponding author(s): Gregory Bokinsky

Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

Please do not complete any field with "not applicable" or n/a.  Refer to the help text for what text to use if an item is not relevant to your study. 
For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.

    Experimental design
1.   Sample size

Describe how sample size was determined. No sample size calculations were performed. The sample sizes used for all experiments (n = 2 
or 3)  in accordance with community standards.

2.   Data exclusions

Describe any data exclusions. No data was excluded from the analysis

3.   Replication

Describe the measures taken to verify the reproducibility 
of the experimental findings.

All replication attempts in this study were successful.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

All bacterial cell cultures used for each experiments were grown under the same conditions, 
so randomization was not relevant. 
For all LC-MS analyses, the order of sample injection was randomized to eliminate confusion 
of experimental and temporal factors, that would interfere with data interpretation.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

This study only provides objective analytical measurements of samples derived from bacterial 
cultures subjected to identical growth conditions per experiment. Blinding was not relevant 
for this study

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

Test values indicating whether an effect is present 
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

MATLAB_R2017a 
Microsoft Excel for Mac Version 15.32

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a third party.

No restrictions on availability apply. 
Plasmids encoding the engineered carbapenem producing pathway will be available on 
Addgene.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

No antibodies were used in his study

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No eukaryotic cell lines were used in this study

b.  Describe the method of cell line authentication used. No eukaryotic cell lines were used in this study

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

No eukaryotic cell lines were used in this study

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used in this study

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or 
animal-derived materials used in the study.

No animals were used in this study

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

This study did not involve human research participants
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