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Balancing enzyme activities

enables efficient 2-fluoro-cis,cis-

muconate production
Biocatalysis can provide access to value-added fluorinated compounds that are

difficult to synthesize chemically. In this article, Wirth and Nikel describe a strategy

for biological production of 2-fluoro-cis,cis-muconate, a fluorinated derivative of

muconate (classified as a top-50 platform molecule). Pseudomonas strains were

reprogrammed through a rational metabolic engineering approach applied to

native pathways for biodegradation of aromatic xenobiotics. Following this

blueprint, the catalytic potential of microbial biochemical pathways can be

harnessed toward expanding the spectrum of fluorinated building blocks available

for industrial applications.
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in engineered Pseudomonas putida

Nicolas T. Wirth1 and Pablo I. Nikel1,2,*
The bigger picture

Even after decades of research,

the chemical nature and structural

diversity of building blocks

obtained by biocatalysis is

restricted to a handful of

compounds. Moreover, the

potential of bio-based addition of

halogen atoms is yet to be fully

exploited. Here, 2-fluoro-cis,cis-

muconate (2-FMA) was targeted

as a new-to-industry chemical. 2-

FMA acts as precursor of complex

organic structures by its two

terminal carboxyl groups,

providing access to novel

fluorinated polymers and

bioactives for medicine and

agriculture. Virtually impossible to
SUMMARY

The wealth of bio-based building blocks produced by engineered
microorganisms seldom include halogen atoms. Muconate is a plat-
form chemical with a number of industrial applications that could be
broadened by introducing fluorine atoms to tune its physicochem-
ical properties. The soil bacterium Pseudomonas putida naturally
assimilates benzoate via the ortho-cleavage pathway with cis,cis-
muconate as intermediate. Here, we harnessed the native enzymatic
machinery (encodedwithin the ben and cat gene clusters) to provide
catalytic access to 2-fluoro-cis,cis-muconate (2-FMA) from fluori-
nated benzoates. The reactions in this pathway are highly imbal-
anced, leading to accumulation of toxic intermediates and limited
substrate conversion. By disentangling regulatory patterns of ben
and cat in response to fluorinated effectors, metabolic activities
were adjusted to favor 2-FMA biosynthesis. After implementing
this combinatorial approach, engineered P. putida converted 3-flu-
orobenzoate to 2-FMA at the maximum theoretical yield. Hence,
this study illustrates how synthetic biology can expand the diversity
of nature’s biochemical catalysis.
produce via traditional chemical

synthesis, 2-FMA was obtained by

leveraging the rich metabolism of

the platform bacterium

Pseudomonas putida. Efficient

conversion of 3-fluorobenzoate, a

low-cost haloarene, into 2-FMA is

only possible through finely

orchestrated biochemistry. Such

balance was achieved by

combinatorial substitution of

native regulatory elements—a

strategy that can be also

implemented for biosynthesis of

other value-added molecules.
INTRODUCTION

cis,cis-Muconate [(2Z,4Z)-2,4-hexadienedioic acid; ccMA] is a value-added product

with conjugated double bonds and reactive dicarboxylic groups, which facilitate the

use of this building block in a large variety of reactions toward both commodity and

specialty chemicals.1–6 The configuration of its functional groups makes ccMA

particularly suitable for polymerization reactions that yield synthetic resins and

biodegradable polymers.2 The list of compounds accessible through ccMA includes

many commercially important chemicals, e.g., adipic acid (a top-50 bulk chemical),7

caprolactam, and terephthalic and trimellitic acids. These molecules find a variety of

manufacturing uses in the form of nylon-6,6, polytrimethylene terephthalate, poly-

ethylene terephthalate, dimethyl terephthalate, trimellitic anhydride, industrial plas-

tics, polyester, food ingredients, pharmaceuticals, plasticizers, and cosmetics.3 Over

the past decades, efforts have focused on replacing oil-based processes for ccMA

production with biotechnological alternatives.7–15 These approaches largely fall

into two categories: (1) de novo production of aromatic precursors from sugars or

glycerol via the shikimate pathway, followed by conversion to catechol and ring-

cleavage to ccMA, or (2) direct bioconversion of aromatic feedstocks.16–18

Although such bio-based methods for ccMA synthesis are available, the molecule’s

structural scope is still severely restricted and can only be expanded by post-produc-

tion modifications. The intrinsic value of bio-based ccMA production could be
1234 Chem Catalysis 1, 1234–1259, November 18, 2021 ª 2021 The Author(s). Published by Elsevier Inc.
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multiplied by introducing halogen atoms into the molecule and its derivatives,

enabling access to products that can hardly be synthesized chemically19—most of

which are new to industry. Replacing a hydrogen atom with fluorine (F) has become

an essential manipulation in organic chemistry,20 and the presence of even a

single F atom significantly enhances chemical properties of drugs and building

blocks.21–23 The effect of fluorination on ccMA-derived products is of particular inter-

est for polymer applications. Introducing F into a polymer structure brings about a

suite of industrially relevant features, e.g., inertness to acids, bases, solvents, and

oils; low dielectric constant; low refractive index; high resistance to aging and oxida-

tion; and low surface tension.24 Since the targeted introduction of F into a complex

organic structure is difficult to achieve through chemical synthesis, emergent strate-

gies toward the synthesis of fluorinated building blocks are urgently needed.21,25

Bio-based solutions for the production of such building blocks are particularly

promising,26,27 since traditional approaches to fluorination involve highly reactive,

often unspecific reagents and are insensitive to the stereochemistry of the product.28

Against this background, this study describes a bio-based strategy to produce

fluorinated cis,cis-muconate via whole-cell bioconversion with engineered Pseudo-

monas cells. Pseudomonas putida is a soil bacterium that became a platform for the

production of value-added compounds owing to its remarkably versatile meta-

bolism and high levels of stress resistance.29–32 Inspired by the biochemical wiring

in a natural chlorobenzoate-degrading Pseudomonas species (Pseudomonas knack-

mussii), we upgraded the catalytic landscape of P. putida to efficiently convert fluo-

rinated benzoates into the corresponding halogenated muconate. The biocatalyst

was further optimized on several iterations of the ‘‘design-build-test-learn cycle’’

of synthetic metabolic engineering.33 Adopting a combinatorial pathway-balancing

approach ultimately enabled the complete conversion of 3-fluorobenzoate (3-FBz)

into isomerically pure 2-fluoro-cis,cis-muconate [(2E,4Z)-2-fluorohexa-2,4-diene-

dioate; 2-FMA] at the maximum theoretical yield.

RESULTS

A comparative genome analysis of P. putida and P. knackmussii unveils the

enzymatic repertoire involved in fluoroaromatic metabolism

P. knackmussii34–37 degrades and assimilates 2-, 3-, and 4-fluorobenzoate (2-, 3-,

4-FBz) via (1) a 1,2-dioxygenase that converts the benzoate (Bz) substrate into its

1,2-dihydroxycyclohexa-3,4-diene-1-carboxylate (1,2-dihydro-1,2-dihydroxyben-

zoate [1,2-DHB]) form, (2) a 1,2-DHB dehydrogenase that restores the aromatic char-

acter of the six-carbon ring structure, yielding a catechol, and (3) a second 1,2-diox-

ygenase that catalyzes the ortho-cleavage of the ring structure, resulting in (F-)ccMA

(Figure 1A). The position of the F-substitution on the aromatic ring determines

whether the corresponding compound is totally degraded (and ultimately assimi-

lated to biomass) or not. When acting on 4-FBz, steps (1) and (2) yield 4-F-catechol

(4-FC) and 3-F-cis,cis-muconate (3-FMA). This metabolite can be further processed

(and defluorinated) into tricarboxylic acid (TCA) cycle intermediates. The action of

benzoate-1,2-dioxygenase on 3-FBz, in contrast, can result in either 3-F-catechol

(3-FC) or 4-FC—leading to 2-fluoro-cis,cis-muconate (2-FMA) and 3-FMA, respec-

tively. Hydroxylation at the C1 and C2 ring positions of 2-FBz releases the fluoride

ion (F�),38 but if the hydroxylation is performed at the C1 and C6 positions it leads

to 3-FC and, consequently, to 2-FMA. This metabolite was proposed to inhibit muc-

onate cycloisomerase, the enzyme catalyzing its further conversion, thus acting as a

dead-end product.35 When inspecting potential biocatalysts that can produce

FMAs, we noticed that the metabolic pathway from FBz to FMA in P. knackmussii

conspicuously resembles the ortho-cleavage route in P. putida. P. putida strain
Chem Catalysis 1, 1234–1259, November 18, 2021 1235
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Figure 1. (Fluoro)benzoate degradation in wild-type Pseudomonas species

(A) Biochemical activities acting on benzoate and its fluorine (F)-substituted derivatives 2-FBz, 3-FBz, and 4-FBz. Positive transcriptional regulation by

BenR and CatR in P. putida is indicated with a ‘‘+’’ symbol. Enzymes participating in the conversion of 3-FBz to 2-FMA are identified by their

corresponding EC numbers.
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Figure 1. Continued

(B) Chromosomal organization of genes encoding the ortho-cleavage pathway. BenABC, benzoate 1,2-dioxygenase; BenD, 1,2-

dihydrodihydroxybenzoate dehydrogenase; CatA, catechol 1,2-dioxygenase; CatB, muconate cycloisomerase; CatC, muconolactone d-isomerase;

BenR, transcriptional regulator; CatR, LysR family transcriptional regulator; 1,2-DHB, 1,2-dihydrodihydroxybenzoate; 2-F-1,2-DHB, 2-F-1,2-

dihydrodihydroxybenzoate; 3-F-1,2-DHB, 3-F-1,2-dihydrodihydroxybenzoate; 4-F-1,2-DHB, 4-F-1,2-dihydrodihydroxybenzoate; 5-F-DHB, 5-F-1,2-

dihydrodihydroxybenzoate; 6-F-DHB, 6-F-1,2-dihydrodihydroxybenzoate; 2-FMA, 2-F-cis,cis-muconate; 3-FMA, 3-F-cis,cis-muconate; TCA cycle,

tricarboxylic acid cycle. Genomic coordinates are given in bps.

See also Table S1 for further details.
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mt-2 and its TOL plasmid-free variant KT2440 can degrade and consume recalcitrant

xenobiotic compounds, e.g., toluene and xylenes.39 The ortho-cleavage enzymes of

P. putida are encoded in two distinct gene clusters at distant locations on the chro-

mosome. One cluster, controlled by the Bz-binding activator BenR and its associ-

ated Pben promoter, involves the genes encoding benzoate-1,2-dioxygenase

(benA, benB, and benC), 1,2-DHB dehydrogenase (benD), and several putative

transporters for uptake of benzoate derivatives (benK, benE-II, and nicP-I),40 as

well as catechol-1,2-dioxygenase (catA-II). Another catechol-1,2-dioxygenase

gene (catA) is located within a second gene cluster, further encoding the two

enzymes that process ccMA: muconate cycloisomerase (catB) and muconolactone

d-isomerase (catC). These genes are transcriptionally controlled by the CatR acti-

vator that responds to the intracellular ccMA concentration (Figure 1A).

The first enzyme complex in the cascade, formed by BenA, BenB, and BenC, is a

two-component Rieske non-heme iron (Fe) dioxygenase (EC 1.14.12.10). The

oxygenase component is formed by a trimer of ab protomers (BenA and BenB)

in which each a subunit contains a [2Fe-2S] cluster and a non-heme mononuclear

Fe site coordinated by two histidine residues and one aspartate residue.41,42 Be-

nAB has been shown to mediate high-yield, single-substrate turnover leaving

both metal centers in the oxidized state. The binding of O2 requires both reduction

of the Rieske cluster and prior substrate binding.43 The reductase component

(BenC) is responsible for the NADH-dependent replenishing of the electrons in

the benzoate-1,2-dioxygenase system with flavin adenine dinucleotide as co-

enzyme and one iron-sulfur cluster of the [2Fe-2S] type.44,45 The reductase compo-

nent of benzoate-1,2-dioxygenase of an Acinetobacter isolate is the only enzyme

function that could be structurally resolved.46 Regardless, in vitro characterization

of the substrate specificity of benzoate 1,2-dioxygenase revealed a high level of

promiscuity, with significant activity on fluorinated benzoate analogs relative to

the native substrate.43,45

The conversion of 1,2-DHB to catechol, catalyzed by the dimeric 1,2-DHB dehydro-

genase BenD (EC 1.3.1.25), involves both a NAD+-dependent dehydrogenation and

a spontaneous decarboxylation.47–49 Structural information on 1,2-DHB dehydroge-

nases is yet to be explored, and their kinetic properties have not been examined with

fluorinated analogs. O2-dependent, oxidative cleavage of catechol is performed by

two non-heme Fe(III)-containing catechol 1,2-dioxygenases (EC 1.13.11.1), CatA

and CatA-II, which share 76% identity.50,51 CatA-II was shown to have a higher KM

for its native substrate (i.e., catechol) compared with CatA (7.4 G 1.4 mM versus

1.3 G 0.2 mM) as well as a lower apparent Vmax (0.3 G 0.1 mmol min�1 mg�1 versus

6.6 G 0.3 mmol min�1 mg�1). The impact of 3- and 4-substitutions in the catechol

structure on the relative activities of the respective enzymes was comparable for

both CatA variants, with activities of about one-half for 4-methylcatechol, 5%–7%

for 3-methylcatechol, and 2%–5% for 4-chlorocatechol.52 For catechol-1,2-dioxyge-

nase from P. putida C1, the reaction rate was decreased to 21% with 4-FC compared

with catechol, and the reduction in kcat could be attributed to decreased energies in
Chem Catalysis 1, 1234–1259, November 18, 2021 1237
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the highest occupied molecular orbital (EHOMO) in the aromatic ring in 4-substituted

catechol analogs rather than the steric hindrance imposed by the substituents.51

Catechol 1,2-dioxygenases are evolutionarily related to the a and b subunits of Pseu-

domonas protocatechuate 3,4-dioxygenase, which has been structurally resolved.53

Beyond the structural and biochemical properties of these enzymes, the metabolism

of FBz has been investigated in P. knackmussii by pre-incubating the cells with

3-chlorobenzoate, since fluorinated molecules cannot induce the expression of

genes encoding the required catabolic activities.35 Two distinct catechol-1,2-

dioxygenases have been identified in 3-chlorobenzoate-grown P. knackmussii.54

This first enzymatic step, whose regioselectivity determines which muconate deriv-

ative is formed, has a strong bias toward one of the two possible orientations de-

pending on which halogenated substrate is fed to the cells.55,56 Early studies failed

to identify relevant genes connected to the phenotypes observed, since the full

genome of P. knackmussii was sequenced and published only by 2015.57 Hence, a

detailed functional genomic analysis of the enzymatic complement of this bacterium

was our first task toward engineering a 2-FMA-producing strain. Homology compar-

isons of the amino acid sequences of P. putida KT244058 against the genome of

P. knackmussii57 revealed the presence of four separated loci that harbor genes

potentially relevant for FBz conversion. All genes identified in P. knackmussii, P. pu-

tida KT2440, and P. putida mt-2 (in the TOL plasmid pWW0) are listed in Table S1.

A single locus in P. knackmussii (PKB_2100-PKB_2107) encodes orthologs (>75%

homology) to the P. putida ben and cat clusters. Two catechol-1,2-dioxygenase

genes are present, one as part of the ortho-cleavage pathway cluster (PKB_2107)

and the other (PKB_1739) in proximity to genes involved in phenol degradation

(PKB_1742-PKB_ 1746). Orthologs to catA and catB (>30% homology) were found

in identical copies (PKB_3273/PKB_3622 and PKB_3274/PKB_3623) as part of an

extended genome duplication (Figure 1B). This DNA segment, clc, had been previ-

ously recognized as a self-transferable element conferring the ability to degrade

chloroaromatics.59–61 The identification and functional assignment of the relevant

catabolic and regulatory genes in the haloaromatic degrader P. knackmussii set

the basis for our engineering efforts in P. putida.

P. putida outcompetes P. knackmussii as a whole-cell biocatalyst for

conversion of fluoro-substituted benzoates

Due to the similarities observed in the enzyme repertoire of P. knackmussii and

P. putida, we examined these two Pseudomonas species for bioconversion of

2- or 3-FBz into 2-FMA. To this end, both strains were cultured in synthetic de

Bont minimal (DBM) medium with 30 mM glucose or benzoate as the main carbon

source and several fluorometabolite additives (Figures 2A and S1; Table S2). We

observed that 3-fluoro-cis,cis-muconate (3-FMA), produced from 4-FBz, is highly

unstable due to a spontaneous cycloisomerization that releases fluoride.62 This

occurrence renders 4-FBz as an unsuitable precursor of fluorinated ccMAs. Interest-

ingly, P. knackmussii did not grow on benzoate, while P. putida grew with a

maximum specific growth rate (mmax) of 0.73 G 0.20 h�1. Also, P. putida grew 2.5

times faster than P. knackmussii on glucose. 2-FBz (up to 20 mM) exerted minor

toxicity on P. putida, with 57% of the mmax on glucose and without any noticeable

effect on the duration of the lag phase. P. knackmussii, on the other hand, was

unable to grow in the presence of 20 mM 2-FBz (at least within 50 h) and had pro-

tracted lag phases as well as reduced mmax at 10 and 15 mM 2-FBz (Figure S1).

The impact of 3-FBz on the physiology was more severe than that of 2-FBz. P. putida

grew with 10 mM of this fluorometabolite, whereas P. knackmussii was inhibited at
1238 Chem Catalysis 1, 1234–1259, November 18, 2021



Figure 2. Evaluation of Pseudomonas species for bioconversion of fluorobenzoates

(A) Growth of P. putida and P. knackmussii in the presence of fluorinated and non-fluorinated ortho-cleavage metabolites. Strains were cultured in

microtiter plates with 30 mM glucose or benzoate and varying concentrations of the metabolites as indicated. See also Table S2 and Figure S1 for further

details.

(B) Coupled 19F-NMR spectrum of P. putida culture supernatants during 3-FBz conversion. Data represent samples taken at 20 h.

(C) Utilization of fluorobenzoates by P. putida and P. knackmussii. Cells were cultured in Erlenmeyer flasks filled to 10% (v/v) with DBM medium

supplemented with 30 mM glucose and 10 mM of the respective fluorobenzoate.

2-FMA, 2-fluoro-cis,cis-muconate; 3-F-1,2-DHB, 3-fluoro-1,2-dihydroxybenzoate; 3-FBz, 3-fluorobenzoate, 5-F-1,2-DHB, 5-fluoro-1,2-

dihydroxybenzoate; 3-FC, 3-fluorocatechol; F�, free fluoride; NG, no growth; n.a., no additives; concn., concentration.
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5mM 3-FBz and no growth was noticeable at >10mM. Hence, growth patterns in the

presence of fluorometabolites pointed to a superior performance of strain KT2440

for bioconversion. Considering the different catalytic performance of the enzymes

involved on halometabolites in P. putida,43,51,52,63 we tested the response to cate-

chols, potential bioconversion bottlenecks with known high toxicity.64 Depending

on the F-substitution on benzoate, three 1,2-dihydroxybenzenes are produced as

intermediary metabolites, i.e., catechol (benzene-1,2-diol), 3-fluorocatechol (3-fluo-

robenzene-1,2-diol; 3-FC), and 4-fluorocatechol (4-fluorobenzene-1,2-diol; 4-FC).

No significant toxicity was observed when P. putida or P. knackmussii were incu-

bated in the presence of 2 mM catechol. The physiological response to the two
Chem Catalysis 1, 1234–1259, November 18, 2021 1239
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FC derivatives was much more pronounced, with 3-FC substantially reducing mmax

(Figure S1), but P. putida exhibited higher resistance to both 3-FC and 4-FC than

P. knackmussii.

Next, the two species were subjected to a fermentation experiment with 2-FBz or

3-FBz, whereby all fluorometabolites are endogenously produced from these sub-

strates (rather than externally added). Supernatants were analyzed via high-resolu-

tion 19F nuclear magnetic resonance (19F-NMR) spectroscopy (Figure 2B). Signals

at �107.5, �113.0, �113.9, �118.9, and �136.2 ppm correspond to 2-FMA, 3-F-

DHB, 3-FBz, 5-F-DHB, and 3-FC, respectively. The free F� signal was observed at

ca. �121 ppm. The chemical identity of all fluorometabolites was confirmed by
1H,1H-13C heteronuclear single quantum coherence spectroscopy (1-bond 1H-13C

correlations) and 1H-13C heteronuclear multiple bond correlation (2- to 4-bond
1H-13C correlations) NMR experiments. Furthermore, 2-FBz, 3-FBz, catechol, 3-FC,

4-FC, and ccMA were quantified via high-performance liquid chromatography

(HPLC) against commercial standards (Figure S2). P. putida completely consumed

2-FBz within 20 h (Figure 2C), with 2-FMA as the only fluorometabolite detectable

upon substrate depletion. P. knackmussii only processed 60% of the haloaromatic,

and the conversion stalled after 20 h. 2-FMA was produced to just 1 mM together

with ccMA, which continued to be consumed until the end of the experiment. For

both species, 2-FMA amounted to ca. 14% of the 2-FBz consumed (i.e., molar prod-

uct yield YP/S = 0.14 mol mol�1). 3-FBz, on the other hand, was only partially

consumed by P. putida. All 3-FBz was converted into 3-FC within the first 7 h, leading

to a pinkish coloration of the medium. Accumulation of FCsR0.2 mM caused spon-

taneous auto-oxidation followed by formation of colored polymerization products,

similar to non-fluorinated catechols.65 By the end of the experiment, 3-FBz had

been converted into 2-FMA with YP/S = 0.41 mol mol�1, as well as a residual amount

of 3-FC. Both 2-FMA and 3-FC represented 55% (mol mol�1) of the 3-FBz

consumed—the remainder was defluorinated and assimilated into biomass (Fig-

ure 1A). P. knackmussii partially converted 3-FBz (without prior incubation with

chlorobenzoate) concomitant with an initial increase of 3-FC, which was reconsumed

until 20 h and transformed into 2-FMA, ultimately leading to YP/S = 0.55 mol mol�1.

Unbalanced catalytic rates led to a two-stage conversion profile for both species,

with the 3-FBz / 3-FC and 3-FC / 2-FMA phases temporally decoupled. In addi-

tion, no 4-FC could be detected in the culture supernatants in any condition.

Thus, the enzymes performing ortho-cleavage in both pseudomonads seem to

have a higher activity on 4-FC than 3-FC, explaining the lesser growth-inhibiting ef-

fect of 4-FC.

Taken together, the results in this section indicate that (1) the non-productive 1,2-di-

oxygenation on 2-FBz causes an 85% loss of F as F�, hence 3-FBz is the most suitable

precursor to 2-FMA, and (2) P. putida stands out as a whole-cell biocatalyst for FBz

bioconversion into 2-FMA, with faster mmax and higher resistance to toxic pathway

intermediates. 3-FC toxicity, however, constitutes a significant bottleneck for an effi-

cient, prolonged bioprocess using P. putida. Based on these observations, and the

transcriptional architecture of the gene clusters associated with the relevant

biochemical activities, a pathway-balancing approach was pursued to relieve meta-

bolic bottlenecks as explained in the next section.

Engineering P. putida to increase 3-fluorobenzoate bioconversion

Synthetic constitutive promoters were implemented to drive expression of key

genes in an attempt to increase the availability of bioconversion enzymes (especially

catechol 1,2-dioxygenases). The nomenclature adopted for engineered 2-FMA-
1240 Chem Catalysis 1, 1234–1259, November 18, 2021



Figure 3. Classification and performance of first-generation engineered PMP strains in 3-FBz bioconversion

(A) Nomenclature of engineered 2-FMA-producing P. putida (PMP) strains, represented along the gene clusters in strain KT2440 that encode relevant

enzymatic activities.

(B) Bioconversion performance of first-generation engineered strains in shaken-flask fermentations. The strains were cultured in Erlenmeyer flasks filled

to 10% (v/v) with DBM medium with 30 mM glucose and 10 mM 3-FBz. The concentration of extracellular metabolites was measured after 24 h.

Statistically significant changes in 2-FMA concentrations of the strains compared with wild-type P. putida were determined by Student’s t test (two-

sample, unpaired), with *p < 0.05, **p < 0.01, ***p < 0.001. Pk, Pseudomonas knackmussii; concn., concentration.
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producing P. putida (PMP) strains is illustrated in Figure 3A, and all metabolic mod-

ifications are listed in Table S3—i.e., replacing the native Pben promoter upstream

benA with Ptac, inserting Ptac upstream of benD, and adding the PEM7 promoter up-

stream of catA. Inserting regulatory elements comprising Ptac and a translational

coupler (bicistronic designs BCD2 or BCD10)66 upstream of catA or catA-II consis-

tently led to mutations within the �35 region of Ptac. This suggests a toxic effect

of constitutive overexpression of catechol 1,2-dioxygenase genes. As an alternative

strategy to increase this catabolic activity, the three catA homologs from P. knack-

mussii were cloned into vector pSEVA634, controlled by an isopropyl-b-D-1-thioga-

lactopyranoside-inducible LacIq/Ptrc element, and inserted into P. putida. Further

strains contained in-frame catB and catC deletions to avoid product degradation.

In additional strain variants, catBCwere replaced by catA or catA-II, placing them un-

der control of the native CatR/Pcat system.

Each of the first-generation PMP strains was incubated in DBM medium with 30 mM

glucose and 10 mM 3-FBz. All cultures reached a terminal state within 24 h, whereby

no further 3-FBz was consumed and all fluorometabolites remained constant.

Comparing these states allowed us to analyze the (im)balance of biochemical activ-

ities involved in 2-FMA biosynthesis (Figure 3B). As hinted at already, the pathway in

P. putida is clearly not optimized to process haloaromatics, as made apparent by sig-

nificant accumulation of 3-FC in all experiments thus far. This fluorometabolite was

only slightly reduced in the strain where the Ptac promoter replaced Pben. Insertion of

Ptac upstream of benD increased 3-FBz consumption but led to a 5-fold higher 3-FC

formation than in wild-type P. putida—amplifying, rather than solving, the metabolic

bottleneck around this fluorometabolite. Importantly, the high flux toward 3-FC

points to a rate-limiting role of either BenD or the BenK benzoate/H+ symporter.

Overexpressing catA52 by means of PEM7 increased substrate consumption in strain
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Figure 4. Transcriptional activity of native P. putida expression systems in response to fluorometabolites

Inducible systems (XylS/Pm, BenR/Pben, and CatR/Pcat) and constitutive promoters (Ptac, PEM7, P14g, PJ23108, PJ23114, and PJ23119), alone or in combination

with BCD sequences, were cloned upstream of msfGFP in vector pSEVA627M and delivered into P. putida. Strains were cultured in DBM medium with

30 mM glucose and varying concentrations of fluorometabolites. Expression strength was normalized to that of the Ptac promoter; in all cases error bars

represent standard deviations of average values from three biological replicates. Nil, no co-inducer compound added.

(A) General structure of reporter plasmids constructed to characterize the expression systems. Various promoters (P), the translational coupler BCD10,

and, if applicable, cognate regulators, were cloned upstream the msfGFP reporter gene in vector pSEVA627M, where the cargo segment is flanked by

two terminators (T0 and T1). GmR, gentamicin-resistance determinant.

(B) Efficiency of BCD sequences in initiating mRNA translation.

(C) Inducibility of promoter systems controlling ortho-cleavage pathway genes and the XylS/Pm system. Each promoter sequence was added with a

BCD10 element to initiate translation.
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Figure 4. Continued

(D) Relative transcriptional strengths of promoter systems used for strain engineering under bioconversion conditions with BCD10 as translation

initiation sequence.

(E) Growth of P. putida KT2440 with selected reporter plasmids and conditions, estimated as the optical density measured at 600 nm (OD600).

(F) msfGFP fluorescence for selected strains and conditions. Slopes (i.e., specific fluorescence) were determined via linear regression during

exponential growth (boxed in light green; the slope for XylS/Pm with 0.1 mM 3-mBz was determined up to an OD600 of 1.2). AU, arbitrary units.
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PMP0100 but resulted in a nearly stoichiometric conversion of 3-FBz to 3-FC. The

deletion of catBC also caused high accumulation of 3-FC in the respective strains.

Implementing additional catA or catA-II copies under Pcat in place of catBC did

not show any positive effect on the conversion of 3-FC into 2-FMA. Expression of

P. knackmussii catA orthologs from medium-copy-number plasmid pSEVA634

greatly enhanced 3-FBz uptake, with nearly all substrate consumed within 24 h.

This effect, again, caused 50% of the substrate to be converted to 3-FC. Hence, it

became clear that FC detoxification remained a bottleneck for the catalytic perfor-

mance in all these PMP strains and, out of the manipulations tested, only Ptac /

benABC had a mild pathway-balancing effect. Synthetic transcriptional control of

benABC or benD brought about comparable effects in a DcatBC background as it

did in catBC+ strains. Furthermore, efforts to increase the enzyme abundance of

catechol 1,2-dioxygenase appeared to reduce the rate at which the biochemical re-

action was performed while enhancing 3-FBz consumption. These results indicate

that a more finely orchestrated transcriptional control of the relevant genes is

needed to boost catalytic performance.

Characterization of expression devices to balance 3-fluorobenzoate

bioconversion

To understand the effects of transcriptional manipulations in first-generation PMP

strains and to guide the next set of modifications, we subjected all regulatory

DNA sequences relevant for the bioconversion process to a quantitative character-

ization (Figure 4). To this end, a set of reporter plasmids was constructed to explore

the activity of different catabolic promoters that could play a role in FBz utilization.

Vector pSEVA627M was adopted as the backbone for all constructs.67 Besides the

low-copy-number origin of replication oriV(RK2) and a gentamicin-resistance deter-

minant, each plasmid harbored themsfGFP reporter gene under control of the bicis-

tronic translational coupling sequence BCD10 (Figure 4A).66 Transcriptional control

was exerted by the Pm, Pben, or Pcat promoters together with their respective

cognate activator proteins XylS, BenR, or CatR. Further included in the analysis

was a set of constitutive promoters with different strengths and variants of the

XylS/Pm system (Table S4). Wild-type P. putida67–71 harboring each of the reporter

plasmids was cultured in DBM medium with 30 mM glucose and, if applicable, co-

inducer (fluoro)metabolites. First, a comparison of effects brought about by different

BCD sequences is shown in Figure 4B. The BCD variants initiated translation with

relative rates as follows: BCD2 > BCD1 > BCD7 > BCD10 > BCD20. Hence, with

this set of sequences, the expression of target genes can be tuned within a ca.

2.5-fold range. Figure 4C compares the transcription strength of the native XylS/

Pm, CatR/Pcat, and BenR/Pben systems, as well as Pm(ML1-17), a promoter variant re-

ported to be stronger than wild-type Pm.72 The induction strength afforded by

3-mBz, the native ortho-cleavage substrate Bz, the bioconversion substrate 3-FBz,

and, for CatR/Pcat, ccMA and 2-FMA, was systematically assessed with this toolset.

With both 3-mBz and 3-FBz,msfGFP expression under Pm(ML1-17) amounted to <80%

of the level provided by wild-type Pm. XylS/Pm was almost fully induced by 0.1 mM

3-mBz during the first 3 h of cultivation, with the maximum optical density measured

at 600 nm (OD600)-normalized fluorescence values reaching about half of that
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observed with 1 mM 3-mBz. In contrast, Bz and 3-FBz set a linear dependency be-

tween inducer concentration and the msfGFP signal in the 1- to 5-mM range, with

a fluorescence output <20% of that elicited by 1 mM 3-mBz. The XylS/Pm system

did not react to 1 mM 3-FBz. CatR/Pcat had the highest expression strength and

was almost entirely induced with 0.5 mM 3-FBz while 3-mBz elicited no response.

Only one-third of fluorescence was observed with 5 mM Bz compared with 3-FBz.

Furthermore, the system responded 7-fold more strongly to 1 mM 2-FMA than to

1 mM ccMA. CatR/Pcat was 2.7-fold stronger with 3-FBz than with 2-FMA, indicative

of more efficient uptake of 3-FBz followed by intracellular conversion to 2-FMA. The

more vigorous response to 3-FBz and 2-FMA compared with Bz and ccMA could be

caused either by a stronger CatR interaction with the fluoro-substituted muconate or

by a more substantial 2-FMA accumulation, as ccMA is further assimilated into

biomass.

The BenR/Pben system displayed high basal expression, and only a slight increase in

msfGFP could be observed with 1mM 3-mBz and 2mMBz. With 5mMBz, the output

was increased by 81% compared with the non-induced system. 3-FBz caused no ef-

fect on BenR/Pben at 1 mM. However, at 5 mM, 3-FBz triggered an msfGFP produc-

tion 2-fold higher than with 5 mM Bz. In this sense, overproduction of BenR is known

to cause activation from its associated promoter in the absence of inducers through

spontaneous dimerization.73,74 Hence, increasing benR copies via plasmid expres-

sion could be responsible for the high basal output observed herein. In addition,

the translation of BenR mRNA in P. putida is inhibited by Crc, the catabolite repres-

sion control protein. This notion is supported by the course of msfGFP output over

the growth curves (Figures 4E and 4F). While there was a linear increase of fluores-

cence in the early exponential phase, it rose exponentially within the mid-to-late

growth phase and continued into the early stationary phase. Once glucose is

depleted, Crc no longer represses genes involved in assimilation of alternative car-

bon sources.75 An alternative explanation for the differential behavior of BenR/Pben
is the recruitment of different s factors by Pben at different growth stages, as

observed with the highly homologous Pm promoter. Pm recruits s32- and s38-

dependent RNA polymerases,76 with s32 being active predominantly within expo-

nential growth and s38 activating transcription in stationary phase.77

The inducible systems were compared with the constitutive Ptac, PEM7, P14g, PJ23108,

PJ23114, and PJ23119 promoters under 2-FMA production conditions with 5 mM 3-FBz

(Figure 4D). The XylSThr45 and XylSVal288 variants had been described to respond

more strongly to 3-substituted Bz derivatives,78 and were included in the analysis

to explore 3-FBz as an effector. In our experiments, the transcription initiation rates

with 5 mM 3-FBz relative to Ptac ranked as follows: CatR/Pcat (3.2) > P14g (2.5) >

PJ23119 (1.3) > Ptac (1.0) = BenR/Pben (1.0) > XylSThr45/Pm (0.6) > PEM7 (0.3) >

PJ23114 (0.2) = PJ23108 (0.2) = XylS/Pm (0.2) = XylSVal288/Pm (0.2) > XylS/Pm(ML1-17)

(0.1). The expression strengths of the systems employed in the first round of strain

engineering explain the phenotypes observed. At high 3-FBz concentrations,

BenR/Pben provided an expression level comparable with that of Ptac. The slightly

increased consumption observed in strain PMP1000 compared with wild-type strain

KT2440 (Figure 3B) may be attributed to full activity of the ben operon supported by

Ptac at the onset of the cultivation, whereas BenR/Pben is induced only upon substrate

exposure. In contrast, CatR/Pcat, which controls catA transcription, was the strongest

system responding to 3-FBz. Relevant to this observation, catA-II is likely expressed

together with benK as a polycistron (Figure S3). This operon is presumably subject to

Crc regulation, indicated by recognition motifs for Hfq,79 which promotes Crc bind-

ing to its targets.80 Any effort to increase catechol 1,2-dioxygenase gene expression
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Figure 5. Performance of second-generation engineered PMP strains in 3-FBz bioconversion

Strains were cultured in Erlenmeyer flasks filled to 10% (v/v) with DBM medium and supplemented with 30 mM glucose and 10 mM 3-FBz.

(A) Pattern of extracellular fluorometabolites after 24 h of cultivation. Error bars represent standard deviations of average values from three biological

replicates. Statistically significant changes in 2-FMA concentrations of engineered strains compared with P. putida KT2440 were determined by

Student’s t test (two-sample, unpaired), with *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant; concn., concentration.

(B) HPLC chromatograms (UV detection at 280 nm) of a 24-h culture medium of strain PMP1021/pSEVA228, 2-FMA purified from supernatants, and a

chemically synthesized 2-FMA standard.
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resulted in the detrimental accumulation of 3-FC, suggesting a decrease in the

respective catalytic activity as a consequence of our manipulations. Taken together,

the induction pattern of the expression systems and the bioconversion performance

of first-generation strains suggest that a reduction—rather than an increase—in

catA(-II) expression may increase bioconversion efficiency in P. putida.

Dynamic control of catechol 1,2-dioxygenase enables complete conversion of

3-fluorobenzoate to 2-fluoro-cis,cis-muconate

A second generation of PMP strains was designed (Table S3), guided by physiological

observations with first-generation strains and the characterization of expression sys-

tems described above. Here, catA or catA-II was placed under XylS/Pm control, which

responded weakly to 3-FBz (thereby providing a more balanced output) with almost

zero transcriptional leakiness.73 Because 3-FBz-induced XylS/Pm affords substantially

lower transcript levels compared with native CatR/Pcat (Figure 4D) and both 50 untrans-
lated regions (UTRs) of catA and catA-II are subject to catabolite repression, the

endogenous TISs of both genes were replaced by BCD10 or BCD2 to increase trans-

lation rates. These changes were combined either with Ptac / benABC or chromo-

somal xylS integration under control of its own regulatory signals. Additionally, some

strains were transformed with vector pSEVA228 to provide the XylS activator in trans.

Second-generation strains were screened as described above, and the exometabo-

lome was quantified in 24-h cultures (Figure 5A). While individually replacing the

native catA and catA-II regulatory sequences with Pm(BCD10) (in strains PMP0020/

pSEVA228 and PMP0001/pSEVA228) led to increased 3-FC formation, both manip-

ulations combined (strain PMP0021/pSEVA228) reduced the levels of this bottleneck

fluorometabolite and boosted 2-FMA biosynthesis by 2-fold compared with

P. putida KT2440. Yet ca. 50% of 3-FBz was left untouched in the culture medium.

This occurrence was remediated by the additional implementation of Ptac /
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Figure 6. Performance parameters for selected strains used in this study in the bioconversion of

10 mM 3-FBz

To determine the biomass-specific 3-FBz uptake rates (qS) and 2-FMA formation rates (qP), the

strains were cultured in Erlenmeyer flasks filled to 10% (v/v) with DBM medium supplemented with

30 mM glucose and 10 mM 3-FBz. Maximum growth rates (mmax), indicated by the relative size of the

circles, were determined in microtiter plate experiments in the same culture medium and growth

conditions. A qP value of 1/2 3 qS indicates a balanced bioconversion at the maximum theoretical

yield (as indicated by an orange diagonal). See also Table S5 for specific values.
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benABC in strain PMP1021/pSEVA228, which enhanced 3-FBz uptake and led to

complete substrate transformation with YP/S = 0.5 mol mol�1 and without 3-FC accu-

mulation—i.e., the maximum theoretical yield. 2-FMA was the only fluorometabolite

detected in cultures of strain PMP1021/pSEVA228 (Figure 5B), and the broth was

subjected to purification by adapting a protocol established for ccMA.15 The proced-

ure entails microfiltration, treatment with activated charcoal, crystallization by pH/

temperature shifts, vacuum filtration, and vacuum drying. When this sequence was

applied to our samples, it yielded ca. 35 mg of 2-FMA from 45 mL of culture broth

(84% recovery). HPLC analysis of the purified, isomerically pure product coupled

to UV detection matched that of a chemically synthesized mixture of (2Z,4Z),

(2Z,4E), (2E,4Z), and (2E,4E) 2-FMA isomers (Figure 5B), with a single absorbance

maximum at 269 nm35 and structural identity confirmed via 19F-NMR.

The enhanced catalytic performance of second-generation PMP strains could only

be observed if XylS was provided from plasmid pSEVA228, as revealed by the accu-

mulation of 3-FC by strain PMP1041. Thus, relatively high levels of the regulator are

necessary to saturate both Pm promoters of catA and catA-II, located at distant chro-

mosome loci. This observation is in line with the pattern of XylS transcriptional

output, known to be more heterogeneous within a cell population at increased

regulator gene-Pm promoter distances.73,81 We further attempted to dissect

which catA paralog has the most impact on the bioconversion. While expression

of catA via Pm(BCD2) (strain PMP1030/pSEVA228) led to 3-FC accumulation,

tuning the expression of catA-II (strain PMP1002/pSEVA228) enabled stoichiometric

conversion of 3-FBz into 2-FMA, albeit at a lower productivity than with strain

PMP1021/pSEVA228 (Figure 6). This result suggests that CatA-II is the dioxygenase
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predominantly responsible for converting 3-FC into 2-FMA. Seeking to enhance

3-FBz uptake, each of the three benzoate transport-associated genes (i.e., benK,

benE-II, or nicP-I) was placed under Pm(BCD10) control in a PMP1021/pSEVA228

strain background. While balanced conversion was maintained in each of these

strains, qS was significantly reduced (Figure S4). The evidence gathered thus far

guided the design of the third generation of PMP strains to enhance both kinetic

parameters while avoiding the use of plasmids.

Constitutive expression of catechol 1,2-dioxygenase genes balances 2-fluoro-

cis,cis-muconate biosynthesis in plasmid-free engineered strains

Another set of PMP strains was designed to characterize the effects of Ptac(BCD10) /

benABC and Dcrc to enable 3-FBz bioconversion without the use of plasmids and to

consolidate the contributions of catA and catA-II to 3-FC detoxification (Table S3). In

particular, in strains PMP1053, PMP1053d, PMP2053, and PMP1023/pSEVA228(.2),

either catA-II or both catA genes were placed under the constitutive P14b promoter

(which has 25% of the strength of P14g)
82 and a BCD10 element. Also, xylS was

integrated under the P14g promoter together with a synthetic TIS designed with the

RBS Calculator (engineered in strain PMP1024). Fermentation profiles of third-genera-

tion PMP strains, grown as indicated previously, are shown in Figure 7. The combination

of Ptac/ benABC, P14b(BCD10)/ catA, and P14b(BCD10)/ catA-II in strain PMP1053

enabled complete conversion of 3-FBz (qS = 1.24 G 0.01 mmol gCDW
�1 h�1) at

maximum theoretical yield and highest specific productivity (qP = 0.63 G 0.04 mmol

gCDW
�1 h�1) in the absence of any plasmid (Figure 6; Table S5). Furthermore, the consti-

tutive expression of catA and catA-II decreased the initial 3-FC accumulation compared

with that in strain PMP1023/pSEVA228, in which catechol 1,2-dioxygenases were acti-

vated only upon exposure to 3-FBz. Notably, with both catA and catA-II constitutively

expressed, engineering Ptac(BCD10) control for benABC (strain PMP2053) resulted in

an incomplete consumption of 3-FBz at low qS. In contrast, deletion of crc (strain

PMP1053d) yielded the highest 3-FBz-specific qS observed in this study. Simultaneously,

the strain demonstrated a striking decrease in glucose consumption, limiting the supply

of catalytic biomass. In line with these observations, catA transcriptional levels should be

kept within a narrow range toward efficient bioconversion. In strain PMP1023, for

instance, only catA-II was constitutively expressed, while catA was under Pm(BCD10)

regulation. For exploration of different catA induction strengths, XylS was provided

either in its wild-type form (plasmid pSEVA228) or as the XylSThr45 variant (plasmid

pSEVA228.2), which caused a 3-fold higher induction of msfGFP in response to 3-FBz

than XylS (Figure 4). However, strain PMP1023 had a ca. 20% higher qP with plasmid

pSEVA228 than with pSEVA228.2 (Figure 6; Table S5). Thus, vector pSEVA228 was

kept in plasmid-containing strain design.

Prompted by these results, chromosome-based expression of the xylS regulator gene

was tested in another series of engineered strains. Unlike strain PMP1041, in which

xylS was integrated upstream of catA, landing the regulator gene in proximity to

catA-II (strain PMP1024) provided sufficient expression from the chromosomal Pm pro-

moters to enable a complete 3-FBz bioconversion. The qS andqP values in this casewere

comparable with those of strain PMP1021/pSEVA228 (Table S5), without the necessity

for a plasmid. Hence, the results with PMP1023 and PMP1024 confirm the previous

notion that the control of catA-II expression is the predominant mechanism that allows

for efficient 3-FC detoxification. The combinatorial pathway balancing thus solved the

metabolic bottleneck around this fluorometabolite, suppressing the temporally de-

coupled profile of 3-FBz bioconversion. Considering these results, strain PMP1053

was kept for further experiments as the best-performing biocatalyst for 2-FMA

biosynthesis.
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Figure 7. Performance of third-generation engineered PMP strains in bioconversion of 3-FBz to 2-FMA

Experiments were performed in Erlenmeyer flasks filled to 10% (v/v) with DBM medium supplemented with 30 mM glucose and 10 mM 3-FBz. Error bars

represent standard deviations from three biological replicates around arithmetic averages. Glcnt, gluconate; 2-KG, 2-ketogluconate; CDW, cell dry

weight; concn., concentration.
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Fully engineered P. putida tolerates high bioconversion substrate levels

We reasoned that the superior kinetic performance of strain PMP1053 could be har-

nessed to push the limits of substrate that can be used in the biotransformation pro-

cess, previously identified as a limiting step toward high 2-FMA output (Figure 3).

Therefore, strain PMP1053 was first tested regarding its ability to use Bz as the
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Figure 8. Toxicity of the bioconversion substrate and product for wild-type and engineered

P. putida

P. putida KT2440 and engineered strain PMP1053 were cultured in microtiter plates in 200 mL of

DBM medium and various additives as indicated.

(A) Growth patterns and kinetic parameters of strains KT2440 and PMP1053 on 30 mM benzoate (Bz)

or 30 mM glucose in the presence of increasing 3-FBz concentrations.

(B) Growth patterns and kinetic parameters of strain KT2440 with 30 mM glucose and increasing

2-FMA concentrations. Error bars represent standard deviations from three biological replicates.

NG, no growth; concn., concentration.
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sole carbon source and themaximum3-FBz concentrations tolerated in the presence

of 30mMglucose as the primary substrate (Figure 8A). 3-FBz exerted no toxic effects

at concentrations up to 20 mM, while the growth of wild-type P. putida KT2440 was

entirely suppressed by 10 mM 3-FBz. Moreover, strain PMP1053 grew in the pres-

ence of up to 50 mM 3-FBz, although at a reduced mmax and maximum biomass con-

centration. Besides, the higher the initial 3-FBz concentration, the longer the lag

phase (up to ca. 6 h in the presence of 50 mM of the bioconversion substrate).

The apparent increase in OD600 in cultures of wild-type KT2440 could be attributed

to the formation of colored FC polymerization products. Importantly, no medium

coloration was observed in cultures of strain PMP1053, indicating that the 3-FBz

consumed was assimilated without any transient 3-FC formation. The apparent

lack of 3-FC accumulation and the fact that growth deficiencies (reflected in mmax)

were noticed at the onset of the cultivation suggests a toxic effect on the cells by

3-FBz itself. Interestingly, the mmax and biomass yield of strain PMP1053 grown on

benzoate were significantly reduced compared with wild-type P. putida KT2440

(by 50% and 30%, respectively). These observations highlight that the combinatorial

pathway-balancing strategy is tailored for 3-FBz processing (as opposed to any ben-

zoate substrate).

Since the wild-type strain and the first and second generations of PMP variants had

a very low 2-FMA output, assessing toxicity of the endogenously produced

product was obviously not possible. Building on the results obtained with the
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best-performing engineered strains, the toxicity of 2-FMA was directly investigated

in DBMmedium with 30 mM glucose as the main carbon source and varying concen-

trations of the bioconversion product (Figure 8B). P. putida KT2440 showed a growth

profile similar to that of cultures with glucose as the only additive in the medium with

up to 10 mM 2-FMA, indicating that the bioconversion product is less toxic than the

bottleneck fluorometabolite 3-FC. At 15 mM 2-FMA, the mmax and the maximum

biomass concentration were approximately halved, and no growth was detected

at 20 mM 2-FMA or above. Interestingly, when exposed to 2-FMA, strain

PMP1053 had a growth profile nearly identical to that of the wild-type strain (not

shown). Because 2-FMA exerts a stronger toxic effect on engineered P. putida

than 3-FBz, upscaling of the bioconversion process will likely be limited by the con-

centrations of the product. However, 2-FMA tolerance can likely be readily improved

by methods of adaptive laboratory evolution.83–85 Taken together, these results

indicate that not only did strain PMP1053 have the best performance among all en-

gineered P. putida variants in terms of kinetic parameters, but it also had superior

tolerance to toxic fluorometabolites (especially the bioconversion substrate). These

properties render this fully engineered strain suitable for exploring the biosynthesis

of new-to-industry fluorinated building blocks, harnessing the rich metabolic capac-

ity and stress tolerance of this species.

DISCUSSION

The divergent metabolic specialization of P. putida and P. knackmussii results

in distinct processing patterns for benzoate and its fluorinated derivatives

Both wild-type P. putida and P. knackmussii accumulated 3-FC when exposed to

3-FBz, but 4-FC could not be detected in these cultures, whereas the relative pro-

duction rates of both intermediates were comparable (due to the regioselectivity

of BenABC). Thus, the catechol 1,2-dioxygenases from both species display higher

activities on the 4-substituted catechol than on the 3-substituted derivative. 3-FC,

produced in the early phase of incubation, was fully converted into 2-FMA by

P. knackmussii, whereas P. putida failed to detoxify this bottleneck fluorometabolite.

Besides, P. knackmussii could not grow on benzoate as sole carbon source

(in contrast to P. putida, which grew well on this substrate). Conversely, when

P. putida was engineered to process haloaromatics, benzoate-dependent growth

was impaired, indicating that combinatorial pathway-balancing approaches are sub-

strate specific and should be adjusted depending on the target product.

From a more general perspective, our results expose the different evolutionary

specialization of the two pseudomonads in utilizing non-halogenated and haloge-

nated ortho-cleavage substrates and indicate contrasting regulatory and biochem-

ical requirements for the two types of substrate. This aspect is further illustrated

by the presence of a second catechol 1,2-dioxygenase in strain KT2440, proposed

to serve as a safety valve to deal with toxic catechols.52 CatA-II has a lower affinity

and activity on its native substrate than CatA, while two paralogs’ catalytic activities

were similarly affected by methyl- and chloro-substituted arenes. In our experi-

ments, fine-tuning catA-II expression alone afforded sufficient balancing of the over-

all flux through the pathway to enable complete conversion of 3-FBz to 2-FMA.

These results suggest an essential role of catA-II in the conversion of 3-fluorocate-

chol, a substrate, which so far has not been included in studies characterizing

catechol 1,2-dioxygenases. P. knackmussii also harbors two putative catechol

1,2-dioxygenases with significantly higher homology to the P. putida CatA proteins

as well as close homologs to the remaining ortho-cleavage enzymes, and growth on

benzoate was reported in the literature. Therefore, it seems plausible that regulation

of the gene functions rather than the enzymatic capabilities are responsible for the
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observed lower productivities on (F)Bz and that an engineering approach similar to

that used in P. putida could lead to efficient P. knackmussii cell factories.

Overexpression of catechol 1,2-dioxygenase genes simultaneously enhances

3-fluorobenzoate consumption and decreases 3-fluorocatechol detoxification

Debottlenecking 3-FC was initially addressed via constitutive catA overexpression,

which greatly enhanced 3-FBz consumption. However, a mere ‘‘pulling’’ effect

(i.e., removal of toxic pathway intermediates) seems unlikely, since we also detected

decreased conversion of 3-FC to 2-FMA. van Duuren et al.86 demonstrated a

suppressive effect of catechol on transcription from the Pben promoter in a CatR-defi-

cient P. putida strain. 3-FC exerted an altogether different effect. Although wild-type

P. putida and engineered PMP1053 accumulated significantly different amounts of

this intermediate when exposed to 3-FBz, msfGFP expression was comparable in

both strains harboring a BenR/Pben / msfGFP construct (data not shown). Since F

engages in chemical interactions different from those in hydrogen, fluorinated

ligands expectedly display altered affinity to their receptors compared with non-

halogenated counterparts.87–89 In some cases, the presence of even a single F

atom in a substrate surrogate results in a strong inhibitory effect on enzyme

activity.90 The ortho-cleavage pathway has been traditionally studied with its native

substrates,91 which explains why halogenated effectors mediate transcriptional and

metabolic responses different from those observed with natural substrates and

intermediates.

Targeted replacement of regulatory sequences governing expression of key

ortho-cleavage pathway genes reveals hidden control layers

The expression of ben genes changed drastically depending on the cell metabolic

state, as seen in glucose-grown P. putida expressing msfGFP under BenR/Pben con-

trol. A similar effect of physiological control mechanisms was reported for CatR/

Pcat.
92 Reporter activity of Pben and Pcat fusions or the abundance of benA and

catB transcripts were commonly used as a proxy of the expression of the whole

gene clusters.92–96 The picture on regulatory mechanisms controlling the expression

of all eight genes in the ben cluster or the three genes in the cat cluster is far from

complete. Transcriptomic data published for P. putida grown on glucose, fructose,

glycerol, and succinate or exposed to toluene or ferulate revealed potential, hitherto

unknown transcription start sites within the ben cluster.97 Furthermore, Hfq binding

motifs are found upstream of several ben and cat key functions.80 The complex na-

ture of ortho-cleavage pathway gene expression underlines the importance of

orthogonal expression to fine-tune biochemical functions for stable catalytic perfor-

mance. Integration of a constitutive promoter upstream of benD or catA-II caused a

significantly enhanced 3-FBz consumption, and these elements could have also

boosted expression of benzoate transporter genes downstream. On the other

hand, regulation of the transporter-encoding genes benK, benE-II, or nicP-I by

Pm(BCD10) resulted in decreased 3-FBz consumption rates. These observations

suggest a rate-limiting role of substrate transport in this set of strains, which is

a typical bottleneck in industrial processes involving lignin-derived aromatic

substrates.98

P. putida co-consumes glucose and benzoate at similar qS,
99,100 with the expression

of genes involved in substrate utilization controlled by Crc/Hfq.101–103 In this study,

inactivation of crc without replacing the native Pben promoter significantly increased

qS compared with a strain harboring Ptac / benABC. However, the substantial in-

crease in 3-FBz uptake was not counteracted by a sufficient catechol 1,2-dioxyge-

nase activity, leading to high 3-FC accumulation. Deletion of crc was found to be
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beneficial for improving the production of ccMA from lignocellulosic feedstocks.104

However, the assimilation of halogenated compounds clearly requires alternative

regulatory regimes to balance biochemical activities. In our experiments, elimi-

nating crc in several engineered strain backgrounds hindered the cells’ ability to

adapt to changing culture conditions, and Dcrc strains exhibited two distinct meta-

bolic states in temporally separated phases during bioconversion (data not shown).

Rather than merely establishing a hierarchy for assimilation of different substrates,

Crc coordinates conflicting metabolic fluxes (e.g., glycolytic and gluconeogenic

regimes).105 Blocking Crc-mediated regulation has been shown to alter the

consumption of available carbon compounds in a complex medium, resulting in

metabolite overflow and, consequently, inefficient growth.106 In particular, glucose

consumption was enhanced during early exponential growth, significantly

decreasing in the late exponential phase. These effects are also relevant under

bioconversion conditions, whereby a non-native substrate (3-FBz) is supplied along

sugars, and provide an explanation for the low glucose consumption of strain

PMP1053d pre-grown in a rich medium. Thus, the interplay between the nutrients

available for cell growth and the substrate for bioconversion (orchestrated by Crc)

had to be optimized toward balanced 2-FMA biosynthesis.

Combinatorial pathway balancing as an enabling technology to exploit the

untapped metabolic diversity of Pseudomonas cell factories

The chemical landscape of bioproduction has been largely restricted to a relatively

narrow range of molecules that have made their way to commercialization.107 In this

sense, the vast majority of studies reporting bioproduction of novel molecules rely

on the implementation of entirely synthetic biochemical routes,108 either

in vitro109 or by engineering the production pathway in a microbial host.110 In this

study we have adopted an entirely different approach, whereby the versatility of

the rich native metabolism of Pseudomonas species111 has been harnessed for bio-

catalysis. Here, reshuffling existing elements of the bacterial biochemical network—

rather than tackling de novo engineering efforts—was achieved at both the local and

global levels of transcriptional regulation by implementing multiple rounds of the

‘‘design-build-test-learn’’ cycle of synthetic metabolic engineering. This approach

enabled catalytic access to new-to-industry molecules without disturbing the extant

metabolic architecture of the host. The value of this strategy was illustrated by the

stoichiometric conversion of all fluorinated substrate into 2-FMA, the target product,

at both maximum theoretical yield and isomeric purity—which is impossible when

using traditional chemical synthesis protocols. We expect that this type of

‘‘inspired-by-Nature’’ blueprint to synthetic metabolism will broaden the catalytic

power of bacterial cell factories even further, mediating a true transition to bio-

based production of compounds that were not accessible thus far.

EXPERIMENTAL PROCEDURES
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Materials availability
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Bacterial strains and culture conditions

The bacterial strains employed in this study are listed in Table S3. E. coli and P.putida

were incubated at 37�C and 30�C, respectively. For cell propagation and storage,

routine cloning procedures, and during genome engineering manipulations, cells

were grown in lysogeny broth (LB) medium (10 g L�1 tryptone, 5 g L�1 yeast extract,

and 10 g L�1 NaCl). Cultures were performed using either 50-mL tubes with 5–10 mL

of medium, or in 500-mL Erlenmeyer flasks capped with cellulose plugs (Carl Roth,

Karlsruhe, Germany) containing 50 mL of medium. All liquid cultures were agitated

at 250 rpm (MaxQ8000 incubator; Thermo Fisher Scientific, Waltham, MA, USA).

Solid culture media contained 15 g L�1 agar. Kanamycin (Km), gentamicin (Gm), or

streptomycin (Sm) were added when required at 50 mg mL�1, 10 mg mL�1, and

50 mg mL�1, respectively. For phenotypic characterizations in microtiter plates as

well as shaken-flask fermentations, P. putida was pre-grown in LB medium,

and the experiments were performed in synthetic DBM medium112 buffered with

5 g L�1 3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.0 and supplemented

with different carbon compounds as explained in the text. LB pre-cultures were har-

vested by centrifugation at 4,0003 g for 10 min, washed with DBMmedium without

any carbon substrate, and resuspended in the final medium of the experiment at the

desired OD600. Cell growth was monitored by measuring the absorbance at 630 nm

(A630) (for plate-reader experiments, with ELx808; BioTek Instruments, Winooski, VT,

USA) or 600 nm (for shaken-flask experiments). The OD600 was estimated from plate-

reader A630 values by multiplying the values by correlation factors previously deter-

mined for the employed microtiter plate readers and spectrophotometers. For

calculation of quantitative cell performance parameters for shaken-flask experi-

ments, biomass concentrations (cell dry weight, gCDW L�1) were derived from

OD600 measurements with a correlation factor of 0.35, previously determined for

the spectrophotometer employed with exponentially growing P. putida KT2440.

Comparative phenotypical characterizations and quantifications of green fluores-

cence for bioreporter strains were performed in 96-well plates in a Synergy H1 plate

reader (BioTek Instruments). In this case, LB pre-cultures were diluted 1:100 in the

respective screening medium (DBM medium supplemented with various organic

compounds). Fluorescence was measured at an excitation wavelength of 488 nm

and an emission wavelength of 588 nm, with the gain set to 60.

Cloning procedures and plasmid construction

All plasmids used in this work are listed in Table S4. Uracil-excision (USER) cloning

was used for the construction of all plasmids.113 The AMUSER tool was employed

for the design of oligonucleotides.114 All genetic manipulations followed protocols

published previously.115–119 E. coli DH5a lpir was employed for all cloning pur-

poses. Chemically competent E. coli cells were prepared and transformed with plas-

mids according to well-established protocols.120

Metabolite analysis by HPLC

Supernatants were obtained via centrifugation of culture broths for 2 min at

13,000 3 g. 2-FMA, ccMA, catechol, 3-FC, 4-FC, 2-chlorobenzoate, 3-chloroben-

zoate, 4-chlorobenzoate, 2-FBz, and 3-FBz were quantified using a Dionex 3000

HPLC system equipped with a Zorbax Eclipse Plus C18 column (Agilent Technolo-

gies, Santa Clara, CA, USA) heated to 30�C and a guard column from Phenomenex.

Separation was achieved with a mobile phase consisting of 0.05% (w/v) acetic acid

and varying amounts of acetonitrile. The total runtime per sample was 8.3 min

(with a separation time of 8.0 min), during which the fraction of acetonitrile was

increased from 1% to 3% (v/v) within the first 3 min, followed by a steady increase

to 20% (v/v) within 12 s and a further steady increase to 75% (v/v) within 4 min.
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From 7.2 to 7.5 min, the acetonitrile concentration was held at 75% (v/v) and subse-

quently reduced to 1% (v/v) within 18 s. The column was then equilibrated again at

1% (v/v) acetonitrile for further 30 s before injecting the next sample. The flow rate

was set to 1 mL min�1, and the injection volume was 0.75 mL. After elution, the com-

pounds were detected in the UV spectrum at 210 nm, 240 nm, 280 nm, and 300 nm.

HPLC data were processed using the Chromeleon 7.1.3 software (Thermo Fisher

Scientific), and compound concentrations were calculated from peak areas using

calibration curves with five different standard concentrations. An authentic 2-FMA

standard was chemically synthesized by Ambinter (Orléans, France). In this case, a

solution of 32% (w/v) peracetic acid (36.0 g), glacial acetic acid (10 g), and ferric

ammonium citrate (20 mg) was placed in a round flask (100 mL total volume). To

the magnetically stirred mixture was added a solution of 3-FC (5.5 g) in glacial acetic

acid (15 g) over 2 h at room temperature. After complete addition, the reaction

mixture was stirred for an additional 24 h at room temperature. The resulting suspen-

sion was concentrated in vacuum without heating to a final volume of approximately

40 mL. After the solution was cooled to 0�C–4�C, the racemic product was collected

by filtration, washed two times with ice-cold water, and dried in vacuum. The yield of

the reaction sequence was 36.7%.
Fluorometabolite analysis by 19F-NMR
19F-NMR spectra were acquired on a Bruker Avance III-HD spectrometer operating

at a 19F frequency of 752.75 MHz (B0 = 18.8 T). The spectrometer was equipped with

a TCI CryoProbe, and all measurements were made at 25�C. All 512 transient scans

were acquired with an interscan delay of 5.6 s (0.6 s acquisition time followed by 5 s

of recovery delay), tested to provide quantitative signal intensities for the relevant

fluorinated species. Samples (500 mL) were mixed with 50 mL of D2O (Sigma-Aldrich,

99.99%) for locking and shimming. 19F chemical shifts are reported relative to CFCl3
(d19F = 0.0 ppm) using the lock signal of D2O as a secondary reference.121 All chem-

ical shifts are reported in ppm.
Data analysis

Data handling and calculations were performed inMicrosoft Excel (2016) andOrigin-

Pro 2021 (OriginLab). Figures and illustrations were created in OriginPro (2021) and

Adobe Illustrator 2020. Geneious Prime 2021.1.1 (Biomatters) served as a database

for DNA sequences to design plasmids and constructs and to analyze Sanger

sequencing results. Maximum exponential growth rates (mmax) were determined by

Gaussian process regression using the Python-based tool deODorizer.122 The pre-

diction of translation initiation strengths for 50 UTRmRNA sequences was performed

using the online RBS Calculator v2.1.123 The results are given in arbitrary units (au) on

the RBS Calculator scale, representing the relative strength of translation. Specific

fluorobenzoate consumption rates (qS) and 2-FMA production rates (qP) were deter-

mined over the timeframes of fermentations in which changes in the extracellular

concentrations of 3-FBz and 2-FMA were detectable with the following equations:

qS =
1

X

DS

Dt
; (Equation 1)
qP =
1

X

DP

Dt
; (Equation 2)

where qS is the biomass-specific substrate consumption rate (mmol gCDW
�1 h�1), X is

the average biomass concentration between two sampling timepoints (gCDW L�1),

DS is the difference in substrate concentration between two sampling timepoints

(mM), Dt is the time between two sampling points (h), qP is the biomass-specific
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product formation rate (mmol gCDW
�1 h�1), and DP is the difference in product con-

centration between two sampling timepoints (mM).

The qS and qP values displayed in Figure 6 and Table S5 are averages of the values

determined individually for three biological replicates. The transcription and trans-

lation initiation strengths of various expression systems tested in reporter experi-

ments were determined via linear regression of fluorescence-over-OD600 plots in

OriginPro (2021). The identified slope values were normalized by dividing them by

the expression strength of the Ptac promoter, used as a reference.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.
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