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Abstract: The transformation of 4-hydroxybenzoate (4-HBA) to protocatechuate (PCA) is catalyzed by flavoprotein oxygenases 

known as para-hydroxybenzoate-3-hydroxylases (PHBHs). In Pseudomonas putida KT2440 (P. putida) strains engineered to 

convert lignin-related aromatic compounds to muconic acid (MA), PHBH activity is rate-limiting, as indicated by the accumulation 

of 4-HBA, which ultimately limits MA productivity. Here, we hypothesized that replacement of PobA, the native P. putida PHBH, 

with PraI, a PHBH from Paenibacillus sp. JJ-1b with a broader nicotinamide cofactor preference, could alleviate this bottleneck. 

Biochemical assays confirmed the strict preference of NADPH for PobA, while PraI can utilize either NADH or NADPH. Kinetic 

assays demonstrated that both PobA and PraI can utilize NADPH with comparable catalytic efficiency and that PraI also efficiently 

utilizes NADH at roughly half the catalytic efficiency. The X-ray crystal structure of PraI was solved and revealed absolute 

conservation of the active site architecture to other PHBH structures despite their differing cofactor preferences. To understand the 

effect in vivo, we compared three P. putida strains engineered to produce MA from p-coumarate (pCA), showing that expression 

of praI leads to lower 4-HBA accumulation and decreased NADP+/NADPH ratios relative to strains harboring pobA, indicative of 

a relieved 4-HBA bottleneck due to increased NADPH availability. In bioreactor cultivations, a strain exclusively expressing praI 

achieved a titer of 40 g/L MA at 100% molar yield and a productivity of 0.5 g/L/h. Overall, this study demonstrates the benefit of 

sampling readily available natural enzyme diversity for debottlenecking metabolic flux in an engineered strain for microbial 

conversion of lignin-derived compounds to value-added products. 

Keywords: muconic acid; aromatic catabolism; Pseudomonas putida KT2440; flavoprotein; metabolic engineering; 

Paenibacillus sp. JJ-1b; para-hydroxybenzoate hydroxylase; PraI; PobA 
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1. Introduction

Lignin valorization is critical for a competitive biomass-

based economy (Becker and Wittmann, 2019; Corona et al.,

2018; Davis et al., 2013; Huang et al., 2020). Lignin,

however, presents challenges due to its inherent

heterogeneity and complex structure (Beckham et al., 2016;

Boerjan et al., 2003; Ragauskas et al., 2014). While

biological lignin deconstruction and reassimilation are a part

of the global carbon cycle, this process occurs over time

scales that are incompatible with biomanufacturing (Becker

and Wittmann, 2019). One potential approach to overcome

this challenge is to combine chemo-catalytic lignin 

depolymerization and subsequent transformation of the 

lignin-derived aromatic intermediates to value-added

products using microbial biocatalyst (Abdelaziz et al., 2016;

Becker and Wittmann, 2019; Beckham et al., 2016; Liu et

al., 2019a).

Pseudomonas putida KT2440 (hereafter P. putida) is a 

versatile bacterium capable of converting of heterogenous, 

lignin-derived aromatic compounds to a single product such 

as muconic acid (MA) or other target compounds (Almqvist 

et al., 2021; Johnson et al., 2019; Kohlstedt et al., 2018; 

Linger et al., 2014; Liu et al., 2019b; Notonier et al., 2021; 

Okamura-Abe et al., 2016; Presley et al., 2021; Ravi et al., 

2017; Salvachúa et al., 2018; Salvachúa et al., 2015; Sonoki 

et al., 2018; Tumen-Velasquez et al., 2018; van Duuren et 

al., 2020; Vardon et al., 2015; Weimer et al., 2020). The 

genome of P. putida encodes multiple aromatic catabolic 

pathways, and strain development efforts benefit from robust 

genetic tools, making P. putida ideal for use in industrial 

processes (Ankenbauer et al., 2020; Belda et al., 2016; 

Jiménez et al., 2002; Martin-Pascual et al., 2021; Nikel et al., 

2016a; Nikel and de Lorenzo, 2018; Nikel et al., 2014). 

Integrated bioprocess development and metabolic 

engineering approaches have enabled P. putida to transform 

lignin-related aromatic compounds such as p-coumarate 

(pCA) and ferulate (FA) to MA at a near theoretical yield 

(Figure 1) (Salvachúa et al., 2018). Subsequently, MA can 

be transformed into drop-in replacement dicarboxylic acids 

in polymers (Frost and Draths, 1995; Huo and Shanks, 2020; 

Lu et al., 2016; Shanks and Keeling, 2017; Vardon et al., 

2015; Vardon et al., 2016), or used in performance-

advantaged bioproducts (Carraher et al., 2017; Cywar et al., 

2021; Vardon et al., 2016).  

Techno-economic analysis has identified that MA 

productivity is a major hurdle for economic viability (Davis 

et al., 2018). This has been addressed to date by metabolic 

engineering, with examples including the introduction of 

genes associated with the production of prenylated flavin 

mononucleotide (prFMN) to boost the activity of the 

protocatechuate (PCA) decarboxylase, AroY (Johnson et al., 

2016; Sonoki et al., 2014), the deletion of the Catabolite 

Repression Control protein gene, crc (Johnson et al., 2017), 

and over-expression of the native gene, vanAB, that encodes 
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O-demethylation of vanillate (Salvachúa et al., 2018). 

Additionally, adaptive laboratory evolution strategies were 

recently employed for an improved strain tolerance towards 

higher concentrations of pCA and FA (Mohamed et al., 

2020). Despite these advances, the current strain 

performance remains below an industrially relevant level, 

which is in part due to the inefficiencies in several metabolic 

steps, including the conversion of 4-HBA (Salvachúa et al., 

2018). 

Para-hydroxybenzoate-3-hydroxylase (PHBH) catalyzes 

the hydroxylation of 4-HBA to PCA (Figure 1). Many 

previous studies have examined the PHBH mechanism, most 

notably with enzymes from Pseudomonas aeruginosa and 

Pseudomonas fluorescens (Entsch and Ballou, 1989; Entsch 

and Van Berkel, 1995; Howell et al., 1972; Husain and 

Massey, 1979). These studies have established PHBH as a 

paradigm for flavoprotein oxygenases (Ballou et al., 2005; 

van Berkel et al., 2006). PHBH employs a flavin adenine 

dinucleotide (FAD) cofactor to achieve catalysis by 

mediating the activation of molecular oxygen using reduced 

pyridine nucleotide (NAD(P)H) as a sacrificial electron 

donor to form the highly reactive flavin C4a-

hydroxyperoxide species (Entsch and Ballou, 1989; Entsch 

et al., 2005; Hesp et al., 1969; Howell et al., 1972). Further, 

PHBH can be classified based on their preference towards 

nicotinamide cofactor (Westphal et al., 2018). The native 

PHBH from P. putida, PobA, belongs to the NADPH 

obligate cluster. By contrast, the other two clusters may 

utilize either NADPH or NADH and are distinguished by 

their relative preference between the two cofactors. One 

such PHBH that is promiscuous towards either forms of the 

pyridine nicotinamide cofactors, is PraI from Paenibacillus 

sp. JJ-1b, which has been used in systems such as an 

Escherichia coli-based biocatalyst for aromatic catabolism 

(Clarkson et al., 2017; Kasai et al., 2009). 

In this work, we describe a strategy to relieve the metabolic 

bottleneck of 4-HBA transformation in a MA-producing 

strain of P. putida by replacing the endogenous PHBH, 

PobA, with PraI, which has a broader cofactor preference. 

We performed biochemical characterizations of PobA and 

PraI by comparing their kinetic parameters and determined 

the X-ray crystal structure of PraI in complex with 4-HBA 

and FAD. Engineered P. putida strains containing PobA 

only, PraI only, and a combination of both enzymes (Figure 

1) were evaluated in shake flask experiments to compare 

their relative metabolite accumulation, intracellular PHBH 

concentrations, and nicotinamide cofactor ratios. Finally, the 

performance of the engineered strains was evaluated in 

bioreactor cultivations. Overall, this study provides insights 

that enable development of a more efficient biocatalyst to 

convert lignin-derived aromatics to MA from pCA. 

 
Figure 1. Metabolic pathway for the conversion of lignin-related aromatic compounds pCA and FA to MA in engineered P. 

putida strain CJ781. The key reaction considered in this work – 4-HBA hydroxylation to PCA – is highlighted in a dashed box. 

Engineered P. putida strains CJ475 (PobA only, blue), CJ680 (PobA and PraI, yellow), and CJ781 (PraI only, pink) harbor different 

combinations of PraI and PobA expression. Other engineered aspects, deletion, and overexpression of select genes are denoted in 

gray and underlined, respectively. Chemical abbreviations: FA, ferulate; pCA, p-coumarate; VA, vanillate; 4-HBA, 4-

hydroxybenzoate; PCA, protocatechuate; CA, catechol; MA, muconate. 

2. Material & Methods 

2.1. Plasmid construction 

We used Q5® Hot Start High-Fidelity 2X Master Mix or 

Phusion (New England Biolabs) for all polymerase chain 

reactions (PCR). NEBuilder® HiFi DNA Assembly Master 

Mix or Gibson assembly master mix (New England Biolabs) 

were used to assemble plasmids, followed by transformation 

into NEB® 5-alpha F'Iq competent E. coli cells (New 

England Biolabs). All plasmids were confirmed by Sanger 

sequencing (GENEWIZ). Table S2 contains detailed 
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plasmid construction information, Table S3 contains the 

sequence of the synthesized DNA fragment containing the 

praI gene, and Table S4 contains the sequence of the oligos 

used in plasmid and strain construction. 

2.2. Protein expression and production  

The plasmids pEUK018, pEUK019, and pEE003 which 

encode for tagless PobA (PP_3537), PraI (BAH79107), and 

C’-polyHis-tagged PraI (BAH79107), respectively, were 

used to transform λ(DE3) E. coli for heterologous protein 

production. PobA was produced using BL-21 λ(DE3) and 

lysogeny broth (LB Miller, 10 g/L tryptone, 5 g/L yeast 

extract, 10 g/L NaCl) containing ampicillin (100 mg/L). 

Both versions of PraI were produced using terrific broth (TB, 

20 g/L tryptone, 24 g/L yeast extract, 4 mL/L glycerol, 17 

mM KH2PO4, and 72 mM K2HPO4) supplemented with 

ampicillin (100 mg/L) and chloramphenicol (30 mg/L). The 

starter cultures were grown from a single colony of E. coli 

transformed with appropriate plasmids (or an equivalent 

glycerol stock, vide supra) were grown overnight in LB 

(Miller) with the appropriate antibiotics. 10 mL of the starter 

culture was used to inoculate a 2.5 L baffled flask containing 

1 L of LB (PobA) or TB (PraI) with antibiotics and grown at 

37°C, 225 rpm. The cultures were induced at an OD600 of 

~0.7 with 1 mM IPTG and 0.2 mM of riboflavin; 

additionally, 1 mg/mL of biotin was added to cultures 

producing PraI. Subsequently, the cultures were grown for 

an additional 16 – 18 hours at 20°C, 225 rpm. The resulting 

biomass was collected by centrifugation and frozen at -80°C 

until further use.  

Tagless PobA and PraI were used for kinetic analyses and 

the PraI-His was used for protein crystallography. For 

purification, thawed biomass was suspended in an 

equivalent volume of 20 mM HEPES, 100 mM NaCl, pH 7.5 

containing a trace amount (~1 mg) of DNAseI and lysed by 

sonication. The cell lysate was cleared by centrifugation and 

passage through a 0.45 µm filter. Tagless PobA and PraI 

were purified using a combination of (NH4)2SO4 

precipitation, hydrophobic interaction chromatography, and 

anion exchange chromatography. The chromatographic 

purification of PobA and PraI was assisted by the yellow-

coloration of their flavin cofactor and was performed using 

an ÄKTA Pure Fast protein liquid chromatography (FPLC) 

system (Cytiva) using 20 mM HEPES, 100 mM NaCl, pH 

7.5 as the buffer A. 1 M (NH4)2SO4 was added to the cleared 

lysates, and the precipitated proteins were removed by 

centrifugation. The soluble protein fraction was injected into 

a column containing Source-15 Phenyl resin (Cytiva) with a 

gradient of 1 – 0 M (NH4)2SO4 in 120 mL. Fractions 

containing PobA or PraI were pooled, dialyzed into buffer 

A, and injected into a column containing Source-15 Q resin 

(Cytiva) with a gradient of 0.1 – 0.5 M NaCl in 60 mL. The 

PraI-His was purified using HisTrap column (Cytiva) and 

washed with up to 20 mM imidazole. The PraI-His eluate 

was subjected to anion exchange chromatography in the 

similar manner as its tagless counterpart. Fractions 

containing PobA or PraI were pooled, dialyzed into buffer 

A, frozen as beads in liquid N2, and stored at -80°C. For 

crystallization, PraI-His was further purified with size-

exclusion chromatography and eluted as a dimer into 20 mM 

Tris pH 8.0 and 150 mM NaCl. 

2.3. Steady-state kinetic analysis 

The hydroxylation of 4-HBA was monitored continuously 

by following the consumption of the co-substrates NAD(P)H 

or O2. NAD(P)H consumption was monitored using a Cary 

4000 UV-Vis spectrophotometer (Agilent) connected to a 

Peltier device at 340 nM (ε340 = 6 mM-1 cm-1); O2 

consumption was monitored using a Clark-type electrode 

oxygraph OXYG1+ (Hansatech) connected to a circulating 

water bath and calibrated using air-saturated water and 

Na2S2O4 according to the manufacturer’s instructions. The 

standard assay was performed in air-saturated 50 mM 

Tris/SO4 pH 8 supplemented with 60 μM FAD at 25°C and 

initiated by the addition of 20 nM of PobA or PraI. Initial 

velocities were measured as a function of the NAD(P)H, 4-

HBA, or O2 concentrations. 300 μM of NAD(P)H and 200 

μM of 4-HBA were used when varying the O2 concentration, 

and when varying the 4-HBA or NAD(P)H concentrations. 

NAD(P)H consumption assays were used when varying the 

concentrations of 4-HBA or NAD(P)H; and O2 consumption 

assays were used when individually varying the 

concentrations of all three substrates. Different starting O2 

concentrations were achieved by bubbling N2 gas into the 

buffer prior to sealing the oxygraph chamber and initiating 

the reaction. The initial O2 concentrations were normalized 

to the ambient air-saturated buffer in between runs. The 

steady-state kinetic parameters were obtained by fitting the 

Michaelis-Menten equation to the data using Leonora 

(Cornish-Bowden, 1995). 

2.4. Reaction stoichiometry 

Molar balances of the reactants and products in the PHBH-

catalyzed reactions were evaluated using the combination of 

oxygraph, spectrophotometer, and HPLC-based assays. An 

end-point assay was performed in air-saturated 50 mM 

Tris/SO4 pH 8 without FAD supplementation at 25⁰C. The 

mixture also contained 100 μM 4-HBA, 300 μM NAD(P)H, 

and the reaction was initiated by the addition of 2 μM PobA 

or PraI. The reaction was run to completion by the depletion 

of 4-HBA and the total O2 consumed during this process was 

monitored in an oxygraph. Finally, the concentration of PCA 

produced was monitored on a high-performance liquid 

chromatography (HPLC) compared to authentic standards as 

described in section 2.11. The data were reported as an 

average of three independent replicates. 

2.5. Protein crystallography 

PraI-His was concentrated to 10 mg/mL and sitting drop co-

crystallization trials with 1 mM 4-HBA were set up with a 

Mosquito crystallization robot (SPT Labtech) using 

SWISSCI 3-lens low profile crystallization plates. Crystals 

grew in condition A3 (20% PEG3350 and 0.2 M ammonium 

citrate dibasic) of the JCSG Plus screen (Molecular 

Dimensions) and were further optimized by hanging drop 

vapor diffusion using EasyXtal 15-well tools plates 

(Qiagen). Crystals were cryo-cooled in liquid nitrogen 

following the addition of 20% glycerol to the crystallization 

solution. Diffraction data were collected on beamline I03 at 

the Diamond Light Source (Didcot, UK) and automatically 

processed with STARANISO (Tickle et al., 2018) on ISPyB. 

The structure was solved within CCP4 Cloud by molecular 

replacement with Phaser (McCoy et al., 2007) using a search 

model created by the Phyre2 server (Kelley et al., 2015). 

Model building was performed in Coot (Emsley et al., 2010) 
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and the structure was refined with BUSTER (Bricogne et al., 

2017). MolProbity (Williams et al., 2018) was used to 

evaluate the final model and PyMOL (Schrödinger, LLC) for 

protein model visualization. Data and Refinement statistics 

are summarized in Table S5. The atomic coordinates have 

been deposited in the Protein Data Bank and are available 

under the accession code 7ON9. The Dali server (Holm, 

2020) was used to find the closest structural homologs for 

PraI. The determination of secondary structure elements is 

performed using DSSP (Kabsch and Sander, 1983; Touw et 

al., 2015). 

2.6. Strain construction 

Competent P. putida cells for electroporation were prepared 

following the procedure described previously (Choi et al., 

2006). Plasmid DNA (300-500 ng) was transformed into 

competent P. putida cells (50 L) using electroporation 

methods (Choi et al., 2006). Cells were recovered in 950 L 

SOC for 1-2 hours at 30°C, 225 rpm. Following the recovery 

period, the culture was transferred to LB supplemented with 

50 g/mL kanamycin agar plates to select for correctly 

integrated plasmids. Counterselection for recombination of 

the plasmid out of the genome was performed using YT 

media (10 g/L tryptone, 5 g/L yeast extract) containing 25% 

sucrose as previously described (Johnson and Beckham, 

2015). MyTaqTM HS Red Mix (Bioline) was used for 

colony PCR reactions to confirm gene replacements. Table 

S1 contains detailed strain construction information. 

2.7. Shake flask cultivations 

Shake flask experiments were conducted with modified M9 

minimal media (pH 7.2, 6.78 g/L Na2HPO4, 3 g/L KH2PO4, 

0.5 g/L NaCl, 1 g/L NH4Cl, 2 mM MgSO4, 100 μM CaCl2, 

and 18 μM FeSO4) supplemented with 20 mM (3.26 g/L) 

pCA and 10 mM glucose (1.80 g/L). Optical density (OD600) 

of cultures was measured at 600 nm using Beckman DU640 

spectrophotometer (Beckman Coulter). P. putida strains 

were inoculated from glycerol stocks and incubated 

overnight in 5 mL of LB medium. The overnight culture was 

washed in the M9 medium prior to inoculation into 25-30 

mL media in 125-mL baffled flasks at OD600 = 0.10 and 

grown at 30°C, 225 rpm for 72 hours. An additional 10 mM 

glucose was added to each flask after 12, 24, and 48 hrs. 

Samples were taken for quantification of metabolites by 

removing 1 mL of culture, centrifuging >17,000 x g for 2 

minutes, filtering the supernatant through 0.2 M syringe 

filters, and stored in glass vials prior to analysis by HPLC as 

described in section 2.11.  

2.8. Nicotinamide cofactor ratio determinations 

CJ475, CJ680, and CJ781 were cultivated as described 

above in M9 minimal medium supplemented with 20 mM 

glucose and 20 mM pCA. At 12 hours of cultivation, 

NADP+/NADPH was measured with a commercial 

colorimetric kit (Sigma Cat. #MAK038). NADP+ and 

NADPH was extracted following manufacturer instructions. 

Briefly, 2 mL of culture was centrifuged at 2,000 x g for 5 

minutes at 0°C, the pellet was resuspended in 800 L of 

extraction buffer, incubated on ice for 10 minutes, 

centrifuged at 10,000 x g for 10 minutes, and filtered through 

a 3 kDa molecular weight cut-off filter (Amicon® Cat. 

UFC500324) by centrifuging at 14,000 x g for 30 minutes at 

4°C. NADPtotal and NADPH were measured in the MWCO 

filtrate following manufacturer instructions. 

NADP+/NADPH was calculated as (NADPtotal-

NADPH)/NADPH where NADP+ (%) = NADPtotal-NADPH 

x 100%.  

2.9. Intracellular PobA and PraI quantification 

CJ475, CJ680, and CJ781 were cultivated as described 

above in M9 minimal medium supplemented with 20 mM 

glucose and 20 mM pCA. At 12 hours of cultivation (from 

the same cultivations utilized in Section 2.8.), 10 mL of 

culture was centrifuged at 4,800 x g for 10 minutes at 4°C, 

the supernatant was decanted, and cell pellets were quenched 

in liquid nitrogen. Pellets were stored at -20°C prior to 

analysis. For absolute quantification by liquid 

chromatography and tandem mass spectrometry (LC-

MS/MS), pellets were lysed via bead beating in 250 μL of 

lysis buffer (4% SDS, 100 mM Tris pH 8.0), precleared by 

centrifugation at 21,000 x g for 10 minutes, and proteins 

quantified with a Nanodrop OneC spectrophotometer 

(Thermo Scientific). Samples were denatured at 90°C for 10 

minutes, disulfides reduced with tris(2-

carboxyethyl)phosphine (TCEP) (adjusted to 10 mM) at 

60°C for 10 minutes and blocked via alkylation with 

iodoacetamide (adjusted to 30 mM) in the dark for 15 

minutes. Proteins were then cleaned up with protein 

aggregation capture and digested with proteomics-grade 

trypsin (Pierce) as previously described (Batth et al., 2019; 

Seo et al., 2021).  

Eleven heavy isotope-labeled (13C/15N on C-terminal lysine 

and arginine residues) peptide targets specific to PobA or 

PraI were synthesized (Thermo Scientific) following an 

initial global proteome screen (Table S11). Peptide selection 

with Skyline v. 21.1.0.146 (MacLean et al., 2010) was based 

on the following criteria: they must be unique to each 

protein, no methionine and cysteine residues, no mis-

cleavage or ragged ends, 6-25 amino acids long, and ideally 

be among the most abundant peptides identified in the global 

analysis. A master mix containing all labeled peptides was 

qualified by LC-MS/MS before spiking into each sample.  

Prior to targeted LC-MS/MS analysis by parallel reaction 

monitoring (PRM), the samples with heavy-labeled peptides 

were filtered (10 kDa MWCO Vivaspin 500; Sartorius), 

vacuum-dried, and re-suspended in solvent A (5% 

acetonitrile, 95% H2O, 0.1% formic acid). Three microliters 

of each sample – equivalent to 3 μg tryptic peptides and 500 

fmol of each heavy-labeled peptide standard – were injected 

onto a 5 cm C18 trap column (Kinetex 5 μm; Phenomenex) 

in-line with a 75 μm ID nanospray emitter packed with 15 

cm C18 resin (Kinetex 1.7 μm; Phenomenex) and analyzed 

by 1D LC-PRM across a 90 minute gradient using a 

Vanquish ultra-HPLC (UHPLC) coupled directly to an 

Orbitrap Q Exactive Plus mass spectrometer (Thermo 

Scientific) as previously described (Walker et al., 2020; 

Walker, 2021). 

The LC-PRM data were imported into Skyline to analyze, 

filter, and validate detection of both endogenous and heavy-

labeled peptides (MacLean et al., 2010). Transitions not used 

for quantification were removed for each peptide and peak 

area boundaries were manually inspected and adjusted 

where necessary to ensure accurate peak assignment and 

peak areas. Library correlation for the precursors were 
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largely above 90% (Dot product). Proteotypic peptides met 

the following conditions: co-elution of the heavy and 

endogenous peptides; and similar transition ratios between 

the heavy and endogenous versions (Figure S4). One peptide 

for each PobA and PraI could not be quantified, but the nine 

remaining provided accurate quantitation of each protein 

target (Table S11). The peptide area ratio between the 

endogenous peptides to their corresponding heavy version 

was calculated by Skyline. Endogenous peptide 

concentration was calculated by multiplying the peptide area 

ratio by the amount of the heavy peptides injected (500 fmol) 

divided by the inject volume. PobA and PraI protein 

concentrations were calculated as the average of all their 

respective peptide concentrations.  

2.10. Strain evaluation in bioreactors 

Seed cultures for P. putida CJ475, CJ680, and CJ781 were 

prepared from glycerol stocks as follows. The surface of 

glycerol stocks was scraped and inoculated into 250 mL 

baffled flasks containing 50 mL of LB (Miller) media. These 

flasks were incubated for 16 hours at 30°C and 225 rpm. 

Then, the broths were centrifuged (8 minutes at 5,000 x g), 

the supernatant discarded, and the cells resuspended in 

modified M9 minimal medium for inoculation in the 

bioreactors (5 mL) at an initial OD600 of 0.2. The M9 

bioreactor media consists of 13.55 g/L Na2HPO4, 6 g/L 

KH2PO4, 1 g/L NaCl, 2.25 g/L (NH4)2SO4, 0.24 g/L MgSO4, 

11 mg/L CaCl2, and 2.73 mg/L FeSO4 (anhydrous). The 

higher concentration of media used in the bioreactor run was 

used to afford higher buffering capacity. 

The bioreactors utilized in this study were 0.5 L BioStat-Q 

Plus bioreactors (Sartorius Stedim Biotech) and the 

cultivations involved a batch and a fed-batch phase. The 

media utilized in the batch phase was modified M9 as 

described above with the addition of glucose (2.7 g/L) as a 

carbon and energy source. The volume of the batch media 

was 250 mL. The bioreactors were controlled at 30°C and at 

pH 7 by the addition of 4 N NaOH, and air was sparged at 1 

vvm. The initial agitation in the batch phase was 350 rpm 

and the dissolved oxygen (DO) was 100%. Subsequently, the 

DO was automatically controlled at 30% by agitation. At the 

4 hour point in the batch phase, 2 mM pCA was added to 

induce the expression of aromatic catabolic enzymes in P. 

putida (Salvachua et al., 2020b). Once glucose was depleted 

in the batch phase, indicated as a rapid increase in DO levels, 

the fed-batch phase was initiated. The feeding media (250 

mL) for the fed-batch phase contained 123 g/L (0.75 M) 

pCA AKSci (AK Scientific), 67.5 g/L glucose (0.37 M), 13.5 

g/L (NH4)2SO4 (0.1 M), and 4 mL/L antifoam 204. The 

feeding solution was adjusted to pH 9 with 10 N NaOH. 

Initial feeding rates were adjusted to feed 6, 9, 12, or 15 

mmol pCA per hour and the fegieding rate was constant 

during the cultivations. Bioreactor experiments were 

performed in duplicate and samples (1.5 mL) were taken 

periodically to analyze bacterial growth (OD600) and to 

measure the metabolites via HPLC as described in section  

2.11. Quantification of metabolites 

Cis,cis-muconic acid and aromatic acid quantitation was 

acheived by HPLC (Salvachúa et al., 2018). Subsequent to 

the work from (Bentley et al., 2020),  cis,cis- and cis,trans-

muconate isomers and aromatic acids were quantified 

utilizing the standard preparation outlined in (Black et al., 

2019) and isocratic chromatography or the following 

equivalent adapted UHPLC chromatography. An Agilent 

1290 UHPLC system (Agilent Technologies) equipped with 

a G7117A diode array detector was used for analysis. 

Separation was achieved using a Luna C18(2)-HST column 

2.5 μm, 2 × 100 mm (Phenomenex) maintained at 45°C and 

mobile phase consisting of (A) 0.16% formic acid in water 

and (B) acetonitrile held at a constant flow rate of 

0.5 mL/minute. Analytes were eluted using the following 

gradient program: starting conditions being (B) at 0% and 

held for 1 min, increased to 50% at 7.67 minutes, 70% at 

9.33 minute and held at 70% until 10.67 minutes, returning 

to initial conditions at 10.68 minutes and held for column 

equilibration for a total run time of 13 minutes. Samples and 

standards were injected at volume of 1.0 μL and a calibration 

verification standard was run every 10-20 samples to 

monitor instrument drift. 

Separation and quantitation of glucose was carried out by 

HPLC equipped with a refractive index detector (RID) 

previously detailed in (Bentley et al., 2020) utilizing a 

Shodex SP0810 sugar column or by an HPLC system 

coupled with a BioRad Aminex HPX-87H 9 μm, 

7.8 × 300 mm column (BioRad). The Aminex column and 

RID were held at 55°C and chromatography was completed 

on samples and standards injected at a volume of 6 L using 

0.01 N sulfuric acid held at a constant flow rate of 0.6 

mL/minute for a total run time of 27 minutes. 

3. Results 

3.1. PraI has a broader nicotinamide cofactor preference 

than PobA 

We first characterized PobA and PraI in vitro to provide a 

baseline comparison of these two enzymes. Despite their use 

in metabolic engineering, a systematic in vitro kinetic 

comparison between the PobA and PraI has not been 

reported. To this end, PobA and PraI were heterologously 

produced in E. coli and purified to homogeneity. The 

purified enzymes appeared yellow, consistent with the 

presence of the FAD cofactor. The in vitro activity assays 

confirmed the nicotinamide cofactor preferences for PobA 

and PraI (Hosokawa and Stanier, 1966; Kasai et al., 2009). 

The addition of NADPH, but not NADH, elicited oxygen 

consumption in a mixture containing PobA and 4-HBA 

(Figure 2A). PobA, like the PHBH enzymes from P. 

aeruginosa and P. fluorescens, only accepts NADPH as the 

sole source of reducing equivalent and is unreactive toward 

NADH (Entsch and Ballou, 1989; Howell et al., 1972; 

Westphal et al., 2018). By contrast, addition of either 

NADPH or NADH to a mixture containing PraI and 4-HBA 

resulted in oxygen consumption, consistent with prior work 

(Figure 2B) (Kasai et al., 2009) 

3.2. PobA and PraI hydroxylate 4-HBA at unity coupling 

The reaction stoichiometry, defined here as the molar 

equivalencies between the consumptions of 4-HBA, O2, and 

the production of PCA, were confirmed using a combination 

of oxygraph and HPLC assays. Both PobA and PraI have a 

near unity stoichiometry for all the associated reaction 

components (Table S5). In agreement with tight coupling, 

the turnover number (kcat) for PobA and PraI are the same 
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when the three co-substrates were varied individually (vide 

infra). 

3.3. PobA and PraI transform 4-HBA with comparable 

specificities 

Chloride ions have been previously shown to be inhibitory 

towards the enzymatic activity of PHBH and flavoprotein 

oxygenase in general (Meneely and Lamb, 2007; Steennis et 

al., 1973); thus, PHBH kinetic assays were performed in 

Tris/SO4 pH 8 where PobA and PraI exhibit Michaelis-

Menten kinetics, and no substrate inhibition was observed. 

Moreover, this buffer was used in prior studies and thus 

enables comparison to the kinetic parameters reported for 

other PHBHs (Entsch and Ballou, 1989; Eppink et al., 

1998a). To account for a potentially lowered cofactor 

occupancy in the heterologously produced enzymes, the 

kinetic buffer was supplemented with FAD. 

The steady-state kinetic analyses are summarized in Table 

1. The comparison between the two assay methods showed 

systematically lower KM values obtained using the 

spectroscopic methods. This slight bias may reflect the 

different sensitivity and response rate of the instruments. 

The overall steady-state kinetic parameters agree with the 

established observations in other PHBHs, where the KM 

values are ordered incrementally in the following fashion: 4-

HBA, NAD(P)H, and O2 (Entsch and Ballou, 1989; Hesp et 

al., 1969; Hosokawa and Stanier, 1966; Howell et al., 1972). 

This ordering is consistent with the proposed catalytic 

mechanism where 4-HBA binds first and improves the rate 

of FAD reduction by NAD(P)H for the subsequent O2 

activation (Entsch and Ballou, 1989; Howell et al., 1972). 

Evaluation of the KM of the O2 implies that the kinetic 

parameters obtained with respect to 4-HBA, and NAD(P)H 

are apparent values as they were tested using air-saturated 

buffer (~3-4 ✕ KM); however, equivalent kcat values obtained 

under various O2, 4-HBA, and NAD(P)H concentrations 

suggest that the reported numbers are close to the true KM 

values.  

The steady-state kinetic parameters described in this study 

are comparable to reported values for other PHBHs. More 

specifically, the parameters for the heterologously-produced 

PobA are similar to the natively produced PHBHs from P. 

aeruginosa (kcat = 63 s-1; KM
4-HBA = 11 μM; KM

NADPH = 23 

μM; KM
oxygen = 37 μM) and P. fluorescens (kcat = 55 s-1; KM

4-

HBA = 25 μM; KM
NADPH = 50 μM) (Entsch and Ballou, 1989; 

Eppink et al., 1998a; Husain and Massey, 1979).  Overall, 

both PobA and PraI have similar catalytic efficiencies 

towards NADPH and the differences are on average less than 

a two-fold change under the different combination of the 

reactants. Comparing the catalytic efficiencies of PraI for the 

two forms of reducing equivalents indicated a slight 

preference towards NADPH, which is in contrast to a prior 

description of an apparent preference of PraI towards NADH 

(Kasai et al., 2009). 

 

Table 1. Steady-state kinetic parameters of PobA and PraI. Experiments were performed using 50 mM Tris/SO4, pH 8 

supplemented with 60 μM FAD, at 25°C. Parameters were calculated using a minimum of 25 data points using Leonora. The 

experiments were performed using 200 μM 4-HBA, 300 μM NAD(P)H, and air-saturated buffer unless that the concentration of 

that substrate was varied. Two detection methods were used for the kinetic assays: spectrophotometrically by monitoring the loss 

of NAD(P)H signal at 340 nm and using an oxygraph following the depletion of O2. Numerical data are provided in Table S6A-E. 
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kcat KM kcat/KM kcat KM kcat/KM kcat KM kcat/KM 

s-1 µM 
× 105  

s-1.M-1 
s-1 µM 

× 105  

s-1.M-1 
s-1 µM 

× 105  

s-1.M-1 

NADPH 

PobA 
- - - 54 ± 5 18 ± 2 30 ± 4 50 ± 5 43 ± 3 12 ± 1 NADPH 

53 ± 5 70 ± 5 7.6 ± 0.7 40 ± 4 21 ± 1 19 ± 2 47 ± 4 66 ± 6 7.1 ± 0.7 O2 

PraI 

- - - 27 ± 3 16 ± 1 17 ± 2 27 ± 2 27 ± 1 10 ± 1 NADPH 

25 ± 2 68 ± 6 3.7 ± 0.3 23 ± 2 19 ± 2 19 ± 2 23 ± 2 33 ± 2 6.9 ± 0.7 O2 

NADH 
- - - 26 ± 2 18 ± 1 14 ± 1 25 ± 2 49 ± 3 5.1 ± 0.5 NADH 

22 ± 2 54 ± 5 4.0 ± 0.4 21 ± 2 16 ± 1 13 ± 1 22 ± 2 46 ± 4 4.8 ± 0.6 O2 

Figure 2. NAD(P)H specificities of PobA 

and PraI. Progress curves in a standard 

oxygraph assay describing the pyridine 

nicotinamide cofactor specificities of PobA 

(A, teal) and PraI (B, pink). PobA, PraI, 4-

hydroxybenzoate, and NAD(P)H were 

added at the indicated points. 
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3.4. PraI is structurally similar to other PHBHs  

To gain a better insight into the differing cofactor 

specificities, a crystal structure of PraI was solved for 

comparison with PobA and other structurally characterized 

PHBHs (Gatti et al., 1996; Lazar et al., 2019; Ortiz-

Maldonado et al., 1999; Schreuder et al., 1989; Schreuder et 

al., 1988). Notably, all PHBH structures described to date 

belong to the NADPH-specific group. PraI shares ~53% 

sequence identity with the PHBHs of P. fluorescens, P. 

aeruginosa, and P. putida for which several ligand-bound 

complex structures exist (Figure S1B). Consequently, PraI 

is structurally similar to the Pseudomonas PHBHs with root-

mean-square deviation (RMSD)-values of ≤ 1.3 Å (Dali 

server (Holm, 2020)) (Gatti et al., 1996; Lazar et al., 2019; 

Ortiz-Maldonado et al., 1999; Schreuder et al., 1989) and 

exhibits a dimeric assembly with bound cofactor FAD and 

substrate 4-HBA (Figure 3A, Table S7) as well as retains 

the three domains architecture of PHBHs: domain I - FAD 

& NAD(P)H binding domain (residues 1-176), domain II - 

monooxygenase & 4-HBA binding domain (residues 177-

294); and domain III - strictly -helical oligomerization 

domain (residues 295-393) (Figure S2) (Entsch et al., 2005). 

Other than slight variations in the length of the secondary 

structure elements, the structural differences in PraI are 

primarily localized to its domain II. Nevertheless, 

comparison between the active sites revealed an absolute 

conservation for the residues that directly interact with 4-

HBA (Figure 3A). Specifically, the carboxyl-group of 4-

HBA forms a salt bridge with R216 and hydrogen bonding 

interactions with S214 and Y224, and the phenol group of 4-

HBA is stabilized by interactions with the side chain of Y203 

and the carbonyl backbone of P295 and T296. One of the 

hallmarks of the PHBH catalytic cycle is the mobility of the 

flavin cofactors that permits the use of a reactive flavin C4a-

hydroxyperoxide species and its protection from solvent 

exposure thus preventing reaction uncoupling (Gatti et al., 

1994; Schreuder et al., 1994). The isoalloxazine moiety of 

the FAD may adopt an IN or an OUT configurations as 

afforded by the flexible ribityl backbone and supported by 

the protein conformational changes (Brender et al., 2005). 

Like most PHBH structures, the FAD in our structure adopts 

an IN conformation where the isoalloxazine moiety is next 

the 4-HBA and is poised for the oxidative half-reaction 

(Figure S3) (Schreuder et al., 1988). This conformation is in 

contrast with the OUT conformation that is associated with 

the reductive half-reaction by allowing the flavin to access 

NAD(P)H for the hydride transfer reaction (Gatti et al., 

1994; Lazar et al., 2019; Schreuder et al., 1994). Overall, the 

structure of PraI is remarkably similar to other PHBH 

structures described to date and the differing cofactor 

preferences do not stem from the conserved active site 

architecture.  

 
Figure 3. Crystal structure of PraI. (A) Dimeric assembly 

and active site of PraI. Protein interactions are shown with 

the bound 4-HBA (green) and FAD (yellow). Polar / 

hydrogen bond interactions are shown in black dashed lines. 

(B) Surface (left) and cartoon (right) representations of the 

inter-domain regions lining the entrance to the active site of 

PraI. The regions corresponding to helix-B (pink), helix-G 

(teal), and β-strands 12, 13, 17, and 18 (yellow) are 

highlighted. 

3.4. Flexible interdomain regions of PraI may contribute 

towards a broader cofactor utilization 

Despite the extensive kinetic and structural studies, the 

interaction between pyridine nicotinamide cofactor and 

PHBH remains an open question. This interaction is 

transient in nature and current understanding is limited due 

to the lack of a structural description of a NAD(P)H-bound 

PHBH complex (Entsch et al., 2005; Westphal et al., 2018). 

Indeed, there is a R220Q PaPHBH structure with NADPH 

bound (Wang et al., 2002); however, this binding mode is 

likely to be non-productive as the pyridine group, the 

hydride donor, of NADPH points away from the 

isoalloxazine of the FAD. To that end, most of the models of 

NAD(P)H and PHBH complexes are generated through 

docking and computational studies as guided by various 

mutational analyses. Nonetheless, there is a growing line of 

evidence that the interdomain regions gating the cleft leading 
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to the active site, helix-B, helix-G, and β-strands 17 and 18 

(Figures 3B, S1A, S2B), are responsible for the pyridine 

nicotinamide cofactor selectivity (Eppink et al., 1998b; 

Wang et al., 2002). Of these three sites, the helix-B region, 

also referred to as H2-helix in other studies, has been 

implicated with the cofactor preference the most (Figure 3B, 

pink) from extensive mutational and phylogenetic analyses 

(Eppink et al., 1998a; Eppink et al., 1999; van Berkel et al., 

1988; Westphal et al., 2018). The helix-B region of PobA 

(ERQTAEYVLGR) matches the consensus sequence 

defined for the NADPH-specific PHBH; by contrast, the 

helix-B region of PraI (residue 32-42 in PraI, 

ENRTREEIEGT) matches that of the NADH-preferring 

PHBHs (Figure S4) (Westphal et al., 2018). The substitution 

of the last arginine of the helix-B for the NADPH-specific 

system (R42 in PfPHBH) resulted in variants with lower 

affinities towards NADPH thereby highlighting its 

importance in cofactor binding (Eppink et al., 1998a). This 

position is substituted to a threonine (T42) in PraI. 

Nevertheless, a structural superposition of this region reveals 

that the conserved arginine side chain (R34) is oriented 

similarly and thus could substitute for the missing arginine 

at the end of helix-B (Figure S4). Furthermore, prior work 

swapping the helix-B from the NADPH-specific to NADH-

utilizing sequences, was successful in flipping the pyridine 

nucleotide selectivity (Eppink et al., 1999); however, this 

change adversely affects the protein stability and lowered its 

activity significantly. Additionally, there exist other PHBHs 

with helix-B sequences that differ to the aforementioned 

motifs which suggests that while typical, they are not 

necessarily diagnostic for the cofactor preference (Westphal 

et al., 2018). Residue R164 in PraI is the most prominent 

residue within the helix-G region (residue 161-171 in PraI) 

(Figure 3B, teal). This position is substituted to a histidine 

in NADPH-specific PHBHs and was shown to be important 

for NADPH interaction by potentially binding to its 

pyrophosphate moiety (Figure S5) (Eppink et al., 1998b). 

Further, substitution of H162 to arginine in PfPHBH resulted 

in a variant with similar activity to its wild-type counterpart, 

while a less conservative substitution led to a weaker affinity 

towards NADPH (Eppink et al., 1998b). Unfortunately, the 

H162R variant of PfPHBH was not reported for its capacity 

to accept NADH as a cofactor. Considering the proximity 

and the orientation of the isoalloxazine moiety of the FAD 

to the β-strands 17 and 18 (residue 262 – 276 in PraI), the 

residue makeup of this region likely plays an important role 

for cofactor recognition and binding (Figure 3B, yellow). 

Adjacent to the β-strands 17 and 18 are the β-strands 12 and 

13 (residue 177 – 293 in PraI) and together they mark the C 

and N termini of domain II in PHBHs, respectively. Both the 

β-strands 12 and 13 as well as β-strands 17 and 18 are two 

separate strands in PraI and connected with a flexible loop. 

By contrast, each β-strand pairs are contiguous in other 

PHBH structures (Figure S6) (Gatti et al., 1996; Lazar et al., 

2019; Ortiz-Maldonado et al., 1999; Schreuder et al., 1989; 

Schreuder et al., 1988). Closer study of the residues between 

β-strands 17 and 18 in PraI reveals the presence of a 

conserved proline residue in non-PraI structures that 

introduce an added level of rigidity in this region. 

Conversely, the sequences for the β-strands 12 and 13 are 

conserved and the split might be a consequence of 

interactions with the β-strands 17 and 18. Notably, the 

arginine residue (R217 in PraI) adjacent to the β-strands 17 

and 18 connecting loop is conserved in all known PHBH 

structures and has also been implicated in binding 

pyrophosphate of the pyridine nucleotide (Eppink et al., 

1998b). Together, the higher flexibility afforded by the 

splitting of β-strands 12 and 13 and β-strands 17 and 18 in 

PraI may contribute towards its pyridine nicotinamide 

promiscuity. Overall, the PraI structure here is the first 

reported of an NADPH and NADH utilizing PHBH to our 

knowledge, and the differing cofactor specificity is 

attributable in part to the identity of the interdomain regions. 

3.5. PraI substitution reduces 4-HBA accumulation during 

pCA conversion to MA 

Previously, we engineered P. putida to convert pCA and FA 

to MA generating strain CJ475 (Figure 1, Table S1) 

(Salvachúa et al., 2018). However, CJ475 accumulated up to 

~10 mM 4-HBA at 12 hours of cultivation in shake flask 

experiments fed with 20 mM pCA and 10 mM glucose, with 

an additional 10 mM glucose added after 12, 24, and 48 

hours to support growth (Figure 4A). A previous attempt to 

address this bottleneck by integrating a second copy of pobA, 

driven by the strong, constitutive tac promoter (Ptac) 

(Bagdasarian et al., 1983), was not successful (Salvachúa et 

al., 2018), so we next explored whether expression of praI 

might improve 4-HBA conversion. To do this, praI was 

integrated into the genome in the same locus where the 

second copy of pobA had been in CJ475, namely 

downstream of the Ptac and upstream of a second copy of 

vanAB, which encodes the native vanillate O-demethylase 

that was overexpressed in CJ475 to overcome vanillate 

accumulation. The resulting strain (CJ680, Table S1) 

exhibited a 50% reduction in 4-HBA accumulation at 12 

hours of cultivation in shake flasks (Figure 4B), indicating 

that the introduction of praI led to a faster conversion of 4-

HBA and improved the rate of MA production. To ascertain 

the relative contributions of PobA and PraI, pobA was 

deleted from CJ680, generating strain CJ781. Fortunately, 

CJ781 showed a further reduction in 4-HBA accumulation 

(Figure 4C), indicating that expression of PraI alone 

enabled faster 4-HBA conversion to PCA. 

3.6. PraI substitution improves NADPH bioavailability for 

other cellular processes. 

We sought to further understand the underlying cause for 4-

HBA accumulation differences observed in CJ475, CJ680, 

and CJ781 in vivo. Considering PobA and PraI have different 

cofactor specificity (Table 1, Figure 2) – notably, that PobA 

requires NADPH whereas PraI accepts NADH and NADPH 

– we hypothesized that 4-HBA turnover in PobA-expressing 

strains may be limited by NADPH availability. To test this, 

we measured intracellular NADP+ to NADPH ratios 

(NADP+/NADPH) in CJ475, CJ680, and CJ781. 

NADP+/NADPH was measured at 12 hours of shake flask 

cultivation in M9 minimal medium supplemented with 10 

mM glucose and 20 mM pCA (Figure S7, Table S9-10). 

This timepoint was chosen as the strain was in an 

exponential growth phase and 4-HBA accumulation is 

maximal of the sampled timepoints (Figure S7, Table S9-

10). 
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Figure 4. Shake flask cultivations of P. putida engineered for pCA conversion to MA via the intermediate 4-HBA. (A) CJ475 

(expressing pobA only), (B) CJ680 (expressing pobA and praI), or (C) CJ781 (expressing praI only) cultivated in M9 minimal     

media containing 20 mM pCA and 10 mM glucose with an additional 10 mM glucose fed at 12, 24, and 48 h. Samples were taken 

periodically to measure growth and metabolite concentrations. The error bars represent standard deviation from three biological 

replicates. Full strain genotypes are provided in Table S1. Numerical data are provided in Table S8. 

 

Figure 5. Percentage of the NADP(H) pool represented 

by NADP+ and NADPH in P. putida strains CJ475, 

CJ680, and CJ781. Measurements were performed at 12 

hours of cultivation in M9 minimal medium supplemented 

with (A) 20 mM pCA and 10 mM glucose or (B) 10 mM 

glucose. NADP+ and NADPH are presented as a percentage 

of the total NADP(H) pool (see Materials and Methods). 

Error bars represent the standard deviation across biological 

triplicates each with technical duplicates. *p<0.05, paired 

one-tailed t-test. Full strain genotypes are provided in Table 

S1. Numerical data are provided in Table S9. 

In CJ475 and CJ680 cultivations, NADPH represented 9 ± 

2% and 17 ± 8% of the total NADP(H) pool (Figure 5A). 

Conversely, in CJ781 cultivations, NADPH represented 70 

± 30% of the total NAD(P)H pool, a significantly higher 

proportion relative to CJ680 (p < 0.05, paired one-tailed t-

test, Figure 5A). NADP+/NADPH ratios of 10 ± 3, 6 ± 5, 

and 0.5 ± 0.7 were observed for CJ475, CJ680, and CJ781, 

respectively.  The elevation in NADPH observed in CJ781 

is consistent with elevated NADPH production in P. putida 

strains grown in the presence of aromatic substrates  (Nikel 

et al., 2015; Nikel et al., 2016b). A higher NADP+/NADPH, 

indicative of lower NADPH availability, in CJ475 and 

CJ680 is consistent with the hypothesis that PobA-mediated 

4-HBA hydroxylation was limited by NADPH. However, 

NADPH is required by many other cellular processes in 

addition to PHBH activity, so we considered whether the 

genetic background of a given strain, as opposed to PobA 

activity alone, could underpin these results. In cultivations 

with only glucose, NADP+/NADPH was similar across all 

three strains (Figure 5B): NADPH (% of total) was 9 ± 4%, 

14 ± 1%, and 11 ± 3% in CJ475, CJ680, and CJ781, 

respectively. Moreover, 4-HBA bottlenecks observed in 

CJ475 and CJ680 are attributable to NADP+/NADPH 

imbalance, and thereby limited PHBH activity. Overall, the 

presence of PobA is detrimental as it competes for a futile 4-

HBA transformation in CJ680 due to NADPH limitation.  

3.7. PraI is highly overexpressed compared to PobA 

We considered whether simply low PraI expression could be 

the reason for a lower NADP+/NADPH ratio during pCA 

conversion to MA, as opposed to more balanced 

nicotinamide utilization during 4-HBA hydroxylation. PobA 

is expressed via native genetic elements in CJ475 and CJ680, 

whereas praI is expressed via the Ptac and a synthetic 

ribosome binding site (RBS) in CJ680 and CJ781. However, 

a prior study involving heterologous expression of praI in a 

non-native host observed poor translation rates stemming 

from the formation of hairpin loops near the RBS (Standaert 

et al., 2018). Thus, we sought to quantify intracellular PobA 

and PraI abundances in CJ475, CJ680, and CJ781. Each 

protein was quantified at 12 hours, the same time point that 

cofactor ratios were measured (Figure 5). Four and five 

unique labeled peptides were validated for quantitation of 

PobA and PraI, respectively (Figures S8 and S9, Table S11) 

and added to extracted protein samples at a known 

abundance to enable absolute quantitation (see Materials 

and Methods). 

As expected, PobA was expressed in CJ475 and CJ680 only 

when pCA was present (Figure S10). Interestingly, 6-fold 

more PraI than PobA was present in CJ680 cultivations in 
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pCA and glucose (0.6 ± 0.1 and 4 ± 0.7 M PobA and PraI, 

respectively). A similar level of PraI was detected in pCA-

containing cultivations of CJ781 (4.5 ± 0.5 M) compared 

to CJ680 (p = 0.28). This result confirms that overexpression 

of PraI in P. putida was achieved, and further suggests that 

the increased relative NADPH availability in CJ781 is due 

to the absence of PobA rather than low expression of praI. 

 

Figure 6. Intracellular PobA and PraI concentrations in 

P. putida strains CJ475, CJ680, and CJ781 after 12 hours 

of cultivation in M9 minimal medium supplemented with 

20 mM glucose and 20 mM pCA. Four and five unique, 

validated labeled peptides were used for PobA and PraI 

measurements, respectively (Figures S8 and S9). Error bars 

represent the standard deviation across biological triplicates. 

Full strain genotypes are provided in Table S1. Numerical 

data are provided in Table S11. 

3.8. Substitution of PobA with PraI significantly improves 

MA productivity 

Strain evaluation was next conducted in bioreactors to 

examine the effect of PraI expression on MA production in 

process relevant conditions, where differences in strain 

performance are often amplified. The bioreactor setup 

initially involves a batch phase in which the cells are grown 

on glucose and induced with pCA. The fed-batch phase 

initiation was coupled to the depletion of glucose at which 

point, this triggered the addition of a concentrated alkaline 

solution of pCA, glucose, and (NH4)2SO4 (pH 9). To 

determine the appropriate feeding rate, we considered our 

shake flask experiment above and our previous work with P. 

putida CJ242 (which is equivalent to CJ475 without an 

additional copy of vanAB) where an increased pCA feed 

rates led to an accumulation of 4-HBA in CJ475, which 

indicates a metabolic bottleneck (Salvachúa et al., 2018). 

Based on these observations, we selected initial feeding rates 

of 6 and 9 mmol of pCA per hour to monitor the bottleneck 

in the 4-HBA conversion (Salvachúa et al., 2018). 

With a feed of 6 mmol pCA per hour, CJ475 accumulated 4-

HBA whereas CJ680 and CJ781 did not, which enabled an 

increased MA titer of 43 g/L while maintaining a 0.95 – 0.96 

mol/mol yield for both strains (Figure 7A-C). To further 

enhance MA productivity, we increased feeding rates to 9 

mmol of pCA per hour. 4-HBA accumulated in CJ475 when 

the feeding started (Figure 7D), similar to our previous 

results with CJ242 (Salvachúa et al., 2018). Conversely, 4-

HBA did not accumulate in either CJ680 or CJ781 

cultivations (Figure 7E-F). Despite overcoming the 4-HBA 

bottleneck, the strain performance of CJ680 and CJ781 

exhibited notable differences. Specifically, while CJ680 

accumulated pCA early in the cultivation (~24 h) (Figure 

7E), CJ781 did not accumulate any pCA or any other 

catabolic intermediate, enabling a higher MA titer and 

productivity (Figure 7F) than both CJ680 at 9 mmol/h 

(Figure 7E) and CJ781 at 6 mmol/h (Figure 7C). Based on 

these results, we continued evaluating the effect of higher 

feeding rates (12 and 15 mmol pCA per hour) on MA 

production in CJ781 (Figure S11). pCA accumulated in the 

bioreactors as soon as the feeding initiated at both feeding 

rates which suggests the presence of an additional bottleneck 

likely related to pCA transport. Also, PCA – one of the most 

toxic aromatic catabolic intermediates in this pathway 

(Salvachúa et al., 2018) – accumulated up to 2.4 g/L which 

may represent an additional bottleneck upon the 

improvement of pCA transport.  

4. Discussion and Conclusions 

This study represents a continuation of previous metabolic 

engineering and bioprocess development studies focused on 

engineering P. putida toward industrially-relevant MA 

production from aromatic compounds (Johnson et al., 2016; 

Salvachúa et al., 2018; Sonoki et al., 2018; Vardon et al., 

2015). In particular, we have focused on the 

hydroxycinnamic acids, pCA and FA, as substrates, which 

can be derived in yields up to ~25 wt% of the total lignin 

from corn stover and some grasses (Karlen et al., 2020; Karp 

et al., 2014; Karp et al., 2016; Karp et al., 2015; Ralph, 

2010). The substrate of particular interest in this study, 4-

HBA, is also found ester-linked to lignin and hemicellulose 

in some hardwoods in relatively high abundances (del Río et 

al., 2020), and the corresponding methoxylated substrate, 

vanillate, is a common product liberated from oxidative 

cleavage of ether linkages (Das et al., 2018; Rahimi et al., 

2014; Schutyser et al., 2018). The work here overcomes a 

key bottleneck in the rate of 4-HBA conversion to the central 

intermediate, PCA, which can either be ring-opened directly 

(Fuchs et al., 2011), or as shown here, decarboxylated to 

catechol and ring-opened to MA. By addressing this 

bottleneck, we have improved the titer to 40 g/L MA at 

100% molar yield using pCA as feed. We anticipate that the 

replacement of pobA with praI will also confer rate 

enhancements in strains that produce compounds via ring-

opening with PCA or NADPH-intensive target products 

(Johnson et al., 2019; Notonier et al., 2021; Salvachua et al., 

2020a), which will be studied in later work. In addition, we 

also endeavor to progressively increase the complexity the 

feedstock input starting from a defined aromatic mixture to 

a direct aromatic liquor as extracted from biomass while still 

maintaining high titer and yield to further improve the 

economic viability of the system.
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Figure 7. Bioreactor cultivations with CJ475, CJ680, and CJ781. pCA was fed at two different initial feeding rates in the fed-

batch phase: (A-C) at 6 mmol/h and (D-F) at 9 mmol/h. Bacterial growth (OD600), metabolite profiles, and MA titers (T), yields 

(Y), and productivities (P) are shown for each case. The asterisks indicate the time point at which T, Y, and P were calculated 

(either before pCA accumulated in the bioreactors or when the feeding was depleted). Profiles shown are the average of biological 

duplicates (excluding D, which is a single cultivation). Error bars show the absolute difference between the biological duplicates. 

Numerical data are provided in Table S12. 

Additional metabolic engineering will be necessary to 

further improve MA productivity and titer. pCA 

accumulation in CJ781 bioreactors indicates a new 

bottleneck, potentially in pCA uptake. pCA and FA import 

is mediated in part by the aromatic acid/H+ symporter HcnK 

(Wada et al., 2021). Furthermore, the hypothetical protein 

encoded by PP_3350 is implicated in pCA tolerance and 

resembles an outer membrane porin (Mohamed et al., 2020). 

Thus, modulation of hcnK and/or PP_3350 expression may 

serve as a viable strategy to increase pCA uptake. PCA 

accumulation, as observed in CJ781 bioreactor cultivations 

with ≥12 mmol pCA/h feeds, indicates another metabolic 

bottleneck. To overcome this, the heterologous PCA 

decarboxylation activity mediated by AroY, EcdD, and 

EcdB could be optimized by a variety of means. Notably, 

AroY requires a prFMN cofactor; engineering or laboratory 

evolution to optimize prFMN levels is a potentially 

promising strategy to improve heterologous AroY activity 

(Wang et al., 2018). Other strain optimization could also 

include means to improve the overall reduced cofactor pool, 

for example, by upregulating cytosolic or membrane-bound 

transhydrogenases that interconvert NADH and NADPH, 

which would be especially relevant for reactions with 

restrictive cofactor specificities (Spaans et al., 2015). 

Finally, MA titers may be limited by P. putida tolerance to 

MA. In this case, tolerance adaptive laboratory evolution 

(TALE) experiments, as done for pCA and FA tolerance 

(Mohamed et al., 2020), could reveal genetic engineering 

strategies to increase MA tolerance.  

Aside from optimizing the cofactor levels for bioprocess 

optimization in this study, the cofactor preference in PHBH 

has garnered interest from the biochemical perspective as the 

enzyme lacks the canonical pyridine dinucleotide binding 

domain, unlike other NADPH-utilizing oxidoreductases 

(Mascotti et al., 2016; Sellés Vidal et al., 2018; van Berkel 

et al., 2006; Westphal et al., 2018). Interestingly, the primary 

sequence clustering of microbial PHBH has been shown to 

be largely driven by the cofactor preference rather than 

phylogeny and has been linked with the life cycle of the 

microbe with NADPH-specific PHBH associated more 

closely to the faster growing strains (Westphal et al., 2018). 

Furthermore, the NADPH-specific PHBH evolved later 

suggesting some form of specialization for the cofactor 

usage and that PHBH with a strict preference to NADH has 

not been reported to date to our knowledge (Westphal et al., 

2018). Additional crystal structures of NADH-utilizing 

PHBH are necessary to ascertain the specifics in PraI 

structures. Specifically, whether the arginine in helix-G and 

the flexible β-strands 17 and 18 are sufficient in broadening 

the cofactor specificity. Nevertheless, the exact structural 
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description of a NAD(P)H-PHBH complex, perhaps through 

protein NMR, would be necessary to get a fuller picture of 

this interaction. Overall, the biochemical and structural 

characterization of PraI presented in this study provides an 

incremental step towards improving our collective 

understanding of how the pyridine nicotinamide specificity 

occurs in PHBH and the contribution of the interdomain 

regions remains to be explored. 
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