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A B S T R A C T   

Pseudomonas putida KT2440 (hereafter KT2440) is a well-studied platform bacterium for the production of 
industrially valuable chemicals from heterogeneous mixtures of aromatic compounds obtained from lignin 
depolymerization. KT2440 can grow on lignin-related monomers, such as ferulate (FA), 4-coumarate (4CA), 
vanillate (VA), 4-hydroxybenzoate (4HBA), and protocatechuate (PCA). Genes associated with their catabolism 
are known, but knowledge about the uptake systems remains limited. In this work, we studied the KT2440 
transporters of lignin-related monomers and their substrate selectivity. Based on the inhibition by protonophores, 
we focused on five genes encoding aromatic acid/H+ symporter family transporters categorized into major 
facilitator superfamily that uses the proton motive force. The mutants of PP_1376 (pcaK) and PP_3349 (hcnK) 
exhibited significantly reduced growth on PCA/4HBA and FA/4CA, respectively, while no change was observed 
on VA for any of the five gene mutants. At pH 9.0, the conversion of these compounds by hcnK mutant (FA/4CA) 
and vanK mutant (VA) was dramatically reduced, revealing that these transporters are crucial for the uptake of 
the anionic substrates at high pH. Uptake assays using 14C-labeled substrates in Escherichia coli and biosensor- 
based assays confirmed that PcaK, HcnK, and VanK have ability to take up PCA, FA/4CA, and VA/PCA, 
respectively. Additionally, analyses of the predicted protein structures suggest that the size and hydropathic 
properties of the substrate-binding sites of these transporters determine their substrate preferences. Overall, this 
study reveals that at physiological pH, PcaK and HcnK have a major role in the uptake of PCA/4HBA and FA/ 
4CA, respectively, and VanK is a VA/PCA transporter. This information can contribute to the engineering of 
strains for the efficient conversion of lignin-related monomers to value-added chemicals.   

1. Introduction 

Lignin is a major component of the plant cell wall and the largest 
source of renewable aromatic compounds in nature. Although lignin is 
still underutilized industrially, there is a strong drive for the use of lignin 
as a renewable resource (Ragauskas et al., 2014). In recent years, the 
production of useful chemicals, such as cis,cis-muconate, 2-pyrone-4, 
6-decarboxylate, and polyhydroxyalkanoates from lignin has been re
ported as a “biological funneling” process, which combines 
chemo-catalytic depolymerization of lignin with the bacterial metabolic 
ability to catabolize heterogeneous lignin-related aromatic compounds 
(Becker and Wittmann, 2019; Beckham et al., 2016; Johnson et al., 

2019; Linger et al., 2014; Suzuki et al., 2020). 
Pseudomonas putida KT2440 (hereafter KT2440) is a widely utilized 

microbial chassis for biological funneling due to its metabolic ability for 
a wide range of substrates, high growth rate, and high environmental 
stress resistance (Loeschcke and Thies, 2015; Nikel et al., 2016; Poble
te-Castro et al., 2012; Weimer et al., 2020). KT2440 is well characterized 
and has a metabolic system for some of the primary lignin-related 
monomers, such as ferulate (FA), 4-coumarate (4CA, also referred to 
as p-coumarate), vanillate (VA), 4-hydroxybenzoate (4HBA), and pro
tocatechuate (PCA) (Jiménez et al., 2002). Therefore, KT2440 has been 
used as a platform microorganism for bioproduction of industrially 
useful substances from lignin-related monomers (Johnson et al., 2019; 
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Salvachúa et al., 2018, 2020; Sonoki et al., 2017). To date, a great deal of 
knowledge has been accumulated regarding the genes, enzymes, and the 
regulation of catabolic pathways involved in the bacterial degradation 
of FA, 4CA, VA, 4HBA, and PCA (Bugg et al., 2011; Jiménez et al., 2002; 
Johnson et al., 2017; Kamimura et al., 2017; Masai et al., 2007; Ravi 
et al., 2017). However, knowledge regarding the uptake of lignin-related 
monomers into cells is considerably limited. Elucidation of aromatic 
uptake system will contribute to engineering strains capable of effi
ciently converting lignin-related monomers into value-added chemicals. 

Phenolic carboxylic acids, such as lignin-related monomers, have 
been predicted with molecular dynamics simulations to minimally 
passively diffuse across cell membranes at physiological pH due to 
ionization of the carboxyl group (Vermaas et al., 2019). Therefore, it is 
considered likely that bacteria utilize active transporters to efficiently 
take up FA, 4CA, VA, 4HBA, and PCA. To date, transporters involved in, 
or presumed to be involved in, the inner membrane transport of 
lignin-related monomers in bacteria were found to belong to several 
classes, including: major facilitator superfamily (MFS) transporter 
(Chaudhry et al., 2007; D’Arrigo et al., 2019; D’Argenio et al., 1999; 
Harwood et al., 1994; Hopf et al., 2019; Kallscheuer et al., 2016; 
Kamimura et al., 2010; Mori et al., 2018a; Nichols and Harwood, 1997; 
Nogales et al., 2011; Otani et al., 2014; Pernstich et al., 2014), 
ATP-binding cassette (ABC) transporter (Chen et al., 2017; MacLean 
et al., 2011; Michalska et al., 2012; Salmon et al., 2013), tripartite 
ATP-independent periplasmic transporter (TRAP-T) (Frank et al., 2018; 
Salmon et al., 2013), and divalent anion/Na+ symporter (DASS) 
(Reveron et al., 2017). Porins and channels are involved in the transport 
of lignin-related monomers across the outer membrane, like the 
substrate-specific channel OpdK in Pseudomonas aeruginosa (Biswas 
et al., 2008). Further, the putative porin PP_3350 was recently shown to 
be an important genetic target for increasing strain tolerance towards 
high concentrations of 4CA in KT2440 (Mohamed et al., 2020). Addi
tionally, it was recently reported that an active transport system medi
ated by a TonB-dependent receptor utilizing the proton motive force is 
involved in the outer membrane transport of a biphenyl-type lignin-re
lated aromatic compound in Sphingobium sp. SYK-6 (Fujita et al., 2019). 

The MFS transporters [2.A.1. in the Transporter Classification 
Database (Saier et al., 2016)] (Pao et al., 1998; Reddy et al., 2012) 
involved in the uptake of lignin-related monomers reported so far are 
categorized into the aromatic acid/H+ symporter (AAHS) family (2. 
A.1.15) and metabolite/H+ symporter (MHS) family (2.A.1.6). Pio
neering work studying the AAHS family transporter PcaK from P. putida 
PRS2000 using radio-labeled substrates revealed that PcaK uptakes PCA 
and 4HBA coupled with proton uptake (Harwood et al., 1994; Nichols 
and Harwood, 1997). Disruption of pcaK in PRS2000 significantly 
affected the growth of this strain on PCA and 4HBA, thus indicating that 
PcaK is the primary transporter of these substrates. PcaK of Acinetobacter 
baylyi ADP1 was shown to transport VA with PCA and 4HBA by recon
stitution of PcaK in proteoliposome (Pernstich et al., 2014). D’Argenio 
et al. reported that disruption of both pcaK and another AAHS family 
transporter gene named vanK in ADP1 affected the growth on PCA but 
not on VA (D’Argenio et al., 1999). In Gram-positive bacteria, PcaK and 
VanK of Corynebacterium glutamicum ATCC 13032 have been shown to 
be involved in the PCA and VA uptake, respectively, due to reduced 
growth of pcaK and vanK mutants on PCA and VA and their decreased 
conversion of PCA and VA (Chaudhry et al., 2007). However, there is a 
controversial result showing that vanK disruption did not affect the 
growth of ATCC 13032 on VA (Merkens et al., 2005). Thus, the 
involvement of the genes dubbed vanK is not yet apparent. In KT2440, 
vanK (PP_3740) is suggested to be involved in the uptake of FA based on 
the observation that the expression of vanK increased ca. 271-fold when 
cultured with FA, and the growth of a vanK mutant on FA was signifi
cantly reduced (D’Arrigo et al., 2019). On the other hand, there are three 
examples suggesting the involvement of MHS family transporters in the 
uptake of lignin-related aromatic compounds (D’Arrigo et al., 2019; 
Kallscheuer et al., 2016; Otani et al., 2014). 

In this study, we investigated the role of five AAHS family trans
porter genes present in the KT2440 genome (PP_1376, PP_3165, 
PP_3349, PP_3658, and PP_3740) in the uptake system of the lignin- 
related monomers. We identified several genes/proteins involved in 
the uptake of FA/4CA and VA in addition to PCA/4HBA. Moreover, the 
identified transporter genes were expressed in Escherichia coli, and the 
biochemical properties were characterized. 

2. Materials and methods 

2.1. Bacterial strains, plasmids, culture conditions, and chemicals 

The strains and plasmids used in this study are listed in Supplemental 
Table S1, and the PCR primers are listed in Supplemental Table S2. 
KT2440 and derived mutants (see §2.4) were grown at 30 ◦C with 
shaking (160 rpm) in lysogeny broth (LB) or Wx minimal medium (Araki 
et al., 2020) containing succinate or lignin-related monomers in the 
concentration specified for each individual experiment. E. coli NEB 
10-beta was grown in LB at 37 ◦C. The media for E. coli transformants 
carrying antibiotic resistance markers were supplemented with 100 
mg-ampicillin/L, 25 mg-kanamycin (Km)/L, 12.5 mg-gentamycin 
(Gm)/L, or 50 mg-spectinomycin (Sp)/L. When necessary, the media for 
KT2440 and derived mutants were supplemented with 50 mg-Km/L or 
12.5 mg-Gm/L. Lignin-related monomers, PCA, 4HBA, VA, FA, and 4CA, 
were purchased from Tokyo Chemical Ind., Co., Ltd. The radiolabeled 
compounds [carboxy-14C]PCA (55 mCi mmol− 1), [carboxy-14C]VA (55 
mCi mmol− 1), and [carboxy-14C]4CA (55 mCi mmol− 1) were purchased 
from American Radiolabeled Chemicals, Inc. (MO, USA). 

2.2. Sequence analysis and construction of a phylogenetic tree 

Sequence analysis was performed using the MacVector program 
(MacVector, Inc., NC, USA). Sequence similarity searches were per
formed using the BLASTP program at the NCBI server and PSI-BLAST at 
the Transporter Classification Database (Saier et al., 2016). Pairwise and 
multiple alignments were conducted using the EMBOSS-Needle program 
(Madeira et al., 2019) and the Clustal Omega program (Madeira et al., 
2019), respectively. For phylogenetic analysis, multiple alignments 
were performed by the Clustal Omega program, and then a phylogenetic 
tree was generated using the FigTree program (http://tree.bio.ed.ac. 
uk/software/figtree). 

2.3. Resting cell assay 

The cells of KT2440 and derived mutants were cultured in LB, har
vested by centrifugation at 14,100×g at 4 ◦C for 1 min, washed twice 
with 3 mL of Wx medium without the metal solution (solution II) (Araki 
et al., 2020), and resuspended in the same medium. The cells were then 
inoculated in Wx medium containing 5 mM succinate with 5 mM PCA, 
4HBA, VA, FA, or 4CA to an OD600 of 0.4, and incubated for 4 h. For the 
complementation analysis of KT2440 ΔvanK (ΔvanK), cells of ΔvanK 
harboring pSEVA224 or pSEVAVanK and cells of KT2440 harboring 
pSEVA224 were grown in Wx medium containing 1 mM iso
propyl-β-D-thiogalactopyranoside (IPTG), 5 mM succinate, and 5 mM 
VA for 8 h. After culture, cells were harvested by centrifugation at 14, 
100×g at 4 ◦C for 1 min, washed twice with 50 mM Tris-HCl buffer (pH 
7.5), and resuspended in the same buffer. The resultant resting cells 
were incubated with 1 mM PCA, 0.5 mM 4HBA, 0.5 mM VA, and 0.5 mM 
FA, and 0.5 mM 4CA at OD600 of 0.2, 0.2, 0.5, 0.5, and 0.5, respectively, 
and the mixtures were incubated at 30 ◦C with shaking at 1500 rpm in a 
shaker (Bioshaker M-BR-022UP, TAITEC, Saitama, Japan). For the in
hibition experiments, resting cells were preincubated with carbonyl 
cyanide m-chlorophenylhydrazone (CCCP, 100 μM or 200 μM) or N, 
N′-dicyclohexylcarbodiimide (DCCD, 100 μM) at 30 ◦C for 5 min prior to 
adding the substrate. Since ethanol was used as a solvent for both in
hibitors, ethanol was added to the control assay mixtures without 
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inhibitor (final concentration of 1% [v/v]). For investigation under 
alkaline pH conditions, 50 mM Tris-HCl buffer (pH 9.0) was used to 
wash the cultured cells and incubate them with the substrates. A portion 
of samples was collected periodically, and the reactions were stopped by 
centrifugation at 18,800×g at 4 ◦C for 15 min. The supernatants were 
diluted 10-fold in water, filtered, and analyzed by high-performance 
liquid chromatography (HPLC; Acquity UPLC system; Waters Corpora
tion, MA, USA) using a TSKgel ODS-140HTP column (2.1 mm by 100 
mm; Tosoh Corporation, Tokyo, Japan). All analyses were conducted at 
a flow rate of 0.5 mL/min, and the mobile phase was a mixture of 90% 
water and 10% acetonitrile containing 0.1% formic acid. The wave
length for detection and retention times of PCA, 4HBA, VA, FA, and 4CA 
were 259.6, 255.4, 260.3, 322.5, and 309.6 nm and 0.9, 1.3, 1.6, 3.7, 
and 2.9 min, respectively. 

2.4. Construction of KT2440 mutants and E. coli expressing AAHS family 
transporter genes 

The markerless deletion mutants were constructed using the pEMG/ 
pSW-2 system (Martinez-Garcia and de Lorenzo, 2011). The upstream 
and downstream regions of each gene (regions flanking the gene plus 
part of the gene) were amplified by PCR with the total DNA of KT2440 
and primer pairs listed in Supplemental Table S2. The resulting frag
ments were combined and cloned into pEMG using an NEBuilder HiFi 
DNA Assembly Cloning Kit (New England Biolabs, MA, USA). Plasmids 
obtained in E. coli were independently introduced into KT2440 cells by 
electroporation (pulse conditions: 200 Ω, 2.5 kV, 25 μF). The selection of 
mutant strains using an I-SceI endonuclease producing plasmid, pSW-2, 
and curing of pSW-2 were followed by the method described previously 
(Martinez-Garcia and de Lorenzo, 2011). Disruptions of each gene were 
examined by colony PCR using the primer pair shown in Supplemental 
Table S2, respectively. 

The regions containing pcaK, vanK, or hcnK were amplified by PCR 
and then cloned into the BamHI site of pET-16b using an NEBuilder HiFi 
DNA Assembly Cloning Kit to generate pETPcaK, pETVanK, and 
pETHcnK, respectively (Supplemental Table S1). Nucleotide sequences 
of amplified regions of each plasmid were confirmed by Eurofins Ge
nomics. E. coli C43 (DE3) cells were transformed by the resulting 
plasmids. 

2.5. Growth measurement 

The cells of KT2440, derived mutants, and complemented strains 
were grown in LB for 24 h, harvested by centrifugation at 14,100×g at 
4 ◦C for 1 min, washed twice with Wx medium without the metal so
lution, and resuspended in 1 mL of Wx medium. The cells were then 
inoculated in Wx medium containing 2, 5, and 20 mM PCA, 4HBA, VA, 
FA, or 4CA to an OD600 of 0.2. A portion of samples was collected 
periodically, and cell growth was monitored using a Gene Quant 100 
Spectrophotometer (GE Healthcare, Buckinghamshire, UK). For the 
complementation analysis, cells of KT2440 ΔpcaK (ΔpcaK) harboring 
pSEVAPcaK, ΔpcaK harboring pSEVA224, KT2440 ΔhcnK (ΔhcnK) 
harboring pSEVAHcnK, ΔhcnK harboring pSEVA224, and KT2440 
harboring pSEVA224 were grown in Wx medium containing 1 mM IPTG 
in addition to 5 mM PCA, VA, or FA. 

2.6. Uptake assay using radiolabeled substrates 

E. coli C43 (DE3) cells harboring pETPcaK, pETVanK, or pETHcnK 
were grown in LB at 30 ◦C, and gene expression was induced by addition 
of 1 mM IPTG at OD600 reached 0.5. After 4 h incubation, cells were 
washed twice with 50 mM Tris-HCl buffer (pH 7.5) and resuspended in 
the same buffer. Cell suspensions (OD600 = 2.4) were incubated with 12 
mM glucose (total volume, 125 μL) at 30 ◦C for energy generation before 
mixing with substrates. After 5 min of incubation, uptake was initiated 
by the addition of 20 μM [14C]PCA, 20 μM [14C]VA, and 10 μM [14C]4CA 

(25 μL) to an OD600 of 2.0 in a total volume of 150 μL. A portion of 
samples was collected from the reaction mixture at 15, 30, 45, and 60 s 
(the 15 s intervals were required for correct data acquisition), and 
immediately vacuum filtrated through nitrocellulose membranes (0.45 
μm pore size; Advantec Co., Ltd., Tokyo, Japan). After the filters were 
washed twice with 3 mL of 50 mM Tris-HCl buffer (pH 7.5), the cell- 
adhered filters were dissolved in scintillation cocktail and accumu
lated radiolabeled substrates inside the cells were measured by liquid 
scintillation counting (AccuFLEX LSC-7400; Hitachi Aloca Medical, Ltd., 
Tokyo, Japan). Uptake rates were calculated from radioactivity from 
[14C]PCA, [14C]VA, or [14C]4CA incorporated into cells 15 s after the 
initiation of reaction. The uptake activity was expressed as nanomoles of 
substrate per min per milligram of protein. To determine the amount of 
total protein contained in the cells used for the uptake assay, the protein 
concentration was determined using a DC protein assay kit (Bio-Rad 
Laboratories, Inc., CA, USA). For the inhibition experiments, cells were 
preincubated with 100 μM CCCP or 1% (v/v) ethanol in addition to 12 
mM glucose. To determine the effects of lignin-related aromatic acids on 
PCA, VA, and 4CA uptake, cells were preincubated with 200 or 400 μM 
PCA, 4HBA, VA, syringate, benzoate, 3-hydroxybenzoate, gallate, FA, or 
4CA in addition to 12 mM glucose. For determination of kinetic pa
rameters, uptake rates were determined using 1, 2, 5, 10, 20, and 50 μM 
[14C]PCA, [14C]VA, and [14C]4CA, and fitted to the Michaelis-Menten 
equation using GraphPad Prism software (version 8.0; GraphPad Soft
ware, Inc., La Jolla, CA, USA). For the measurement of kinetic param
eters, uptake activities were calculated by subtracting the uptake 
activity of E. coli C43 (DE3) cells harboring pET-16b from that of E. coli 
C43 (DE3) cells harboring pETPcaK, pETVanK, or pETHcnK. 

2.7. Uptake assay using a bacterial sensor for FA and 4CA 

The uptake of FA and 4CA was examined using pSEVA421-B11 (RK2 
ori) containing a padC promoter region-YFP gene cassette and padR, 
encoding repressor of the padC promoter (Siedler et al., 2017). The 
fragment containing lacIq-Ptrc-hcnK of pSEVAHcnK (RK2 ori) was intro
duced into pSEVA231 (pBBR1 ori) to generate pSEVAHcnK2. Cells of 
E. coli XL2-Blue harboring pSEVA421-B11 and pSEVA231 or pSE
VAHcnK2 were grown in LB at 30 ◦C, and expression of hcnK was 
induced by the addition of 1 mM IPTG when OD600 reached 0.5. After 4 
h incubation, cells were washed twice with Wx medium without the 
metal solution and resuspended in the same medium. The resulting cells 
were inoculated into a 96-well microtiter plate filled with 200 μl of Wx 
medium containing 20 μM FA or 4CA in addition to 1 mM IPTG and 5 
mM glucose to an OD600 of 0.2 and grown with shaking (1000 rpm) at 
30 ◦C in a plate shaker (Bioshaker M-BR-022UP, TAITEC). After 18 h, 
fluorescence (excitation, 485 nm; emission, 528 nm) and OD600 were 
measured using a Synergy LX microplate reader (BioTek, VT, USA). The 
uptake activities were calculated as fluorescence intensity per OD600 of 
the cells. 

2.8. Protein structure analysis 

Close homologs with solved structures are not available to enable 
homology modeling of the putative MFS transporters studied here. 
Therefore, de novo modeling of PcaK, HcnK, VanK, and PP_3658 was 
performed guided by predicted evolutionary couplings between sites 
using the EVcoupling framework (Hopf et al., 2019), which has shown 
good results in comparative studies of modeling techniques for mem
brane proteins (Hopf et al., 2012; Koehler Leman et al., 2015). Predicted 
intrinsically disordered termini were not included. The local quality of 
the models was estimated using the combined statistical potentials of 
QMEANBrane (Studer et al., 2014). Transmembrane regions, which are 
the main focus of this study, exhibited good quality estimates for the 
three models. ClustalW (Larkin et al., 2007) was used for primary 
sequence alignment. Visual analysis and the design of figures were 
performed using VMD 1.93 (Humphrey et al., 1996). 
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2.9. Statistical analysis 

Statistical tests were performed using GraphPad Prism 8 (GraphPad 
software). One-way ANOVA with Dunnett’s test and Student’s t-test 
were used for multiple and pairwise comparisons, respectively. P < 0.05 
was considered statistically significant. 

3. Results 

3.1. Determination of energy requirements for lignin-related monomer 
uptake 

To gain insight into the energy required for the uptake of lignin- 
related monomers that exhibit a carboxylate group, including PCA, 
4HBA, VA, FA, and 4CA, we examined the capability of P. putida 
KT2440 cells to convert these substrates in the presence of the proto
nophore CCCP or the inhibitor of ATP synthase DCCD. KT2440 cells 
grown in Wx medium containing 5 mM succinate with 5 mM PCA, 
4HBA, VA, FA, or 4CA were incubated with corresponding substrates 
(0.5 or 1.0 mM) in the presence and absence of CCCP (100 or 200 μM) or 
DCCD (100 μM), and substrate conversions were monitored (Fig. 1 and 
Supplemental Table S3). While almost no inhibition was observed in the 
presence of DCCD, conversion rates were significantly (P < 0.05, one- 
way ANOVA with Dunnett’s multiple comparisons post-test) reduced 
in the presence of CCCP. These results suggest that transporters, which 
require the proton motive force, are involved in the uptake of these 
monomers. 

3.2. Characterization of disruption mutants of aromatic acid/H+

symporter (AAHS) family transporter genes 

In the P. putida KT2440 genome, we identified 70 genes encoding 
putative MFS transporters, which require the proton motive force. 
Phylogenetic analysis revealed that these MFS transporters include five 
AAHS family transporter genes and 14 metabolite/H+ symporter (MHS) 
family transporter genes (Supplemental Fig. S1). Based on the fact that 
many reports demonstrated the involvement of AAHS family trans
porters in the uptake of aromatic acids (Chaudhry et al., 2007; Collier 
et al., 1997; D’Arrigo et al., 2019; Mori et al., 2018a; Nichols and Har
wood, 1997; Nogales et al., 2011; Pernstich et al., 2014; Xu et al., 2013; 
Xu et al., 2012), we focused here on the AAHS family transporter genes 
(PP_1376, PP_3165, PP_3349, PP_3658, and PP_3740). PP_1376 (anno
tated as pcaK), which shows 97.5% amino acid sequence identity with 
PCA/4HBA transporter PcaK of P. putida PRS 2000, is located in the pca 
gene cluster. PP_1376 (pcaK) has recently been predicted to transport 
PCA but not 4HBA based on the analysis of randomly barcoded trans
poson mutants (Incha et al., 2020). PP_3165 (annotated as benK) located 
in the benzoate catabolic gene cluster shows 45.1% amino acid sequence 
identity with benzoate transporter (BenK) of A. baylyi ADP1. PP_3165 
(benK) conferred the ability of yeast cells to uptake benzoate (Nishikawa 
et al., 2008). PP_3349 (annotated as mhpT) located approximately 7.4-kb 
downstream of the FA catabolic genes shows 54.9% amino acid 
sequence identity with 3-(3-hydroxyphenyl)propionate transporter 
MhpT of E. coli K-12 (Xu et al., 2013). PP_3658 is located just upstream 
of the p-nitrobenzoate reductase gene (nfnB) and shows 37.1% amino 
acid sequence identity with BenK of A. baylyi ADP1. PP_3740 (annotated 
as vanK) is localized near the vanillate O-demethylase genes (vanAB) 

Fig. 1. Conversion of lignin-related monomers by 
KT2440 in the presence of CCCP or DCCD. KT2440 
cells were grown in Wx medium containing 5 mM 
succinate with 5 mM PCA, 4HBA, VA, FA, or 4CA. The 
resulting cells were preincubated for 5 min with 100 
μM CCCP (green circles), 200 μM CCCP (green tri
angles), 100 μM DCCD (blue circles), or 1% ethanol 
([v/v], a solvent used to prepare inhibitor solutions; 
white circles), and then the cells were incubated with 
the same substrate used during cultivation; 1 mM 
PCA (A; OD600 = 0.2), 0.5 mM 4HBA (B; OD600 =

0.2), 0.5 mM VA (C; OD600 = 0.5), 0.5 mM FA (D; 
OD600 = 0.5), and 0.5 mM 4CA (E; OD600 = 0.5). 
Portions of the reaction mixtures were collected, and 
the amounts of substrates was measured by HPLC. 
Each value is the average ± the standard deviation of 
three independent experiments. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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and shows 53.8% amino acid sequence identity with PCA/4HBA trans
porter (VanK) of A. baylyi ADP1. PP_3740 (vanK) is predicted to be 
involved in the uptake of FA due to the retarded growth of a vanK 
mutant on FA (D’Arrigo et al., 2019). 

To examine the involvement of the five AAHS family transporter 
genes in the uptake of the lignin-related monomers, we knocked out 
each gene from the P. putida genome individually, generating strains 
ΔpcaK, ΔbenK, ΔmhpT, ΔPP_3658, and ΔvanK (Supplemental 
Fig. S2A− E). The capacities of these mutant cells to grow on the lignin- 
related monomers were examined by incubating the mutant cells in Wx 
minimal medium (pH 7.1) containing 5 mM PCA, 4HBA, VA, FA, or 4CA 
as a sole carbon and energy source (Fig. 2). Among the mutants, ΔpcaK 
cells almost lost the capacity to grow on PCA and exhibited a consid
erably retarded growth on 4HBA (Fig. 2A and B; Supplemental 
Table S4). Moreover, ΔmhpT cells showed significant and moderate 
growth retardations on FA and 4CA, respectively (Fig. 2D and E; Sup
plemental Table S4). The introduction of a pcaK- and an mhpT-carrying 
plasmid into cells of ΔpcaK and ΔmhpT, respectively, restored the 
growth of these cells on PCA/4HBA and FA (Supplemental Fig. S3). 
These results indicate that the growth reductions observed in ΔpcaK on 
PCA/4HBA and ΔmhpT on FA/4CA were caused by disruption of pcaK 
and mhpT, respectively. Based on the predicted function of PP_3349 
(mhpT), we reannotated PP_3349 from mhpT (m-hydrox
yphenylpropionate transporter gene) to hcnK (p-hydroxycinnamate 
transporter gene). In contrast, the disruption of these genes did not 

significantly affect the growth of KT2440 cells on VA (Fig. 2C and 
Supplemental Table S4). 

The mutant cells of the five AAHS family transporter genes grown in 
Wx minimal medium containing 5 mM succinate with 5 mM PCA, 4HBA, 
VA, FA, or 4CA were incubated with each lignin-related monomer (0.5 
or 1.0 mM) in 50 mM Tris-HCl buffer (pH 7.5), and conversions of 
substrates were monitored (Fig. 3). The amounts of PCA and 4HBA 
converted by ΔpcaK cells decreased to ca. 15% and 5% of the quantities 
transformed by wild-type cells at 30 min, the time in which conversions 
by wild-type and mutant cells proceed in an almost linear fashion 
(Fig. 3A and B; Supplemental Table S5). The amounts of FA and 4CA 
converted by ΔhcnK cells reduced to ca. 39% and 24% of those trans
formed by wild-type KT2440 at 2 and 3 h, respectively (Fig. 3D and E; 
Supplemental Table S5). These results are in agreement with the 
reduced growth of ΔpcaK and ΔhcnK cells, suggesting that pcaK and 
hcnK are involved in the uptake of PCA/4HBA and FA/4CA, respec
tively. ΔvanK showed slightly decreased conversions of VA, FA, and 4CA 
(ca. 77% at 1 h, 73% at 2 h, and 88% at 3 h of wild-type conversion, 
respectively; Fig. 3C− E; Supplemental Table S5). The introduction of a 
vanK-carrying plasmid (pSEVAVanK) into ΔvanK cells increased the 
conversion rate of VA (Supplemental Fig. S4), suggesting that a decrease 
in VA conversion was caused by vanK disruption. 

Since ΔpcaK and ΔvanK cells showed slight decreases in the con
version of VA and FA, respectively (Fig. 3C and D; Supplemental 
Table S5), we created ΔvanK pcaK and ΔhcnK vanK (Supplemental 

Fig. 2. Growth of mutants of putative AAHS family transporter genes on lignin-related monomers. Cells of wild-type KT2440, ΔpcaK, ΔbenK, ΔmhpT (ΔhcnK), 
ΔPP_3658, and ΔvanK were cultured in Wx medium containing 5 mM PCA (A), 4HBA (B), VA (C), FA (D), and 4CA (E). Cell growth was monitored by measuring the 
OD600. Each value is the average ± the standard deviation of three independent experiments. 
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Fig. S2F and G) and examined the substrate conversion capacity of these 
cells grown with VA or FA to convert the substrates, respectively. The 
amount of VA converted by ΔvanK pcaK cells was reduced as compared 
to ΔvanK cells (ca. 59% of the amount transformed by wild-type cells at 
1 h, Supplemental Fig. S5A). The amount of FA converted by ΔhcnK 
vanK cells also further decreased (ca. 21% of the amount transformed by 
wild-type cells at 2 h, Supplemental Fig. S5B). These results suggest that 
pcaK and vanK partially participate in the uptake of VA and FA, 
respectively. 

3.3. Growth of ΔpcaK, ΔvanK, and ΔhcnK on different concentrations of 
lignin-related monomers 

Although the capability of ΔpcaK and ΔhcnK cells to convert 0.5 mM 
4HBA and 4CA, respectively, was significantly reduced (Fig. 3 and 
Supplemental Table S5), the decrease in their growth on 5 mM of the 
corresponding substrates was less significant (Fig. 2). These results may 
imply that the use of higher concentrations of substrate for growth 
measurements resulted in the uptake by other transporters that show 
low affinity toward the substrates. Therefore, we evaluated the growth 
of ΔpcaK, ΔvanK, and ΔhcnK in Wx medium (pH 7.1) containing 2, 5, 
and 20 mM lignin-related monomers as a carbon and energy source 
(Fig. 4). As for the growth of ΔpcaK on PCA, loss of growth was observed 
at all concentrations (Fig. 4A). At 2 mM and 5 mM 4HBA, ΔpcaK cells 
showed an extended lag phase and slow growth rate compared to the 
wild-type cells; however, the growth at 20 mM was almost the same as 
that of the wild-type cells (Fig. 4B). In contrast, the growth of ΔvanK 
cells on VA showed almost no difference from the wild-type cells at all 
concentrations (Fig. 4C). The growth of ΔhcnK cells on FA was signifi
cantly reduced at 2 and 5 mM, but there was little difference at 20 mM 

from the wild-type growth (Fig. 4D). The growth of ΔhcnK cells on 4CA 
was considerably reduced at 2 mM but was equivalent to the wild-type 
cells at 5 and 20 mM (Fig. 4E). Since ΔpcaK cells did not grow on PCA at 
all concentrations, pcaK appears to be essential for PCA uptake. 
Regarding 4HBA, FA, and 4CA, as their concentrations increased, the 
growth profiles of ΔpcaK and ΔhcnK cells became equivalent to those of 
wild-type cells. Hence, the influence of gene disruption was not 
observed for the growth of the mutants on 20 mM 4HBA, FA, and 4CA, 
probably due to the uptake of substrates by unknown transporters 
exhibiting lower affinity for these compounds. On the other hand, a 
considerable part of VA appears to be taken up by transporters other 
than VanK. 

3.4. Conversion of lignin-related monomers by ΔpcaK, ΔvanK, and ΔhcnK 
under alkaline pH condition 

Under an alkaline pH condition (50 mM Tris-HCl [pH 9.0]) that in
creases the abundance of ionized substrates (the fractions of carboxylate 
of PCA [pKa1, 4.62; pKa2, 8.90; pKa3, 10.73], 4HBA [pKa1, 4.66; pKa2, 
9.19], VA [pKa1, 4.65; pKa2, 9.21], FA [pKa1, 4.66; pKa2, 9.09], and 4CA 
[pKa1, 4.92; pKa2, 9.28] are more than 99.99%) (Beltrán et al., 2003), 
cells of ΔpcaK, ΔvanK, and ΔhcnK grown in Wx-5 mM succinate with 5 
mM PCA/4HBA, VA, or FA/4CA, respectively, were incubated with 0.5 
mM of corresponding substrates. The conversion of the substrates was 
examined and compared to that under physiological pH condition (pH 
7.5; the fractions of carboxylate of PCA, 4HBA, VA, FA, and 4CA are 
99.87%, 99.86%, 99.86%, 99.86%, and 99.74%). PCA conversion by 
ΔpcaK cells at pH 7.5 after 30 min reduced to ca. 20% of that by the 
wild-type cells, and this reduction was practically equal to that 
measured at pH 9.0 (ca. 17%) (Fig. 5A). 4HBA conversion by ΔpcaK cells 

Fig. 3. Conversion of lignin-related monomers by 
mutants of putative AAHS family transporter genes. 
Cells of wild-type KT2440, ΔpcaK, ΔbenK, ΔhcnK, 
ΔPP_3658, and ΔvanK were grown in Wx medium 
containing 5 mM succinate with 5 mM PCA, 4HBA, 
VA, FA, or 4CA. The resulting cells were incubated 
with the corresponding substrates; 1 mM PCA (A; 
OD600 = 0.2), 0.5 mM 4HBA (B; OD600 = 0.2), 0.5 
mM VA (C; OD600 = 0.5), 0.5 mM FA (D; OD600 =

0.5), and 0.5 mM 4CA (E; OD600 = 0.5) in 50 mM 
Tris-HCl buffer (pH 7.5). Portions of the reaction 
mixtures were collected, and the amounts of sub
strates were measured by HPLC. Each value is the 
average ± the standard deviation of three indepen
dent experiments.   
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Fig. 4. Growth of ΔpcaK, ΔvanK, and ΔhcnK on different concentrations of lignin-related monomers. (A and B) Cells of wild-type KT2440 and ΔpcaK were cultured 
in Wx medium containing 2, 5, and 20 mM PCA (A) and 4HBA (B). (C) Cells of KT2440 and ΔvanK were cultured in Wx medium containing 2, 5, and 20 mM VA. (D 
and E) Cells of KT2440 and ΔhcnK were cultured in Wx medium containing 2, 5, and 20 mM FA (D) and 4CA (E). Cell growth was monitored by measuring the OD600. 
Each value is the average ± the standard deviation of four independent experiments. 
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at pH 7.5 after 30 min reduced to ca. 8% of that by the wild-type cells, 
and the conversion at pH 9.0 reduced to ca. 2% (Fig. 5B). VA conversion 
by ΔvanK cells was only reduced to ca. 70% of that by the wild-type cells 
at pH 7.5 after 1 h but was significantly reduced to ca. 17% at pH 9.0 
(Fig. 5C). Further, VA conversion by ΔvanK pcaK cells at pH 9.0 was 
reduced to ca. 2% of that by the wild-type cells. FA conversion by ΔhcnK 
cells at pH 7.5 after 2 h reduced to ca. 43% of that by the wild-type cells, 
and at pH 9.0, it was significantly reduced to ca. 8% (Fig. 5D). The 
decrease in FA conversion by ΔhcnK vanK cells at pH 9.0 was approxi
mately equal to that by ΔhcnK cells. 4CA conversion by ΔhcnK cells at 
pH 7.5 after 1 h reduced to ca. 23% of that by wild-type cells, and at pH 
9.0, it was significantly reduced to ca. 8% of that by wild-type cells 
(Fig. 5E). 

3.5. Properties of PcaK, VanK, and HcnK 

Properties of PcaK. Cells of E. coli C43 (DE3) harboring a pcaK- 
expressing plasmid (pETPcaK) (OD600 of 2.0) were incubated with 20 
μM [14C]PCA, 20 μM [14C]VA, or 10 μM [14C]4CA at pH 7.5, and the 
time course of uptake of each substrate by E. coli (pETPcaK) cells was 
monitored. These cells showed PCA uptake activity (10.1 ± 0.9 nmol 

min− 1 mg− 1; calculated by subtracting the vector control uptake amount 
from the uptake amount of E. coli [pETPcaK] after 15 s) and also slightly 
exhibited VA uptake activity (0.46 ± 0.04 nmol min− 1 mg− 1) (Fig. 6A 
and B). However, the uptake of 4CA was not observed (Fig. 6C). Km and 
Vmax of PCA uptake by E. coli (pETPcaK) cells were estimated to be 8.1 ±
1.5 μM and 17.4 ± 1.1 nmol min− 1 mg− 1, respectively (Supplemental 
Fig. S6). The PCA uptake rate by E. coli (pETPcaK) cells decreased to ca. 
3.6% in the presence of 100 μM CCCP compared to the control without 
CCCP, indicating that PcaK required the proton motive force (Supple
mental Fig. S7). 

To anticipate the substrates recognized by PcaK, we measured the 
[14C]PCA (20 μM) uptake rates by E. coli (pETPcaK) cells at pH 7.5 in the 
presence of 20-fold concentration (400 μM) of unlabeled competitor 
substrates. In the presence of competitors other than syringate, FA, and 
4CA, the PCA uptake rates reduced to 12–78% of that in the absence of 
competitors (Supplemental Fig. S8). In particular, the PCA uptake rates 
in the presence of PCA and 4HBA reduced to ca. 12% and 19% of that in 
the absence of the competitors, respectively. These results support that 
PcaK is involved in 4HBA uptake. By contrast, in the presence of VA, 
where PcaK showed weak uptake (ca. 5% of activity for PCA uptake), the 
PCA uptake rate was only reduced to ca. 78%. 

Fig. 5. Conversion of lignin-related monomers by ΔpcaK, ΔvanK, and ΔhcnK under alkaline pH conditions. (A) Cells of KT2440 and ΔpcaK (OD600 = 0.2) grown in 
Wx-5 mM succinate + 5 mM PCA were incubated with 1 mM PCA in 50 mM Tris-HCl buffer (pH 7.5 and 9.0) at 30 ◦C. (B) Cells of KT2440 and ΔpcaK (OD600 = 0.2) 
grown in Wx-5 mM succinate + 5 mM 4HBA were incubated with 0.5 mM 4HBA at pH 7.5 and 9.0. (C) Cells of KT2440, ΔvanK, and ΔvanK pcaK (OD600 = 0.5) grown 
in Wx-5 mM succinate + 5 mM VA were incubated with 0.5 mM VA at pH 7.5 and 9.0. (D) Cells of KT2440, ΔhcnK, and ΔhcnK vanK (OD600 = 0.5) grown in Wx-5 mM 
succinate + 5 mM FA were incubated with 0.5 mM FA at pH 7.5 and 9.0. (E) Cells of KT2440 and ΔhcnK (OD600 = 0.5) grown in Wx-5 mM succinate + 5 mM 4CA 
were incubated with 0.5 mM 4CA at pH 7.5 and 9.0. Portions of the reaction mixtures were collected, and the amount of substrates was measured by HPLC. The rate 
of conversion of PCA, 4HBA, VA, FA, and 4CA were calculated at 30, 30, 60, 120, and 60 min, (the time in which conversions proceed in an almost linear fashion) 
respectively. Conversions of PCA for 30 min at pH 7.5 (573 ± 17 μM) and pH 9.0 (537 ± 49 μM), 4HBA for 30 min at pH 7.5 (208 ± 38 μM) and pH 9.0 (318 ± 16 
μM), VA for 60 min at pH 7.5 (374 ± 3 μM) and pH 9.0 (337 ± 12 μM), FA for 120 min at pH 7.5 (192 ± 4 μM) and pH 9.0 (405 ± 9 μM), and 4CA for 60 min at pH 7.5 
(254 ± 2 μM) and pH 9.0 (239 ± 3 μM) by KT2440 cells were set as 100% rates (control). Each value is the average ± the standard deviation of three independent 
experiments. Statistical differences were determined by Student’s t-test. Asterisks indicate statistically significant difference between values linked by brackets (***, 
P < 0.001; ****, P < 0.0001). 
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Properties of VanK. Cells of E. coli C43 (DE3) harboring a vanK- 
expressing plasmid (pETVanK) showed PCA and VA uptake activities 
(12.1 ± 0.7 nmol min− 1 mg− 1 and 4.4 ± 0.5 nmol min− 1 mg− 1, 
respectively); however, uptake of 4CA was not observed (Fig. 6D− F). Km 
and Vmax of the uptake of PCA and VA by E. coli (pETVanK) cells were 
estimated to be 12.9 ± 2.7 μM and 28.3 ± 2.4 nmol min− 1 mg− 1, and 8.7 
± 1.6 μM and 5.0 ± 0.3 nmol min− 1 mg− 1, respectively (Supplemental 
Fig. S9). The uptake rates of VA and PCA by E. coli (pETVanK) cells 
decreased to ca. 4.4% and 2.7% in the presence of 100 μM CCCP 
compared to the control, indicating that VanK required the proton 
motive force (Supplemental Fig. S10). 

We measured the [14C]PCA and [14C]VA (20 μM) uptake rates by 
E. coli (pETVanK) cells at pH 7.5 in the presence of 20-fold concentration 
(400 μM) of unlabeled competitor substrates (Supplemental Fig. S11). In 
the presence of PCA, 4HBA, and VA, the PCA and VA uptake rates 
reduced to 10% and 17%, 21% and 30%, and 5% and 7%, respectively. 
These results might suggest that VanK also can uptake 4HBA. 

Since Vmax/Km of the uptake of PCA by E. coli (pETVanK) cells was 
equivalent to that by E. coli (pETPcaK) cells although a direct compar
ison cannot be made because the expression level is unknown, VanK 

appeared to be involved in PCA uptake under conditions where vanK is 
induced. It has been reported that the expression of vanK was highly 
induced in KT2440 cells grown on FA or vanillin (D’Arrigo et al., 2019; 
Simon et al., 2014). When ΔpcaK cells grown on VA were used for 
conversion of PCA, these cells exhibited a higher conversion rate than 
that by the same cells grown on PCA (Supplemental Fig. S12). Addi
tionally, the conversion rate of PCA by ΔpcaK vanK cells grown on VA 
decreased to the level of ΔpcaK cells grown with PCA, once more indi
cating that vanK can participate in the uptake of PCA in an environment 
where vanK is induced. 

Properties of HcnK. Cells of E. coli C43 (DE3) harboring a hcnK- 
expressing plasmid (pETHcnK) showed a 4CA uptake activity (0.70 ±
0.04 nmol min− 1 mg− 1); however, no apparent uptake of PCA or VA was 
observed. (Fig. 6G–I). Km and Vmax of the 4CA uptake by E. coli 
(pETHcnK) cells were estimated to be 5.2 ± 1.2 μM and 0.7 ± 0.05 nmol 
min− 1 mg− 1, respectively (Supplemental Fig. S13). The 4CA uptake rate 
by E. coli (pETHcnK) cells decreased to ca. 46% and 30% in the presence 
of 100 μM and 200 μM CCCP, respectively, compared to the control, 
suggesting that HcnK required the proton motive force (Supplemental 
Fig. S14). 

Fig. 6. Uptake of lignin-related monomers by E. coli expressing pcaK, vanK, and hcnK. Cells of E. coli C43 (DE3) harboring pETPcaK, pETVanK, pETHcnK, or pET-16b 
(vector) were grown in LB containing IPTG. (A¡C) Cells (OD600 = 2.0) of E. coli C43 (DE3) (pETPcaK) and E. coli C43 (DE3) (pET-16b) were incubated with 20 μM 
[14C]PCA (A), 20 μM [14C]VA (B), and 10 μM [14C]4CA (C), respectively, in the presence of 10 mM glucose in 50 mM Tris-HCl buffer (pH 7.5). (D¡F) Cells (OD600 =

2.0) of E. coli C43 (DE3) (pETVanK) and E. coli C43 (DE3) (pET-16b) (OD600 = 2.0) were incubated with 20 μM [14C]PCA (D), 20 μM [14C]VA (E), and 10 μM [14C] 
4CA (F), respectively, in the presence of 10 mM glucose in 50 mM Tris-HCl buffer (pH 7.5). (G¡I) Cells (OD600 = 2.0) of E. coli C43 (DE3) (pETHcnK) and E. coli C43 
(DE3) (pET-16b) were incubated with 20 μM [14C]PCA (G), 20 μM [14C]VA (H), and 10 μM [14C]4CA (I), respectively, in the presence of 10 mM glucose in 50 mM 
Tris-HCl buffer (pH 7.5). Portions of the reaction mixtures were collected, and the accumulated radiolabeled substrates inside the cells were measured by liquid 
scintillation counting. The amount of uptake is expressed as nmol substrate per mg of protein. Each value is the average ± the standard deviation of three inde
pendent experiments. 
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To examine the capability of HcnK to uptake FA, we employed a FA/ 
4CA sensor plasmid, pSEVA421-B11 (Siedler et al., 2017). This plasmid 
carries a padC promoter region-YFP gene cassette and padR, whose 
product represses the expression from the padC promoter. This repres
sion is released in the presence of FA or 4CA. pSEVA421-B11 and a 
hcnK-expressing plasmid (pSEVAHcnK2) were introduced in E. coli XL-2 
Blue, and the resulting cells were incubated in Wx medium containing 5 
mM glucose with 20 μM FA or 4CA. Fluorescence derived from the 
expression of the YFP gene was measured at 18 h (Supplemental 
Fig. S15). The FA uptake activities of E. coli cells harboring 
pSEVA421-B11 grown in the presence and absence of FA were equiva
lent. The 4CA uptake activity of the same cells was ca. 1.5 times higher 
in the presence of 4CA than that of the cells grown without FA and CA. 
When E. coli cells harboring both pSEVA421-B11 and pSEVAHcnK2 
were incubated with FA and 4CA, the activities were 1.9 times and 3.4 
times higher, respectively, than those of the cells grown without FA and 
4CA. These results indicate that HcnK functions as a transporter of FA 
and 4CA. 

We measured the [14C]4CA (10 μM) uptake rates by E. coli 
(pETHcnK) cells at pH 7.5 in the presence of 20-fold concentration (200 
μM) of unlabeled competitor substrates (Supplemental Fig. S16). The 
4CA uptake rates in the presence of C6–C1-type compounds (PCA, 
4HBA, VA, syringate, benzoate, 3-hydroxybenzoate, and gallate) were 
79–93% of that in the absence of competitive substrates, showing their 
inhibitory effects were low. On the other hand, in the presence of C6–C3- 
type compounds, cinnamate and 3-coumarate in addition to 4CA and FA, 
the 4CA uptake rates decreased to 25–68%. However, no decrease in 
4CA uptake was observed in the presence of sinapinate. 

3.6. Structural characterization of PcaK, HcnK, VanK, and PP_3658 

PcaK, HcnK, VanK, and PP_3658 are expected to share the typical 
helical fold of MFS transporters, but the significant difference among 
their sequences (identity between 27 and 34%) presumably confers the 
variety of substrate specificities described in this study. Aiming to 
identify the molecular features that likely underlie the different activity 
properties of these proteins, we predicted their structures and performed 

comparative analysis centered on key functional regions. For clarity, we 
focus the structural characterization on PcaK first and then describe the 
differences and similarities relative to HcnK and VanK. 

Ab initio models of the three proteins were generated using evolu
tionary analysis to infer residue-residue contacts (Hopf et al., 2019). As 
there are not high-resolution structures of similar homologs currently 
available to perform homology modeling, our analysis cannot rely on the 
accuracy of side chain conformations. However, the generated ab initio 
models present good estimated quality (Supplemental Fig. S17), espe
cially in the transmembrane regions, and exhibit the main structural 
features expected for MFS transporters, indicating that the models are 
reliable for qualitative structural characterization of these proteins. 

The structures of these proteins consist of 12 transmembrane helices 
(TM), with 1–6 helices and 7–12 helices bundles forming the N-terminal 
and C-terminal domains, respectively (Fig. 7A). Long peptide segments, 
rich in positively charged residues, expand toward the cytoplasm. A pair 
of proton-titratable sites (Asp41 and Asp44 in PcaK) at TM1 is found in 
the N-terminal domain cavity. In MFS symporters, these residues are 
predicted to have lower pKa than the external pH, avoiding premature 
protonation (Zhang et al., 2015). Next to these acidic residues, at TM2, 
there is an arginine (Arg124 in PcaK), which is part of a conserved motif 
(RxxG). Based on previous studies, this positive residue has a role in 
coupling the substrate-binding pocket with the proton flux at the 
N-terminal pocket (Fig. 7A and B) (Leano et al., 2019). The location of 
the substrate-binding site, depicted in Fig. 7, was predicted based on the 
alignment with holo structures of other MFS symporters (PDB id: 6e9o 
and 1pv7). Upon substrate binding, this arginine is thought to be 
attracted away from the titratable sites, increasing their pKa and pro
moting protonation. In the study of E. coli D-galactonate/H+ symporter, 
substrate translocation is suggested to involve protonation of both 
titratable residues (Leano et al., 2019). In the mechanism proposed by 
Jardetzky et al. the protonation triggers the transition between the 
outward-facing conformation (ground state) and the inward-facing 
conformation (excited state) of the transporter, which allows the sub
strate to access the cytoplasm (Jardetzky, 1966). 

In addition to the 12-TM fold, these proteins contain other typical 
structural features of MFS transporters (Fig. 7 and Supplemental 

Fig. 7. Structural characterization of PcaK, HcnK and 
VanK, using the ab initio model of PcaK as example. 
(A) The typical 12-TM helices of MFS transporters. 
The A-like motif is highlighted in dark blue (labeled 
with “A”). The two titratable residues, Asp41 and 
Asp44, and Arg124 are represented as surfaces in the 
N-terminal cavity (orange and blue, respectively). 
The predicted substrate-binding site is indicated with 
a transparent surface. The interdomain linker (L6-7, 
in green) is embedded in the cytoplasm. (B) View of 
the helix bundle from the periplasm. Key residues in 
the protonation cavity are depicted. (C) Amino acid 
residues that form the predicted substrate-binding 
site of PcaK (in yellow). The corresponding residues 
in HcnK are labeled in parenthesis. Green, red and 
blue labels indicate polar, acidic and basic amino 
acids. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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Fig. S18) (Zhang et al., 2015). An A-like motif (GxxxDRxGRK; residues 
Gly85 to Lys94 in PcaK) is found in their cytoplasmic loop L2-3, and it is 
known to play a critical role in the stabilization of the outward-facing 
conformation. These proteins also contain a peptide linker, L6-7, con
necting the N- and C-terminal domain (Fig. 7 and Supplemental 
Fig. S18). The dynamics of interactions of positively charged residues 
and amphipathic regions of L6-7 with the A-like motif and the cell 
membrane, respectively, are suggested to be involved in the allosteric 
activation of MFS transporters. 

Differences in size and physicochemical properties of the substrate- 
binding sites among these proteins are likely primary determinants of 
their uptake activities (Supplemental Table S6). Accordingly, the 
marked substrate preferences of PcaK and HcnK reflect their very 
distinct binding sites. In PcaK, we find a greater number of nonpolar and 
relatively large/long amino acids (i.e., phenylalanines and methionines) 
in positions corresponding to polar (i.e., tyrosines) and more compact 
amino acid residues (i.e., leucines and valines) in HcnK (Fig. 7C). The 
binding site of VanK, in turn, also presents a greater number of hydro
philic sites than PcaK (Supplemental Table S6). Other structural differ
ences are noteworthy. For example, HcnK is the only protein among the 
putative AAHS family transporters that presents a Glu/Asp titratable 
pair instead of Asp/Asp and its L6-7 linker is significantly shorter (~28 
amino acids) than the corresponding loop in PcaK and VanK (>50 amino 
acids) (Supplemental Fig. S18). 

4. Discussion 

Exogenous expression of transporter genes is expected to improve 
the microbial production of value-added metabolites. For example, Wu 
et al. reported that introduction of Rhodopseudomonas palustris CGA009 
couP, which encodes a substrate-binding protein of an ABC transporter 
that has been implicated in the uptake of cinnamate derivatives, into an 
engineered E. coli strain resulted in a 1.3-fold increase in the production 
of catechol from vanillin (Wu et al., 2018). A 1.24-fold increase in 
2-pyrone-4,6-dicarboxylic acid (PDC) production from PCA was ach
ieved when pcaK was overexpressed in Sphingobium sp. SYK-6 (Mori 
et al., 2018a). Additionally, the rate of PDC production from 5, 
5′-dehydrodivanillate (DDVA) was increased by 1.3-fold by exogenous 
expression of the inner and outer membrane transporter genes, ddvK and 
ddvT, respectively, in the same SYK-6-derived strain (Fujita et al., 2019; 
Mori et al., 2018b). Towards the goal of the efficient microbial con
version of lignin-related aromatic compounds, here we identified the 
genes encoding transporters that play a role in the uptake of major 
lignin-related monomers in P. putida KT2440 and described the substrate 
ranges and uptake kinetics. Taken together, our results increase our 
collective understanding of the uptake of aromatic acids by P. putida. 

ΔpcaK presented remarkably deficient growth when 2, 5, and 20 mM 
PCA was used as a carbon and energy source (Fig. 4A) and the PCA 
conversion rate at pH 7.5 was reduced to ca. 20% of the wild type 
(Fig. 5A), indicating that PcaK has a major role in PCA uptake. ΔpcaK 
also showed a significant reduction in growth on 2 mM 4HBA, but the 
difference as compared to wild type diminishes when using higher 
concentrations of 4HBA (Fig. 4B). The 4HBA conversion rate of ΔpcaK 
(pH 7.5) was reduced to ca. 8% of the wild type (Fig. 5B). Therefore, 
although PcaK has a major role in 4HBA uptake, the involvement of 
other transporter(s) with low affinity to 4HBA is suggested. ΔvanK 
showed similar growth as the wild type when 2, 5, and 20 mM of VA was 
used as a carbon and energy source (Fig. 4C). By contrast, the VA con
version rate of ΔvanK (pH 7.5) was reduced to ca. 70% of that of the wild 
type (Fig. 5C). These results indicate that VanK is involved in VA uptake, 
in which multiple transporters, including PcaK, seem to participate. 
ΔhcnK was almost entirely deficient in growth on 2 and 5 mM FA, but 
the growth on 20 mM was comparable to that of the wild type (Fig. 4D). 
Furthermore, ΔhcnK showed a significant decrease in growth on 2 mM 
4CA, but the growth on 5 and 20 mM 4CA was comparable to that of the 
wild type (Fig. 4E). The FA and 4CA conversion rates of ΔhcnK (pH 7.5) 

was reduced to ca. 43% and 23% compared to the wild type (Fig. 5D and 
E). These results indicate that HcnK has a significant role in FA/4CA 
uptake; however, additional transporter(s) with low affinity for FA/4CA 
also appear to be involved in their uptake. 

At pH 9.0, the VA conversion rate by ΔvanK and the FA/CA con
version rate by ΔhcnK were drastically reduced, to ca. 17% and ca. 8% of 
those by the wild type, respectively (Fig. 5C− E). These results indicate 
that VanK and HcnK exhibit a major role in the uptake of VA and FA/ 
4CA, respectively, at high pH conditions. Further experiments are 
needed to explain this pH dependence. Two hypotheses may be 
considered: 1) the residual passive diffusion of the undissociated form of 
these aromatic compounds at pH 7.5 is completely abolished at alkaline 
medium. Similarly, Xu et al. suggested that the complete blockage of 
passive diffusion may explain the significant decrease in the growth of a 
transporter-deficient E. coli strain at pH 8.2 compared to pH 7.2 on 3-(3- 
hydroxyphenyl)propionate (pKa 4.68) (Xu et al., 2013). 2) Background 
transporters are less active at pH 9.0 due to protein aggregation and/or 
these transporters are suitable to monoanionic but not dianionic species 
(carboxylates and phenolates). In addition, the conversion rates of the 
lignin-related monomers by KT2440 at pH 9.0 were similar to or higher 
than those at pH 7.0 (these rates are listed in the legend in Fig. 5). This 
fact suggests that PcaK, VanK, and HcnK have the desirable property of 
being able to take up the substrates over a wide pH range. 

PcaK had a remarkable uptake activity for PCA and also had a slight 
activity to uptake VA (ca. 5% of activity for PCA uptake) whereas VanK 
had significant uptake capacity for VA and PCA (Fig. 6A and B). The 
affinity of VanK for VA (Km, 8.7 ± 1.6 μM) was slightly higher than that 
for PCA (Km, 12.9 ± 2.7 μM), and Vmax for PCA was about 5.7 times 
higher than that for VA (supplemental Fig. S9). In addition, the affinity 
of PcaK for PCA (Km, 8.1 ± 1.5 μM) was similar to that of VanK (sup
plemental Fig. S6 and 9A). These Km values are close to those of P. putida 
PRS2000 PcaK (6 μM) for 4HBA and of P. putida KTGAL GalT for PCA 
(9.1 μM) (Nichols and Harwood, 1997; Nogales et al., 2011). HcnK had 
the ability to take up 4CA, and its Km for 4CA was estimated to be 5.2 ±
1.2 μM (Fig. 6I; supplemental Fig. S13). Additionally, the bioassay 
showed that HcnK also could take up FA (Supplemental Fig. S15). From 
the substrate competition experiments, the uptake of 4CA by HcnK was 
strongly inhibited in the presence of C6–C3 compounds such as 4CA, FA, 
cinnamate, and 3-coumarate, and was also inhibited in the presence of 
caffeate and 3-methoxycinnamate (Supplemental Fig. S16). On the other 
hand, slight inhibition was observed in the presence of the C6–C1 
compounds, 4HBA and VA. These results suggest that HcnK is selective 
to C6–C3 compounds. Among C6–C3 compounds tested, sinapinate 
showed no inhibition on the uptake of 4CA by HcnK, suggesting that the 
presence of methoxy groups at both C3 and C5 positions is inhibitory for 
HcnK substrate recognition. 

Finally, structural analyses indicate that the size and the hydropathic 
properties of the substrate binding sites of PcaK, HcnK, and VanK likely 
impact their substrate preferences. The tighter substrate pocket of PcaK 
may explain the transport activity for smaller substrates such as PCA and 
4HBA, as compared to the larger HcnK substrates, FA/4CA (Fig. 7). The 
predominantly hydrophobic pocket of PcaK is somewhat surprising as its 
major substrates are relatively more hydrophilic. However, an abun
dance of polar residues and hydrogen bond-interacting sites would lead 
to higher binding affinity and, thus, impair the rapid flux of the sub
strate. Conversely, the wider binding site of HcnK and the presence of 
hydrophilic residues (Tyr142 and Tyr326) is compatible with its more 
efficient transport activity for relatively large, hydrophobic substrates. 
Similarly, based on the hypothesis of substrate flux optimization, the 
fact that the binding site of VanK contains more hydrophilic sites than 
PcaK, is consistent with its preference for a more hydrophobic substrate 
(i.e., VA compared to PCA). 

Notably, despite their low global identity (26%), the composition of 
the actual binding site of PP_3658 is very similar to that of HcnK (72%) 
(Supplemental Table S6). The most relevant differences between the 
substrate pockets of these proteins are the amino acid residues Phe151/ 
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Tyr142, Tyr154/Val145, and Thr69/Leu60, in PP_3658 and HcnK, respec
tively. It is possible that PP_3658 does not exhibit a prominent uptake 
activity towards FA ad 4CA, like HcnK does, due to the steric hindrance 
of the cavity entrance by the bulky Tyr154. Other structural differences 
may indirectly contribute to the specificity of these transporters. HcnK, 
on the other hand, contains the unique heterogeneous pair of titratable 
residues, Glu24/Asp27. The substitution of the titratable glutamate by 
aspartate in the E. coli 3-(3-hydroxy-phenyl)propionate) transporter 
(56% identical to HcnK) results in a slight decrease in transport activity 
(Xu et al., 2013). It appears that the higher pKa of Glu (2.2) compared to 
Asp (1.9) represents a lower energy barrier for protonation upon sub
strate binding (Lide, 1991). Additionally, the considerably shorter 
interdomain linker of HcnK may be important. Zhang et al. suggest that 
this linker is stretched in the inward-facing conformation of MFS 
transporters, forming critical contacts for the stabilization of this state 
(Zhang et al., 2015). Inferring how these two features possibly affect 
transport activity is not straightforward and should be the subject of 
future studies. 

5. Conclusions 

We found that members of the AAHS family transporters, PcaK and 
HcnK, play a significant role in the uptake of PCA/4HBA and FA/4CA in 
P. putida KT2440, and VanK is involved in the VA uptake. In addition, 
comparative structural analyses suggest the key molecular features un
derlying the distinct activity profiles of these transporters. Taken 
together, these findings are expected to contribute to improving the 
efficiency of conversion of lignin-related monomers into valuable 
chemicals by optimizing the uptake capacity of P. putida KT2440, 
providing similar capacity to other host strains, and modulating the 
substrate preferences of the individual transporters through protein 
engineering. 
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