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Soil Pseudomonas species, which can thrive on lignin-derived phenolic compounds, are widely 14 
explored for biotechnology applications. Yet, there is limited understanding of how the native 15 
metabolism coordinates phenolic carbon processing with cofactor generation. Here, we achieve 16 
quantitative understanding of this metabolic balance through a multi-omics investigation 17 
of Pseudomonas putida KT2440 grown on four common phenolic substrates: ferulate, p-coumarate, 18 
vanillate, and 4-hydroxybenzoate. Relative to succinate as a non-aromatic reference, proteomics 19 
data reveal >140-fold increase in proteins for transport and initial catabolism of each phenolic 20 
substrate, but metabolomics profiling reveals that bottleneck nodes in initial phenolic compound 21 
catabolism maintain more favorable cellular energy state. Up to 30-fold increase in pyruvate 22 
carboxylase and glyoxylate shunt proteins implies a metabolic remodeling confirmed by kinetic 13C-23 
metabolomics. Quantitative analysis by 13C-fluxomics demonstrates coupling of this remodeling with 24 
cofactor production. Specifically, anaplerotic carbon recycling via pyruvate carboxylase promotes 25 
fluxes in the tricarboxylic acid cycle to provide 50-60% NADPH yield and 60-80% NADH yield, 26 
resulting in 2-fold higher ATP yield than for succinate metabolism; the glyoxylate shunt sustains 27 
cataplerotic flux through malic enzyme for the remaining NADPH yield. The quantitative blueprint 28 
elucidated here explains deficient versus sufficient cofactor rebalancing during manipulations of key 29 
metabolic nodes in lignin valorization. 30 

 31 
Lignin, a structural polymer in plant biomass that is considered the second most abundant biopolymer 32 
after cellulose, represents an important renewable carbon source1. Chemical depolymerization of lignin 33 
yields various phenolic compounds, which can be used directly as platform chemicals or as feedstocks 34 
for bioproduction2–8. Lignin-related phenolic structures include hydroxybenzoates (4-hydroxybenzoate, 35 
vanillate, gallate, and syringate) and hydroxycinnamates (p-coumarate and ferulate)9. Soil Pseudomonas 36 
species have native metabolic capabilities to process benzoate, 4-hydroxybenzoate (4HB), vanillate (VAN), 37 
gallate, p-coumarate (COU), and ferulate (FER)10–18. Of particular interest is Pseudomonas putida KT2440, 38 
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which is extensively explored as a chassis for biotechnology19–22. Encoded in P. putida KT2440 are 39 
pathways for the catabolism of hydroxybenzoates and hydroxycinnamates involving ortho-cleavage of the 40 
intermediate protocatechuate (PCA) through β-ketoadipate to generate carbon influx into the tricarboxylic 41 
acid (TCA) cycle in the central carbon metabolism13 (Fig. 1A). In the peripheral pathways upstream of β-42 
ketoadipate, the uptake and catabolism of hydroxycinnamates (COU and FER) and hydroxybenzoates 43 
(4HB and VAN) to PCA are catalyzed by a series of enzymes with distinct cofactor specificities13,23–28 (Fig. 44 
1A). Previous metabolic engineering of P. putida targeted directing carbon influx from phenolic carbons 45 
from initial catabolism towards desired products such as PCA, vanillin, β-ketoadipate, muconic acid, 46 
pyridine 2,4-dicarboxylic acid, adipic acid, indigoidine, and polyhydroxyalkanoates29–42. Metabolic 47 
bottlenecks, which were inferred from extracellular accumulation of VAN in FER-fed cells or of 4HB in 48 
COU-fed cells33,40,41,43–45, could not be overcome completely via genetic engineering due to cofactor 49 
deficiency33,43,41. Therefore, metabolic engineering to enhance phenolic carbon conversion must address 50 
appropriate cofactor supply. However, largely lacking is a quantitative understanding of how the native 51 
metabolic network in P. putida KT2440 couples carbon fluxes from phenolic acid structures with cofactor 52 
production.  53 

Metabolic flux modeling or fluxomics constrained by 13C-metabolomics data provides quantitative 54 
analysis of carbon fluxes46–53. Previous 13C-fluxomics studies of P. putida focused on glycolytic metabolism 55 
for sugars (i.e., glucose, xylose) or gluconeogenic metabolism for succinate (SUC)18,54–63. The only two 56 
fluxomics studies of aromatic carbon metabolism in P. putida, for benzoate alone or with glucose as a co-57 
substrate17,18, both illustrated the activation of the glyoxylate shunt, which conserved carbon by 58 
channeling isocitrate away from the canonical decarboxylation steps in the TCA cycle. Flux through the 59 
glyoxylate shunt can feed into malic enzyme for NADPH generation, or malate dehydrogenase, for NADH 60 
or ubiquinol generation. Interestingly, the flux through malate dehydrogenase was either 3-fold higher 61 
than the flux through malic enzyme or there was only flux through malate dehydrogenase, both of which 62 
would be advantageous to satisfy the NADH demand for benzoate catabolism through the catechol 63 
pathway in P. putida17,18. For the catabolism of hydroxybenzoate and hydroxycinnamate structures, which 64 
is funneled through PCA instead of catechol, it remains unknown how metabolic fluxes would be 65 
partitioned in P. putida to optimize the catabolic pathways with cofactor supply (Fig. 1A). 66 

While ATP in aerobic bacteria is generated primarily through oxidative phosphorylation of NADH 67 
produced in glycolysis and the TCA cycle64,65, the supply of NADPH required for biosynthesis and stress 68 
tolerance is produced from different metabolic routes. During growth on glucose, NADPH production in P. 69 
putida is mainly through glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase 70 
in the oxidative pentose phosphate pathway (oxPPP)56,59. However, minimal to no flux in oxPPP was 71 
reported during growth on two gluconeogenic substrates (SUC or benzoate)17,60. Instead, SUC 72 
metabolism in P. putida relied on high flux through isocitrate dehydrogenase and malic enzyme in the TCA 73 
cycle to produce NADPH, and on transhydrogenase reactions to replenish NADPH from excess NADH 74 
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pool60. Whether P. putida would rely on similar metabolic routing or energetic bypass for NADPH 75 
production during phenolic substrate utilization remains to be elucidated. 76 

The cataplerotic and anaplerotic nodes, which distribute respectively carbon fluxes from the TCA 77 
cycle to gluconeogenesis and from lower glycolysis to the TCA cycle66, have implications for cofactor 78 
balance (Fig. 1A). In the cataplerotic direction, due to lack of phosphoenolpyruvate (PEP) carboxykinase 79 
for the decarboxylation of oxaloacetate (OAA) to PEP67, P. putida KT2440 must rely on either malic 80 
enzyme to convert malate to pyruvate with NADPH production or OAA decarboxylase to convert OAA to 81 
pyruvate with no cofactor involved68. In the anaplerotic direction, pyruvate carboxylation to OAA 82 
consumes ATP, while PEP carboxylation to OAA has no cofactor input68. It remains unclear how P. putida 83 
KT2440 would modulate carbon flux distribution between cataplerosis and anaplerosis to meet the 84 
demand for reducing equivalents and energy required for phenolic carbon catabolism. 85 

Here, our central hypothesis was that remodeling of carbon flux into and within the TCA cycle by P. 86 
putida KT2440 would promote the net production of NAD(P)H and ATP to satisfy the cofactor demands in 87 
the p-coumaroyl and coniferyl pathways (Fig. 1A). We tested our hypothesis by employing genetic 88 
engineering, targeted metabolomics, whole-cell proteomics, kinetic 13C-metabolomics, and 13C-fluxomics 89 
during feeding of P. putida KT2440 on FER, COU, VAN, or 4HB. First, using quantitative metabolomics for 90 
cofactor profiling in wild-type and engineered strains, we investigated how the cellular energy state would 91 
be influenced by alterations in the aromatic carbon influx in several strains that overexpressed key 92 
bottleneck-relevant genes. Second, to construct the metabolic network that establishes the cellular 93 
energy state, we profiled protein levels to identify metabolic remodeling nodes and verify these nodes 94 
using kinetic 13C-profiling in metabolites coupled with 13C-carbon mapping. Third, we integrated the 95 
proteomics and 13C-metabolomics data to perform 13C-fluxomics to map quantitatively carbon fluxes 96 
through the metabolic network. Fourth, we leveraged the quantitative flux analysis to determine 97 
production and consumption rates of cofactors, thereby evaluating metabolic flux controls on cofactor 98 
maintenance during conversion of the different lignin-derived phenolic compounds. Our findings provide 99 
quantitative insights into the relationship between carbon metabolism and energy metabolism in P. putida 100 
KT2440 utilizing different hydroxycinnamate and hydroxybenzoate substrates related to lignin. 101 
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 102 
Fig. 1.  Favorable energy charge from the metabolism of phenolic acid structures. (A) Schematic illustration of 103 
cofactor investment and production in the peripheral pathway and central carbon metabolism. (B) Biomass yield of P. 104 
putida cells utilizing SUC, FER, COU, VAN, and 4HB. Data are expressed as mean ± standard deviation from three 105 
biological replicates (n = 3). (C) Energy charge calculated from quantified ATP, ADP, and AMP pools when P. putida 106 
cells were fed with SUC, FER, COU, VAN, and 4HB. Energy charge = ([ATP] + 0.5 × [ADP]) / ([ATP] + [ADP] + [AMP]). 107 
Data are expressed as mean ± standard deviation from four independent biological replicates (n = 4). In B and C, data 108 
for SUC-fed condition were adapted from Wilkes et al.60 Abbreviations: GSH, glutathione; GSSG, glutathione disulfide. 109 
The red crosses represent no carbon flux through the oxPPP and Entner–Doudoroff pathway during gluconeogenesis. 110 
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In B and C, one-way analysis of variance (ANOVA) was performed followed by Tukey’s HSD post hoc test. Statistically 111 
significant differences (P < 0.05) are denoted by a change in letter. 112 
 113 
Results 114 

Bottleneck Nodes in Initial Phenolic Substrate Catabolism Sustain Favorable Cellular Energy 115 
Balance. During growth on 100 mM C of FER, COU, VAN or 4HB as the sole carbon source, P. putida 116 
KT2440 showed growth rates ranging from 0.53-0.88 h-1 [Supplementary Information (SI), Fig. S1A], 117 
which were 10-41% slower compared to growth rate reported for SUC60, a non-aromatic substrate 118 
reference. Substrate depletion rates were comparable for SUC and 4HB (16.0 ± 2.0 and 15.9 ± 3.1 mmol 119 
gCDW

-1 h-1, respectively) (P = 0.96), but the corresponding rates for FER, COU, and VAN were 58%, 38%, 120 
and 49% lower than SUC, respectively (P < 0.05) (SI, Fig. S1B). Despite the differences in growth and 121 
substrate depletion rates, the biomass yield of P. putida was similar across all five substrates (P = 0.64-122 
0.99) (Fig. 1B). Since biomass synthesis requires energy input, we further evaluated the energy status of 123 
P. putida during feeding on the different substrates by calculating the energy charge using quantified 124 
intracellular levels of ATP, ADP, and AMP60 (SI, Table S1). Remarkably, we obtained 25-31% higher energy 125 
charge when cells were fed on the phenolic substrates compared to SUC feeding (P < 0.001) (Fig. 1C; SI, 126 
Table S1). These data implied that carbon influx during phenolic acid assimilation was optimized for 127 
favorable cellular energy charge.  128 

With respect to regulation of carbon influx, bottlenecks were proposed at three nodes in initial 129 
phenolic acid catabolism, based on extracellular metabolic overflow in exponentially growing cells: the 130 
VanAB node in the coniferyl branch33,40, the PobA node in the p-coumaroyl branch33,41,43, and the PcaHG 131 
node downstream of both branches40 (Fig. 1A). Here, we obtained direct evidence using intracellular 132 
metabolomics analysis and 13C kinetic isotopic profiling of exponentially growing cells to confirm the three 133 
reported bottlenecks, in addition to identifying one at the Vdh node (Fig. 2). We evaluated changes in 134 
cellular energy charge due to resolving the bottlenecks with gene overexpression (Fig. 2). 135 

In the coniferyl branch, bottleneck at the Vdh node was characterized by vanillin accumulation (4.3 ± 136 
0.5 µmol gCDW

-1) relative to both the precursor feruloyl-CoA (0.2 ± 0.03 µmol gCDW
-1) and the downstream 137 

metabolites vanillate (1.1 ± 0.2 µmol gCDW
-1) and PCA (below the detection limit) (Fig. 2A). This bottleneck 138 

was further illustrated by 50% lower incorporation of 13C-FER in vanillin compared to feruloyl-CoA within 1 139 
min of isotope switch (P < 0.05) (Fig. 2B). Overexpression of vdh (strain RW127) led to an 80% decrease 140 
in vanillin and a 24-fold increase in VAN (P < 0.001), indicating that addressing the bottleneck at Vdh 141 
triggered a downstream bottleneck at VanAB (Fig. 2C). Even with VAN as the direct carbon source, PCA 142 
level remained low (0.8 ± 0.1 µmol gCDW

-1), due to inefficient VAN conversion by VanAB (Fig. 2C). In 143 
relation to this bottleneck, we constructed three strains: RW124 with vanAB overexpression, RW125 with 144 
combined overexpression of vanAB and pcaHG, and RW126 with stacked overexpression of vdh, vanAB, 145 
and pcaHG (Fig. 2B). Compared to metabolite levels in RW127 fed on FER, a decreased VAN level (by 146 
93%, P < 0.001) in RW126 indicated simultaneous alleviation of the bottlenecks at both Vdh and VanAB 147 
(Fig. 2C). Compared to the wild-type strain grown on VAN, lack of PCA accumulation in RW124 and 148 
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depletion of PCA (by 83%, P < 0.001) in RW125 demonstrated efficient PCA cleavage and thus 149 
elimination of the bottleneck at PcaHG during VAN catabolism (Fig. 2D). Cellular energy charge was 25-150 
44% lower in the mutant strains in the coniferyl branch compared to the wild-type strain (P < 0.05) (Figs. 151 
2D, 2E; SI, Table S1). 152 

In the p-coumaroyl branch, in line with the reported bottleneck node at PobA33,41,43, there was 4HB 153 
accumulation (18.1 ± 7.6 µmol gCDW

-1) during COU catabolism, while 4-hydroxybenzaldehyde (4HBA) level 154 
was 67% lower (P < 0.05) and PCA level was below the detection limit (Fig. 2F). Furthermore, in relation to 155 
the bottleneck, there was 31% smaller fraction of 13C-COU carbons in 4HB than in 4HBA within 1 min (P < 156 
0.01) (Fig. 2G). During growth on 4HB, PCA accumulated (19.8 ± 5.4 µmol gCDW

-1), in accordance with the 157 
reported bottleneck at PcaHG (Fig. 2F)40. We prepared three strains that overexpressed either pobA 158 
(RW128), pcaHG (RW123), or both pobA and pcaHG (RW129) (Fig 2H). Compared to the wild-type strain, 159 
the bottlenecks were resolved in RW128 and RW123, characterized by a 90% decrease in 4HB during 160 
growth on COU and a 50% decrease in PCA during growth on 4HB (P < 0.05), respectively (Figs. 2I, 2J). 161 
Similar to the coniferyl branch, the energy charge of the mutants of the p-coumaroyl branch was 32-40% 162 
lower than in the wild-type stain (P < 0.05) (Fig. 2I, 2J; SI, Table S1). 163 

In sum, alleviation of native metabolite buildups in initial substrate catabolism led to adverse change in 164 
the cellular energy charge, thereby implying an interplay between the regulation of phenolic carbon influx 165 
and cofactor balance and a potential energy burden caused by gene overexpression62. Towards 166 
understanding the metabolic mechanisms underlying native cofactor balance, we investigated protein 167 
levels, metabolite pools, and the network of carbon fluxes during processing of the different phenolic 168 
compounds.  169 
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 170 

171 
Fig. 2. Intracellular evidence of bottleneck nodes in the peripheral pathways of phenolic substrate catabolism. 172 
(A) Intracellular levels of intermediates involved in FER and VAN utilization. (B) Kinetic depletion in unlabeled (12C) 173 
fraction of key metabolites in the coniferyl branch during incorporation of 13C-FER. (C) Targeted nodes in the coniferyl 174 
branch for gene overexpression. Intracellular metabolite levels and energy charge in the wild-type and mutant strains 175 
during feeding on (D) FER and (E) VAN. (F) Intracellular levels of intermediates involved in COU and 4HB utilization 176 
by P. putida. (G) Kinetic depletion in the unlabeled (12C) fraction of key metabolites in the p-coumaroyl branch during 177 
incorporation of 13C-COU. (H) Targeted nodes in the p-coumaroyl branch for gene overexpression. Intracellular 178 
metabolite levels and energy charge in the wild-type and mutant strains during feeding on (I) COU and (J) 4HB. In B 179 
and F, red bowties indicate the identified bottlenecks. ND: not detected. Abbreviations: FER-CoA, feruloyl-CoA; COU-180 
CoA, p-coumaroyl-CoA. In D, E, and I, one-way ANOVA was performed followed by Tukey’s HSD post hoc test to 181 
determine the significance. In J, unpaired t-test was performed to evaluate the significance. Statistically significant 182 
differences (P < 0.05) are denoted by a change in letter. All data in A, D, E, F, I, and J are obtained from four 183 
independent biological replicates (n = 4). All data in B and G were obtained from three independent biological replicates 184 
(n = 3). 185 

Abundances of Transporters and Specialized Enzymes Are Modulated to Adapt to Phenolic Carbon 186 
Influx. For each of the four biological replicates, we employed a high-resolution proteomics method to 187 
capture over 4300 proteins out of the 5950 total proteins encoded by P. putida KT2440, including low-188 
abundance proteins that are typically undetected (SI, Table S2). From whole-cell proteomics analysis of P. 189 
putida cells fed on each phenolic substrate compared to cells fed on SUC, we profiled statistically significant 190 
changes (P < 0.05) in the abundance of proteins involved in membrane transport, the coniferyl branch, the 191 
p-coumaroyl branch, and the central carbon metabolism (Fig. 3 and Fig. 4). The HcnK abundance was 700-192 
fold greater in P. putida cells fed with FER or COU (Fig. 3A), in agreement with the assignment of HcnK as 193 
the common transporter for hydroxycinnamate uptake to both the coniferyl and p-coumaroyl branches27. 194 
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However, HcnK abundance was also 9-fold to 13-fold higher in cells grown on VAN and 4HB relative to SUC 195 
(Fig. 3A; SI, Table S3), indicating that abundance of this transporter was also induced by downstream 196 
metabolites in the pathways. For the VAN transporter VanK27, its abundance was 830-fold higher in cells fed 197 
with VAN or FER compared to SUC (Fig. 3A; SI, Table S3), indicating the dependence of VanK level on the 198 
presence of VAN either as a substrate or as an intermediate in FER catabolism (Fig. 1A). Similarly, the 199 
abundance of 4HB transporter PcaK was increased to similar extent (> 140-fold) during growth across all 200 
four phenolic substrates compared to growth on SUC, in accordance with PcaK serving also as a 201 
transporter of PCA26,27,69, a common downstream intermediate in both the coniferyl and p-coumaroyl 202 
branches (Fig. 3A; SI, Table S3).  203 

After substrate uptake, a series of cofactor-dependent enzymes are involved in the initial catabolism 204 
(Fig. 3A). Compared to SUC-fed cells, the abundances of Fcs, Ech, and Vdh, which collectively catalyze 205 
the conversion of FER to VAN or COU to 4HB, were up to 590-fold higher in cells fed on FER or COU, but 206 
remained unchanged in cells grown on VAN or 4HB (Fig. 3A; SI, Table S3). The abundance of VanAB, 207 
which catalyze VAN O-demethylation to produce PCA and formaldehyde, was up to 2700-fold higher in 208 
cells grown on FER or VAN compared to SUC; the corresponding increase during feeding on COU and 209 
4HB was 60-fold (Fig. 3A; SI, Table S3). To avoid the accumulation of toxic formaldehyde, P. putida can 210 
oxidize formaldehyde to CO2 via formate as an intermediate using formaldehyde dehydrogenase (FrmA, 211 
FdhA) and formate dehydrogenase (Fdh, Fmd, Fdo) (Fig. 3B)70,71. Accordingly, relative to SUC-grown cells, 212 
the abundance of FrmA and FdhD was up to 40-fold higher in cells grown on FER or VAN, but remained 213 
unchanged in cells grown on COU or 4HB (Fig. 3B). Related to stress tolerance strategies72,73, abundance 214 
of TtgABC efflux pump was 3-fold higher in VAN-grown cells compared to SUC-fed cells (SI, Table S3), 215 
suggesting its involvement in formaldehyde tolerance. For the conversion of 4HB to PCA, the abundance 216 
of PobA was up to 3100-fold higher during feeding on COU or 4HB relative to SUC feeding; the 217 
corresponding change was up to 550-fold higher in cells grown on FER or VAN (Fig. 3A; SI, Table S3). 218 

Taken together, the increased abundance of the initial catabolic enzymes across all substrates 219 
implied co-regulation in the utilization of the different phenolic substrates. In fact, compared to growth on 220 
SUC, the levels of enzymes (PcaHGBCDJIF) involved in the ortho-cleavage of PCA via the β-ketoadipate 221 
pathway showed 40-fold to 500-fold increase during growth on the four phenolic substrates (Fig. 3A; SI, 222 
Table S3). Notably, the β-ketoadipate pathway generates SUC and acetyl-CoA as additional carbon 223 
influxes into the TCA cycle compared to metabolism of SUC alone (Fig. 3A). Next, we evaluated changes 224 
in both protein abundances and intracellular metabolite levels in the central carbon metabolism (Fig. 4).  225 
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 226 
Fig. 3. Profiling protein abundance changes in the peripheral pathways. Log2 fold change in protein abundance 227 
in (A) the peripheral pathways and (B) formaldehyde oxidation pathway. Abbreviation of enzymes: HcnK, 228 
hydroxycinnamic acid transporter; VanK, vanillate transporter; PcaK, 4-hydroxybenzoate/protocatechuate transporter; 229 
Fcs, feruloyl-CoA synthase; Ech, feruloyl-CoA hydratase-lyase; Vdh, vanillin dehydrogenase; VanAB, vanillate O-230 
demethylase; PobA, 4-hydroxybenzoate 3-monooxygenase; PcaH, protocatechuate 3,4-dioxygenase beta chain; 231 
PcaG, protocatechuate 3,4-dioxygenase alpha chain; PcaC, 4-carboxymuconolactone decarboxylase; PcaB, 3-232 
carboxy-cis,cis-muconate cycloisomerase; PcaD, 3-oxoadipate enol-lactonase; PcaIJ, 3-oxoadipate CoA-transferase; 233 
PcaF, betaketoadipyl-CoA thiolase; FrmA, formaldehyde dehydrogenase; FdhA, formaldehyde dehydrogenase; 234 
FmdEFGH,  formate dehydrogenase; FdhDE, formate dehydrogenase; FdoHGI, formate dehydrogenase; Gor, 235 
glutathione reductase. Log2 fold change and P values are provided in SI, Table S3, using data obtained from four 236 
independent biological replicates (n = 4). The full dataset of proteomics is provided in Supplemental Dataset 1. 237 

 238 
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 239 
Fig. 4. Profiling of intracellular metabolite levels and protein abundances in central carbon metabolism. 240 
Metabolite abbreviations are as mentioned in the main text. Protein abbreviations are as follows: Fbp, fructose-1,6-241 
bisphosphatase; Pgi, glucose-6-phosphate isomerase; Fba, fructose-1,6-bisphosphate aldolase; TktA, transketolase; 242 
TpiA, triosephosphate isomerase; Gap, glyceraldehyde-3-phosphate dehydrogenase; Eno, enolase; Pgm, 243 
phosphoglucomutase; Pyk, pyruvate kinase; PpsA, phosphoenolpyruvate synthase; Ppc, phosphoenolpyruvate 244 
carboxylase; OACD, oxaloacetate decarboxylase; AceEF, pyruvate dehydrogenase; PycAB, Pyruvate carboxylase; 245 
MaeB, malic enzyme; GltA, citrate synthase; Acn, aconitate hydratase; IDH, isocitrate dehydrogenase; SucAB, 246 
oxoglutarate dehydrogenase; SucCD, succinyl-CoA ligase; FumC, fumarate hydratase; Mqo, malate:quinone 247 
oxidoreductase; Mdh, malate dehydrogenase; AceA, isocitrate lyase; GlcB, malate synthase. B.D: below detection 248 
limit. Data of the protein abundances and metabolite levels from four independent biological replicates (n = 4) are 249 
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provided in SI, Tables S3 and S4. The full dataset of proteomics is provided in Supplemental Dataset 1. 250 

Fluxes through β-Ketoadipate Pathway and Enhanced Anaplerosis Promote Carbon Retention in the 251 
TCA Cycle. During phenolic substrate utilization, malate decreased by up to 70% (P < 0.05), while PEP 252 
and 3-phosphoglycerate (3PG) increased 2-fold to 60-fold (P < 0.01) relative to SUC utilization, indicating 253 
strong cataplerotic flux from the TCA cycle towards intermediates in gluconeogenesis (Fig. 4; SI, Table 254 
S4). By contrast, citrate (CIT) and alpha-ketoglutarate (AKG) levels were up to 10-fold and 7-fold higher (P 255 
< 0.001), respectively, in cells grown on phenolic substrates than on SUC, implying high carbon flux 256 
towards the high energy-producing side of the TCA cycle (Fig. 4; SI, Table S4). Despite these changes in 257 
metabolite levels, only three nodes in central carbon metabolism showed greater than 2-fold changes in 258 
protein abundance during growth on the phenolic substrates relative to growth on SUC. First, the enzyme 259 
catalyzes the anaplerotic reaction of pyruvate carboxylation to OAA (Pyc) was 2.5-fold to 6-fold more 260 
abundant, but the abundance of Ppc, which catalyzes the other anaplerotic reaction of PEP carboxylation 261 
remained mostly unchanged (< 2-fold), suggesting a dominant role of Pyc during growth on phenolic 262 
compounds (Fig. 4; SI, Table S3). Second, the two enzymes (AceA and GlcB) involved in the glyoxylate 263 
shunt were 2-fold to 30-fold more abundant (Fig. 4; SI, Table S3). Third, the abundance of AceE and AceF, 264 
which catalyze pyruvate to acetyl-CoA, was up to 6-fold lower in cells fed on FER or COU, potentially due 265 
to the acetyl-CoA surplus. Thus, the proteomics profiling implied an increased cataplerotic flux, activation 266 
of the glyoxylate shunt, and a decreased flux in pyruvate dehydrogenase during phenolic catabolism. To 267 
corroborate this inferred metabolic remodeling, we performed kinetic 13C-profiling of P. putida KT2440 268 
cells switched from unlabeled substrates to 50% phenyl-13C6-FER, phenyl-13C6-COU, phenyl-13C6-VAN, 269 
phenyl-13C6-4HB, or U13C4-SUC (Fig. 5A). 270 

The kinetic 13C-profiling of intracellular metabolites was aimed at capturing routing of substrate 271 
carbons in specific metabolic pathways. After 1 min, the 13C-labeled fractions of SUC were at up to 24% in 272 
cells grown on FER and VAN, but at up to 52% in cells grown on COU and 4HB (P < 0.001) (Fig. 5B). The 273 
slower incorporation of 13C into the coniferyl branch relative to the p-coumaroyl branch was consistent 274 
with up to 58% slower uptake rates of the respective substrates (SI, Fig. S1). The 13C-labeled fraction of 275 
acetyl-CoA in cells fed with the hydroxycinnamates (FER and COU) was up to 50% lower than in cells 276 
grown on the hydroxybenzoates (VAN and 4HB) (P < 0.05), due to the production of unlabeled acetyl-CoA 277 
via Ech (Fig. 5B). Further, consistent with the additional acetyl-CoA influx from the β-ketoadipate pathway, 278 
13C-labeled acetyl-CoA was predominantly doubly 13C-labeled (> 90%) during growth on the phenolic 279 
substrates (Fig. 5B). Under similar uptake rates, despite 3-fold to 30-fold higher CIT and aspartate (Asp) 280 
levels in cells fed with 4HB compared to SUC (P < 0.001), ¹³C-labeled fraction within 15 s was up to 2-fold 281 
higher in 4HB-grown cells (P < 0.01), confirming exceptionally high TCA cycle flux for 4HB assimilation 282 
(SI, Table S4; Figs. 5B).  283 

We further confirmed metabolic remodeling through carbon mapping combined with ¹³C-284 
metabolomics (Figs. 5C, 5D, and 5E). First, regarding metabolic remodeling through anaplerosis inferred 285 
from the change of Pyc abundance, we determined the relative fraction of OAA derived from pyruvate by 286 
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tracking triply 13C-labeled OAA (via Asp labeling), which would be generated only from the carboxylation 287 
of triply 13C-labeled pyruvate by unlabeled CO2 (Fig. 5C). At the plateau of the kinetic 13C data, we 288 
recorded 38% triply 13C-labeled pyruvate and 6% triply 13C-labeled Asp in the SUC-fed cells (Fig. 5B), 289 
reflecting that 16% of OAA was derived from pyruvate (Fig. 5C), consistent with previous flux analysis74. 290 
However, the isotopologue profiling in cells fed on the phenolic substrates revealed 30% to 45% of OAA 291 
derived from pyruvate (Fig. 5C), confirming the enhanced Pyc-catalyzed pyruvate carboxylation to OAA 292 
(i.e., anaplerosis) implied by the proteomics data.  293 

Second, to verify metabolic remodeling through the glyoxylate shunt, we illustrated carbon mapping 294 
for two scenarios. In one scenario, SUC generated exclusively through the canonical TCA cycle with no 295 
flux through the glyoxylate shunt would result in non-labeled, singly 13C-labeled, triply 13C-labeled, and 296 
fully 13C-labeled SUC after one cycle of carbon mapping (Fig. 5D); an additional cycle would generate the 297 
same isotopologues (SI, Fig. S3). In another scenario, the glyoxylate shunt in the TCA cycle would 298 
generate doubly 13C-labeled SUC through isocitrate lyase (AceA) (Fig. 5E). Detection of this doubly 13C-299 
labeled isotopologue only in the cells fed on phenolic substrates confirmed the activation of the glyoxylate 300 
shunt during the metabolism of these substrates (Fig. 5B). We performed 13C-fluxomics to obtain 301 
quantitative insights into the metabolic network remodeling. 302 
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 303 
Fig. 5. Kinetic 13C-profiling and carbon mapping of metabolites in the central carbon metabolism. (A) 304 
Schematic illustration of kinetic isotope incorporation experiment using 50% 13C-labeled substrates. (B) Kinetic 13C-305 
profiling of central carbon metabolites. (C) Contribution from pyruvate versus malate to the oxaloacetate pool 306 
determined by carbon mapping when cells were grown on 50% 13C-labeled phenolic substrates or SUC. 307 
Isotopologues of TCA cycle intermediates predicted by carbon mapping when assuming (D) 100% canonical TCA 308 
cycle and (E) 100% glyoxylate shunt. Kinetic 13C-profiling of dihydroxyacetone phosphate, PEP, and sedoheptulose-309 
7-phosphate are provided in SI, Fig. S4. For clarity, we presented the data in (B) as mean ± standard deviation from 310 
three independent biological replicates (n = 3), error bars are not visible where data across the three biological 311 
replicates were highly reproducible. Individual data points for kinetic 13C-metabolomics are provided in Supplemental 312 
Dataset 2. Abbreviations of metabolites are the same as shown in the main text. 313 
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High flux retention in the TCA cycle sustains cofactor surplus. The algorithm for the 13C-fluxomics of 314 
each of the four phenolic substrates was constrained by biomass growth rates, substrate depletion rates, 315 
metabolite secretion rates, intracellular metabolite levels, and kinetic 13C-profiling of metabolites (Fig. 6A-316 
6D). Relative to SUC metabolism, the β-ketoadipate pathway provides an additional influx of acetyl-CoA 317 
from the phenolic substrates and the presence of the acryl group in the hydroxycinnamates generates a 318 
surplus acetyl-CoA (Fig. 1A). Consequently, we obtained 2-fold to 9-fold increase in carbon fluxes in the 319 
TCA cycle during phenolic catabolism compared to SUC utilization (Figs. 6A-6D; SI, Fig. S5). Moreover, 320 
the citrate synthase flux, which combines OAA with acetyl-CoA to form CIT, was up to 2-fold higher for the 321 
catabolism of the hydroxycinnamate compounds (FER and COU) than the hydroxybenzoate compounds 322 
(VAN and 4HB) (Figs. 6A-6D). Accordingly, flux through the glyoxylate shunt was determined to be 2.5-323 
fold to 13-fold higher during metabolism of the hydroxycinnamates than the hydroxybenzoates (Figs. 6A-324 
6D). This flux difference with the different phenolic compounds was consistent with our proteomics data 325 
on the relative abundance of AceA in the glyoxylate shunt (Fig. 4; SI, Table S3). 326 

With respect to the flux remodeling at the cataplerosis-anaplerosis nodes, the cataplerotic flux 327 
through malic enzyme was 1.4-fold to 2.5-fold higher during phenolic substrate catabolism compared to 328 
SUC catabolism, while there was no flux through OAA decarboxylase (Figs. 6A-6D; SI, Fig. S5). Informed 329 
by the proteomics data, which highlighted up to 6-fold increase in Pyc (pyruvate carboxylase) relative to 330 
less than 2-fold increase in Ppc (PEP carboxylase) (P < 0.001), anaplerotic flux was constrained to occur 331 
only via Pyc, involving the carboxylation of pyruvate to OAA, to replenish four-carbon intermediates in the 332 
TCA cycle (Fig. 4). This pyruvate-to-OAA anaplerotic flux was 7-fold to 20-fold higher during phenolic 333 
substrate utilization than SUC utilization (Figs. 6A-6D; SI, Fig. S5), in agreement with the 2-fold to 3-fold 334 
higher OAA production from pyruvate influx illustrated by the carbon mapping combined with kinetic ¹³C-335 
metabolomics (Fig. 5C).  336 

For resolving whether to include flux through pyruvate dehydrogenase, we performed 13C-fluxomics 337 
with and without the reaction of pyruvate to acetyl-CoA (SI, Table S5). The model fit was not statistically 338 
acceptable when we deactivated the reaction in FER and COU (SI, Table S5). Therefore, pyruvate 339 
dehydrogenase was thus considered active during the phenolic substrate catabolism despite the 340 
observed decrease in the protein abundance (Fig. 4), suggesting possible sufficient abundance to 341 
support flux or post-translational regulation18,75. 342 

When we compared our high-resolution 13C-fluxomics of the metabolic network with the widely used 343 
approach of flux balance analysis (FBA), both revealed that sustenance of high TCA cycle flux was 344 
prioritized over gluconeogenic flux during phenolic substrate catabolism (Figs. 6A-6D; Supplemental 345 
Dataset 4). Specifically, the 13C-fluxomics predicted that only 13-16% of the cataplerotic flux from the TCA 346 
cycle to pyruvate was invested towards gluconeogenic flux, while 69-77% was recycled back to the TCA 347 
cycle via both pyruvate carboxylase (to replenish OAA) and pyruvate dehydrogenase (to generate acetyl-348 
CoA) (Figs. 6A- 6D). The FBA still predicted 78-86% of carbon retention in the TCA cycle but indicated 349 
low cataplerotic flux through malic enzyme (14-22%) instead of the anaplerotic carbon recycling predicted 350 
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by the 13C-fluxomics, a difference that we attributed to the low resolution of the anaplerosis-cataplerosis 351 
node in the FBA algorithm (Supplemental Dataset 4).   352 

With respect to relationships between our 13C-fluxomics and proteomics data, there was a general 353 
trend of positive correlation between changes in protein abundances and changes in fluxes in 354 
cataplerosis, anaplerosis, 4 reactions in gluconeogenesis, and at least 7 reactions in the TCA cycle (Fig. 355 
6E). Due to the discrepant magnitudes in the respective protein abundance and flux changes, there was 356 
an overall poor correlation between the relative changes in the metabolic fluxes versus changes in protein 357 
abundances (Pearson correlation, r = 0.11-0.35, P = 0.08-0.59) (Fig. 6E). Therefore, our correlation 358 
matrices are consistent with the proposal that metabolic fluxes in central carbon metabolism are driven 359 
primarily by thermodynamic factors and post-translational modifications18,75.  360 

To examine consequences of the remodeled metabolic network on cofactor balance, we determined 361 
the rates of production and consumption of NADPH, NADH/UQH2, and ATP during the catabolism of the 362 
phenolic substrates compared to SUC, as a reference (Figs. 7A and 7B). Increased flux through 363 
cataplerosis via malic enzyme and through isocitrate dehydrogenase in the TCA cycle led to 1.2-fold to 364 
2.5-fold greater NADPH production in cells grown on phenolic substrates compared to SUC-grown cells 365 
(Fig. 7B). As a result, the NADPH production was 24%-44% in excess of the NADPH demand for biomass 366 
synthesis and the peripheral pathway including formaldehyde detoxification; this NADPH surplus was 367 
routed to NADH synthesis through transhydrogenase reactions (Fig. 7B). Due to the promoted retention of 368 
carbon flux in the TCA cycle, NADH/UQH2 production was 1.4-fold to 2.7-fold higher during catabolism of 369 
phenolic substrates relative to SUC utilization (Fig. 7B). The NADH surplus was 1.4-fold to 2.7-fold higher 370 
in phenolic substrate-fed cells than SUC-grown cells, resulting in a corresponding fold increase in ATP 371 
production via oxidative phosphorylation (Fig. 7B). In corroboration of the model-predicted ATP surplus, 372 
absolute quantitation of the cellular ATP content revealed up to 2-fold higher ATP in cells fed with FER, 373 
COU, or 4HB than in the SUC-fed cells (P <0.01) (Fig. 7C). The surplus of ATP was consistent with the 374 
relatively higher energy charge values during processing of the phenolic substrates compared to SUC 375 
(Fig. 1C), underscoring the optimization of the carbon metabolism in P. putida to maintain a high-energy 376 
state during phenolic substrate utilization. 377 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 24, 2025. ; https://doi.org/10.1101/2025.03.24.645021doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.24.645021
http://creativecommons.org/licenses/by-nc/4.0/


16 
 

 378 
Fig. 6. Quantitative flux analysis of phenolic acid metabolism and correlation between 13C-fluxomics and 379 
proteomics. Optimized flux model of P. putida KT2440 grown on (A) FER, (B) COU, (C) VAN, and (D) 4HB as the 380 
sole carbon source constrained by proteomics, metabolite pool sizes, and 13C metabolomics data. (E) Correlation 381 
matrices of relative flux changes versus relative protein abundance changes. All fluxes are normalized to the substrate 382 
uptake rate (q). The weight of arrows is relative to flux magnitude. Relative flux changes between cells grown on the 383 
phenolic substrates and SUC are denoted by a red-black-blue color scheme. Increased flux is shown in shades of red, 384 
decreased flux is shown in shades of blue, and black indicates negligible differences in flux values. The yellow arrows 385 
represent fluxes that are predicted to be only in phenolic acid catabolism. The grey arrow represents metabolite 386 
secretion. Flux model of P. putida grown on SUC is provided in SI, Fig. S5. The complete flux estimations are provided 387 
in Supplemental Dataset 3. Abbreviations of metabolites are the same as shown in the main text. 388 
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 389 
 390 

 391 
Fig. 7. Cofactor balance in P. putida during carbon metabolism of the four lignin-derived phenolic substrates 392 
compared to succinate. A) Schematic illustration of metabolic reactions involving NADPH, NADH/UQH2, and ATP. 393 
(B) Production and consumption rates (mmol gCDW-1 h-1) of NADPH, NADH/UQH2, and ATP. Production of ATP from 394 
NADH/UQH2 was calculated using a phosphate to oxygen (P/O) ratio of 1.5. Abbreviations of metabolites are the same 395 
as shown in the main text. (C) Quantified intracellular ATP pool size (µmol gCDW-1) in cells grown on the lignin-related 396 
phenolic substrates compared to succinate. Data are expressed as mean ± standard deviation from four independent 397 
biological replicates (n = 4). In C, one-way ANOVA was performed followed by Tukey’s HSD post hoc test. Statistically 398 
significant differences (P < 0.05) are denoted by a change in letter. 399 
 400 
Discussion 401 
The catabolism of lignin-derived phenolic substrates represents a critical step in valorizing lignin using 402 
biotechnologically relevant microbes2–7. Strains of P. putida are extensively studied for this endeavor due 403 
to their native ability to catabolize various aromatic compounds10,11,13,14,16–18,37,76. However, elucidation of 404 
the native metabolic network in relation to cofactor balance in P. putida during catabolism of phenolic 405 
substrates remains a knowledge gap. Here, we performed a comprehensive quantitative analysis of the 406 
metabolic underpinnings of carbon and energy fluxes in P. putida KT2440 during conversion of two 407 
hydroxycinnamates and two hydroxybenzoates, which represent common lignin-derived phenolic 408 
substrates. 409 

To address metabolic bottlenecks during conversion of phenolic substrates, increase in enzyme 410 
expression was shown to be a successful strategy when an enzyme (i.e., VanA or VanB) exhibited a 411 
preference for NADH over NADPH, but bottleneck was not alleviated for an enzyme (i.e., PobA) with 412 
NADPH specificity due to cofactor deficiency28,33,40,43. The latter deficiency was circumvented by 413 
substituting for an enzyme with broader cofactor specificity (i.e., PraI) or by increasing NADPH supply 414 
through substrate co-feeding41,43. Our quantitative flux analysis determined that the metabolic fluxes 415 
generated excess in both NADPH and NADH in P. putida KT2440, but the NADH surplus was up to 6-fold 416 
higher than the NADPH surplus. Thus, our findings implied that the native cofactor balance was more 417 
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amenable to buffering increased NADH demand than increased NADPH demand from enzyme 418 
overexpression. 419 

Predicted by our proteomics data and confirmed by 13C-fluxomics, we identified key nodes of flux 420 
remodeling with important energetic consequences during the metabolism of the phenolic substrates. At 421 
the cataplerosis-anaplerosis nexus between the TCA cycle and lower glycolysis, P. putida KT2440 422 
exhibited the specific cataplerotic routing of carbon fluxes through malic enzyme (to deplete malate and 423 
produce pyruvate) and anaplerotic routing through pyruvate carboxylase (to replenish OAA). This 424 
adaptation of cataplerosis and anaplerosis generated 50% of the NADPH yield and sustained high flux 425 
through the TCA cycle to produce over 70% of the NADH yield, which eventually fueled oxidative 426 
phosphorylation for ATP production. A similar routing of carbon fluxes through the cataplerosis-427 
anaplerosis nodes was noted in glucose-grown P. putida to satisfy elevated cofactor demands in response 428 
to oxidative and energetic stresses18,59. For instance, in response to oxidative stress, P. putida has been 429 
shown to enhance carbon flux from glucose catabolism through the oxPPP to generate excess NADPH 430 
that exceeded 50% of the biomass demand59. Moreover, when the conversion of NADH to ATP via 431 
oxidative phosphorylation was uncoupled chemically in glucose-fed P. putida, there was an increase in 432 
carbon flux through the high-energy producing side of the TCA cycle towards providing NAD(P)H and 433 
ATP production to counterbalance the metabolic perturbation54. Thus, we propose that cofactor-driven 434 
metabolic reprogramming is a widespread phenomenon under different substrate utilization. 435 

The ortho-cleavage pathway, the only known catabolic route for the phenolic substrates in P. putida 436 
(particularly strain KT2440), generates SUC and acetyl-CoA to feed into the TCA cycle. There are two 437 
other reported aerobic PCA cleavage pathways: for example, the 2,3-meta cleavage pathway found in P. 438 
putida strains mt-2 and H, and the 4,5-meta cleavage pathway revealed in Comamonas testosteroni and 439 
Sphingobium sp. SYK-675,77–81. The 2,3-meta cleavage route generates pyruvate and acetyl-CoA with the 440 
production of NADH78,81; the 4,5-meta cleavage route generates OAA and pyruvate with the production of 441 
NADPH75,80. The quantitative analysis employed here to decode cofactor balance involved in the ortho-442 
cleavage pathway could be used to evaluate the metabolic routing of phenolic carbons and cellular 443 
cofactor balance following the other cleavage pathways.  444 

Here we focused on the catabolism of hydroxycinnamates and hydroxybenzoates with PCA as the 445 
common catabolic intermediate in P. putida KT2440. Lignin-derived compounds can constitute other 446 
aromatic structures9, with different intermediates such as catechol and gallate10,13,17. Moreover, sugar 447 
monomers and aliphatic acids often co-exist with phenolic acids in hydrolysates of lignocellulosic 448 
feedstocks82,83. Further investigation is needed to address the energy metabolism in P. putida during co-449 
utilization of different phenolic structures with or without sugars or aliphatic acids.  450 

In sum, we unraveled interplay between carbon metabolism and energy metabolism in P. putida KT2440 451 
grown on lignin-derived phenolic substrates, thus addressing the knowledge gap of quantitative flux analysis 452 
during utilization of these substrates. Our findings provide a valuable quantitative blueprint of the native 453 
metabolic network for further explorations of Pseudomonads and other related bacterial platforms for lignin 454 
valorization. 455 
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Materials and Methods 456 
Bacterial cultivation. Pseudomonas putida (strain KT2440) was obtained from the American Type Culture 457 
Collection (ATCC) and stored in Lysogeny broth (Miller) nutrient-rich medium with 25% glycerol at -80 °C. 458 
Cells were washed and inoculated from frozen stocks into 20-mL glass tubes that contained 5 mL of pH-459 
adjusted (7.0) minimal nutrient medium with 100 mM C of ferulate (FER), p-coumarate (COU), vanillate 460 
(VAN), 4-hydroxybenzoate (4HB) or succinate (SUC) as the sole carbon source. The minimal nutrient 461 
medium contained 5.0 mM NaH2PO4, 20 mM K2HPO4, 37 mM NH4Cl, 17 mM NaCl, 0.81 mM MgSO4 · 7H2O, 462 
and 34 µM CaCl2 · 2H2O. Addition of essential trace metal nutrients and FeSO4 (30 µM) to the nutrient 463 
medium was done prior to inoculation. As previously described 60, after initial inoculation of the culture in 464 
glass tubes at 30 °C with shaking at 220 rpm overnight in an incubator-shaker (New Brunswick Scientific, 465 
Edison, NJ). The cells were harvested, washed and subsequently transferred into 125-mL or 250-mL baffled 466 
flasks. To optimize oxygen transfer, only one-fifth of the volume of the baffled flask was filled with the minimal 467 
nutrient medium with carbon source. Cell growth was monitored by measuring the optical density at 600 468 
nm (OD600) using an Agilent Cary UV-Vis spectrophotometer (Santa Clara, CA). Cell dry weight per gram 469 
(gCDW) was measured by weighing the mass of lyophilized cell pellets collected throughout the growth as 470 
previously described60. The conversion factor of OD600 and gCDW was calculated through linear regression 471 
with R2 coefficient greater than 0.80 as previously described60,84. All growth experiments were conducted 472 
in three biological replicates. 473 

Mutant construction. Construction details for strains, oligonucleotides, and plasmids are detailed in Tables 474 
S6-S8. In brief, all plasmids were synthesized and cloned by Twist Biosciences. Ribosome binding sites 475 
were optimized for each native P. putida KT2440 sequence as described previously85. For the construction 476 
of P. putida strains, the parent strain P. putida AG5577 containing a total of nine unique attB sites was used 477 
as described previously86. The parental strain P. putida AG5577 was confirmed to be identical to the wild-478 
type P. putida KT2440 in phenolic acid utilization (Fig. S2). All integrations were achieved by serine 479 
recombinase-assisted genome engineering (SAGE) using either the BxB1 or TG1 recombinase as 480 
previously established86–88. Integrations were confirmed using Oxford Nanopore sequencing at 481 
Plasmidsaurus (https://www.plasmidsaurus.com). 482 

Measuring extracellular substrate depletion. Aliquots of cell suspensions were collected and spanned 483 
at different time points throughout biomass growth. Following filtering during centrifugation (Costar Spin-X, 484 
0.22-µm-pore-size filter), the filtrates were stored at -20 °C until analysis. The concentration of each 485 
aromatic substrate was determined using ultra-high-performance liquid chromatography (UHPLC) with an 486 
Agilent ZORBAX Eclipse Plus C18 column (4.6 × 100 mm with 5 µm particle size) and a UV detector at 210 487 
nm for 4HB and VAN detection, and 275 nm for FER and COU detection. The injection volume was 10 µL 488 
and the column was maintained at 25 °C. The mobile phase consisted of 0.1% formic acid (eluent A) and 489 
80:10:10 acetonitrile: methanol: H2O (eluent B) with a flow rate of 0.9 mL · min-1. The gradient of eluent B 490 
was set as 0 min, 6%; 6.5 min, 15%; 8.5 min, 25%; 10.75 min, 37.5%; 15.5 min, 65%; 16.25 min, 6%. 491 
Extracellular substrate depletion rate, in mmol gCDW

-1 h-1, was determined by regression analysis. The rate 492 
of SUC depletion was obtained by Wilkes et al.60 493 

Quantitative Proteomics. Pseudomonas putida KT2440 was cultured until mid-exponential phase (OD600 494 
= 1.0-1.2) using 100 mM C of FER, COU, VAN, 4HB or SUC as the sole carbon source in the nutrient minimal 495 
medium. After centrifugation of 2-mL cultures (10000 g for 5 min at 4 °C), the cell pellets were washed 496 
twice with phosphate-buffered solution (pH = 7.4) followed by quenching with cold methanol (4 °C) and 497 
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incubated on ice for 30 min. The quenched cell suspensions were centrifuged, and the pellets were 498 
resuspended in methanol and stored at -80 °C until analysis. 499 

The samples were processed with an on-filter in-cell (OFIC) digestion approach as described 500 
previously89. Briefly, after transferring the samples to E3 filters (CDS Analytical, Oxford, PA), and 501 
centrifuging (400 g for 1 min), the filter was washed once with methanol, and treated with 10 mM Tris(2-502 
carboxyethyl)phosphineand and 40 mM chloroacetamide (in 50mM triethylammonium bicarbonate, TEAB), 503 
followed by incubating at 45 °C for 10 min. The sample-containing filters were spun to remove liquid, 504 
followed by washing once with 50mM TEAB. Subsequently, the samples were digested with Trypsin/LysC 505 
mix at 37 °C for 16-18 h. After digestion, the peptides were eluted, pooled, and dried in SpeedVac. The 506 
peptides were desalted with StageTips (CDS Analytical, Oxford, PA), dried, and stored at -80 °C until further 507 
analysis. 508 

The peptides were first loaded onto a trap column (PepMap100 C18, 300 μm × 2 mm with 5 μm particle 509 
size; Thermo Scientific) then separated through an analytical column (PepMap100 C18, 50 cm × 75 μm 510 
with 3 μm particle size; Thermo Scientific) with eluents consisting of 0.1% formic acid in water (eluent A) 511 
and 0.1% formic acid in acetonitrile (eluent B) with a flow rate of 250 nL · min-1 using an Ultimate 3000 512 
RSLCnano system with nano electrospray ionization for liquid chromatography mass spectrometry analysis 513 
(LC-MS). The MS data were acquired on an Orbitrap Eclipse mass spectrometer with FAIMS Pro Interface 514 
(Thermo Scientific) at 120K resolution, followed by MS/MS acquisition in data-independent mode following 515 
a protocol described previously90.  516 

The mass spectrometry data were processed using Spectronaut software (version 19.1)91 and a library-517 
free DIA analysis workflow with directDIA+ and the P. putida KT2440 protein sequence (Uniprot 2024 518 
release; 5950 sequences). In short, the settings for Pulsar and library generation included: Trypsin/P as 519 
specific enzyme; peptide length from 7 to 52 amino acids; allowing 2 missed cleavages; toggle N-terminal 520 
M turned on; Carbamidomethyl on C as fixed modification; Oxidation on M and Acetyl at protein N-terminus 521 
as variable modifications; FDRs at PSM, peptide and protein level all set to 0.01; Quantity MS level set to 522 
MS2, and cross-run normalization turned on. Bioinformatics analyses were performed using Perseus 523 
software (version 1.6.2.3)92. The MS raw files obtained for this study have been deposited to the MassIVE 524 
server (https://massive.ucsd.edu/) with the accession number MSV000095008. The full dataset of 525 
proteomics is provided in Supplemental Dataset 1. 526 

Intracellular metabolite levels and isotope labeling kinetics. To profile the intracellular metabolites of 527 
each of the substrate condition (100 mM C of FER, COU, VAN, 4HB or SUC), cell suspensions (3 mL) of P. 528 
putida KT2440 during mid-exponential growth phase (OD600 = 1.0-1.2) were filtered (0.22 µm nylon 529 
membranes; Whatman, 7402-004), then lysed in a cold quenching solution (4 oC) containing methanol, 530 
acetonitrile, and water in a 2:2:1 ratio. The suspensions were centrifuged (10000 × g, 4 °C for 5 min) and 531 
aliquots (200 µL) of the supernatants in 2mL-tubes were dried under ultrapure nitrogen gas followed by 532 
storage at -80 °C before further analysis. The dried samples, collected from four biological replicates, were 533 
resuspended in 100 µL LC-MS grade water before metabolomics analysis.  534 

In preparation for kinetic 13C-labeling experiments, 3-mL exponentially-growing P. putida KT2440 cells 535 
(two transfers, three biological replicates) on each unlabeled substrate (100 mM C of FER, COU, VAN, 4HB, 536 
or SUC) were filtered (0.22 µm nylon membranes; Whatman, 7402-004), and the filters containing the cells 537 
were placed onto agar plates containing 100 mM C of the same substrate, followed by incubation at 30 °C 538 
until exponential growth was resumed. To initiate 13C-labeling of intracellular metabolites, cell-containing 539 
filters were transferred onto fresh agar plates with 50% of 13C-labeled substrate: 13C6-phenyl-FER, 13C6-540 
phenyl-COU, 13C6-phenyl-VAN, 13C6-phenyl-4HB, or U13C4-succinate. These labeled substrates were 541 
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purchased from Cambridge Isotopes (Tewksbury, MA) or Sigma-Aldrich (St. Louis, MO). At four different 542 
time points (15 s, 1 min, 5 min, and 15 min), cells adhered to the filter were quenched into the 543 
aforementioned cold quenching solution (4 oC); data for time 0 were obtained with cells directly quenched 544 
from the unlabeled plate. The quenched cell suspensions were processed following the aforementioned 545 
nitrogen drying procedure and the extracted metabolites were stored at -80 °C until metabolomics analysis.  546 

Metabolomics analysis. Intracellular and extracellular metabolites were quantified based on our 547 
established metabolomics protocol using UHPLC (Thermo Fisher Scientific Dionex UltiMate 3000) coupled 548 
with high-resolution mass spectrometry (Thermo Fisher Scientific Q Exactive quadrupole-Orbitrap) 549 
operating in negative mode60,93. The LC column, an Acquity UPLC BEH C18 Column (particle size 1.7 µm, 550 
2.1 mm × 100 mm, Waters), was maintained at 25 °C with an injection volume of 10 µL. The eluents were 551 
adopted as previously described with a flow rate of 0.18 mL·min-1 93. The data was analyzed on the Thermo 552 
Scientific XCalibur software (v3.0) using a series of standard concentrations. The fraction of different 553 
isotopomers was analyzed using the Metabolomic Analysis and Visualization Engine (MAVEN) software 554 
version 2011.6.1794; to correct for the natural abundance of 13C, IsoCor v2.2.095 was used. The MS data for 555 
metabolomics have been deposited to MetaboLights depository (https://www.ebi.ac.uk/metabolights/) 556 
under the accession number of MTBLS11484. The full dataset of kinetic 13C-metabolomics is provided in 557 
Supplemental Dataset 2. 558 

13C-fluxomics analysis. We employed both the levels and the kinetic isotopic profiling of intracellular 559 
metabolites to perform an isotope non-steady state metabolic flux analysis (INST-MFA) 96. A core P. putida 560 
metabolic network was constructed based on published resources with modifications to supplement 561 
aromatics utilization pathways58,61. The biomass yield equation was modified from a previous genome 562 
scale model for P. putida KT244097. The INCA software (v2.3) based on Matlab platform98 was used to 563 
simulate isopotomer balances when P. putida was fed on different aromatic substrates and succinate. The 564 
INST-MFA models were constrained with growth, substrate consumption and metabolite secretion rates, 565 
measured pool sizes (CIT, AKG, SUC, PYR, PEP, 3PG, G6P, AcCoA) and kinetic isotopomer distributions 566 
(CIT, AKG, SUC, OAA as Asp, PEP, PYR, 3PG, DHAP, G6P, S7P, AcCoA). Flux estimations were reiterated 567 
at least 50 times from random initial values as previously suggested to obtain the best fits99. At least three 568 
independent flux estimations were performed for each INST-MFA model to ensure the flux estimations 569 
were consistent. The estimates were considered as statistically acceptable fits when the results passed 570 
the χ2 goodness-of-fit test (cutoff 95% confidence level), i.e., the minimized variance-weighted sum of 571 
squared residuals (SSR) were within the expected range. The standard errors (95% confidence intervals) 572 
of the flux estimations for the reactions in the central carbon metabolism were calculated through Monte 573 
Carlo simulations as previously reported61,98. Complete flux estimations are in Supplemental Dataset 3. 574 
Cofactor balance was calculated from quantified fluxes for metabolic reactions with production or 575 
consumption of NADPH, NADH/UQH2, and ATP. Only NADH was included for vanillate O-demethylase 576 
because VanB was shown to prefer NADH over NADPH28. 577 

Flux balance analysis. The most recent genome-scale model of P. putida KT2440 (iJN1463) was 578 
downloaded from the BIGG database (http://bigg.ucsd.edu/)97. The FER, VAN, and 4HB catabolic reactions 579 
are present in the original iJN1463 model. The COU uptake and initial catabolic reactions to coumaroyl-580 
CoA were added manually to the model. The optimized flux distribution predicted by flux balance analysis 581 
was performed using the COBRApy library (version 0.29.1)100. Substrate uptake rates for SUC, FER, COU, 582 
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VAN, and 4HB were fixed at the experimentally determined values (in mmol/gCDW/h), which are 16.0, 6.7, 583 
9.9, 8.2, and 15.9, respectively. For the 4HB analysis, the PCA secretion rate was fixed at 1.2 mmol/gCDW/h 584 
as experimentally measured. Results for flux balance analysis are in Supplemental Dataset 4. 585 

Statistical analysis. Unpaired two-tailed t-test was applied to evaluate the significance of differences 586 
between two groups. One-way analysis of variance (ANOVA) was used to evaluate differences among 587 
three or more conditions. Tukey’s honestly significant difference (HSD) post hoc test was performed for 588 
pairwise comparison in addition to one-way ANOVA. The P-value threshold for statistically significant 589 
difference was set at 0.05.  590 
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