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Pseudomonas species thrive in different nutritional environ-
ments and can catabolize divergent carbon substrates. These
capabilities have important implications for the role of these
species in natural and engineered carbon processing. However,
the metabolic phenotypes enabling Pseudomonas to utilize
mixed substrates remain poorly understood. Here, we employed
a multi-omics approach involving stable isotope tracers,
metabolomics, fluxomics, and proteomics in Pseudomonas
putida KT2440 to investigate the constitutive metabolic net-
work that achieves co-utilization of glucose and benzoate,
respectively a monomer of carbohydrate polymers and a deriv-
ative of lignin monomers. Despite nearly equal consumption of
both substrates, metabolite isotopologues revealed nonuniform
assimilation throughout the metabolic network. Gluconeogenic
flux of benzoate-derived carbons from the tricarboxylic acid
cycle did not reach the upper Embden—Meyerhof-Parnas path-
way nor the pentose—phosphate pathway. These latter two path-
ways were populated exclusively by glucose-derived carbons
through a cyclic connection with the Entner—Doudoroff path-
way. We integrated the ">C-metabolomics data with physiolog-
ical parameters for quantitative flux analysis, demonstrating
that the metabolic segregation of the substrate carbons opti-
mally sustained biosynthetic flux demands and redox balance.
Changes in protein abundance partially predicted the metabolic
flux changes in cells grown on the glucose:benzoate mixture ver-
sus on glucose alone. Notably, flux magnitude and directionality
were also maintained by metabolite levels and regulation of
phosphorylation of key metabolic enzymes. These findings pro-
vide new insights into the metabolic architecture that affords
adaptability of P. putida to divergent carbon substrates and
highlight regulatory points at different metabolic nodes that
may underlie the high nutritional flexibility of Pseudomonas
species.
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A network of metabolic pathways is involved in pro-
cessing carbon substrates to obtain cellular energy and car-
bon skeletons toward biomass biosynthesis and product
generation. Understanding this cellular physiology for
mixed-substrate utilization in Pseudomonas species, includ-
ing Pseudomonas putida, is of particular interest (1-5).
Strains of P. putida are able to catabolize breakdown prod-
ucts of lignocellulose (5-7), which serves as carbon sources
in the soil matrix and represents an important feedstock in
engineered bioconversion to valuable products. Further-
more, P. putida strains can catabolize oil contaminants such
as benzene and toluene (1, 8, 9) and other industrial aromatic
contaminants (10-13). Thus, the cellular network of
P. putida can accommodate the metabolism of different sub-
strate types. The metabolic pathways in P. putida have been
extensively studied for growth on single organic substrates
(7,12, 14-17) including two highly relevant substrates: glu-
cose and benzoate. Glucose is a monomer of various carbo-
hydrate polymers; benzoate is an aromatic derivative of
lignin, plant secretions, and petroleum and agricultural con-
taminants. Little is known, however, about the underlying
intracellular metabolism and flux regulation for the co-pro-
cessing of these substrates.

Nondiauxic biomass growth was observed for P. putida
strains grown on different mixtures of glucose with an
aromatic substrate: glucose:toluene mixture with strain
KT2440 (pWWO0) (18), glucose:benzoate mixture with strain
KT2440-JD1 (19) and strain KT2440 (14). In accordance
with this lack of diauxie, simultaneous consumption of glu-
cose and an aromatic substrate was reported in P. putida
KT2440-JD1 (19) and P. putida KT2440 (14). Furthermore,
similar biomass growth rates were determined for P. putida
KT2440 (pWWO0) fed on glucose alone, toluene alone, or a
mixture of glucose and toluene (2.3:1 ratio) (18). These pre-
vious findings are in line with the proposal that P. putida
cells assimilate carbons from both carbohydrate and aro-
matic substrates in a manner that optimizes biomass growth
(18). The cellular physiology, however, that channels these
carbons through the different metabolic pathways remains
to be fully elucidated.

The four principal pathways that channel carbons toward
biosynthetic building blocks in P. putida are the Entner—
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Doudoroff (ED)? pathway, the pentose—phosphate (PP) path-
way, the upper Embden—Meyerof-Parnas (EMP) pathway, and
the TCA cycle (Fig. 1). To route glucose-derived carbons
toward the ED and PP pathways, glucose catabolism is initiated
either by direct glucose phosphorylation to glucose-6-phos-
phate (G6P) or by glucose oxidation to gluconate (Glucn) and
2-keto-gluconate in the periplasm before subsequent phos-
phorylation to 6-phosphogluconate (6P-Glucn) (14-16) (Fig.
1). Comparative transcriptional analysis of P. putida KT2440
grown on benzoate alone versus glucose alone showed no
change in the transcript levels of all the proteins involved in
initial glucose catabolism (14). However, compared to P. putida
KT2440 (pWW0) grown on glucose alone, toluene addition led
to down-regulation of genes encoding glucose transporters
(18). Moreover, the activity of G6P dehydrogenase was re-
ported to be decreased during consumption of an aromatic sub-
strate (naphthalene or benzyl alcohol), relative to glucose alone
(20). The consequence of this decrease in either protein activity
or associated genes in initial glucose catabolism on the simul-
taneous catabolism of glucose and an aromatic substrate has
not been investigated.

In P. putida, benzoate is catabolized through the B-ketoadi-
pate or ortho-cleavage (ortho) pathway to yield acetyl-CoA
(acetyl-CoA) and succinate or through the meta-cleavage path-
way to yield acetyl-CoA and pyruvate (12, 21, 22); the plasmid-
less strain KT2440 investigated here only possesses the ortho
pathway (Fig. 1). The metabolite products from initial benzoate
catabolism are subjected to further metabolism in the TCA
cycle, including the glyoxylate shunt (Fig. 1). The glyoxylate
shunt bypasses the two decarboxylation reactions, through
isocitrate dehydrogenase (ICD) and a-ketoglutarate dehydro-
genase (KGD), in the canonical TCA cycle (Fig. 1). Prior inves-
tigations of the metabolism of benzoate alone (17) or the co-
metabolism of glucose and succinate (a downstream catabolite
of benzoate catabolism) (23) in P. putida KT2440 have pro-
vided clues on the consequence of benzoate or succinate on flux
through the TCA cycle.

The glyoxylate shunt, which was found to be inactive in
P. putida KT2440 grown on glucose alone (15, 16), was active
during growth on benzoate alone (14, 17). The activation of the
glyoxylate shunt in P. putida (14, 17, 24) was shown to be
inversely correlated with the activity of or flux through ICD,
which catalyzes the decarboxylation of isocitrate to a-KG in the
TCA cycle (Fig. 1). Quantitative flux analysis further deter-
mined a minimal flux from «a-KG to succinate in P. putida
grown on benzoate alone (17) or on a glucose:succinate mixture
(23), implying a decrease in the activity of both a-ketoglutarate

3 The abbreviations used are: ED, Entner-Doudoroff; PP, pentose-phosphate;
EMP, Embden-Meyerof-Parnas; G6P, glucose-6-phosphate; Glucn, gluco-
nate; 6P-Glucn, 6-phosphogluconate; ICD, isocitrate dehydrogenase; OAA,
oxaloacetate; IMP, inosine monophosphate; UMP, uridine monophos-
phate; UDP-glucose, uridine diphosphate glucose; glycerol-3P, glycerol-3-
phosphate; PEP, phosphoenolpyruvate; R5P, ribose-5-phosphate; 3-PG,
3-phosphoglycerate; DHAP, dihydroxy-acetone-phosphate; GAP, glyceral-
dehyde-3-phosphate; FBP, fructose-1,6-bisphosphate; F6P, fructose-6-
phosate; Xu5P, xylulose-5-phosphate; S7P, sedoheptulose-7-phosphate;
PPSA, PEP synthase; SDH, succinate dehydrogenase; MQO, malate:qui-
none oxidoreductase; TEAB, triethylammonium bicarbonate; ACN, aceto-
nitrile; FA, formic acid; IT, ion-trap; a-KG, a-ketogluconate.
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dehydrogenase and succinyl Co-A synthase. Feedback inhibi-
tion of ICD by succinyl-CoA, glyoxylate, and oxaloacetate
(OAA) was also reported in P. putida (24). How these repro-
grammed metabolic nodes in the TCA cycle influence the co-
utilization of glucose and benzoate remains to be investigated.

Here we employ a multi-omics approach involving metabo-
lomics, fluxomics, and proteomics to address the aforemen-
tioned knowledge gaps regarding the operation of the meta-
bolic network for the co-processing of glucose and benzoate in
P. putida KT2440. Using high-resolution LC-MS, we per-
formed stable isotope-assisted metabolomics experiments to
track the assimilation of the substrate carbons within the cellu-
lar metabolome. The metabolomics data were integrated with
genome-scale stoichiometry to quantitate fluxes throughout
the metabolic network. Quantitative MS-based proteomics
analyses were conducted to profile both protein abundances
and protein phosphorylation. We interpret our data to deter-
mine relationships between enzyme-level metabolic controls
and metabolic flux predictions in the metabolic network.

Results

Growth phenotypes and biosynthetic requirements imply
optimal mixed-carbon usage

Growth experiments were conducted with the P.putida
KT2440 cells grown on a 1:1 glucose:benzoate mixture at a total
of 100 mMm carbon; glucose-only growth was also performed at
the same total carbon-equivalent concentration for compara-
tive analysis. Glucose consumption rate by cells growing on
glucose alone was 48.5 = 13.8 mmol carbon gCDW ' h™! (or
8.09 = 2.3 mmol glucose gCDW ' h™'); a similar value was
reported in a previous study on glucose-grown P. putida (14)
(Fig. 2a and Figs. S1 and S2). During growth on the glucose:
benzoate mixture, we obtained carbon-equivalent consump-
tion rates of 19.8 + 4.4 mmol carbon gCDW ' h™" for glucose
and 27.2 = 8.1 mmol carbon gCDW ' h™*! for benzoate (or
3.3 = 0.2 mmol glucose gCDW ' h™! and 4.5 * 1.4 mmol
benzoate gCDW ' h™') (Fig. 2a and Figs. S1 and S2). Thus, the
total carbon consumption rate from the glucose:benzoate mix-
ture, 47.0 = 11.2 mmol carbon gCDW " h ™', was similar to the
carbon-equivalent consumption rate of glucose alone (48.5 =
13.8 mmol carbon gCDW ~*h ') (Fig. 2a). Previous studies (14,
20) have reported a preference for benzoate over glucose in
P. putida, but at the same carbon concentration in the glucose:
benzoate mixture, we found no difference between the con-
sumption rates of the two substrates (unpaired ¢ test, p = 0.23).
Interestingly, we obtained a 37% increase in the growth rate of
cells fed on the mixture (0.93 = 0.10 h™ ') versus on glucose
alone (0.68 = 0.09 h™') (unpaired ¢ test, p = 0.03) (Fig. 2b and
Figs. S1 and S2). These data collectively implied that the intra-
cellular processing of both substrate carbons in the P. putida
KT2440 cells achieved optimal biomass growth.

The carbon supply required from the different relevant met-
abolic pathways to support biomass growth would depend on
the biomass component (Fig. 2c). Based on the genome-scale
stoichiometric composition of the P. putida cell (25) and our
measured growth phenotype, we estimated the following car-
bon effluxes to support biosynthetic demands in cells grown,
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Figure 2. Predicting and tracing incorporation of substrate carbons into biomass biosynthesis. a, biomass growth rate of cells grown on glucose alone
(Gluc) or with benzoate (Benz) at the same total carbon equivalence (100 mm C). b, consumption rate of each substrate during exponential cell growth. ¢,
calculated carbon flux demand required from metabolism to sustain measured biomass growth based on cellular stoichiometries for cell membrane, nucleic
acids, and proteins. d, labeling profile of selected biomass precursors during growth on [U-"*Cglglucose (Gluc*) alone or with unlabeled benzoate. In d, the
structure of the biomass precursor is shown on the left of the bar graphs; the colored circles in the structure indicate the pathway origin of the designated
carbon: red circles (PP pathway), pink circles, TCA cycle, dark blue (upper EMP pathway), light blue (downstream ED pathway), and gray circles (involvement of
one-carbon units). The error bars represent standard deviation values (n = 3 biological replicates).

respectively, on glucose alone versus on the glucose:benzoate 16.59 * 1.45 mmol carbon gCDW ' h™! and 22.68 * 1.61
mixture: 2.77 = 0.19 mmol carbon gCDW ' h ' and 3.76 = mmol carbon gCDW ' h™! for protein biosynthesis (Fig. 2c).
0.21 mmol carbon gCDW ' h™! for cell membrane biosynthe-  For cell membrane, the majority of carbon efflux was derived
sis; 5.50 = 0.46 mmol carbon gCDW ' h™ ' and 7.51 + 0.51 from the PP pathway (~35%), and the remainder came from the
mmol carbon gCDW " h™* for nucleic acid biosynthesis; and, TCA cycle (28%), upper EMP (20%), and downstream of the ED

Figure 1. Metabolic pathways for the catabolism of glucose and benzoate in P. putida KT2440. The reactions involved in initial glucose catabolism, initial
benzoate catabolism, PP pathway, ED pathway, reverse EMP pathway, downstream ED pathway, TCA cycle, glyoxylate shunt, and anapleurosis/gluconeogen-
esis are grouped, respectively, in purple, light brown, green, blue, light green, light orange, dark orange, and gray boxes. The arrows indicate unidirectionality or
bidirectionality of the metabolic reactions. The gene annotated to each metabolic protein is placed next to the corresponding reaction arrow; the ORF number
is given when gene annotation is not known. The full names of the metabolic proteins are listed in Table S1 (Appendix C). The metabolite abbreviations are as
follows: glucose, Gluc; gluconate, 2K-Glucn; glucose-6-phosphate, ribulose 5-phosphate, Ru5P; erythrose 4-phosphate, E4P; 2-keto-3-deoxy-6-phosphoglu-
conate, KDPG; 1,3-biphosphoglycerate, 1,3-bisPG; 3-phosphoglycerate, 3PG; 2-phosphoglycerate, 2PG; acetyl-CoA, Ac-CoA; succinyl CoA, succ-CoA; 4-ketoadi-
pate-enol-lactone, 4KAEL.
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pathway (18%) (Fig. 2¢). For nucleic acids, the majority of car-
bon efflux was also derived from the PP pathway (~48%), and
the remainder came from the TCA cycle (38%) and down-
stream of the ED pathway (14%) (Fig. 2c). For proteins, the
majority of carbon efflux was derived primarily from down-
stream of the ED pathway (54%), and the remainder came from
the TCA cycle (36%) and the PP pathway (~10%) (Fig. 2c).
Therefore, the highest biosynthetic carbon demand was from
downstream of the ED pathway and TCA cycle to make pro-
teins followed by the carbon demand from the PP pathway to
make nucleic acids (Fig. 2¢). In sum, to support biosynthetic
requirements for the observed biomass growth, the equimolar
carbon-equivalent supply of glucose and benzoate had to be
channeled effectively to different metabolic pathways.

Biosynthetic demands are met by nonuniform metabolic
investment of the substrate carbons

We monitored the incorporation of [U-"3C,]glucose alone or
with unlabeled benzoate into representative metabolite precur-
sors to the different biomass components: inosine monophos-
phate (IMP) and uridine monophosphate (UMP) for nucleic
acid precursors; uridine diphosphate glucose (UDP-glucose)
and glycerol-3-phosphate (glycerol-3P) for cell membrane
precursors, and a series of amino acids for protein precursors
(Fig. 2d). We confirmed that isotopic enrichment had
reached pseudo-steady state by examining intracellular
metabolite labeling at two different times during the expo-
nential growth phase (Fig. S3).

Ribonucleotide precursors combine metabolite intermedi-
ates from three metabolic pathways. The purine IMP is synthe-
sized from the combination of ribose-5-phosphate (R5P) (a PP
pathway metabolite) with glycine (an amino acid derived from
the 3-phosphoglycerate (3-PG) downstream of the ED path-
way), tetrahydrofolate-linked one-carbon units, and dissolved
bicarbonate species. The biosynthesis of the pyrimidine UMP
combines R5P with aspartate (an amino acid derived from the
TCA cycle metabolite OAA) and dissolved bicarbonate species
(Fig. 2d). Both IMP and UMP were predominately partially
labeled in the glucose:benzoate growth condition, thus indicat-
ing incorporation of carbons from both glucose and benzoate in
their biosynthesis (Fig. 2d).

Biosynthesis of the cell membrane precursors UDP-glucose
and glycerol-3P also makes use of metabolites from three dif-
ferent pathways: UDP-glucose is synthesized by combining the
pyrimidine UMP with G6P (an upper-EMP pathway metabo-
lite); glycerol-3P is synthesized by reducing dihydroxy-acetone-
phosphate (DHAP) (a metabolite downstream of ED pathway)
(Fig. 2d). During growth on the mixture, glycerol-3P was made
exclusively either from the labeled glucose (~25%) or from the
nonlabeled benzoate (~75%), whereas the carbon skeleton of
UDP-glucose contained carbons derived from both substrates
(Fig. 2d).

The labeling patterns of amino acids in cells grown on the
glucose:benzoate mixture depended on the source of the
metabolite precursors (Fig. 2d). For serine (derived from 3-PG
downstream of the ED pathway), a large portion (69%) was
made exclusively from glucose-derived '*C-labeled carbons,
and the remainder was made from nonlabeled benzoate car-

8468 . Biol. Chem. (2019) 294(21) 8464 -8479

bons (Fig. 2d). A previous study (18) of P. putida KT2440
(pWWO0) fed on nonlabeled toluene and '*C-labeled glucose
also reported toluene-derived nonlabeled carbons in serine.
Derived from 2 mol of pyruvate further downstream of the ED
pathway, valine was ~30% '>C-labeled and ~60% partially
labeled, indicating the incorporation of both substrates into the
majority of the valine pool (Fig. 2d). For the aromatic amino
acids tryptophan and phenylalanine, which are derived from
metabolites of the PP and downstream ED pathways, a high
fraction (80 to 90%) of partial '>C labeling indicated that the
contribution of both substrates (Fig. 2d4). However, the two
amino acids derived from the TCA cycle (aspartate and gluta-
mate) were 50 —-75% nonlabeled, reflecting that the TCA cycle
was primarily populated by benzoate-derived carbons (Fig. 2d).
Taken collectively, the **C-labeling patterns of the biosynthetic
precursors revealed that the substrate carbons from the mix-
ture were not distributed uniformly toward the biosynthetic
pathways.

Quantitative tracing of the metabolic network reveals
segregated routing of the substrate carbons through central
carbon metabolism

To elucidate the specific metabolic routing of the substrate
carbons, we performed additional long-term isotopic enrich-
ment with [1,5,6-'>C;]glucose alone or with unlabeled benzo-
ate (Fig. 3). For both growth conditions, we obtained similar
labeling patterns for the metabolites in initial glucose catabo-
lism, the upper EMP pathway, and the PP pathway (Fig. 3). In
accordance with the periplasmic oxidation of [1,5,6-'3C,]-
glucose, Glucn was nearly completely triply *>C-labeled (Fig. 3,
a and b). The phosphorylated metabolites in initial glucose
catabolism, G6P and 6P-Glucn, were also primarily triply "*>C-
labeled, respectively 53—71% and 84 —88% (Fig. 3, « and b).

Quadruply '>C-labeled fractions (12-36%) of G6P and
6P-Glucn were due to carbon cycling from the ED pathway to
the upper EMP pathway (Fig. 3b). Through the ED pathway,
triply >C-labeled 6P-Glucn generated singly '*C-labeled pyru-
vate (up to 50%) and doubly *C-labeled (>90%) glyceralde-
hyde-3-phosphate (GAP) and DHAP (an isomer of GAP) (Fig.
3, a and b). Through backward flux, doubly **C-labeled GAP
and DHAP combined to produce over 85% quadruply '>C-la-
beled fructose-1,6-bisphosphate (FBP) (Fig. 3, a and b). The
dephosphorylation of FBP led to up to 65% quadruply **C-la-
beled fructose-6-phosate (F6P) and the isomerization of G6P to
F6P generated triply '>C-labeled F6P (up to 25%) (Fig. 3, 2 and
b). Because of the lack of 6-phosphofructokinase in P. putida to
convert F6P to FBP (26), there was no triply **C-labeled FBP as
would be expected from the phosphorylation of triply **C-la-
beled F6P to FBP (Fig. 3, 2 and b). Thus, for both growth con-
ditions, the '*C mapping thus showed that glucose-derived car-
bons were catabolized through a cyclic flux connection from
the ED pathway toward the upper EMP pathway and the non-
oxidative PP pathway (Fig. 3, a and b). This cyclic connection
was also shown previously for glucose-grown P. putida KT2440
(15, 16, 27), Pseudomonas protegens Pf-5 (28), and Pseudomo-
nas aeruginosa PAO1 (27) (Fig. 3, a and b).

Through the nonoxidative PP pathway, F6P and GAP com-
bined through a series of ketolase and aldolase reactions to gen-
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erate up to 60% quadruply '*C-labeled xylulose-5-phosphate
(Xu5P) and R5P; the oxidative PP pathway generated up to 33%
doubly '*C-labeled PP metabolites (Fig. 3d). Thus, there was
approximately a two-to-one involvement of the nonoxidative
route relative to the oxidative route of the PP pathway (Fig. 3d).
A similar finding was reported by a previous analysis (16) of
glucose-grown P. putida. The labeling of sedoheptulose-7-
phosphate (S7P), primarily quadruply '*C-labeled (~50%) and
sextuply '*C-labeled S7P (~25%), corroborated carbon flux pri-
marily through the nonoxidative PP pathway for both growth
conditions (Fig. 3d).

For the downstream metabolic pathways (i.e. downstream
ED pathway and the TCA cycle), there were different labeling
patterns in the absence versus the presence of benzoate (Fig. 3,
a—c). In addition to singly *C-labeled pyruvate from the ED
pathway, doubly "®C-labeled pyruvate (up to 33%) was due to
carbon flux through metabolites (3-PG and phosphoenolpyru-
vate (PEP)) downstream of doubly **C-labeled GAP, and non-
labeled pyruvate (~50%) indicated the incorporation of benzo-
ate-derived carbons (Fig. 3, a and b). During growth on the
glucose:benzoate mixture, gluconeogenic flux of benzoate-de-
rived carbons further led to the appearance of nonlabeled frac-
tion in 3-PG and PEP (38 —-56%; Fig. 3c). In agreement with the
canonical routing of carbons toward and through the TCA
cycle in the glucose-grown cells, the metabolites in the TCA
cycle were primarily singly, doubly, and triply '*C-labeled (Fig.
3, a and ¢). However, in cells grown on the glucose:benzoate
mixture, the influx of nonlabeled benzoate-derived carbons via
the ortho pathway led to enrichment in nonlabeled fractions
(71-93%) in the TCA-cycle metabolites (Figs. 1 and 3, 2 and c).
The similarity between the labeling pattern of citrate and the
labeling pattern of OAA (deduced from aspartate labeling) fur-
ther indicated that the acetyl moiety in acetyl-CoA was primar-
ily nonlabeled from benzoate catabolism (Figs. 1 and 3b).

In sum, the carbon mapping demonstrated that the metabo-
lism of glucose and benzoate was segregated into different
pathways in the metabolic network. Notably, the upper EMP
pathway, the ED pathway, and the PP pathway were populated
exclusively by glucose-derived carbons (Fig. 3, 2 and b). Benzo-
ate-derived carbons primarily populated the TCA cycle and
directly upstream of the TCA cycle (Fig. 3, 2 and c).

Multi-omics analysis highlights regulation of metabolic fluxes
by metabolite levels and post-translational modifications

We profiled changes in metabolic fluxes in conjunction with
changes in both protein levels and metabolite pools in cells
grown on the glucose:benzoate mixture versus those grown on
glucose alone. Where appropriate, we also examined relative
extent of protein phosphorylation, which serves as a switch
on- off mechanism to control protein activity (Figs. 4 and 5 and
Tables S2—S4). In the presence of benzoate, we obtained only a
4% increase in the global regulator CRC (18, 29), which is
known to repress carbohydrate uptake and catabolism (Fig. S4).
However, of the total 83 profiled proteins in the central carbon
metabolism, the abundances of 15 were increased (by up to
200%), and 25 were decreased (by up to —60%) in the presence
of benzoate; the remaining protein levels were either un-
changed or not quantifiable (Fig. 5b). Correlation matrices of
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flux changes versus protein abundance changes illustrated that
changes in protein levels were not always predictive of changes
in metabolic fluxes between the two growth conditions (Fig. 54
and Table S4).

Initial glucose catabolism, upper EMP pathway, and pentose-
phosphate pathway—In both growth conditions, periplasmic
oxidation of glucose to Glucn represented over 80% of the glu-
cose uptake flux; the direct uptake of glucose to G6P repre-
sented a small flux (less than 15%) (Fig. 4, @ and b). A 13-fold
increase in the S7P pool was consistent with a 2-fold increase in
the flux from PP metabolites to produce S7P during growth on
the glucose:benzoate mixture (Fig. 5¢). Compared with growth
on glucose alone, the levels of 9 of the 10 quantified proteins
involved in initial glucose catabolism were decreased (—20% to
—60%) and the 2-keto-gluconate level was depleted (by 300-
fold) during growth on the glucose:benzoate mixture (Fig. 5, b
and c). Relative to glucose-grown cells, a significant increase
both in the backward fluxes through the upper EMP pathway
(up to 80%) and the fluxes in the PP pathway (nearly up to
3-fold) did not match the relatively minor changes (within
+16%) in the associated protein levels in the cells grown on the
mixture (Figs. 4, a and b, and 5b). In addition to the aforemen-
tioned cyclic connection between the ED pathway and upper
EMP pathway, decreased abundance (by over 30%) of GAP de-
hydrogenase may have contributed to the retention of glucose-
derived carbons in these pathways to feed carbon fluxes therein
during growth on the glucose:benzoate mixture (Figs. 4, 2 and
b, and 5b).

ED pathway and gluconeogenic flux—In the glucose-grown
cells, 89% of the glucose uptake was channeled through the ED
pathway to sustain biosynthetic fluxes in downstream pathways
(Fig. 4a). However, despite a near 2-fold decrease in the ED
pathway flux and a 10- to 20-fold decrease in the flux from 3-PG
to pyruvate in cells grown on the glucose:benzoate mixture, the
biosynthetic flux demands (from 3-PG, PEP, and pyruvate)
were still satisfied due to gluconeogenic flux of benzoate-de-
rived carbons upstream of the TCA cycle (Fig. 4, a and b). This
flux directionality in the presence of benzoate could not be
deduced from the protein abundances of the corresponding
reactions, which remained unchanged or reduced by up to 20%
(Fig. 5, a and b). However, the observed decrease (by 36%) in a
tyrosine phosphorylation of PEP synthase (PPSA), which would
turn on the activation of PPSA, would thus facilitate backward
flux from pyruvate to PEP (Fig. 5b). Moreover, the measured
increase (by 25%) in a serine phosphorylation of acetyl-CoA
carboxylase (ACEF), which would repress the activation of
ACEF, would impair flux from pyruvate to acetyl-CoA (Fig. 5b).
Moreover, we obtained a 10-fold accumulation in pyruvate
pool, whereas there were up to 63% reduction in the PEP pool
and a 3-fold decrease in the 3-PG pool (Fig. 5¢), illustrating both
the decrease in ACEF activity and that flux directionality was in
the direction that favored metabolic flow from high concentra-
tion to low concentration of metabolites.

TCA cycle—Growth on the glucose:benzoate mixture re-
sulted in a nearly 3-fold increase in the protein levels in the
benzoate catabolic ortho pathway to generate acetyl-CoA and
succinate (Fig. 5b). In accordance with the benzoate-derived
carbon influx toward the TCA cycle, we obtained a 14-fold

SASBMB


http://www.jbc.org/cgi/content/full/RA119.007885/DC1
http://www.jbc.org/cgi/content/full/RA119.007885/DC1
http://www.jbc.org/cgi/content/full/RA119.007885/DC1

Segregated metabolism for mixed-substrate usage in P. putida

a Glucose b Glucose Benzoate
8.1+0.0 3.3%0.1 4.6*0.1
mmol gcpw! 12 mmol gcow? b mmol gcow! h!
(100 %0 %) (15%) (42+2%) (58+2%)
A
7.2 | 0.9 2.7 0.46
(89%) 11%, 34%, L 4
GluC - Glucn u» 2K-Glucn Gluc(—>) GLucn(fi/i 2K-Glucn Benzoate
U046
v 0.9 (11%) 50 0.9 7 o5 \‘23 =
010  Gluc (63%) (11%) 0.11 Glué7 M) 26%) 2K(5G$l;%) (58%)
(1.3%) *0 9(11%), . o ucn 2KeGlucn (1.4%) ‘ 1Glucy 0 46
1 '\ {7 7%): 1159 Benzoate
G6P / 11 %) 15'6) (26%)
0. 1(1%) {63/6) 2K-Glucn-6P 0.66 0. 3] 2K GIUCD—GP 4.6
(6 o%) PG+0.9 (8.4%) (5.5%) (5 9%) (58%)
0.2 Ru5P 0. 3 (11%) 0.57 Ru5P 0. 88 .
F6P (275 )f \‘(4 0%) F6P  (7.2%) g‘ \‘(11%) Benzoate-1,2-diol
Xu$ R5P( 0.98
o~ XuspP R5P\A0.2U7 72 11 %) |32 (;ég)
(8.6% 0.05 4 (34%) N (55%) (144 (41%) i
S7P (0.6%) GAP 37p(1 3%) P Catechol
0.27 0.0 KDPG Fep 047 : KDPG 46
FBP " (5.9%) d
(3:4%) \ M 4p(0.6%) Fgp (58%)
0.71 11 cis,cis-Muconate
(8.8%) (14%) 46
DHAP GAP DHAP, GAP (el
40_8._/ 4—12/ . Muconolactone
5 (66%) 5% i g
0.08 (9.8%) 0.08 (1% ° 46
(1.0%) 1,3- bngG (1.0%) 1,3-bisPG (55%)
(66%) 16 4-KAEL
3-PG — 1. 3PC— 46
4.3 (13%) 0.41 (12%) (58%)
(53%) (5.2%)
2-PG 2-PG 3-ketoadipate
43 0.41 i
1.2 (53%) 1 0 (5.2 4.6 | —Succinyl-CoA
(15%) PEP —» 0,a bt (58% > Succinate
4.8 (8:4%) 0.22 0%
(60%) T (2.8%) 3-ketoadipate-CoA

ruvate ruvate
84 ™09 2
(1043%)  (11%)
Ac‘etyl-COA a4
] > (104%)
Y Citrate g 4
N 09 (104%)
i (11%) cis-aconitate (21%) c:s—acomtate
/ Glyoxylate 8.4 6.1
‘y o ‘ (104%) 0.1 Glyoxylate ‘ (78%)
0.1 L _— Isocitrate (i Isocitrate
(1.2%, 8.4 9.5 3.5 4.1
(104%) 122%) (44%) 35 4 ((;53%) 0.8
- . (44%)  A-KG—> -
“ K?g_’(yo_‘;i) Fumarate 33 (10%)
Fumarate | (96%) ) (42%)
7 v Succinyl-CoA 9.8 Succinyl-CoA
(96%) Succinate 4F7 g (126%) Succinate (13626)
(96%)
(o mmol NAD(P)H gcow™ h-! mmol UQH; gcow™ h*! d —= 16 @ Flux modeling
-8 0 8 16 24 32 40 0 10 20 30 40 = Initial glucose catabolism gé 12 1 Theoretical
N f—t t ! ; | t ; t { PP pathway S 54
Gluc:Benz | I 1 Downstream ED pa[hway g §_ g 2
C [ TCA Cycle <0
Glle I £ _—'—] Hm Malic enzyme N 0

Figure 4. Cellular metabolic flux distributions. a and b, net metabolic fluxes both in absolute values (mmol gcpy, ' h™ ') and normalized to the total uptake
flux (%) during feeding on glucose alone (a) or glucose and benzoate (b). ¢, relative contribution of different pathways to generate NAD(P)H and UQH,
calculated from the metabolic fluxes. d, absolute difference in the yield of reducing equivalents determined from the quantitative flux modeling (dark blue) and
theoretically from carbon oxidation state of the substrates (/ight blue). In a and b, arrow widths are proportional to absolute magnitudes of fluxes. The cellular
fluxes were determined using data from biological replicates (n = 3). The full statistics of the data are presented in Tables S2 and S3. Metabolite abbreviations
are as detailed in the Fig. 1 legend.

increase in the acetyl-CoA pool, a 2-fold increase in the succi- aspartate) (Fig. 5¢). The 2-fold increase in the flux from succi-
nate pool, and a 2- to 5-fold accumulation in the pools of the nate to OAA in the presence of benzoate was accompanied by
other TCA cycle metabolites (citrate, a-KG, fumarate, malate, an increase (albeit to a lesser extent) in the abundance of most
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of the associated proteins: subunits of succinate dehydrogenase
(SDH) (SDHA, +50%; SDHB, +73%; SDHC, +158%), one sub-
unit of malate:quinone oxidoreductase (MQO) (MQO1,
+55%), and fumarate hydratase (+1.8%) (Figs. 4, a and b, and
5b); the levels of the other subunits of MQO were decreased
(MQO2, —11.9%; MQO3, —13%) (Fig. 5b). Along with the high
accumulation of acetyl-CoA in cells grown on the glucose:ben-
zoate mixture, there was an increased abundance (by nearly
15%) of citrate synthase (GLTA2), which combines acetyl-CoA
with OAA to form citrate (Fig. 5, b and c). Because of the acti-
vation of the glyoxylate shunt, which has been known to be
induced by an elevated acetyl-CoA (30), the flux from citrate to
a-KG in the TCA cycle was decreased by up to 60% during
growth on the glucose:benzoate mixture, and the abundances
of the corresponding proteins were also decreased (by up to
36%) (Figs. 4, a and b, and 5b).

Both the active glyoxylate shunt and higher fluxes from suc-
cinate to OAA during growth on the glucose:benzoate mixture
observed here were reported by a previous flux analysis (13) of
P. putida KT2440 grown on benzoate alone compared with
growth on fructose, but no change was observed in the levels of
both gene expression and transcripts of the involved proteins in
the previous study. Here, we further observed that the active
glyoxylate shunt was not consistent with decreased abundances
of isocitrate lyase (ACEA, —44% %) (Figs. 4b and 5b). However,
consistent with reported feedback inhibition of ICD (24, 31, 32)
and the co-regulation of glyoxylate shunt and ICD activity (24,
33, 34), we obtained both decreased flux from isocitrate to
a-KG (—54%) and decreased abundance in one of the ICD-
associated proteins (PP_4011, —33.1%) (Figs. 4, a and b, and
5b). Interestingly, we also obtained a decrease (by over 50%) in
the serine phosphorylation of PP_4011, which would promote
ICD activity and thus would counteract to some extent the
decreased flux because of decreased protein abundance in the
presence of benzoate (Fig. 5b).

In sum, metabolic flux changes in cells grown on the glucose:
benzoate mixture versus those grown on only glucose were par-
tially in agreement with the corresponding changes in protein
abundances (Fig. 5a). However, changes in metabolite levels
and protein phosphorylation could explain flux magnitude and
directionality, which were not predictable from the changes in
protein levels (Figs. 4 and 5).

The segregated metabolic network maintains redox balance

Relative to the metabolic fluxes for the glucose:benzoate
mixture, the flux analysis determined that the metabolism of
glucose alone led to an 11% increase in the yield of UQH, and a
37% increase in the yield of NAD(P)H (Fig. 4c). For UQH,, the
higher contribution (by 61%) from the periplasmic oxidation
reactions in the glucose-grown cells was compensated by the
higher contribution (by 63%) from the increased TCA cycle flux
in the presence of benzoate (Fig. 4c). For NAD(P)H, there was a

lower contribution from the malic enzyme (by 35%), the TCA
cycle (by 18%), and downstream of the ED pathway (by 71%)
during growth on the mixture compared with growth on only
glucose (Fig. 4c). In sum, the total yield of reducing equivalents
was decreased by 12.0 + 3.4meq gcpyw  h ™ 'inthe presence of
benzoate (Fig. 4d). Accounting for the carbon oxidation states
(—2 per mol of benzoate versus 0 per mol of glucose) and the
measured carbon consumption rates, we calculated a theoreti-
cal surplus of 9.2 = 0.2 meq gepy - h™' from the influx of
electrons from benzoate (Fig. 4d). This theoretical difference
was remarkably consistent with the flux-determined surplus of
reducing equivalents by glucose metabolism (Fig. 4d). There-
fore, the segregated metabolic flux network in P.putida
KT2440 cells grown on the glucose:benzoate mixture main-
tained approximately the same redox balance as the cells grown
on only glucose.

Discussion

Here, using P. putida as a prototypical species of the Pseu-
domonas genus, we analyzed the metabolome and proteome to
unravel the mechanisms by which the unique metabolic attri-
butes of Pseudomonas species channel simultaneously sugar
and aromatic carbons. Our '*C-metabolomics mapping dem-
onstrated the compartmentalization of each substrate into two
cyclic pathway networks in P. putida KT2440. Glucose-derived
carbons were compartmentalized within the cyclic connection
of the ED pathway to the upper EMP pathway and the nonoxi-
dative PP pathway (15, 16); benzoate-derived carbons were
compartmentalized within the TCA cycle and the glyoxylate
shunt (Fig. 6). This metabolic segregation evidently represented
an efficient strategy to meet biosynthetic flux demands both in
terms of redox balance and carbon skeletons (Fig. 4).

A recent report (35) of metabolite profiling of different
organisms demonstrated that over two-thirds of intracellular
metabolite concentrations were above enzyme-binding affinity,
which thus maintained favorable reaction thermodynamics. In
the absence of absolute metabolite quantitation, we were not
able to conduct a similar evaluation in our study. However, our
profiling of relative metabolite levels in P. putida KT2440
across the two growth conditions implied fluctuations in reac-
tion quotients to meet energetically favorable metabolic fluxes
(Fig. 5¢). Notably, compared with P. putida KT2440 feeding on
glucose alone, the fluxomics of the metabolic network during
feeding on the glucose:benzoate mixture was not fully predict-
able by relative protein abundances (Figs. 4 and 5); a similar
finding was reported by a previous study of P. aeruginosa grown
on single substrates (36).

Consistent with reported down-regulation of genes in glu-
cose catabolism in P. putida strains grown on aromatic sub-
strates (18, 37, 38), we obtained a decrease in both protein
abundances and metabolic fluxes in initial glucose catabo-
lism in cells grown on the glucose:benzoate mixture com-

Figure 5. Relationship of proteomics to fluxomics and metabolomics. Shown are the correlation matrices of relative changes in metabolic fluxes versus
relative changes in abundance levels of metabolic proteins (a), percentage of change of metabolic proteins (b), and fold change (expressed in log,) in the
abundance of selected intracellular metabolites (c). In a-c, changes or ratios are determined by comparing data obtained with cells fed on the glucose:
benzoate mixture to data obtained with cells fed on glucose alone. In b, relative extent of phosphorylation site is shown with a colored oval for the following
proteins: ACEF, PPSA, and PP_4401.The datain aand c (average * standard deviation) were obtained from biological replicates (n = 3); the statistics of the data

presented in a and b are listed in Table S4.
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Figure 6. Schematic of the segregated metabolic network tuned for the
co-processing of glucose and benzoate in P. putida KT2440. Blue- and
orange-shaded arrows illustrate, respectively, the major metabolic flows of
glucose-derived carbons and benzoate-derived carbons. Colored rectangles
and circles show regulatory points of metabolic flux reactions by, respectively,
protein abundance and protein phosphorylation: green for up-regulation and
red for down-regulation. White-filled circles show points of biosynthetic flux
demands from the central carbon metabolism.

pared with those grown on only glucose (Figs. 4, 2 and b, and
5,a and b). However, biosynthetic flux demands in the upper
EMP and PP pathways were still satisfied, which we attrib-
uted to the exclusive retention of glucose-derived carbons in
these pathways (Figs. 4b and 6). Remarkably, there were min-
imal changes in the levels of metabolites in the upper EMP
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and PP pathways, with the exception of one metabolite (S7P)
in the PP pathway and one metabolite (2-ketogluconate) in
the periplasm (Fig. 5¢).

In the TCA cycle, discrepancies between changes in protein
levels and changes in metabolic fluxes stressed the importance
of metabolite-level regulation (24, 31-34, 39) (Figs. 4, a and b,
and 5, a and b). Flux analysis in a previous study (14) of
P. putida KT2440 grown on benzoate alone determined an
active glyoxylate shunt, despite a lack of change in both gene
expression and transcripts of proteins in the glyoxylate shunt
when compared with cells grown on a hexose sugar. Here, con-
sistent with the well-known induced activation of the glyoxylate
shunt by elevated acetyl-CoA levels (30), our profiling of
metabolite levels in cells grown on the glucose:benzoate mix-
ture captured a greater than 10-fold increase in acetyl-CoA
(Figs. 4b and 5¢). We also recorded a decrease in the phosphor-
ylation of an ICD-associated protein (PP_4011), which may
serve to counter the expected overwhelming metabolite-level
inhibition of ICD activity from metabolites of the glyoxylate
shunt and pyruvate accumulation (30) (Figs. 4b and 5, b and c).

The gluconeogenic flux of benzoate-derived carbons imme-
diately upstream of the TCA cycle was in the direction of favor-
able cascade of metabolic flow, from high concentrations to low
concentrations of metabolites (Fig. 6). Additional regulation in
supportof this flux directionality was provided by the phosphor-
ylation levels of PPSA and ACEF (Fig. 6). In sum, our results
highlighted that both metabolite levels and post-translational
switch of protein activity via phosphorylation modifications
could be implicated in establishing thermodynamic favorability
(40, 41) of flux magnitude and directionality in the metabolic
network (Fig. 6). Further investigation is needed to gain more
insights on the manifestation of these regulatory controls under
different nutrient conditions or in engineered strains.

Because of its diverse metabolic capabilities, P. putida has
been of particular interest as an attractive bacterial cell factory
for various functionalities in industrial applications (42, 43).
Subsequent research with mutant or engineered strains is
needed to explore whether leveraging in part or in whole the
segregated metabolism detailed here may enhance mixed-sub-
strate processing in biotechnological applications of Pseu-
domonas species. Toward informing these potential engineer-
ing efforts, our multi-omics investigation provides new insights
into the constitutive tuning of the metabolic architecture that
achieves efficient co-utilization of carbohydrate and aromatic
substrates in P. putida KT2440. This metabolic architecture
may be instrumental in conferring the nutritional flexibility of
Pseudomonas species and the ubiquitous survival of these bac-
terial species in different environmental niches.

Experimental procedures
Culturing conditions

P. putida KT2440 was obtained from American Type Cul-
ture Collection (Manassas, VA) as freeze-dried cultures. The
cells were resuspended and grown in nutrient-rich liquid
Luria—Bertani medium. For carbon source-specific growth, lig-
uid cultures of P. putida KT2440 were grown in 125-ml baffled
flasks (cell suspension did not exceed one-fifth of the total flask
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volume) shaken vigorously at 220 rpm at 30 °C in a G24 envi-
ronmental incubator shaker (New Brunswick Scientific,
Edison, NJ). The pH-adjusted (pH 7.0) and filter-sterilized
(0.22-um nylon; Waters) growth medium contained major and
minor salts as previously reported (44). The total carbon-equiv-
alent substrate concentration of 100 mm C was added as glucose
alone (equivalent to 16.7 mm or 3 g liter ' glucose) or as a 1:1
glucose:benzoate mixture (equivalent to 1.5 g liter ' glucose
and 2.0 g liter ' benzoate). The cells were transferred twice
into fresh growth medium before conducting the experiments
to ensure that cells were conditioned in their respective growth
medium. Cell growth (three biological replicates) was moni-
tored by measuring the A, using an Agilent Cary UV-visible
spectrophotometer (Santa Clara, CA). The initial A, of the
cells at each transfer was between 0.05 and 0.07. The cells were
transferred during mid-exponential phase, between A,,, 0.5
and 1.0. An A, measurement was obtained every 60 min until
stationary phase; we performed dilutions of cell suspensions to
get accurate readings at A ;o above 0.5. Cell dry weight in grams
(gcpw) was also determined following drying of 1-ml aliquots
of cell suspensions using a Labconco freeze-dryer (Kansas City,
MO).

Intracellular metabolite labeling and substrate consumption

For long-term intracellular labeling, culturing conditions
were as described with two transfers of cultures (three biologi-
cal replicates) in fresh growth medium with labeled substrates
purchased from Cambridge Isotopes (Tewskbury, MA) or
Omicron Biochemicals (South Bend, IN). The labeled sub-
strates were the following: [U-'*C¢]glucose alone, [U-'*C]-
glucose with unlabeled glucose, [1,5,6-'*C;]glucose alone, or
[1,5,6-'>C,]glucose with unlabeled benzoate. At two time
points during mid-exponential phase (4,, of 0.5 and 1.0), cell
suspensions (3 ml) were collected and filtered following imme-
diate quenching of the cell-containing filters in a cold (4 °C)
2-ml solution of methanol:acetonitrile:water (40:40:20) solu-
tion. Solutions with the lysed cells were subsequently filter-
centrifuged (Sigma—Aldrich Spin-X, 0.22-um filters). Aliquots
of the supernatants were dried under nitrogen gas and resus-
pended in ultrapure LC-MS water (Fisher Scientific) before
analysis via LC-MS. Metabolite levels were normalized to bio-
mass quantity at the time of sampling.

To quantify depletion of extracellular glucose and benzoate
from the medium, samples (three biological replicates) were
harvested throughout the growth of the cells and stored at 4 °C
until analysis time. The samples were analyzed by '"H NMR
using a Varian Unity INOVA 600-MHz NMR spectrometer at
25 °C (relaxation delay of 5 s, recording of 16 scans/sample,
receiver gain of 32 dB) (45). The extracellular samples were
prepared for NMR analysis by mixing 250 ul of filtered sample
(0.22-wm pore size nylon filters; Fisher Scientific) with 60 ul of
100% D,O, 50 ul 2,2-dimethyl-2-silapentane-5-sulfonate as a
chemical shift reference compound, and 50 ul of NaNj; as an
antimicrobial agent. The '*C-tracer experiments confirmed
that extracellular depletion of the substrates correlated with
substrate consumption. Substrate consumption rates (in mmol
gcow - h™') during exponential growth were then determined
by regression analysis.
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Sampling of extracellular metabolite levels

To monitor metabolite excretion rates, metabolites in the
extracellular medium were quantified during exponential
phase. Aliquots (250 wl) of the cell suspensions were collected
for each of the three biological replicates followed by centrifu-
gation (21,130 X g for 5 min) and filtration (0.22-um pore size
nylon filters) to remove cell particulates. The samples were
diluted (by 1:100 or 1:1000) before LC-MS analysis as described
below. Metabolite excretion rates (umol gepyw ' h™') were
determined by regression analysis.

Metabolomics analysis via LC-MS

Metabolite extracts were analyzed by reversed-phase ion-
pairing LC-MS using ultra-HPLC (UHPLC; Thermo Scientific
DionexUltiMate 3000) coupled with high-resolution/accurate-
mass mass spectrometer (Thermo Scientific Q Exactive qua-
drupole-Orbitrap hybrid MS) with electrospray ionization
operated in negative mode. Details on solvent composition and
gradient for the LC protocol through a Waters Acquity UPLC
BEH C,; column (1.7 wm with a column size of 2.1 X 100 mm)
(Waters) were reported previously (44). The following metab-
olites were monitored: G6P, Glucn, F6P, R5P, Xu5P, S7P, FBP,
DHAP, 3-PG, PEP, pyruvate, citrate, a-KG, succinate, fumar-
ate, malate, and aspartate. All metabolite identification and iso-
topic enrichment were determined using the Metabolomics
Analysis and Visualization Engine (MAVEN) software package
(46). The '3C-labeled fractions were corrected for natural *>C
abundance.

Metabolic flux quantitation

Using the software 13CFLUX2 (47), a metabolic flux analysis
of the central carbon metabolism was performed using experi-
mental data (average * standard deviation) as constraints. The
labeling patterns of the intracellular metabolites following
growth on [1,5,6-'*C;]glucose alone or with unlabeled benzo-
ate were integrated with the growth phenotype data, measured
metabolite excretions, and genome-scale determination of bio-
synthetic flux demands to quantitate explicitly the fluxes
through 38 reactions in the metabolic network and 57 reactions
collectively by considering that a flux remains unchanged in the
absence of carbon loss from one metabolic reaction to the next.
Using the biomass growth rates determined experimentally and
published biomass composition of P. putida KT2440 (25), con-
version rates were calculated for metabolite precursors to the
biosynthesis of proteins, nucleic acids, and cell membrane. The
13C-labeling data used in the metabolic flux analysis were for
the following metabolites: gluconate, G6P, F6P, R5P, Xu5P, S7P
FBP, DHAP, 3-PG, PEP, pyruvate, citrate, a-KG, succinate,
fumarate, and aspartate for OAA. Initial flux values were set
based on published values (15, 16) and subsequently optimized
based on the aforementioned experimentally obtained data.
Optimization of the metabolic flux analysis was achieved by
satisfying carbon balance and evaluated agreement between
experimentally determined and model-estimated labeling pat-
terns (Figs. S5 and S6). The quality of the fit to experimental
data were measured by calculating sum of squared residuals
based on comparisons of model-estimated metabolite labeling
patterns to the measured values (16, 48).

J. Biol. Chem. (2019) 294(21) 8464-8479 8475


http://www.jbc.org/cgi/content/full/RA119.007885/DC1

Segregated metabolism for mixed-substrate usage in P. putida

Protein extraction method

All steps for cell harvest and protein extraction were con-
ducted at 4 °C. At mid-exponential phase (44, = 0.5-0.7),
25-ml culture aliquots were harvested from biological repli-
cates (n = 3). Each sample was centrifuged (at 4 °C), and the
supernatant was carefully removed before washing the cell pel-
let twice with high-purity deionized (Milli-Q grade) water. Pel-
lets were then stored at —20 °C until further use. For extraction,
the thawed pellet was resuspended in 4-ml of 2.5 mm phosphate
buffer (pH 7) and then homogenized by vortexing. The cells
were lysed in a French Pressure cell press (Thermo Spectronics,
Waltham, MA) with two 3-min cycles at 900 p.s.i. The lysates
were centrifuged (at 16,000 X g for 10 min at 4 °C), and an
aliquot of the supernatant (2 ml) was concentrated to 200 ul
using a Spin-X® UF 500 Concentrator (Corning, Tewksbury,
MA). The proteins were precipitated overnight at —20 °C in 9
volumes of cold 10% TCA in acetone. The solution was centri-
fuged at 16,000 X g (4 °C) for 15 min to form a protein pellet; the
supernatant was discarded. The pellet was washed two times in
cold acetone. Urea (7 M) was used to initiate protein dissolution.
Each dissolved pellet was then diluted in 50 mm triethylam-
monium bicarbonate (TEAB) buffer (pH 8). The final sample
had less than 1 M urea contamination. The protein concen-
tration for each sample was determined by Bradford assay
and further quantified by running on a precast NOVEX 12%
Tris/glycine mini-gel (Invitrogen) along with a series of
amounts of E. coli lysates (2, 5, 10, and 20 pg/lane). The SDS
gel was visualized with colloidal Coomassie Blue stain (Invit-
rogen) and imaged by Typhoon 9400 scanner followed by
ImageQuant TL 8.1 (GE Healthcare). Further processing of
the proteins was then performed according to Thermo Scie-
ntific’s TMT mass tagging kits and reagents protocol with a
slight modification (49, 50).

A total of 200 ug protein of each sample in 70 ul of 7 M urea
and 50 mm TEAB was reduced with 11 mm tris (2-carboxy-
ethyl)phosphine for 1 h at room temperature, alkylated with
37 mM iodoacetamide for 1 h in the dark, and then quenched
by addition of 40 mm DTT. The alkylated proteins were
diluted with 240 pl of 100 mm TEAB. Each sample was
digested with 18 ug of trypsin for 18 h at 35 °C, and an addi-
tional 2 ug of trypsin was added and incubated for 4 h. The
TMT 10-plex labels were reconstituted with 45 ul of anhy-
drous acetonitrile (ACN) prior to labeling and added with
1:2 ratio to each of the tryptic digest samples. The samples
were incubated for 1 h at room temperature to TMT label.
The peptides from 10 samples were mixed with each tag of
TMT10plex separately. After checking the label incorpora-
tion using Orbitrap Fusion (Thermo Fisher Scientific) by
mixing 1-ul aliquots from each sample and desalting with
SCX ziptip (Millipore, Billerica, MA), equal amounts of pep-
tide from the 10 digested samples were pooled together. The
pooled peptides were evaporated to 200 ul and subsequently
purified by solid-phase extraction on Sep-Pak Cartridges
(Waters), according to the manufacturer recommendations
and dried at reduced pressure in a SpeedVac concentrator
(Savant).
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Proteomics analysis using nano-scale reverse phase LC and
tandem MS

The tryptic peptides prepared as described above were sub-
jected to a first-dimensional fractionation via high-pH reverse-
phase chromatography, carried out using a Dionex UltiMate
3000 HPLC system (Thermo Scientific, Sunnyvale, CA) as
reported previously (49, 50). Specifically, the TMT 10-plex
tagged tryptic peptides were reconstituted in 20 mM ammo-
nium formate at pH 9.5 (eluent A) and loaded onto an XTerra
MS C18 column (3.5 wm, 2.1 X 150 mm) from Waters equili-
brated with eluant A. Eluant B consisted of 80% ACN, 20% 20
mM ammonium formate (pH 9.5). The chromatography was
carried out using a gradient from 10 —45% eluent B over 30 min
ataflow rate 200 wl/min. Forty-eight fractions were collected at
1-min intervals and pooled into a total of 10 fractions based on
the absorbance at 214 nm and with a multiple fraction concat-
enation strategy (49). 10% of each fraction was pooled, dried,
and reconstituted in 120 ul of 2% CAN, 0.5% formic acid (FA)
for low pH nanoLC-MS/MS analysis. The remaining 90% of
each sample was pooled into five fractions, dried, and subjected
to TiO, enrichment.

TiO, enrichment was conducted using a TiO, Mag-Sephar-
ose kit (GE Healthcare). The TMT 6-plex tagged tryptic pep-
tides were reconstituted in 400 ul of binding buffer (1 m glycolic
acid in 80% acetonitrile, 5% TFA). The TiO, slurry (75 ul) was
used and incubated with the sample for 30 min at 1800 rpm
vortex. After washing the beads with washing buffer (80% ace-
tonitrile, 1% TFA), the phosphopeptides were eluted with 100
wul of elution buffer (5% ammonium hydroxide) twice. The
eluted fraction was dried and reconstituted in 25 ul of 0.5% FA
for subsequent nano scale LC-MS/MS analysis.

The LC-MS/MS analysis was carried out using an Orbitrap
Fusion (Thermo Fisher Scientific) mass spectrometer equipped
with a nanospray Flex Ion Source similar to previous reports
(51, 52). The mass spectrometer was coupled to an Ulti-
Mate3000 RSLCnano HPLC (Thermo Scientific). A portion of
each reconstituted fraction (2—3 ul for global proteomics frac-
tions and 5- 8 ul for enriched phosphor fractions) was injected
onto a PepMap C-18 RP nano-trap column (100-um X 20-mm
dimensions), 3-um particle size; Dionex) at 20 ul/min flow rate
for concentration and on-line desalting. The bound peptides
were then separated on a PepMap C-18 RP column (75 pm X
25 cm, 3.5-um particle size) by elution at a flow rate of 300
nl/min. using a gradient of 5% to 35% ACN in 0.1% formic acid.
The column was re-equilibrated with 5% CAN, 0.1% FA for 25
min prior to the next run.

The Orbitrap Fusion was operated in positive ion mode with
the nano spray voltage set at 1.6 kV and the source temperature
at 275 °C. The Fourier transform, ion-trap (IT), and quadrupole
mass analyzers were externally calibrated. The mass spectrom-
eter was operated in the data-dependent acquisition mode. The
Fourier transform mass analyzer was used for survey scans to
select precursor ions. These were followed by 3-s top speed
data-dependent higher-energy collision dissociation MS/MS
scans using a normalized collision energy of 37.5% for all pre-
cursor ions with at least two but no more than seven charges per
ion. The threshold ion count was >10,000. MS survey scans
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were conducted at a resolving power of 120,000 full-width-at-
half-maximum (measured at m/z 200) for all the masses in the
range of m/z 400 -1600 using the settings AGC = 3e5 and Max
IT = 50 ms. The MS/MS scans were conducted using higher-
energy collision dissociation at 60,000 full-width-at-half-maxi-
mum resolution for the mass range m/z 105-2000. The AGC
setting, Max IT, and Q isolation window were set to 1e5, 120
ms, and *£1.6 Da, respectively. The dynamic exclusion param-
eters were set at 1 with a 45-s exclusion duration with a =10
ppm exclusion mass width. All data were acquired using the
Xcalibur 3.0 operation software and Orbitrap Fusion Tune 2.0
(Thermo Fisher Scientific).

Proteomics data processing and protein identification

Al MS and MS/MS raw spectra were processed and searched
using Proteome Discoverer 2.2 (Thermo) with Sequest HT. The
Pseudomonas_putidaKT2440.fasta database containing 5528
entries (downloaded June 12, 2017) was used to query the MS
data. The default search settings used for 10-plex TMT quanti-
tative processing and protein identification were as follows:
tryptic proteolysis, allowing two missed cleavages, with fixed
carbamidomethyl modification of cysteine, fixed 10-plex TMT
modifications of lysine and N-terminal amines and variable
modifications of methionine oxidation and deamidation of
asparagine/glutamine residues. The peptide and fragment mass
tolerance values were 10 ppm and 50 mDa, respectively. Iden-
tified peptides were filtered for a maximum 1% false discovery
rate using the Benjamini—Hochberg procedure (53) incorpo-
rated in the Percolator algorithm in PD 2.2, and the peptide
confidence was set to high. The TMT10-plex quantification
method within the PD 2.2 software was used to calculate the
reporter ratios with mass tolerance 10 ppm without applying
the isotopic correction factors. Only peptide spectra containing
all reporter ions were designated as quantifiable and used for
peptide/protein quantitation. Summed intensity normalization
was used to estimate expression ratios. To minimize the ratio
distortion expected because of the co-isolation of near isobaric
precursor ions, a co-isolation filter of 50% was applied.

Statistical analysis

For comparisons of data from growth and metabolomics
experiments at the two growth conditions (glucose:benzoate
mixture versus glucose alone), statistical analysis was done
using unpaired two-tailed ¢ test. Statistically significant differ-
ence was determined at p =< 0.05.

To estimate the thresholds of significant change from the
proteomics data, the expression ratios from each of the data
sets were log, transformed and fit to 60 different statistical dis-
tributions using the program EasyFit (MathWave Technolo-
gies). Goodness of fit was determined by the Kalmogrov/Smir-
nov, Anderson Darling, and x* tests (54—56). In each case the
best fit was determined to be to the four-parameter Dagum
distribution (57). The 95% confidence intervals were estimated
by generating distributions randomly using the exact parame-
ters of the experimentally derived distributions. A two-tailed
heteroscedastic ¢ test was conducted to evaluate the difference
between the means of the samples being compared. An expres-
sion ratio is considered to have changed significantly if the mag-
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nitude of the change is greater than what would be expected to
be observed by chance with a probability of 0.05 and if its asso-
ciated p value was < 0.01.
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