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ABSTRACT Despite the significant presence of plant-derived tricarboxylic acids in some
environments, few studies detail the bacterial metabolism of trans-aconitic acid (Taa)
and tricarballylic acid (Tcb). In a soil bacterium, Acinetobacter baylyi ADP1, we discov-
ered interrelated pathways for the consumption of Taa and Tcb. An intricate regulatory
scheme tightly controls the transport and catabolism of both compounds and may
reflect that they can be toxic inhibitors of the tricarboxylic acid cycle. The genes
encoding two similar LysR-type transcriptional regulators, TcuR and TclIR, were clustered
on the chromosome with tcuA and tcuB, genes required for Tcb consumption. The
genetic organization differed from that in Salmonella enterica serovar Typhimurium, in
which tcuA and tcuB form an operon with a transporter gene, tcuC. In A. baylyi, tcuC was
not cotranscribed with tcuAB. Rather, tcuC was cotranscribed with a gene, designated
pacl, encoding an isomerase needed for Taa consumption. TcuC appears to transport
Tcb and cis-aconitic acid (Caa), the presumed product of Pacl-mediated periplasmic
isomerization of Taa. Two operons, tcuC-pacl and tcuAB, were transcriptionally controlled
by both TcuR and TcIR, which have overlapping functions. We investigated the roles of
the two regulators in activating transcription of both operons in response to multiple
effector compounds, including Taa, Tcb, and Caa.

IMPORTANCE Ingestion of Taa and Tcb by grazing livestock can cause a serious
metabolic disorder called grass tetany. The disorder, which results from Tcb absorption
by ruminants, focuses attention on the metabolism of tricarboxylic acids. Additional
interest stems from efforts to produce tricarboxylic acids as commodity chemicals.
Improved understanding of bacterial enzymes and pathways for tricarboxylic acid
metabolism may contribute to new biomanufacturing strategies.

KEYWORDS ADP1, Acinetobacter baylyi, TcuR, aconitate isomerase, LTTR, LysR,
transcriptional regulator, tricarboxylic acids, tricarballylate, aconitate

T ricarboxylic acids, produced by grasses and legumes, can be relatively abundant in
plant-based forage. These compounds, such as tricarballylic acid (Tcb) and trans-aco-
nitic acid (Taa), have been of interest because of problems that occur when grazing
ruminants ingest them. Tcb in the rumen gets absorbed by the animal wherein the
chelation properties of Tcb can cause a serious magnesium deficiency that manifests as
a malady called grass tetany (1). This problem, which can be fatal to livestock, was at
one time attributed to Taa but later shown to result from the conversion of Taa to Tcb by
microbial fermentation in the rumen (2, 3).

The biochemical basis for the bacterial uptake and use of Tcb as a sole carbon
source has, to date, been reported for only Salmonella enterica subspecies enterica
serovar Typhimurium LT2 (hereafter LT2; 4-7). Fewer studies have been published on the
microbial consumption of Taa as a growth substrate. The only biochemical studies center
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on a constitutively expressed periplasmic aconitate isomerase involved in Taa assimila-
tion by Pseudomonas sp. WU-0701 (8, 9). Further information about Taa assimilation
or transport has not been reported. Interest in this aconitate isomerase stems from
biomanufacturing because tricarboxylic acids are important commodity chemicals that
have the potential to be synthesized by bacteria (10, 11). Heterologous expression of
the aconitate isomerase was used in a two-step bioconversion of citric acid (Cit) to
trans-aconitic acid (Taa) by whole bacterial cells (12).

As current understanding of these pathways remains incomplete, we characterized
the consumption of cis-aconitic acid (Caa), Taa, Tcb, and Cit by a soil bacterium,
Acinetobacter baylyi ADP1. This metabolically versatile bacterium was chosen because
its environmental habitat is replete with plant-derived growth substrates. Moreover,
ADP1 has a uniquely powerful genetic system that facilitates investigation using
methods to exploit its exceptionally high efficiency of natural transformation and
homologous recombination. Hypotheses concerning metabolism can be readily tested
with mutational approaches. This soil bacterium is gaining traction as a model organism
for metabolic engineering (13, 14).

Genome sequence and a global metabolic model of ADP1 (15) identified genes for
Tcb catabolism based on homology to genes characterized in LT2, tcuABC, and tcuR
(4-7). Studies of the Tcu proteins in LT2 demonstrate that TcuA is an FAD-dependent Tcb
dehydrogenase and TcuB is a transmembrane protein that re-oxidizes the flavin cofactor
of the dehydrogenase (Fig. 1; 6, 7). In LT2, tcuC, which encodes a Tcb transporter, is
cotranscribed with tcuA and tcuB. An adjacent regulatory gene, tcuR, encodes a LysR-type
transcriptional regulator (LTTR) that activates the tcuABC operon in response to Tcb (5).
LT2 does not use Taa as a sole carbon source, and the consumption of this compound by
ADP1 was not previously determined.

The tcu gene order in ADP1 is similar but not identical to that of LT2 (Fig. 2). Notably,
tcuC is not adjacent to tcuA and tcuB. As described in this report, we investigated the
roles of two tcuR paralogs near tcuA in the regulation of tricarboxylate metabolism in
ADP1 and renamed one tc/R (TcuR-like regulator). Studies of genetic regulation and
function revealed that the uncharacterized gene immediately downstream of tcuC (locus
tag ACIAD_RS07095) in ADP1 enables the use of Taa as a sole carbon source. Based on
the homology of its gene product to the aconitase of Pseudomonas sp. WU-0701 (8, 9),
we designated this gene pacl (for periplasmic aconitate isomerase). Here, we present a
novel metabolic and regulatory scheme whereby the growth of ADP1 on Taa involves
the periplasmic Pacl-mediated conversion of Taa to Caa followed by the TcuC-mediated
transport of Caa into the cytoplasm (Fig. 1B). The TcuC transport protein appears to have
dual specificity for Caa and Tcb.

RESULTS

Organization and bioinformatic analysis of clustered tcu genes in A. baylyi
ADP1

Database searches revealed many bacterial homologs of TcuA, TcuB, TcuC, and TcuR that
shared sequence similarity comparable to that between the gene products in ADP1 and
LT2 (Table S1). However, the gene downstream of tcuC in ADP1 has no counterpartin LT2,
and we questioned its role. Genome annotation and homology searches suggested only
that this gene, ACIAD_RS07095, encodes a substrate-binding periplasmic transport
protein of unknown function. We posited that if ACIAD_RS07095 homologs clustered
with tcu genes in diverse bacteria, it might signify that this gene has a function related to
Tcb metabolism. To identify genomic synteny among bacteria with tcu genes near
homologs of ACIAD_RS07095, chromosomal neighborhoods near tcuB were searched
with the online STRING program (20). Regions in diverse bacteria that might be of
interest were examined individually, and several different genetic arrangements were
found with tcuAB homologs in the vicinity of homologs of the gene of unknown function
from ADP1 (Fig. 2).
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FIG 1 Tcb, Taa, and Caa utilization. (A) The functions of TcuA and TcuB in converting Tcb (circles) to Caa (squares) and the role of TcuC in Tcb transport, which

were demonstrated in strain LT2 (4-7), are predicted to be the same in ADP1. (B) In ADP1, our results support a model in which Pacl, which does not have a

counterpart in LT2, converts Taa (triangles) to Caa (squares) in the periplasm, prior to transport into the cytoplasm by TcuC. (C) Chemical structures are shown for

tricarboxylic acids investigated in this report.

The protein products of the homologs of unknown function were aligned, and
conserved sequences guided additional homology searches. An iterative approach
revealed homology to the aconitate isomerase of Pseudomonas sp. WU-0701 (9), as
shown in Fig. S1. The genomic context in strain WU-0701 was unclear because surround-
ing DNA sequences are unavailable. However, a protein encoded by Pseudomonas
oryzihabitans was found to differ from that of WU-0701 by a single amino acid (P or S at
position 202, Fig. S1). There were no tcu genes in the genome of P. oryzihabitans and no
LTTR genes close to this putative aconitate isomerase gene. Nevertheless, we explored
the possibility that Tcb and aconitate (Taa and Caa) metabolism were linked in ADP1. We
hypothesized that ACIAD_RS07095 encodes an aconitate isomerase, designated Pacl,
that converts Taa to Caa. Periplasmic localization was predicted by SignalP analysis (21).
This program identified the first 24 amino acids of Pacl as a cleavable signal used to
export the enzyme. Therefore, our model depicts the production of Caa from Taa in the
periplasm followed by transport into the cytoplasm (Fig. 1B).

Effects of gene-specific mutation: growth on tricarboxylic acids as sole
carbon sources

We tested whether genes in the tcu region of ADP1 affect the regulation and metabolism
of tricarboxylic acids after constructing mutants with specific deletions (described in

February 2024 Volume 90 Issue 2

10.1128/aem.02111-23 3

Downloaded from https://journals.asm.org/journal/aem on 27 August 2024 by 2601:ca:8100:¢5¢0:9¢d0:a7bc:2¢98:4312.


https://doi.org/10.1128/aem.02111-23

Full-Length Text

Applied and Environmental Microbiology

Salmonella enterica serovar Typhimurium LT2 —M@—

tcuR™ tcuA tcuB

ACIAD_RS07095
pacl

Acinetobacter baylyi ADP1 _»_“»_“_ “
tclR tcuC tcuR™ tcuA tcuB

tcuC

Aquitalea denitrificans 5YN1-3

Xanthobacter autotrophicus Py2 —:>-_|:>_
Paraburkholderia sacchari LMG 19450
Curvibacter delicatus NBRC 14919

Cupriavidus taiwanensis LMG 19424

)

FIG2 Chromosomal regions from diverse bacteria (drawn to scale), aligned relative to tcuB. Homologs, shown in the same color and pattern, were aligned using

SyntTax and BioCyc programs (16, 17). Similarity searches based on pac/ (ACIAD_RS07095) revealed four bacteria in which homologs (in pink) were clustered

in the vicinity of tcuB homologs. In Cupriavidus taiwanensis LMG 19424, a pacl homolog is adjacent and divergent to an LTTR gene, but it is distal to the
tcu-like region. In this case, tcuA is at map position 1,262,684-1,264,114, and the pacl homolog (RALTA_RS24780) is at map position 2,072,478-2,073,302 (NCBI
Reference Sequence: NC_010530.1). Sequence identifiers for genomes are listed in Materials and Methods. Labels A and B (arbitrarily assigned) indicate two

LTTR paralogs. Striped patterns mark three LTTR genes that are more like each other in sequence than they are to the solid-colored LTTR genes (Fig. S2 and S3).

Labels C and D (arbitrarily assigned) denote two tcuC-like paralogs in the same region predicted to encode transporters in the major facilitator superfamily (MFS),

entry IPRO11701 of InterPro (18); their sequences are aligned in Fig. S5. In each bacterium, the tcuA and tcuB genes have overlapping stop and start codons, a

configuration that may couple translation to produce equal levels of both interrelated proteins (19).

Table 1; Table S2 through S4). These strains were compared with ADP1 for growth using
Cit, Tcb, Taa, Caa, or pyruvate as the carbon source. ADP1 grows well on pyruvate, unlike
sugars, and pyruvate is typically used as a growth substrate. The growth rates of ADP1
and all mutants on pyruvate were comparable (Table 1). Isocitrate was also tested, but no
growth was observed.

Deletion of pacl (in ACN1388) prevented growth on Taa as the carbon source but not
growth on Tcb or Caa (Taa, Tcb*, and Caa®). In contrast, a tcuA mutant (ACN3123) was
Taa" and Caa* but did not grow on Tcb (Table 1). These results support a model where
TcuA is required to grow on Tcb (Fig. 1A), and the loss of Pacl only prevents growth on
Taa (Fig. 1B). A AtcuC mutant (ACN1456) was Tcb’, Taa, and Caa but grew on pyruvate
and Cit (Table 1). These results are consistent with TcuC transporting Tcb, as in LT2 (4).
Failure to grow on both compounds could be explained by a model wherein Taa is
converted to Caa in the periplasm and TcuC transports Caa in addition to Tcb (Fig. 1B).
Growth on Taa with Caa as an intermediate is supported by the observation that the four
mutants that are Caa™ are all also Taa™ (Table 1).

Growth of the AtcuR mutant (ACN1376) on Caa suggests that the TcuR regulator in
ADP1 is not required for TcuC expression, unlike in LT2 where transcription of the tcuABC
operon requires TcuR (5). Different gene organization also raises regulatory questions
about the roles of two tcuR paralogs in ADP1, one designated tcIR (Fig. 2). The AtclR
mutant (ACN3178) and the Atc/R plus AtcuR mutant (ACN3171) were both Caa and Taa’
(Table 1). Therefore, TcIR rather than TcuR may control TcuC expression in ADP1 during
growth on these substrates.

Since growth on Tcb required tcuR (in ACN1376), TcuR may control the transcription
of tcu genes, as does its counterpart in LT2. However, deletion of tc/R also affected
growth on Tcb, leading to very slow growth and a long lag (ACN3178). When both tcuR
and tclR were deleted (ACN3171), no growth was observed with Tcb, Caa, or Taa as the
carbon source. Furthermore, while the AtcuR mutant (ACN1376) was Tcb, it gave rise to
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TABLE 1 Growth of ADP1 and mutants on different sole carbon sources

Strain ADP1 ACN1388 ACN3225 ACN1456 ACN3168 ACN3123 ACN3178 ACN1376 ACN3171
Genotype"’ WT Apacl Apacl AtcuC AtcuC AtcuA:gfpss  AtclR AtcuR AtclR
tcuC-gfpss AcltA AtcuR
Carbon source  Parameter
Pyr® Growth rate’ 1+0.1 1.1+£0.1 1.2+0.1 1£0.1 1.2+0.1 1.2+0.2 1.1+0.1 1.1+0.1 1.2+0.1
Max OD¢ 1£0.1 1.1+£0.2 1+£0.2 1£0.1 1.1+£0.2 1.1+£0.2 9+0.2 1+0.2 9+0.2
Lag (h)? 2.25 2.75 3.25 2.75 2.75 3.25 2.25 2.25 2.75
Cit Growthrate” 1.1+02 1.1£0.1 1.2+0.2 14+0.1 1.2+0.2 1.2+0.2 1.2+0.1 1+£0.03 1.3+0.2
Max OD¢ 1+0.2 1.1+£0.2 1.2+0.2 1£0.1 1+0.2 1.1+£0.2 1£0.1 1£0.1 1£0.1
Lag (h)? 3.25 2.75 2.75 3.25 4.75 3.25 3.75 3.75 4.25
Tcb Growthrate® 1+0.1  1+0.1 2+0.01 NG’ NG NG 24003 NG NG
Max OD¢ 9+0.1 .6 £0.1 7 £0.1 NG NG NG .5+0.05 NG NG
Lag (h)? 7.75 10.25 18.75 NG NG NG 43.25 NG NG
Taa Growth rate’ .9 +0.1 NG NG NG NG 1.1+£0.03 NG 1.1+£0.1 NG
Max OD¢ 1+0.2 NG NG NG NG 1.1+£0.2 NG 1+0.2 NG
Lag (h)? 2.75 NG NG NG NG 3.25 NG 2.75 NG
Caa Growthrate” 13+02 15+0.1 1.26+0.36 NG NG 1.2+0.1 NG 9+0.1 NG
Max OD¢ 1.1+£02 1+0.1 1.02+0.14 NG NG 1.1+£0.2 NG 1.1+£0.2 NG
Lag (h)? 2.25 2.25 2.75 NG NG 2.75 NG 2.25 NG

“Additional information on strain genotypes is provided in Table 2; Tables S2 to S4.

bRatio of the growth rate of each strain on the indicated carbon source to that of ADP1 grown on pyruvate. A 95% Cl calculated from three replicates is indicated by +values.
The generation time of pyruvate-grown ADP1 is 1.3 h when grown in shaking tubes/flasks and 3.0 h when grown in the plate reader.

‘Max growth assessed by turbidity (measured as OD595) in comparison to ADP1 grown on Pyr. A 95% Cl calculated from three replicates is represented by +values.

A graphing program (Prism, GraphPad Software) was used to calculate average growth rates across replicates at 30-min intervals. Lag time is here defined as the time taken
for the growth rate to increase by =0.01 (absorbance unit/h), which corresponds to the beginning of the log phase. Standard deviations of lag times are <15% of the average
values.

Carbon sources were added to the minimal medium at the following final concentrations: 15-mM pyruvate (Pyr), 5>-mM Cit, 5-mM Tcb, 5-mM Taa, and 5-mM Caa.

No growth (NG) is defined as an increase in OD595 <0.05 within 72 h following inoculation.

spontaneous Tcb™ mutants. Two of these, which were isolated independently, ACN1445
and ACN1556, each encoded a TclIR variant, TcIR(R200Q, L216P) or TcIR(R200Q).

Evaluation of tcuA regulation with a fluorescent transcriptional reporter

To clarify regulation, the tcuA coding sequence of ADP1 was replaced on the chromo-
some by the gene for a green fluorescent protein “super folder” (GFPg; 24). Because this
reporter strain (ACN3123) does not have TcuA, Tcb cannot be catabolized further and can
be studied as a non-metabolizable inducer of GFP expressed from the tcuA promoter
(P¢cua)- Other reporter strains were similarly constructed with additional deletions of tcIR,
tcuR, or both (ACN3184, ACN3122, and ACN3173, respectively). The same chromosomal
reporter was also studied in strains with tcuR deleted and the wild-type tc/R coding
sequence exactly replaced by a mutated allele encoding either TcIR(R200Q, L216P) or
TcIR(R200Q), ACN3190, and ACN3191, respectively. Strains were grown on pyruvate with
or without Tcb, Caa, or Taa as inducers. Compared to cultures grown without inducers,
the fluorescence of the strain with both regulators (tcuR"", tc/R"") increased when Tcb,
but not Caa or Taa, was added (Fig. 3, solid dark bars).

With both regulators missing (AtcuR, AtclR), Tcb did not increase fluorescence. In
contrast, TcuR without TcIR (Atc/R) was sufficient for Tcb-increased fluorescence, albeit to
a lesser extent than with both regulators. The loss of TcIR could reduce Py 4-controlled
fluorescence if TcIR directly controls tcuA transcription. Alternatively, or in addition, loss
of TcIR could affect fluorescence through effects on the transcription of tcuC, which could
alter the transport of the inducer and affect transcription from P4 indirectly. Unlike in a
strain without both regulators (AtcuR, AtclR), there was a small increase in Tcb-depend-
ent induction in a strain with TcIR alone (AtcuR; Fig. 3), suggesting that TcIR directly
regulates Tcb-dependent tcuA transcription, but poorly. In strains encoding the TcIR
variants (AtcuR, tcIR*°°? and AtcuR, tcIRF*°°2 121%) Tcbh-increased fluorescence relative to
no inducer and relative to the induction observed in the strain with only the wild-type
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Strain Relevant characteristics Source

ADP1 Wild-type strain (BD413) (22,23)

ACN1376 AtcuR51376 This study
ACN1388 Apacl51388 This study
ACN1445 AtcuR51376, tclR51445 This study
ACN1456 AtcuC51456 This study
ACN1556 AtcuR51376, tclR51556 This study
ACN3122 AtcuR51376, AtcuA:gfpgr-QK53122 This study
ACN3123 AtcuA:gfpgr-QK53122 This study
ACN3125 AcltA:sacB-QS53125 This study
ACN3168 AtcuC51456, AcltA:sacB-QS53125 This study
ACN3171 AtcuR51376, AtclR53171 This study
ACN3173 AtcuR51376, AtclR53171, AtcuA:gfpg-QK53122 This study
ACN3178 AtclR53171 This study
ACN3179 AtcuR51376, tclR51445 [TcIR(R200Q, L216P)] This study
ACN3184 AtclR53171, AtcuA:gfpgr-QK53122 This study
ACN3187 AtcuR51376, tclR51556 [TcIR(R200Q)] This study
ACN3190 AtcuR51376, tclR51445, AtcuA:gfpsr-QK53122 [TcIR(R200Q, L216P)] This study
ACN3191 AtcuR51376, tclR51556, AtcuA:gfpsr-QK53122 [TcIR(R200Q)] This study
ACN3222 AtcuR51376, tcuC-gfps+QK53222, Apacl53222 This study
ACN3223 AtcuR51376, AtclR53171, tcuC-gfps+QK53222, Apacl53222 This study
ACN3224 AtclR53171, tcuC-gfpsQK53222, Apacl53222 This study
ACN3225 tcuC-gfpsrQK53222, Apacl53222 This study
ACN3226 AcltA:sacB-QS53125, tcuC-gfpsQK53222, Apacl53222 This study
ACN3227 AtcuR51376, tclR51445, tcuC-gfpsQK53222, Apacl53222 [TcIR(R200Q, L216P)] This study
ACN3228 AtcuR51376, tclR51556, tcuC-gfps-QK53222, Apacl53222 [TcIR(R200Q)] This study

“For additional details about strain construction, see Tables S2-54.

bA. baylyi strains were derived from ADP1, previously known as Acinetobacter calcoaceticus or Acinetobacter sp. (22, 23).

TcIR (Fig. 3). This increase in Tcb-stimulated expression may account for the Tcb*
phenotypes of the corresponding spontaneous mutants. These results indicate that TcuR
is the primary transcriptional activator of tcu genes in response to Tcb, whereas TcIR plays
alesserrole.

Evaluation of tcuC regulation with a fluorescent transcriptional reporter

To assess the regulation of the tcuC promoter, Py, ¢, the GFP4 gene was inserted in the
chromosome immediately downstream of tcuC, close enough to ensure cotranscription.
This location was designed to preserve the TcuC transport function. Additionally, pac/
was deleted to prevent interconversion of Taa and Caa so their individual effects could be
distinguished. The Tcb* phenotype of the resulting strain, ACN3225 (Table 1), indicated
that TcuC was functional. However, this strain grew more slowly on Tcb and had a longer
lag time than the wild type (ADP1). Additional strains were constructed with this tcuC
transcriptional reporter and deletion of Atc/lR or AtcuR (ACN3224 and ACN3222) or
deletions of both (ACN3223). Strains were also made with AtcuR plus tc/RF*°? (ACN3228)
or AtcuR plus tc/RF°°2 215" (ACN3227). With wild-type tcuR and tcIR, but not without them
(AtcuR, AtclR), Tcb increased fluorescence (Fig. 4). Without TcuR, the TclR variants (with
R200Q or with R200Q plus L216P) increased Tcb-dependent induction relative to wild-
type TcIR at both promoters. Yet, Tcb-dependent induction differed at P4 (Fig. 3) and
Ptcuc (Fig. 4). Response to Tcb at Py, ¢ required higher concentrations than at Py,4 (5 mM
vs 0.1 mM) and caused a smaller increase in fluorescence (Fig. 3 and 4). The relative
importance of TcuR and TclR for Tcb-regulated transcription appears to be reversed at
Ptcuc and Pgcya, with TcIR being more important than TcuR for regulating P ¢ (Fig. 4).
The addition of Caa and Taa increased fluorescence at Py, ¢ (Fig. 4) but not P4 (Fig.
3). With TcIR and TcuR, but not without them, Taa (0.1 mM or 5 mM) or Caa (5 mM)
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FIG 3 Transcription of gfpss controlled by P¢,4. Each strain has a chromosomal gfpsf (allele AtcuA::gfpsr-QK53122). Differences

in genetic backgrounds are indicated. All strains were grown on pyruvate supplemented with inducer compounds as

indicated. Relative fluorescence is the ratio of fluorescence/OD for each condition compared to that of ADP1, which does not

contain gfpss, grown on pyruvate. The error bars show the standard deviation (o) from at least three biological replicates. The

relative fluorescence of each strain with an inducer was compared to that of the same strain with no inducer. Unless indicated,

the relative fluorescence was not significantly different from uninduced conditions, as calculated by unpaired samples t test

analyses. Significant increases in expression compared to uninduced conditions are indicated (**, P < 0.01). Strain names are
indicated parenthetically: tcuR"", tc/R"" (ACN3123); AtcIR (ACN3184); AtcuR (ACN3122); AtcuR, AtcIR (ACN3173); AtcuR, tclR™*®

(ACN3191); and AtcuR, tclR™™2 %" (ACN3190).

increased fluorescence (Fig. 4). This induction did not occur without TcIR, suggesting that
TcIR may be the only regulator that responds to Taa or Caa at Py,c. In strains with either
TcIR or the TclR variants, fluorescence increased in response to either Caa or Taa (Fig. 4).

Transcriptional units and start sites

To assess which genes are transcribed in operons, RNA was isolated from Taa-grown
ADP1. The cDNA synthesized from a pacl-specific primer was used as a PCR template
with tcuC primers (Fig. 5A and B). Products of the expected sizes were observed that
could only be generated if tcuC and pacl were cotranscribed. Similar experiments were
conducted with Tcb-grown ADP1 to evaluate the cotranscription of tcuA and tcuB. The
results showed that tcuA and tcuB form an operon (Fig. 5C and D).

The transcription initiation site (+1) for each operon was localized between two
forward primers, one that gave a product (PCR 2) and the other that did not (PCR 3; Fig.
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FIG 4 Transcription of gfps controlled by P¢c. Each strain has a chromosomal gfp (allele tcuC-gfps+QOK53222; Apacl53222). Differences in genetic backgrounds

are indicated. All strains were grown on pyruvate supplemented with inducer compounds as indicated. Relative fluorescence is the ratio of fluorescence/OD

for each condition compared to that of ADP1, which does not contain gfps, grown on pyruvate. The error bars show the standard deviation (o) from at least

three biological replicates. Unless indicated, fluorescence/OD is not significantly different from uninduced conditions, as calculated by unpaired samples t tests.

Significant increases in expression compared to uninduced conditions are indicated (*P < 0.05; **P < 0.01). Strain names are indicated parenthetically: tcuR"",
tcIR"" (ACN3225); AtclR (ACN3224); AtcuR (ACN3222); AtcuR, AtclR (ACN3223); AtcuR, tclR*? (ACN3228); and AtcuR, tclR™**'% (ACN3227).

5). In both cases, PCR3 and PCR4 failed to yield a product with the cDNA template. The
absence of these PCR products (3 and 4) indicates that tc/R is not cotranscribed with
its downstream neighbor, tcuC, and that tcuR is not cotranscribed with its downstream
neighbor, tcuA.

Transcription initiation sites were pinpointed by “Rapid Amplification of cDNA Ends”
(5" RACE; 25). For Taa-grown ADP1, mRNA was isolated, and cDNA was generated using
primers for tc/R and tcuC in separate reactions. For Tcb-grown ADP1, mRNA was isolated,
and cDNA was generated with primers for tcuR and tcuA in separate reactions. The 5
RACE protocol modifies the cDNA by adding a known DNA sequence (a tail) to its 5" end.
This approach enables subsequent PCR amplification of the region. After cloning the
PCR products, plasmids were checked for appropriately sized inserts (Fig. 6B). Individual
clones were sequenced to find the junction between the tail and sequences identical
to ADP1 DNA. These junctions, Fig. 6C, mark the transcription initiation sites (+1). The
experimentally determined +1 site for tcuC was separated from its coding sequence by
187 nt. The transcription start site for tcuA was separated from its coding sequence by 22
nt. Both sites were within the regions localized by RT-PCR (Fig. 5). For tcIR, the +1 site was
separated from its coding sequence by 40 nt, whereas multiple attempts to identify the
start site for tcuR were unsuccessful.
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FIG 5 RT-PCR analysis of operons. (A) With RNA from Taa-grown ADP1, pacl-specific cDNA was made
and used in four individual PCR reactions. The same reverse primer, R (0TCB113), was used with different
forward primers, F1 (0TCB44), F2 (0TCB45), F3 (oTCB144), or F4 (oTCB145). With cDNA as a template,
products were detected from reactions 1 and 2 (black rectangles), but not reactions 3 and 4 (white
rectangles). (B). PCR products of the expected size, ~1 kbp, were observed on an agarose gel for the
cDNA template using F1 or F2. With F3 or F4, no PCR products were observed. The reactions with
genomic DNA (gDNA) as a template (positive controls) gave correctly sized products for all primer pairs,
and the reactions with no template (NT) DNA (negative controls) gave no products. (C) Comparable
studies of tcuA and tcuB were done with cDNA generated with a tcuB-specific primer and RNA from
Tcb-grown ADP1. The reverse primer, R (0TCB154), was used with different forward primers, F1 (cTCB156),
F2 (oTCB56), F3 (0TCB55), or F4(oTCB155). (D) PCR products were assessed as indicated for panel B. The

transcriptional start site (+1) for the tcuC-pac/ operon and that for the tcuAB operon lies between forward

primers 2 and 3, since the former but not the latter yielded a PCR product with the cDNA template.
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FIG 6 Transcriptional start sites (+1) for tcuC, tcuA, and tcIR. (A) Genetic organization and locations of primers (arrows) used
to generate ¢cDNA for tclR, tcuC, tcuR, and tcuA: oTCB5, oTCB8, oTCB6, and oTCB57, respectively. (B) Following the 5 RACE
protocol (Materials and Methods), PCR products corresponding to the regions of transcriptional start sites were cloned into

plasmids for tcuC, tcuA, and tcIR. Reactions for tcuR were unsuccessful. Individual plasmids were isolated, and PCR was used

to detect cloned inserts shown on gels for tcuC, tcuA, and tclR (left to right). Multiple DNA fragments (indicated by arrows)

were sequenced. (C) DNA sequencing chromatograms used to identify the +1 sites (boxed and labeled with an arrow) that

correspond to the junction between DNA added during the 5" RACE procedure (the tail) and ADP1 DNA sequence. Identical

results were obtained for each gene using two or more independently isolated RNA samples and three or more sequenced

clones.

Regulation of the tcuC-pacl and the tcuAB operons by TcuR and TcIR

A regulatory model based on the data is presented in Figure 7. The functional overlap
of TcuR and TcIR at both operator-promoter regions is not surprising considering their
sequence similarity. Sequences of TcuR, TcIR, and the other LTTRs encoded near tcu
genes (Fig. 2) were aligned (Fig. S2). The three LTTRs encoded by genes (striped in Fig.
2) that are divergent from pacl-like genes are more like each other than they are to the
TcuR-like homologs. The two LTTRs from ADP1 more closely resemble each other than
the regulators from other bacteria (Fig. S2 and S3). The helix-turn-helix region (HTH),
involved in DNA sequence recognition and binding by LTTRs (26, 27), is nearly identical
in TcuR and TcIR (Fig. S2B). Thus, both proteins may recognize similar operator-promoter
sequences, as has been shown for other paralogous LTTRs in ADP1 (28, 29).

Upstream of tcuA, a site matching a consensus for binding LTTRs (26), an LTTR box,
was discovered using sequence alignments and pattern searches near tcuA homologs
(Fig. 7C; 32). A putative binding site for TcuR was found to be TTTA-N;-TAAA. The
sequence upstream of tcuC also aligns well with the tcuA regions (Fig. 7C). No LTTR box
was found upstream of tc/R, but one potential binding site lies within the tc/R coding
sequence (Fig. S4).

Transport of tricarboxylic acids

TcuC, a member of the major facilitator superfamily (MFS), entry IPR0O11701 of InterPro
(18, 33), affects Tcb consumption (Table 1). Its counterpart in LT2, originally identified
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S. enterica Typhimurium LT2 TTTACGCTTACTARACCCCTGTTTAGCGCTACCTGATAGCGCACCGCTTATTTATCCGTATACATT
Enterobacter aerogenes KCTC 2190 TTTACACTTCATARACCCCTCTTTAGCTTTACGCCATAGCG-CCTGTCGTCCCTGCGTCTTACATTT
Klebsiella michiganensis 10-5242 TTTACGCACACTARACCCCTCTTTAGCARTACGCCATAGCGTCCTGCCGCCCTGGGCGCATACATT
Citrobacter freundii HM38 TTTRCARTAACTAARAGCCCTCTTTAGCACTACGTCATAGCGCCCGCACARGCCGTTCGCATACATT
Citrobacter rodentium ICC168 TTTACGTTAARCTAAACGGGCCTTCAGGAACGCGTCATAGCGCCCTTACAACTCATGCGTATACATT
Serratia sp. 3ACOL1 TTTACCATCCCTAARACCCCCGTTAAGCATTGCCCGCTAGCTGGTCTTTATGCCARAGGT-TACATTT
Marinomonas sp. MWYL1 TTTARTTTTTCTARACACCTCCCTAGARARGCCCCCTGTCGATGATCTGACTCGCGTARTAGTATT
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FIG 7 Regulatory model. (A) During growth on Tcb, TcuR (black arrow) responds to Tcb to activate transcription of the tcuAB operon and to a lesser extent
(thinner arrow) the tcuC-pacl operon. TcIR (gray arrow) responds to Tcb for low-level transcriptional activation from Py,c and Py 4. (B) During growth on Taa, TcIR
(gray arrow) activates transcription from P, c in response to Taa or Caa. (C) Alignment of the ADP1 tcuA promoter region with bacterial sequences upstream of
tcuA from LT2 and other predicted tcuA genes. The rightmost T in the top line corresponds to position —5 relative to the transcriptional start site. The promoter
region of ADP1 tcuC was aligned with the tcuA sequences. The rightmost T in the alignment (third line) corresponds to position —9 from the transcriptional start
site. The alignment was generated using MultiAlin and default settings (30). Identical residues in all aligned positions are shown in red. Those that are identical in
50% or more of the sequences are shown in blue. (D) Sequence conservation represented with the WebLogo generator; sequence conservation at each position
is indicated by the height of the letter (31). Conserved nucleotides in the —10 and —35 regions resemble the patterns of E. coli sigma 70 promoters.

as a Cit transporter, was initially designated CitA (34). In most databases, tcuC remains
annotated as citA, as it is for ADP1. To clarify whether loss of tcuC affects Cit consump-
tion, the tcuC mutant (ACN1456) was tested and found to be Cit" (Table 1). However,
the impact of tcuC deletion could be masked by a paralog, also annotated as citA
(ACIAD_RS0183), which encodes a protein 57% identical to TcuC. We designated this
gene cltA (for the citA-like gene) and compared strains with deletions in tcuC (ACN1456)
or both c/tA and tcuC (ACN3168). Since Cit* growth was comparable for both (Table 1), no
role for TcuC in Cit transport was evident. Furthermore, the primary role of CItA remains
unclear. Some bacteria have two nearby genes encoding TcuC-like transporters, labeled
C and D (Fig. 2), which have sequences that align well with the other MFS transporters
discussed here (Fig. S5).
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DISCUSSION

We discovered interrelated metabolic pathways in A. baylyi ADP1 for the consumption
of Tcb, Taa, and Caa (Fig. 1). Few studies have addressed the consumption of these
compounds as growth substrates for soil bacteria. Nevertheless, the clustered genetic
arrangement of tcu genes with an aconitate isomerase-like gene in diverse bacteria (Fig.
2) suggests that ADP1 is not unique in co-regulating Tcb and Taa consumption. Bacteria
with these genes were isolated from different environments, ranging from wetland peat
(Aquitalea denitrificans 5YN1-3) to root nodules (Cupriavidus taiwanensis LMG 19424).
The wide distribution of bacteria capable of consuming plant-derived tricarboxylic acids
presumably corresponds to the varied fates of plants themselves. In addition to the
presence of Taa and Tcb in grasses and plant forage, these compounds have been
detected in barley, maize, beets, and cane molasses, and they can be derived in animals
from consuming carbohydrates (35). Therefore, Tcb utilization by gut microbes, such as
LT2, most likely reflects exposure from the diet of the host.

In LT2, the regulation of Tcb utilization is tightly controlled at the transcriptional
level by TcuR. The organization of the tcuABC genes in an operon may help to couple
Tcb transport to its metabolism. Tethering TcuC-mediated transport to TcuAB-mediated
conversion to Caa, as depicted in Figure 1A, appears to prevent the cellular accumula-
tion of Tcb, a compound that can inhibit aconitase and isocitrate dehydrogenase (36).
Similarly, the regulated cotranscription of tcuC and pacl could coordinate the Pacl-medi-
ated conversion of Taa to Caa in the periplasm with the TcuC-mediated uptake of Caa,
as depicted in Fig. 1B. This regulation might limit the cellular accumulation of Taa, a
compound long known to inhibit aconitase (37).

The inference from growth patterns of ADP1-derived mutants (Table 1) that TcuC can
transport both Caa and Taa is consistent with transport studies in Salmonella published
50 years ago. At that time it was shown that a Tcb-inducible transporter could also
transport Caa (38). Although the associated genes/protein sequences were not identified
at that time, the Tcb-inducible transporter presumably corresponds to TcuCin LT2.

TcuC-like transporters

It seems unlikely that TcuC would import Taa, yet some of this compound must enter the
cell for it to be an inducer in strains that do not express Pacl (Fig. 4). In its protonated
form, Taa likely diffuses into the cell in amounts limited by pH and concentration. MFS
family members are often stereospecific (33), so it is likely that TcuC is able to distinguish
the cis- and trans-forms of aconitate. TcuC of LT2 also transports Cit and does so in
preference to isocitrate (34). However, seven single amino acid replacements increase
the transport of isocitrate (Fig. S5). ADP1 cannot use isocitrate as a sole carbon source,
but it grows well on Cit, even in deletion mutants without tcuC and cltA. In Pseudomo-
nas aeruginosa, deletion of a citA homolog did not affect the growth on Cit, even in
conjunction with the inactivation of another putative transporter gene (39). Redundant
paralogs with overlapping transport functions, often with different regulatory patterns,
are frequently observed in bacteria, including ADP1 (29, 40). A few bacteria had two
nearby tcuC paralogs (Fig. 2, labeled C and D), yet alignments failed to suggest any
functional, phylogenetic, or regulatory significance to sequence differences, including at
positions shown to affect the substrate specificity of TcuC from LT2 (Fig. S5).

Regulation by TcuR and TclR: effector compound recognition and response

The ten aligned LTTRs formed two branches in a phylogram (Fig. S2 and S3). TcuR and
TcIR from ADP1 are more like each other and TcuR in LT2 (6) than to the three LTTRs
encoded near the pacl-like genes of other bacteria. These differences raise questions
about regulation mediated by the three distinct LTTRs. Nevertheless, the sequence
similarity between TcuR and TcIR correlates with their regulatory overlap (Fig. 7A and
B). Overall, these ADP1 paralogs appear to function similarly to members of the large
LTTR family (26).
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Typically, LTTRs respond to one or more small chemicals that serve as inducers,
coinducers, and/or coactivators, collectively referred to as effectors to acknowledge
that LTTRs can be transcriptional repressors, activators, or both (26). Binding an
effector in the C-terminal region, the effector-binding domain (EBD), of an LTTR
subunit causes a conformational change that propagates throughout the oligomer,
usually a homotetramer (26). While both TcuR and TcIR responded to Tcb as an
effector, two TcIR variants were independently selected that increased Tcb-dependent
transcriptional activation (Fig. 3 and 4). In the absence of characterized atomic-level
structures of any Tcb-binding LTTRs, we used models of TcIR-EBD and TcuR-EBD to
compare with crystal structures of two Cit-responsive LTTRs, CcpE and CcpC (Fig.
S6; 41, 42). In these structures, Cit binds between two EBD subdomains (Fig. S6A).
Superimposition of the TcIR model indicates that the R200 side chain corresponds to
the position of Cit. Therefore, the R200Q replacement in the TcIR variant may have
a direct impact on the Tcb-binding site (Fig. S6C and D). The possible effect of the
L216P replacement is less clear, based on its position in the protein and because it
only appeared together with R200Q.

Positions of amino acids that render TcuR of LT2 able to activate transcription without
Tcb (5) were also compared to the CcpC structure (Fig. S7). The R264 residue in the
LT2 TcuR, which is conserved in all sequences in Fig. S2, is predicted to be centrally
positioned in one of two beta-strands forming a hinge between the EBD subdomains
(Fig. S7D). In LTTRs, an effector-binding pocket forms between these subdomains (26).
The R264L replacement appears to lock the protein in an active conformation without
Tcb. Other changes in constitutive TcuR variants (5) also cluster near the predicted
effector-binding site (Fig. S7C).

While TcuR and TcIR responded to Tcb, TcIR additionally responded to Taa, under
conditions where it was not metabolized. Caa may also activate transcription by TcIR, but
this compound was only tested in strains that could metabolize it. Thus, Caa-dependent
changes could be mediated by a downstream metabolite. This broader range of effectors
for TcIR apparently helps induce TcuC expression for growth on Taa, Tcb, and Caa.

Regulation by TcuR and TclR: operator-promoter recognition

The transcriptional initiation sites (+1) for the tcuAB operon and the tcuC-pacl operon
were aligned with each other and comparable regions near other predicted tcuA genes
(Fig. 7C). A conserved sequence, TTTA-N7-TAAA, matches the consensus sequence for
LTTR binding (26, 27, 43). Based on its sequence, conservation, and position (—63 relative
to the +1 site of tcuA of ADP1), we inferred that this site, called an LTTR box, anchors
the binding of two subunits of a TcuR (or TcIR) tetramer. For transcriptional activation,
interactions of the LTTR are also expected in the vicinity of the —35 region of the
promoter. However, sequences that typically indicate such interactions (43) were not
observed for tcuA or tcuC. There are many examples of atypical operator-promoter
sequences regulated by LTTRs (26).

The tcIR operator-promoter region was aligned with those of tcuA and tcuC, and
no evident LTTR box was found upstream of the coding sequence (Fig. S4). Although
a common method of negative autoregulation occurs when LTTR genes are divergent
from the corresponding target, autoregulation sometimes occurs differently (26). The
significance of an LTTR box sequence in the tc/R coding region remains to be tested (Fig.
S4). No potential LTTR box was identified for tcuR of ADP1, and studies in LT2 ruled out
autoregulation in that microbe (5). The tcuR transcriptional start site was not identified.
This failure of the 5" RACE attempts may reflect that the levels of LTTR transcripts tend to
be low and difficult to detect (44).

Overlapping regulation by similar LTTR pairs

The nuanced control by TcuR and TcIR parallels that of other pairs of LTTR paralogs in
ADP1. For example, DarR and AalR have interrelated but distinct functions in a shared
regulon for aspartate metabolism (29). Each LTTR responds to a distinct enantiomer
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of aspartate, but both recognize the same LTTR box, which controls several different
genes and operons. Two other LTTR paralogs, BenM and CatM, jointly regulate multiple
loci involved in aromatic compound metabolism (45, 46). Both recognize similar DNA
sequences and the same effector molecule. An added level of fine-tuned control in this
example is the integration of multiple cellular signals via the synergistic response of
BenM to a second effector compound (28).

These elaborate regulatory schemes underscore the importance of balanced
transport and consumption of growth substrates. For aromatic compound catabolism,
there are very complicated multistep pathways in which each step may generate a
toxic metabolite, and the accumulation of such intermediates is carefully regulated. For
the consumption of Tcb, Taa, and Caa, there are few catabolic steps prior to entry to
the tricarboxylic acid cycle. Nevertheless, the potential of Taa and Tcb to inhibit the
tricarboxylic acid cycle, and other characteristics of these compounds, such as metal
chelation, may account for multiple layers of transcriptional control governed by TcuR
and TclR.

MATERIALS AND METHODS
Media and growth conditions

Cultures were grown in minimal medium (MM; 47) or lysogeny broth (LB), also known as
Luria-Bertani medium (10 g of Bacto Tryptone, 5 g of yeast extract, and 10 g of NaCl per
L; 48), as previously described (29). Unless otherwise noted, carbon sources were added
to MM at final concentrations of 15 mM for pyruvate or 5 mM for Tcb, Taa, Caa, or Cit.
Antibiotics were added as needed at final concentrations of 25-mg/mL for kanamycin
(Km), 12.5-mg/mL each for streptomycin (Sm) and spectinomycin (Sp), and 150-mg/mL
for ampicillin (Ap).

Bacteria were incubated at 37°C or 30°C. Liquid cultures, except in microtiter plates,
were aerated by shaking at 250 rpm, at 37°C. Culture volumes of 5 mL were grown in
15-mL tubes, and larger cultures of 25 mL were grown in 250-mL flasks. To inoculate, a
dilution ratio of 1:100 was typical. For monitoring growth in a Synergy H1 plate reader
(BioTek), 2 pL of an inoculum (from a liquid culture that was grown for at least 12 h) was
added to 198 pL of medium in the well of a Costar 3603 96-well plate. The total volume
of each well was 360 pL. Readings were taken every 30 min (ODsg5) while the plate was
incubated at 30°C, with orbital shaking at 282 rpm and a 3-mm orbit. All comparative
data that we report used strains grown under identical conditions (e.g., Table 1). Strains
grew approximately threefold slower in the plate reader, but the growth rates of different
strains relative to each other were the same regardless of condition.

Strains, plasmids, and PCR primers

A. baylyi strains were derived from the wild type, ADP1 (22, 23), as listed in Table 2 with
additional details in Tables S2 to S4. Escherichia coli strains XL1-Blue (Agilent Technolo-
gies) and DH5a (49) were used as plasmid hosts. Plasmids are listed in Table S3 and PCR
primers in Table S4. Drug resistance cassettes were obtained from pUI1637 (QK, confers
KmP) and pUI1638 (QS, confers Sm® and Sp®; 50). Standard vectors were used for cloning
in E. coli, such as pUC18/pUC19 (51). The gfpss transcriptional reporter gene encodes a
green fluorescent protein (24). A selectable/counter-selectable cassette (sacB-Km®) was
obtained from pRMJ1 (52).

Strains and plasmids were constructed by standard molecular biology methods (48)
and techniques developed for ADP1 (13, 14). High-fidelity polymerases were used
for PCR, PrimeSTAR Max (Takara Biosciences) and Phusion (New England Biolabs),
with primers shown in Table S4. Plasmids were constructed by overlapping sequence
assembly (53), by restriction digest and ligation (Quick Ligation Kit; New England
Biolabs), with the NEBuilder kit (New England Biolabs) and/or by overlap extension PCR
(54). Plasmids were confirmed by restriction mapping and/or regional DNA sequencing
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(Eurofins Genomics). A. baylyi genomic changes were made by allelic replacement using
linear DNA to transform naturally competent recipients (13, 14, 55, 56). When PCR
products were used as donor DNA, digestion by Dpnl (New England Biolabs) was used to
degrade template DNA. Genotypes of the recipient strains were confirmed by PCR with
LongAmp polymerase (New England Biolabs).

Fluorescence assays of transcriptional fusions

Growth and fluorescence were assessed for strains with a chromosomal copy of gfps
under the transcriptional control of Py,c or Pyya using a Synergy H1 plate reader
(BioTek). Cultures were grown with pyruvate as the carbon source and diluted (1:100)
in the same medium with and without an exogenous inducer (Tcb, Taa, or Caa at
concentrations of 0.1 mM or 5 mM). Green fluorescence measurements (to assess GFPf
expression) were taken, at excitation 479 nm and emission 520 nm, concurrently to
growth measurements at ODsgs. Fluorescence values, corresponding to cultures that
reached an ODsg5 of 0.35-0.50, were recorded relative to cell density (ODsgs). To account
for a high background fluorescence in ADP1, the data in Fig. 3 and 4 are reported in
comparison to that of the wild-type strain, which has no gfpsrgene.

Transcript analysis

For RNA isolation, cultures were grown and harvested at the mid-log phase with an
ODsg5 of approximately 0.4-0.6. The cells were diluted to a concentration of approxi-
mately 10° cells. The cells were lysed using 200 uL of lysozyme into 100 uL of liquid
culture. RNA was preserved using RNAprotect (Qiagen) and isolated using the RNEasy
Mini Kit (Qiagen). RNA was further treated with dsDNase (Thermo Fisher) and purified
(Monarch) or RQ1 DNase (Promega). RNA was confirmed to be free of DNA using
PCR. cDNA was generated using the Maxima H Minus First Strand cDNA Synthesis Kit
(Thermo Scientific). A 5° RACE DNA purification system kit (Invitrogen) was used for
cDNA purification and to add a homopolymeric tail of nucleotides (dCTP) with terminal
deoxynucleotidyltransferase. Nested PCR was performed on the tailed DNA as descri-
bed in the kit protocol using a Taq polymerase and primers from the kit along with
gene-specific primers (Table S4). Fragments were visualized on agarose gels, and the
largest observed fragments were cloned in the pCR2.1-TOPO vector using a TOPO TA
cloning kit (Invitrogen). Plasmids were isolated, after the transformation of E. coli, and
DNA sequencing was used to identify sequences that correspond to transcriptional start
sites. Multiple plasmids were sequenced and shown to indicate the same start site. All
transcript analyses were confirmed with repetitions using two or more independently
isolated RNA samples.

Selection of spontaneous mutants that grow on Tcb without TcuR

A AtcuR mutant, ACN1376, did not grow on Tcb as the sole carbon source. Pyruvate-
grown cultures of ACN1376 were concentrated approximately 10-fold and spread on
plates with Tcb as the carbon source. Tchb* colonies arose (at a frequency of 1079).
Two independently isolated Tcb* derivatives of ACN1376, ACN1445 and ACN1556, were
streak-purified and further characterized. Localized DNA sequencing revealed mutations
in tclR.

DNA sequence analysis

The reference sequences, from the National Center for Biotechnology Information
(NCBI; 57), for bacteria discussed in this report or referenced in figures are indi-
cated parenthetically: A. baylyi ADP1 (NC_005966), Acinetobacter baumannii 1656-2
(NC_017162), Acinetobacter towneri DSM 14962 (NZ_KB849689), Aquitalea denitrificans
5YN1-3 (NZ_CP047241), Citrobacter freundii HM38 (NZ_CP024672), Citrobacter roden-
tium ICC168 (NC_013716), Cupriavidus taiwanensis LMG 19424 (NC_010530), Curvi-
bacter delicatus NBRC 14919 (NZ_BCWP01000009), Enterobacter aerogenes KCTC 2190
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(NC_015663), Klebsiella michiganensis strain 10-5242 (NZ_JH603153), Marinomonas sp.
MWYL1 (NC_009654), Paraburkholderia sacchari LMG 19450 (NZ_JTDB02000009), S.
enterica LT2 (NC_003197), Serratia sp. 3ACOL1 (CP033055.1), and Xanthobacter autotro-
phicus Py2 (NC_009720). For homology searches, we used the Basic Local Alignment
Search Tool (BLAST; 58) and the sequence similarity database (SSDB) with associated
search tools of the Kyoto Encyclopedia of Genes and Genomes (59). Protein sequences
were aligned, and data were exported using programs on the UniProt website (30).

In the A. baylyi ADP1 genome, our new gene designations correspond
to the following locus tags: cltA (ACIAD_RS01830), tc/R (ACIAD_RS07105), tcuC
(ACIAD_RS07100), pacl (ACIAD_RS07095), tcuR (ACIAD_RS07090), tcuA (ACIAD_RS07085),
and tcuB (ACIAD_RS07080). Protein sequence alignments (in Fig. S1, S2 and S5)
were generated using a Sequence Manipulation Suite program, Multiple Align Show
(60). Promoter sequences shown in Fig. 7 and Fig. S4 were aligned and displayed
using the MultAlin program (61). The Signal P program (21) was used online: https://
biolib.com/DTU/SignalP-6/. The STRING database program (20) was used online: https://
string-db.org.
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