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ABSTRACT Phylogenetic and sequence similarity network analyses of the CRP (cyclic
AMP receptor protein)/FNR (fumarate and nitrate reductase regulatory protein) family
of transcription factors indicate the presence of numerous subgroups, many of which
have not been analyzed. Five homologs of the CRP/FNR family are present in the
Rhodobacter capsulatus genome. One is a member of a broadly disseminated, previ-
ously uncharacterized CRP/FNR family subgroup encoded by the gene rcc07561. In this
study, we utilize mutational disruption, transcriptome sequencing (RNA-seq), and chro-
matin immunoprecipitation sequencing (ChIP-seq) to determine the role of RCC01561
in regulating R. capsulatus physiology. This analysis shows that a mutant strain dis-
rupted for rcc01561 exhibits altered expression of 451 genes anaerobically. A detailed
analysis of the affected loci shows that RCC01561 represses photosynthesis and favors
catabolism over anabolism and the use of the Entner-Doudoroff shunt and glycolysis
over that of the tricarboxylic acid (TCA) cycle to limit NADH and ATP formation. This
newly characterized CRP/FNR family member with a predominant role in reducing the
production of reducing potential and ATP is given the nomenclature RedB as it func-
tions as an energy and redox brake. Beyond limiting energy production, RedB also
represses the expression of numerous genes involved in protein synthesis, including
those involved in translation initiation, tRNA synthesis and charging, and amino acid
biosynthesis.

IMPORTANCE CRP and FNR are well-characterized members of the CRP/FNR family
of regulatory proteins that function to maximize cellular energy production. In this
study, we identify several new subgroups of the CRP/FNR family, many of which
have not yet been characterized. Using Rhodobacter capsulatus as a model, we have
mutationally disrupted the gene rcc01561, which codes for a transcription factor that
is a member of a unique subgroup of the CRP/FNR family. Transcriptomic analysis
shows that the disruption of rcc075617 leads to the altered expression of 451 genes
anaerobically. Analysis of these regulated genes indicates that RCC01561 has a novel
role in limiting cellular energy production. To our knowledge, this is first example of
a member of the CRP/FNR family that functions as a brake on cellular energy
production. Editor John M. Atack, Griffith University
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CRP, which senses changes in cAMP concentrations via the formation of a cAMP-CRP
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Transcriptome Analysis of RedB

cocomplex. The binding of cAMP promotes stable dimer formation and the movement
of a helix-turn-helix domain into a position that promotes binding to target DNA
sequences (5, 6). The cAMP-CRP complex regulates over 100 genes involved in energy
metabolism in response to the presence of cAMP (7). Another well-characterized mem-
ber is FNR, which contains an oxygen-labile 4-iron-4-sulfur cluster (8). Under anaerobic
conditions, the 4Fe-4S complex is stable, with its formation promoting dimerization and
subsequent DNA binding (9, 10). Under aerobic conditions, the oxidation of the 4Fe-4S
complex leads to its disassembly, causing disruptions of FNR dimerization and subse-
quent DNA binding activity (11). Like CRP, FNR is a global regulator of many genes
involved in energy production, particularly those required for anaerobic growth, such as
fumarate reductase and nitrite and nitrate reductase, etc. (12). The other well-character-
ized member is the carbon monoxide-sensing regulator (CooA), which utilizes heme as a
cofactor for binding CO and affects dimerization and DNA binding activity (13, 14). CooA
is not a global regulator but instead regulates an operon coding for carbon monoxide
dehydrogenase, which oxidizes CO to CO, (15). These three examples highlight the fact
that members of this family have evolved diverse mechanisms of sensing effectors that
control their activity and their diverse roles in controlling cellular physiology. However,
there are still many phylogenetically distinct subgroups in this family that are as yet
uncharacterized.

This study focuses on our continued analysis of the control of anaerobic metabolism
by the purple nonsulfur photosynthetic bacterium Rhodobacter capsulatus. This species is
metabolically versatile, allowing growth under a wide variety of conditions. For example,
these cells can grow heterotrophically under dark aerobic conditions using organic car-
bon sources for respiratory energy production. Under dark conditions, they can grow via
anaerobic respiration using carbon sources coupled with either dimethyl sulfoxide
(DMSO) or nitrite as the terminal electron acceptor (16). Under anaerobic light conditions,
these cells can grow either photoheterotrophically with an organic carbon source or pho-
toautotrophically using the Calvin-Benson-Bassham (CBB) pathway to fix CO, into cellular
carbon (17). Coordinating various metabolic shifts that promote optimal growth under
different environmental conditions must rely heavily on signal transduction pathways
and transcription factors that can sense and appropriately respond to environmental
changes. This supposition is supported by the observation that ~53% of the R. capsulatus
genome undergoes changes in gene expression when cells shift from aerobic to anaero-
bic growth conditions (18).

The R. capsulatus genome codes for five members of the CRP/FNR family (FnrL,
RCCO1561, RCC01361, RCCO0574, and RCC03255). In this species, a member of the FNR
subgroup, called FnrL, is the only one that has been extensively characterized (19).
Transcriptomic analyses indicate that like FNR from Escherichia coli, FnrL is also a global
regulator that directly and indirectly controls the expression of ~807 genes, mainly via
the anaerobic activation of gene expression (19). In this study, we have undertaken
genetic and transcriptome analyses of a novel member of a CRP/FNR subgroup
(rcc01561) that, to our knowledge, has not been previously analyzed. The mutational
disruption of rcc07561 leads to the altered expression of 451 genes anaerobically.
Analysis of the affected loci indicates that RCC01561 represses the expression of the
photosystem and alters central metabolism in a manner that limits energy and protein
production. Consequently, we have named this newly characterized member of this
novel subgroup of the CRP/FNR family RedB, for “redox brake.”

RESULTS AND DISCUSSION

RedB is a unique, uncharacterized member of the CRP/FNR superfamily. To bet-
ter understand RedB and its relationship with other CRP/FNR proteins, we constructed
a sequence similarity network (SSN). We curated a list of 97,535 CRP/FNR proteins from
the InterPro database (20) and generated a sequence similarity network by inputting
these sequences into the Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST)
(21). We mapped previously characterized CRP/FNR proteins (see Table S1 in the
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FIG 1 Sequence similarity network of the CRP/FNR superfamily depicting the most well-characterized proteins. (A)
Partial CRP/FNR superfamily sequence similarity network depicting four selected clusters at a cutoff score of 40 (38%
identity). Subclusters containing a characterized CRP/FNR transcription factor are colored according to the key at the
bottom. EcCRP, E. coli CRP. (B) RedB subcluster from panel A increased to an alignment cutoff score of 49 (43%
identity). The complete sequence similarity network for the CRP/FNR superfamily is shown in Fig. S1 and S2 in the
supplemental material. UniProt accession numbers for characterized CRP/FNR proteins are included in Table S1. EcCRP,
Escherichia coli cyclic AMP receptor protein; NNR, nitrite reductase and nitric oxide reductase regulator; DNR,
dissimilative nitrate respiration regulator; BsFNR, Bacillus subtilis fumarate and nitrate reduction regulator; DgHcpR,
Desulfovibrio gigas hybrid cluster protein regulator; MtCRP, Mycobacterium tuberculosis cyclic AMP receptor protein;
TtCRP, Thermus thermophilus cyclic AMP receptor protein.

supplemental material) onto the network and increased the alignment cutoff strin-
gency until these characterized proteins were separated into isofunctional clusters.
Even at a low cutoff score of 40 (Fig. 1 and Fig. S1 and S2), there are many clusters
present in this network, indicating that the CRP/FNR superfamily is highly diverse. This
diversity of the CRP/FNR superfamily has been previously demonstrated by phyloge-
netic analyses (4) and was expected given the significant variety of effector molecules
sensed by this diverse family of transcription factors. Upon mapping RedB onto our
network, our sequence similarity network analysis reveals that RedB does not cluster
with any previously characterized CRP/FNR protein at any cutoff score of 40 or higher
(Fig. 1 and Fig. S1 and S2). This observation indicates that RedB represents a new sub-
group of CRP/FNR transcription factors with heretofore-unknown biological function
and regulatory activity.

Identifying genes that are directly and indirectly regulated by RedB. We identi-
fied genes regulated by RedB by performing transcriptome sequencing (RNA-seq) analy-
sis where we compared the gene expression levels in the AredB strain to the expression
levels in wild-type R. capsulatus. Three biological replicates of each strain were grown
under anaerobic (photosynthetic) conditions to the early/mid-log growth phase, from
which RNA was extracted for RNA-seq analysis as described in Materials and Methods.

As previously reported for the FnrL regulon (19), the regulatory effects of RedB were
also observed to be relatively weak. Thus, genes were called as being differentially
expressed genes (DEGs) in the AredB strain, relative to wild-type cells, when they exhib-
ited a log, fold change of no less than +0.25 or no more than —0.4, with an adjusted P
value of less than 0.05. Finally, genes with average normalized counts of <100 were
excluded to ensure that called genes exhibited a basal level of expression. Using these cri-
teria, RedB was found to regulate 451 genes under anaerobic conditions (Tables S2 and
S3). Among these, 244 were activated by RedB, and 207 were repressed by RedB.

We also undertook chromatin immunoprecipitation sequencing (ChlP-seq) analysis
to further differentiate genes that are directly regulated by RedB from those that are
indirectly regulated. ChIP-seq peaks were called if they were present in three biological
replicates exhibiting a false discovery rate of <5%. With this as a criterion, a total of
115 significant peaks were called as representing putative RedB binding sites on the
genome (Tables S2 and S4). A consensus DNA recognition motif for RedB was obtained

September/October 2022 Volume 10 Issue 5

Microbiology Spectrum

10.1128/spectrum.02353-22

3


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02353-22

Transcriptome Analysis of RedB

A B

"’ C Ac %C TchC

JACSCH N CcECASTT [ AA=T

- N ® ® oW © ~ © o © v o - N ®m ¥ 10

FIG 2 DNA binding motifs of RedB orthologs. The consensus motifs were determined using the MEME tool based
on the sequences of ChIP-seg-called peaks. (A) The consensus motif in the forward direction. (B) The consensus

motif in the reverse complementary direction.

using MEME to search for related sequences in these called ChIP-seq peaks. As shown
in Fig. 2, the putative recognition sequence identified by MEME is a nonpalindromic
sequence of 12 bp in which the 4th, 5th, and 11th bases are comprised of A or T, with A
being present in 96.7%, 6.7%, and 76.6% of the called binding sites, respectively. At both
the 2nd and 7th positions, an A base is also dominant, with 86.7% and 80% likelihoods,
respectively, with the three other bases occupying these positions at lower frequencies.
It is notable that R. capsulatus has a very high GC content (66.6%) (22), so the presence
of such a highly AT-rich consensus motif in the called ChIP-seq peaks provides further
support for this putative MEME-derived consensus sequence. Furthermore, asymmetrical
(nonpalindromic) DNA binding recognition sequences have been observed with another
member of the CRP family that also contains AT-rich regions (23). It has been proposed
that an asymmetric AT-rich site promotes a flexible “bend” in the DNA that allows the
DNA strands to contact regions beyond that of the helix-turn-helix domain, resulting in a
nonpalindromic recognition sequence (23).

Comparative analysis of the ChIP-seq and RNA-seq data sets shows that among the
115 called ChIP-seq peaks, 47 peaks (41%) were located upstream of, downstream of,
or within a gene or genes that exhibited differential expression based on RNA-seq
analysis. Further analysis of these peak locations shows that the expression of 63 genes
appears to be directly regulated by RedB, with 24 being directly activated and 39 being
directly repressed (Table S2). Fig. 3 shows two examples of ChlP-seq peaks with nearby
genes being regulated by RedB. In Fig. 3A, a RedB ChlIP-seq peak is located in the mid-
dle of rcc03425, a gene whose expression is upregulated by RedB by 1.25-fold. In this
peak, there are two putative RedB recognition sequences, as indicated. In Fig. 3B, we
show a RedB ChIP-seq peak within rcc02764 that is located between the coding regions
of both rcc02764 and ilvET (69 bp downstream of rcc02764 and 298 bp downstream of
ilvET). At this location, there is a single putative RedB recognition sequence. RedB thus

A B

3’-TACCCACTAGAG-5’ 3’-GAGCCACTACAG-5’

5'-GGGATGAAAAAG-3’

rcc03425 RNA-seq  ChiP-seq Statistics rcc03426 RNA-seq rcc02764 RNA-seq  ChiP-seq Statistics  rcc02765 RNA-seq
FC:-1.25 Fold Enrichment: 4.06 FC:-1.02 FC:-1.46 Fold Enrichment: 5.81 FC: 1.35
P-adj: 0.012 FDR%: 0 P-adj: 0.928 p-adj: 0.050 FDR%: 0 P-adj: 0.001

FIG 3 Representative RedB ChlIP-seq peaks with nearby genes undergoing alterations in expression upon the deletion of
RedB. (A) ChiIP-seq peak located within the coding region of rcc03425 that is repressed by RegB, as indicated by RNA-seq.
(B) ChIP-seq peak located between the coding regions of rcc02764 and ilvET, with RNA-seq analysis indicating that RegB

represses the expression of ilvE1. FC, fold change; P-adj, adjusted P value; FDR, false discovery rate.
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E: Amino acid metabolism and transport

J: Translation, ribosomal structure and biogenesis

C: Energy production and conversion

P: Inorganic ion transport and metabolism

G: Carbohydrate metabolism and transport

K: Transcription

M: Cell wall/membrane/envelope biogenesis

F: Nucleotide metabolism and transport

I: Lipid metabolism

T: Signal transduction mechanism

O: Post-translational modification, protein turnover, chaperone functions
H: Coenzyme metabolism

L: Replication, recombination and repair

U: Intracellular trafficking, secretion and vesicular transport

Q: Secondary metabolites biosynthesis, transport, and catabolism
D: Cell division

V: Defense mechanisms

N: Cell Mobility
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FIG 4 Histogram showing the number of RedB regulons classified into each COG. The bars are ordered based on descending order of the total number of
genes in each COG. Red denotes RedB-activated genes exhibiting decreases in expression levels in the AredB strain, and blue represents RedB-repressed

genes that show increased expression levels in the AredB strain.

appears to directly repress the expression of ilvE1, which codes for an aminotransfer-
ase, by 1.35-fold.

COG assignment of RedB regulons. We investigated which pathways or cellular activ-
ities are regulated by RedB by classifying genes into Clusters of Orthologous Groups (COGs)
categories. As shown in the bar graph in Fig. 4, genes encoding proteins of unknown func-
tion (COG 9) or those having no corresponding orthologs are categories that have the high-
est numbers of genes (15.5% and 14.0% of the RedB regulon, respectively). Apart from these
two categories, COG E shows that RedB has an active role in regulating amino acid metabo-
lism and transport, with a slightly lower number of upregulated than downregulated genes.
Another notable COG is COG J, which contains a large number of genes involved in transla-
tion, ribosomal structure, and biogenesis. Interestingly, RedB repressed the expression of
most genes in this COG (34 genes), while it activated only 4 genes. The other COGs that
attract attention are COGs K and T, which contain large numbers of transcription (22 genes,
or 4.9%) and signal transduction (14 genes, or 3.1%) genes. In both regulatory COGs, there
are many more genes in this group that exhibit decreased expression than those that exhibit
upregulated expression upon the disruption of RedB. This indicates that RedB has a broad
role in activating the expression of numerous regulatory proteins. Below, we discuss in detail
the role of RedB in either the direct or indirect control of notable cellular processes.

RedB directly regulates several transcription factors and signal transduction
components. As shown in the COG K subgroup in Fig. 4 and in detail in Tables S2 and
S3, RedB regulates the expression of 22 transcription factors according to ChIP-seq
analysis, indicating that three members of this group are directly regulated by RedB
(Table S2). Specifically, RedB activates the synthesis of a LysR family transcriptional reg-
ulator and a helix-turn-helix domain-containing protein encoded by rcc02527. RedB
also directly represses the synthesis of a CarD family transcriptional regulator by bind-
ing at the beginning of carD from bp +6 to bp +17 as predicted by the FIMO tool.
CarD is a global regulator that activates the expression of a number of genes,
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FIG 5 Schematic of R. capsulatus anaerobic cellular activities taking place on the intracytoplasmic membrane

that are regulated by RedB. The activation or repression of genes is indicated by +

or —, respectively. Genes

directly or indirectly regulated by RedB are indicated separately. cyt, cytochrome; UQ, ubiquinone; UQH,,

reduced ubiquinol hy, solar energy; DMSO, dimethyl sulfoxide; DMS, dimethyl sulfide.

especially those involved in rRNA synthesis (24). This is consistent with our finding (dis-
cussed below) that RedB indirectly downregulates a plethora of genes involved in
translation.

In addition to transcription regulators, RedB also directly and indirectly regulates 14
genes in the COG T signal transduction subgroup (Fig. 4 and Tables S2 and S3). Of note,
RedB indirectly activates the expression of two diguanylate cyclases/phosphodiesterases
(rcc01110 and rcc00783), a histidine kinase (hupT) involved in hydrogen uptake (25), and
a response regulator involved in the expression of genes for cytochrome bc, (petR) (26).
RedB also indirectly represses the expression of a response regulator involved in regulat-
ing phosphate uptake (phoB) (Table S3). Regarding direct control (Table S2), RedB
directly activates the expression of dorS, which encodes the DMSO-TMAO sensor hybrid
histidine kinase (27), as there are two ChlIP-seq peaks upstream of dorS. In the presence
of trimethylamine N-oxide (TMAO), DorS phosphorylates the transcriptional regulator
DorR, which then upregulates the expression of torA, which codes for the terminal elec-
tron acceptor TMAO reductase (28, 29). Interestingly, the RNA-seq results also show that
RedB downregulates the expression of torA 1.33-fold instead of upregulating it. Thus,
other transcription factors regulated by RedB likely inactivate the expression of torA,
which may override the activation effects of torA by DorR.

An additional regulatory gene that RedB directly activates is gInE, which encodes a
bifunctional enzyme that regulates the activity of the glutamine synthetase GInA
through adenylylation/deadenylylation (Table S2) (30). When the nitrogen level is high in
the environment, GInE inactivates GInA by transferring an adenylyl group from ATP to
GInA. When the nitrogen level is low, GInE deadenylylates GInA, which activates ammo-
nia assimilation activity (31). Furthermore, in addition to directly activating the expres-
sion of gInE, RedB also indirectly activates ginA1 expression (Table S3). This potentially
assists in magnifying the regulatory effect of GInE. Overall, it appears that RedB is both
directly and indirectly involved in maintaining nitrogen equilibrium inside these cells.

RedB limits photosynthesis energy production. Our RNA-seq and ChIP-seq results
indicate that RedB directly represses the expression of pucDE, which encode subunits of the
light-harvesting B-800/850 complex (32) (Table S2). RedB also indirectly represses the expres-
sion of both pufA, encoding the alpha subunit of the light-harvesting protein B-870, and
puhA, coding for subunit H of the photosynthetic reaction center (Table S3) (33). Therefore, it
can be inferred that RedB inhibits the synthesis of the R. capsulatus photosystem.

Protons are pumped out of the inner membrane during photosynthesis and respira-
tion when electrons pass through the bc; complex of the electron transport chain (34).
The resultant proton gradient is subsequently used to generate ATP via ATPase (Fig. 5).
As discussed above, RedB affects the expression of peptide components of the photo-
system, but it indirectly activates the expression of the response regulator PetR, which
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is need for the expression of the pet operon coding for peptide components of the bc,
complex (Table S3) (26). In addition, RedB directly downregulates the expression of
hemA. encoding 5-aminolevulinate (ALA) synthase, which converts glycine into ALA,
the initial and rate-limiting step in the tetrapyrrole biosynthetic pathway (Table S2)
(35). This pathway leads to the biosynthesis of heme, which is the essential electron
carrier cofactor in cytochromes, and also the biosynthesis of bacteriochlorophyll a,
which is the essential electron-donating component of the photosystem (36).

Another critical component for electron transport in photosynthesis, and respiration, is
the electron and proton carrier ubiquinone. Ubiquinone is reduced and protonated by
the light-excited photosystem and subsequently passes electrons and protons to cyto-
chrome bc, (Fig. 5). It is therefore notable that RedB indirectly inhibits ubiquinol biosyn-
thesis by repressing the expression of ubiG, which codes for a methyltransferase involved
in two nonconsecutive methylation reactions during ubiquinol biosynthesis (Table S3).
The UbiG methyltransferase is also rate limiting in ubiquinone biosynthesis (37).
Furthermore, RedB also directly downregulates the expression of atpA, atpG, and atpH,
which code for the alpha, gamma, and delta subunits of F,F, ATP synthase (Table S2),
and indirectly represses the expression of atpB, which encodes subunit A of F, ATP syn-
thase (Table S3) (38). Thus, RedB directly and indirectly represses the expression of the
photosystem, the electron carrier components responsible for generating membrane
potential, and ATPase, which utilizes this potential for ATP generation.

It should also be noted that the photosystem, components of the photosystem
electron transport chain (cytochrome bc,, cytochrome Y, and ubiquinone), and ATPase
are all located in an “intracytoplasmic” membrane (ICM) complex (Fig. 5). The ICM is
not present when these cells do not synthesize a photosystem (39). In this regard,
RedB also activates the expression of four genes involved in fatty acid degradation: the
rcc01546 gene, which encodes the long-chain fatty acid CoA ligase; two genes,
rcc00405 and gcdH, that code for the acyl-CoA dehydrogenase; and the atoB7 gene,
which encodes the acetyl-CoA acetyltransferase (Table S3). This expression pattern sug-
gests that RedB not only limits the synthesis of the photosystem but also appears to
promote the degradation of the ICM by the stimulation of fatty acid degradation.

RedB has a role in limiting energy production from carbohydrate metabolism.
Glycolysis and gluconeogenesis are two key pathways in carbohydrate metabolism that
control the flow of carbon in divergent directions (Fig. 6) (40). In glycolysis, RedB directly
activates pyruvate kinase, encoded by pykA2 (Table S2), while indirectly activating 6-
phosphofructokinase, encoded by pfkB (Fig. 6A and Table S3). These two enzymes cata-
lyze two irreversible reactions of glycolysis, the phosphorylation of fructose-6-phosphate
into fructose 1,6-bisphosphate and the dephosphorylation of PEP (phosphoenolpyru-
vate) into pyruvate, respectively (40). Conversely, RedB indirectly represses the expres-
sion of two enzymes catalyzing reverse reactions (the process of gluconeogenesis) at
these similar steps (Fig. 6B and Table S3). These gluconeogenesis enzymes are fructose
1,6-bisphosphatase, encoded by fbp, and phosphoenolpyruvate carboxykinase, encoded
by pckA. Additionally, RedB also indirectly downregulates the expression of malate dehy-
drogenase (maeB2), catalyzing the irreversible first step of gluconeogenesis, and also
directly represses type | glyceraldehyde-3-phosphate dehydrogenase (gap3), catalyzing a
reversible intermediate step in gluconeogenesis, namely, the dephosphorylation of 3-
phospho-p-glyceroyl-phosphate into p-glyceraldehyde-3-phosphate (Tables S2 and S3)
(40). Overall, it can be inferred that RedB favors glycolysis by increasing the expression of
key enzymes in this pathway while also inhibiting sugar synthesis through the repression
of enzymes involved in gluconeogenesis.

In line with RedB'’s activation of glycolysis, RedB also directly upregulates glpK, which
codes for the enzyme glycerol kinase that produces glycerol-3-phosphate, which is fur-
ther converted into glycerone phosphate, another intermediate of glycolysis (Fig. 7A and
Table S2) (41). Similarly, the degradation of autoinducer-2, a signaling molecule involved
in quorum sensing (42), also generates glycerone phosphate as one of its end products.
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FIG 6 Steps in glycolysis and gluconeogenesis regulated by RedB. (A) The pathway of glycolysis is highlighted in violet.
(B) The pathway of gluconeogenesis is highlighted in red. Individual steps in the pathway activated by RedB are indicated
by + and also highlighted in orange. Steps repressed by RedB are highlighted in blue and indicated by —. G6P, glucose
6-phosphate; F6P, fructose 6-phosphate; F-1,6-BP, fructose 1,6-bisphosphate; G3P, glyceraldehyde 3-phosphate; DHAP,
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phosphoglycerate; PEP, phosphoenolpyruvate.

Specifically, RedB indirectly activates autoinducer-2 kinase (/srK), which catalyzes the first
step of autoinducer-2 degradation (Fig. 7A and Table S2).

The Entner-Doudoroff shunt is another interesting pathway that RedB appears to
directly regulate. In this pathway, glucose is converted via two steps into 6-phosphogluc-
onate, which is then catabolized by multiple steps into pyruvate (Fig. 7B) (41). In this
regard, we observed that RedB directly activates the expression of edd, which encodes 6-
phosphogluconate dehydrogenase, which catalyzes the first committed step of the path-
way (Table S2). What is of interest in the activation of the Entner-Doudoroff shunt is that
it generates less energy than does glycolysis. Specifically, one glucose molecule entering
this pathway generates two molecules of pyruvate but only one ATP, one NADPH, and
one NADH molecule (41). This is half the amount of energy production that glycolysis
generates. Thus, as is the case with the repression of photosynthesis and ATPase, RedB
appears to limit ATP production by activating the Entner-Doudoroff shunt.

Additionally, RedB stimulates carbon flow through the pentose phosphate pathway,
which generates NADPH and several 5-carbon sugars such as ribose-5-phosphate, a pre-
cursor to nucleotides (43). For example, RedB directly activates the expression of xyiF,
which codes for a pb-xylose ABC transporter substrate binding protein, potentially facilitat-
ing the import of p-xylose into the cytosol (Table S2). RedB also indirectly activates the
expression of xylose isomerase (xylA), which catalyzes the isomerization of p-xylose to p-xy-
lulose and directly activates the expression of xylulokinase (xy/B), which catalyzes the phos-
phorylation of p-xylulose to form p-xylulose 5-phosphate, which is an intermediate in the
pentose phosphate pathway (Table S3). Ribose is also a substrate in the pentose phos-
phate pathway, and in this regard, RedB indirectly activates the expression of rbsC, which
encodes a high-affinity ribose transporter permease in the ABC transporter family (44).
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Consistent with our conclusion that RedB has a role in limiting energy production, we
also observed that RedB downregulates the expression of proteins involved in the tricar-
boxylic acid (TCA) cycle (Fig. 8). For example, RedB indirectly represses sucA, sucB, sdhB,
and fumC, coding for 2-oxoglutarate (a-ketoglutarate) dehydrogenase, dihydrolipoyllysine
succinyltransferase, succinate dehydrogenase, and fumarate hydratase, respectively
(Table S3). Additionally, RedB inhibits several genes encoding a C,-dicarboxylate trans-
porter, which is used mainly for transporting intermediates in the TCA cycle, such as
malate, fumarate, and succinate (Fig. 8). Specifically, RedB indirectly represses three clus-
tered genes, dctP, dctQ, and dctM, encoding the tripartite ATP-independent periplasmic
(TRAP) transporter (the dctP gene codes for a C,-dicarboxylate binding protein, and the
dctQ and dctM genes together encode a C,-dicarboxylate transporter) (Table S3) (45, 46).
Similarly, a predicted sugar ABC transporter encoded by rcc02022 is indirectly downregu-
lated by RedB (Table S3). It is plausible that the transporter is used for transporting similar
substrates such as malate, fumarate, and succinate. Collectively, the observed changes in
the expression of genes involved in central metabolism indicate that RedB has a signifi-
cant role in limiting cellular energy production.

RedB suppresses de novo pyrimidine and purine biosynthesis. As discussed
above, RedB directly and indirectly favors catabolic pathways that minimize substrate-
level ATP formation, represses the synthesis of a photosystem that generates ATP, and
also represses the synthesis of ATPase. It is therefore not surprising that RedB also
directly and indirectly inhibits the de novo synthesis of ATP and GTP by indirectly
downregulating the purB and guaA genes, which are involved in purine metabolism
(Fig. 9A and Table S3). Specifically, purB codes for adenylosuccinate lyase, catalyzing
the second step in the ATP branch of the purine biosynthesis pathway. The product of
this reaction is AMP, which in later steps is converted into ADP and then ATP. The other
gene repressed by RedB is guaA, which codes for GMP synthase in the second step of
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the GTP branch of the purine biosynthesis pathway. This enzyme catalyzes the conver-
sion of XMP into GMP, with later steps converting GMP into GDP and then GTP.
Regarding the purine salvage pathway, RedB also indirectly represses gpt, coding for a
xanthine phosphoribosyltransferase that is involved in the formation of IMP, XMP, and
GMP (Table S3). Thus, RedB not only suppresses substrate level and ATPase-mediated
synthesis of ATP but also represses the de novo synthesis of ATP and GTP.

RedB also inhibits the biosynthesis of pyrimidine ribonucleotides by directly repres-
sing the expression of pyrF (Table S2) and indirectly repressing the expression of two
genes, carB and pyrG (Fig. 9B and Table S3). Among these genes, carB encodes the
large subunit of the carbamoyl phosphate synthase that catalyzes the first step in de
novo ribonucleotide biosynthesis, namely, the transamination reaction between gluta-
mine and hydrogen carbonate to generate carbamoyl phosphate. The pyrF gene codes
for a decarboxylase to catalyze decarboxylation from orotidine 5'-phosphate to UMP,
which is an intermediate step in the pathway to generate UTP and CTP. Finally, the
pyrG gene codes for the CTP synthetase to catalyze the last step, involving the conver-
sion of UTP into CTP (Fig. 8B). This step is also shared by the salvage pathway of the
ribonucleobase uracil.

In addition to suppressing pyrimidine nucleotide synthesis, RedB also stimulates py-
rimidine degradation. Specifically, RedB directly upregulates preA, which encodes sub-
unit B of the dihydropyrimidine dehydrogenase (Table S2), and indirectly upregulates
hydA, which encodes the dihydropyrimidinase (Fig. 9C and Table S3). These enzymes
are involved in uracil and thymine degradation. Beyond that, RedB stimulates degrada-
tion pathways for both pyrimidine and purine deoxynucleosides by activating two
enzymes catalyzing two consecutive steps to degrade the remaining 2-deoxyribose-1-
phosphate moiety into acetaldehyde and glyceraldehyde-3-phosphate. These two
enzymes are encoded by the deoB and deoC genes, respectively (Fig. 9C), with the lat-
ter being directly upregulated by RedB (Tables S2 and S3). The resulting product, acet-
aldehyde, can be further converted into acetyl-CoA to enter the TCA cycle or fatty acid
biosynthesis, whereas glyceraldehyde-3-phosphate is an intermediate of glycolysis.
Overall, it can be inferred that RedB promotes both pyrimidine and purine nucleotide
degradation.

RedB represses protein synthesis. Regarding translation, RedB directly represses
three genes, rpsA, romG, and rpml, encoding 30S ribosomal protein S1, 50S ribosomal
protein L33, and 50S ribosomal protein L35, respectively (Fig. 10 and Table S2). RedB
also directly represses the expression of prfC, encoding peptide chain release factor 3
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(RF-3), which is involved in the elongation of peptide chains during translation. Of par-
ticular note is the 1.51-fold repression of S1 expression, given that S1 has a central role
in promoting the initial binding and assembly of ribosomes into mRNA (47). Thus, the
RedB-mediated repression of S1 synthesis could profoundly affect the suppression of
overall cellular protein synthesis (Fig. 10).

RedB also indirectly represses the expression of four amino acid tRNA ligases, glycine-
tRNA ligase, lysine-tRNA ligase, methionine-tRNA ligase, and tryptophan-tRNA ligase,
which charge tRNAs with their cognate amino acids (Fig. 9 and Table S3). RedB also indi-
rectly or directly downregulates the transcription of various tRNAs (Fig. 10 and Tables S2
and S3). In addition, RedB also indirectly represses the expression of a queuosine precur-
sor transporter (encoded by rcc03459) (Table S3). Queuosine is a modified nucleoside at
the first anticodon position of tRNAs for aspartic acid, asparagine, histidine, and tyrosine.
This modification is thought to increase the strength of the codon-anticodon association
(48). Therefore, it appears that RedB also inhibits translation by repressing the expression
of tRNAs as well as the charging of several tRNAs with their cognate amino acids.

Regarding amino acid synthesis, RedB also represses the expression of enzymes in
numerous amino acid biosynthetic pathways. For instance, RedB directly downregulates
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three genes, rcc03447, serC, and serB, encoding the enzymes phosphoglycerate dehydro-
genase, phosphoserine aminotransferase, and phosphoserine phosphatase, respectively,
which are involved in L-serine biosynthesis (Table S2). These enzymes convert 3-phos-
phoglycerate into serine sequentially through dehydrogenation, transamination, and de-
phosphorylation. Furthermore, RedB repression of L-serine synthesis also affects L-glycine
levels, as L-serine is converted into L-glycine in a single step by serine hydroxymethyl-
transferase. hisB, encoding an imidazole glycerol-phosphate dehydratase, which cata-
lyzes a dehydrolysis step in L-histidine biosynthesis, is another amino acid biosynthesis
gene that is directly repressed by RedB (Table S2). Since this enzyme is unique to this
pathway, it can be inferred that RedB also directly inhibits the biosynthesis of L-histidine.

The pathways leading to L-valine, L-leucine, and L-isoleucine biosynthesis share sev-
eral enzymes that are repressed by RedB. Specifically, RedB indirectly represses the
expression of both the ilvN and ilvl genes, which encode the small and large subunits
of acetolactate synthase, respectively (Table S3). Acetolactate synthase actually cata-
lyzes two different reactions, with one reaction leading to the synthesis of acetolactate,
a precursor of both L-valine and L-leucine, and the other reaction leading to the synthe-
sis of 2-aceto-2-hydroxybutanoate, a precursor of L-isoleucine. In addition, RedB also
indirectly downregulates the leuD gene, encoding a 3-isopropylmalate dehydratase,
which catalyzes a dehydrogenation reaction as well as a subsequent hydration reaction
needed for L-leucine synthesis. L-Isoleucine biosynthesis requires L-threonine as an
early substrate for its synthesis. Thus, it is not surprising that RedB also represses the
biosynthesis of L-threonine from L-aspartate by indirectly downregulating the expres-
sion of asd, which codes for the aspartate-semialdehyde dehydrogenase. This enzyme
catalyzes an intermediate dehydrogenation step in L-threonine biosynthesis. Finally,
RedB also directly represses an aminotransferase encoded by ilvET (Fig. 3B), which is
involved in the last steps of L-isoleucine, L-valine, and L-leucine biosynthesis (Table S2).
Overall, it appears that RedB has a significant role in repressing the synthesis of these
branched-chain amino acids as well as the synthesis of L-threonine.
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We also observed that RedB inhibits the biosynthesis of L-phenylalanine by indirectly
downregulating the aroH gene, which encodes a chorismate mutase that is unique to
the pathway that converts chorismate into prephenate (Table S3). RedB also indirectly
downregulates the expression of two enzymes involved in L-arginine biosynthesis, the
large subunit of carbamoyl phosphate synthase, encoded by carB, and argininosuccinate
synthase, encoded by argG. In addition to reducing the levels of enzymes involved in
L-arginine biosynthesis, RedB also favors the degradation of L-arginine. In this case, RedB
indirectly activates two genes, rocF and arcB2, which code for enzymes involved in the
degradation of L-arginine to L-proline, which is one of two pathways for L-proline biosyn-
thesis. The other pathway synthesizes t-proline from L-glutamate, with RedB indirectly
upregulating proC, which codes for the pyrroline-5-carboxylate reductase, which cata-
lyzes the final step of proline formation. Why would RedB suppress the synthesis of
many amino acids and yet apparently stimulate proline synthesis? Apart from being a
component of proteins, proline also serves as an osmotic protectant in bacteria (49).
Consequently, the enhancement of L-proline biosynthesis by RedB may serve to improve
the resistance of bacteria to osmotic stress.

Finally, beyond the suppression of amino acid synthesis, RedB also appears to stimu-
late the degradation of amino acids. For example, RedB activates kynU, which encodes a
kynureninase (Table S3) shared by two disparate pathways involved in L-tryptophan deg-
radation. RedB also promotes L-serine degradation by indirectly upregulating the expres-
sion of sdaA, which codes for an ammonia-lyase (Table S3) involved in the degradation
of serine to 2-aminoprop-2-enoate, the first and key step in L-serine degradation.

Overall, our transcriptome results indicate that RedB broadly suppresses protein syn-
thesis by (i) repressing several ribosomal proteins, one of which is required for the forma-
tion of the translation preinitiation complex; (ii) suppressing the expression of several
tRNAs as well as several tRNA ligases; (iii) suppressing the biosynthesis of L-serine, L-gly-
cine, L-histidine, t-valine, L-leucine, L-isoleucine, L-threonine, L-phenylalanine, and L-argi-
nine; and (iv) promoting the degradation of L-arginine, L-tryptophan, and L-serine.

RedB'’s role in nitrogen metabolism. There are several means that a cell uses to
obtain and recycle nitrogen. Regarding nitrogen fixation, a process that utilizes large
amounts of ATP, RegB represses the expression of several genes that would impact
this process. For example, RedB directly represses dnakK, which codes for a chaperone
involved in the [2Fe-2S] iron-sulfur cluster pathway (Table S2). This enzyme complex
functions mainly as a chaperone to help transfer a [2Fe-2S] iron-sulfur cluster to apo-
proteins (50). In nitrogenase, a [2Fe-2S] iron-sulfur cluster serves as a precursor of the
iron-molybdenum (FeMo) cofactor, which constitutes the active site of molybdenum-
containing nitrogenases (51). In this regard, RedB also indirectly downregulates nifH,
which encodes not only a molybdenum chelatase that catalyzes the maturation reac-
tion of the FeMo cofactor in NifDK but also a 4Fe-4S-containing reductase component
of the nitrogenase complex (Table S3) (51). Therefore, we deduce that RedB likely
inhibits nitrogenase maturation to repress nitrogen fixation. This may be a function of
RegB'’s reduction of protein synthesis (discussed above), which would reduce the cell’s
need for fixed nitrogen.

Regarding nitrogen recycling, there are several reserves that a cell can use. For exam-
ple, putrescine is a typical polyamine that arises from t-arginine or L-ornithine degrada-
tion that can be further degraded into 4-aminobutanoate (GABA) to serve as a nitrogen
source in bacteria (52). During GABA degradation, GABA is converted in two steps into
succinate, a substrate of the TCA cycle. Importantly, RedB indirectly activates the gabT1
gene, encoding an enzyme that serves as both a glutamate decarboxylase and a y-ami-
nobutyrate aminotransferase to catalyze the first step of GABA degradation (Table S3).

Another amine rich in nitrogen is allantoin, a product of purine degradation. RedB
also promotes allantoin degradation by indirectly activating the expression of allA,
which codes for a ureidoglycolate lyase, an enzyme unique to this pathway, breaking
down ureidoglycolate into glyoxylate and urea in the last step (Table S3).

RedB’s role in sulfur metabolism and arsenate detoxification. The biological
incorporation of sulfur requires that sulfate must first be reduced into hydrogen
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sulfide, a process referred to as assimilatory sulfate reduction (53). In this regard, RedB
indirectly represses all three enzymes involved in the entire pathway of assimilatory
sulfate reduction (Table S3). Specifically, RedB indirectly downregulates the expression
of sat, which encodes an adenylylsulfate kinase that catalyzes not only the activation
of sulfate to adenosine 5-phosphosulfate (APS) but also the phosphorylation of APS to
3-phosphoadenylyl-sulfate (PAPS). In addition, RedB indirectly represses phosphorade-
nylyl-sulfate reductase (encoded by cysH), which catalyzes the reduction of PAPS to sul-
fite in the third step. In the last step, RedB downregulates sulfite reductase (cys/), which
serves as a ferredoxin to shuttle the electrons needed to reduce sulfite into hydrogen
sulfide. Thus, RedB’s inhibition of assimilatory sulfate reduction likely limits the ability
of R. capsulatus to assimilate sulfate into the cell, which is needed for the biosynthesis
of sulfur-containing compounds.

With regard to arsenate detoxification, RedB indirectly downregulates the synthesis
of arsenate reductase (encoded by rcc02458), which catalyzes the key step in reducing
arsenate to arsenite (Table S3). The neutral form of arsenite can then be exported out
of the cell with the help of an aquaglyceroporin channel. Therefore, RedB inhibits arse-
nate detoxification. As an analog of phosphate, arsenate can hamper phosphorylation
reactions, leading to the uncoupling of oxidative phosphorylation (54) to inhibit ATP
generation. Thus, RedB’s inclination to prevent energy production is in line with its
tendency to inhibit arsenate detoxification.

Conclusions. The CRP/FNR family of transcriptional regulators represents a large
clade in which there are several subgroups. The best-characterized subgroup members
are CRP and FNR, which typically activate the expression of a large number of genes
necessary for carbohydrate and anaerobic metabolism, respectively (4). In this study,
we report the first characterization of RedB, a CRP/FNR homolog involved in the anaer-
obic regulation of energy and redox potential. Sequence similarity network analysis of
the CRP/FNR superfamily indicates that RedB is a member of a previously uncharacter-
ized class of this superfamily that is distinct from both CRP and FNR (Fig. 1). Motivated
by the novelty of this transcription factor, we sought to investigate its regulatory func-
tion in R. capsulatus.

Like CRP and FNR, we show that RedB is also a global regulator of gene expression.
However, unlike CRP and FNR, which have roles in energy generation, RedB broadly
functions to repress the expression of enzymes involved in multiple energy-generating
pathways. Specifically, RedB impedes energy production by constraining pathways
that produce large amounts of ATP and reducing equivalents via the suppression of
the enzyme synthesis necessary for the TCA cycle that produces large amounts of cel-
lular energy (Fig. 11). Concurrently, RedB induces the expression of enzymes that pro-
mote the flow of carbon through the Entner-Doudoroff shunt, which produces less
energy than does glycolysis (Fig. 11). RedB also suppresses photosynthesis and limits
de novo ATP synthesis. These roles are distinctly different from those of CRP and FNR,
which enhance energy production. Additionally, RedB also ramps down protein syn-
thesis by reducing the expression of ribosomal proteins involved in translation initia-
tion, tRNA synthesis, tRNA charging, and amino acid biosynthesis and by promoting
amino acid degradation. To our knowledge, RedB is the first example of a global tran-
scription factor that has a role in limiting energy production. Consequently, future
studies on the mechanism of redox control exhibited by RedB and analyses of the role
of other members of the RedB subfamily are warranted.

Finally, in a companion article, we show that many genes regulated by RedB signifi-
cantly overlap genes that constitute members of the FnrL regulon (the Rhodobacter
ortholog of FNR) (28). Thus, RedB appears to have a major role in functioning as a
damper to counter the energy-producing role of FnrL (28).

MATERIALS AND METHODS

Strains, media, and growth conditions. Rhodobacter capsulatus wild-type strain SB1003 was used
as the major material to construct a deletion strain, AredB, that removes codons 4 through 216 (out of a
total of 218 codons). First, a fragment was amplified by combining 500 bp of the upstream and

September/October 2022 Volume 10 Issue 5

Microbiology Spectrum

10.1128/spectrum.02353-22

14


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02353-22

Transcriptome Analysis of RedB

Nucleotide de

novo biosynthesis .
R5P — > Nucleotides

Photosynthesis PPP
/ (e.g. ATP)

Calvin cycle Glucose

i

G3P Gluconeogenesis

Glycolysis & Entner
Doudoroff shunt
nucleotide

- Pyruvate degradation
-CO,
Amino acid L Fatty acid
. . biosynthesis " biosynthesis
LN .
Amino acid «————_ Acetyl CoA Fatty acid
) N B oxidation

Protein ..

biosynthesis R

Protein peptide N TCA cycle
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downstream regions of redB with 9 bp beginning from the start codon and 9 bp ending at the stop
codon in the natural order (primers are shown in Table S5 in the supplemental material). The fragment
was then ligated to a suicide plasmid, pZJD29 (55), which contains a gentamicin drug resistance gene
and a counterselectable sacA gene. The resulting plasmid, pZJD29-AredB, was transformed into E. coli
$17-1 and then conjugated into SB1003 to attain the AredB deletion strain, as described previously (56).
Both the AredB and wild-type SB1003 strains were grown either on solidified peptone yeast extract (PY)
agarose plates supplemented with MgCl, and MgSO, at a final concentration of 2 mM or in PY liquid me-
dium (56). To collect the anaerobically grown cells, three biological replicates of both strains were first
cultured in 5 mL PY liquid medium semiaerobically at 34°C with shaking at 200 rpm overnight. The cells
were then subcultured into 8.5-mL screw-cap vials and grown anaerobically overnight at 34°C, with illu-
mination provided from a 60-W incandescent light source. After that, the cells were transferred into new
screw-cap vials, adjusted to an optical density (OD) adjusted to 0.03, and allowed to grow anaerobically
until they reached an OD at 660 nm (ODy,) of 0.3 for harvesting. A Unico 1100 RS spectrophotometer
was used to check the OD in anaerobic vials.

RNA isolation, validation, and sequencing (RNA-seq). Cells at an OD,, of ~0.3 were immediately
chilled in an ice-water bath to stop growth. Next, 2-mL aliquots from each biological replicate were
transferred into Eppendorf tubes and centrifuged at 6,000 rpm for 3 min at 4°C. The cell pellets were col-
lected for total RNA extraction in the following way. The pellets were first dissolved in 100 L TE (10 mM
Tris-HCl, T mM EDTA [pH 8.0]) buffer containing 10 mg/mL lysozyme, kept at room temperature for 3
min, and then treated with a Bioline isolate RNA extraction kit. One unit of Turbo DNase (Thermo Fisher)
was added to the extracted sample, and the sample was incubated at 37°C for half an hour to remove
DNA. The Zymogen Directzol RNA extraction kit was then applied to clean up the sample. Finally, quanti-
tative reverse transcriptase PCR (qRT-PCR) was performed on the housekeeping gene rpoZ in the pres-
ence and absence of reverse transcriptase to check for DNA removal.

The extracted RNA samples were sent to the University of Wisconsin—Madison Biotechnology
Center, where the quantity and integrity of the samples were verified using NanoDrop2000 and Agilent
2100 Bioanalyzer systems. RNAs meeting the requirements of lllumina sample input guidelines were pre-
pared using the lllumina TruSeq stranded total RNA kit (Illumina Inc., San Diego, CA, USA), with minor
revisions. Two micrograms of total RNA of each sample was treated using the RiboZero rRNA removal
(bacteria) kit (Epicentre Inc., Madison, WI, USA) to remove the rRNA. The RNA samples were then frag-
mented by incubation with divalent cations under increasing temperatures. SuperScript Il reverse tran-
scriptase (Invitrogen, Carlsbad, CA, USA), random primers, and actinomycin D were added to the RNA
samples to reverse transcribe the mRNA into first-strand cDNA. A second strand of cDNA was then syn-
thesized utilizing second-strand marking master mix. After that, paramagnetic beads were harnessed to
purify the resulting double-stranded DNA (dsDNA) with blunt ends. A single “A” (adenine) base was
added to the 3’ ends of DNA products by incubating dsDNA with A-tailing mix, and the dsDNA was then
ligated to adapters that have a single “T” (thymine) base overhang at their 3" ends. dsDNAs ligated with
adapters were further purified with paramagnetic beads and then amplified for 10 cycles through linker-
mediated PCR (LM-PCR), using PCR master mix and a PCR primer cocktail. After that, the PCR products
were cleaned up with paramagnetic beads. An Agilent DNA1000 chip (Agilent Technologies Inc., Santa
Clara, CA, USA) was used to evaluate the quality of the built library, and a Qubit dsDNA HS assay kit
(Invitrogen, Carlsbad, CA, USA) was used to measure the quantity of the library. After standardizing the
DNA in the library to 2 uM, standard cluster kits (v3) and the Illlumina cluster station were applied to the
generation of clusters. Standard SBS chemistry (v3) was used for single 100-bp sequencing on an
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Illumina HiSeq2000 sequencer, and the standard lllumina pipeline, version 1.8.2, was used for the analy-
sis of images.

For validation of the expression levels observed by RNA-seq, we performed gRT-PCR using primers
designed to amplify select RT transcripts, as previously described by Kumka and Bauer (19). As shown in
the companion article by Ke et al. (28), there are more highly significant divergent changes in gene
expression between the AfnrL and AredB deletion strains than between AredB and wild-type cells. Thus,
comparative qRT-PCR validation analysis of the AredB and AfnrL strains was undertaken to validate the
observed divergent changes in transcript levels.

ChIP strain construction. To construct 3xFLAG-tagged RedB, an oligonucleotide containing the
3xFLAG sequence was fused to the last 21 nucleotides of the redB gene before the stop codon to serve
as a reverse primer. 3xFLAG-tagged redB was then PCR amplified and inserted into the pSRKGm plasmid
(57) between the Ndel and Xbal restriction sites. After that, the recombinant plasmid was conjugated to
the AredB strain for ChIP-seq experiments. This plasmid was used as it provides tunable low-level
(native) expression in R. capsulatus, as described previously (58-60).

ChlIP-seq. Three biological replicates of the 3xFLAG-tagged RedB construct were grown anaerobically
under the same conditions as the ones described above for the AredB strain but with a cumulative culture
volume of 50 mL per sample. When the ODy,, of a 50-mL culture reached 0.3, 1% formaldehyde was
added, and the mixture was incubated for 20 min at room temperature to cross-link DNAs with proteins.
Cross-linking was quenched by adding glycine to a final concentration of 0.125 M, and the mixture was
incubated for 5 min. After centrifugation, the cell pellets were washed twice with chilled Tris-buffered sa-
line (TBS) (50 mM Tris-HCI [pH 8.0], 150 mM NaCl) and then resuspended in 4 mL cold FA-M2 buffer
(50 mM Tris-HCl [pH 8.0], 150 mM NaCl, T mM EDTA, 1% Triton X-100). The cells were then passed through
French press twice at 18,000 Ib/in? and further sonicated 6 times for 10 s via needle sonication. Fifty micro-
liters of the lysate of each sample was saved without immunoprecipitation, which later served as the input
DNA after purification. The remaining cell lysates were immunoprecipitated by agitation with 100 uL
anti-FLAG M2 affinity gel overnight at 4°C. The beads were centrifuged at 3,000 rpm for 1 min to
remove the supernatant and then washed five times with 1 mL FA-M2 buffer for 15 min. After that, the
beads were washed three more times with 1 mL 1x TBS for 15 min. Cross-linking was reversed by
incubating the beads with 200 wL elution buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 1% SDS) at
65°C for 30 min. The supernatants of both the immunoprecipitated samples and the input samples
obtained as described above were incubated with 5 uL of 20 mg/mL proteinase K at 65°C overnight to
remove the protein. DNAs were further purified using a phenol-chloroform DNA extraction method
and washed with cold 75% ethanol. The DNA pellets were dried and then eluted in 20 uL nuclease-
free water.

Like RNA sequencing, libraries were constructed and sequenced by the University of Wisconsin—
Madison Biotechnology Center DNA Sequencing Facility. Both the input DNA and immunoprecipitated
DNA were processed using a TruSeq ChIP sample preparation kit (Illumina), with minor modifications.
Using solid phase reverse immobilization (SBIR)-based bead selection, libraries were size selected for an
average of 350 bp. Single-end 100-bp sequencing was carried out on an lllumina HiSeq2000 sequencer.

Data preprocessing, computer software, and data analysis for RNA sequencing and ChIP
sequencing. For both RNA-seq and ChIP-seq results, data were trimmed using the Trimmomatic pro-
gram (61), with a sliding window of 5:25 and a minimum length of 40 bp, and raw counts of genes were
produced with the HTSeq-count program. Specifically, for RNA-seq raw counts, the DESeq2 package in R
was used to give rise to differentially expressed genes (62, 63). For analysis of ChIP-seq results, MACS
(64) was utilized to decide on significantly enriched sites, with the binding sequence queried using
MEME (65) with standard parameters, except that the width of the motif was set to be between 12 bp
and 18 bp.

Construction and analysis of the CRP/FNR sequence similarity network. To generate the CRP/
FNR protein sequence similarity network (SSN), we assembled a list of protein sequences from the
InterPro database that contained a single N-terminal cyclic nucleotide binding domain (IPRO00595)
fused to a C-terminal CRP-type helix-turn-helix domain (IPR0012318) (20). This list was further curated to
include only proteins of 190 to 280 residues long, as sequences outside this range were scarce. The cura-
ted list of 97,535 protein identifiers was inputted into the Enzyme Function Initiative-Enzyme Similarity
Tool (EFI-EST) (21) to generate the SSN. Cytoscape 3.8.2 (66) was used for network analysis and the gen-
eration of figures. All networks used for analysis and in the figures are 50% representative node net-
works, meaning that each node represents a packet of proteins that are at least 50% identical to one
another in sequence. This was done to limit the size of the network for ease of analysis, as large net-
works require significant computational resources. UniProt accession numbers and references for previ-
ously characterized CRP/FNR proteins used for SSN figures are shown in Table S1.

Data availability. The raw DNA read files for RNA-seq and ChiP-seq analyses were deposited in the
Sequence Read Archive (SRA) under accession number PRINA657631.
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