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Research Article 

ABSTRACT  Salmonella enterica subsp. enterica sv. Typhimurium str. LT2 
(hereafter S. Typhimurium) synthesizes adenosylcobalamin (AdoCbl, CoB12) de 
novo only under anoxic conditions, but it can assemble the lower ligand loop 
(a.k.a. the nucleotide loop) and can form the unique C-Co bond present in 
CoB12 in the presence or absence of molecular oxygen. During studies of nu-
cleotide loop assembly in S. Typhimurium, we noticed that the growth of this 
bacterium could be arrested by the lower ligand nucleobase, namely 5,6-
dimethylbenzimidazole (DMB). Here we report in vitro and in vivo evidence 
that shows that the structural similarity of DMB to the isoalloxazine moiety of 
flavin cofactors causes its deleterious effect on cell growth. We studied DMB 
inhibition of the housekeeping flavin dehydrogenase (Fre) and three flavoen-
zymes that initiate the catabolism of tricarballylate, succinate or D-alanine in 
S. Typhimurium. Notably, while growth with tricarballylate was inhibited by 
5-methyl-benzimidazole (5-Me-Bza) and DMB, growth with succinate or glyc-
erol was arrested by DMB but not by 5-Me-Bza. Neither unsubstituted ben-
zimidazole nor adenine inhibited growth of S. Typhimurium at DMB inhibitory 
concentrations. Whole genome sequencing analysis of spontaneous mutant 
strains that grew in the presence of inhibitory concentrations of DMB identi-
fied mutations effecting the cycA (encodes D-Ala/D-Ser transporter) and dctA 
(encodes dicarboxylate transporter) genes and in the coding sequence of the 
tricarballylate transporter (TcuC), suggesting that increased uptake of sub-
strates relieved DMB inhibition. We discuss two possible mechanisms of inhi-
bition by DMB. 
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INTRODUCTION 
Benzimidazoles are aromatic compounds that are used as 
chemical scaffolds for the synthesis of antifungal, antiviral, 
antihelminth and anticancer agents [1, 2]. Because of the 
structural similarity of benzimidazoles to purines, these 
molecules can interfere with enzymes involved in DNA 
processing, hence, they are used as anticancer drugs [2-8]. 
Benzimidazoles can also be incorporated into nucleic acids 
suggesting that this family of compounds could be muta-
genic [9]. Equally important is the use of benzimidazole 
derivatives that target different cellular processes in bacte-
ria and fungi [10-13]. Therefore, a better understanding of 
the mode of action of a naturally occurring benzimidazole 
could provide insights into new strategies for the synthesis 
of more efficacious antimicrobials and anticancer agents.   

Benzimidazole derivatives are used by bacteria and ar-
chaea to synthesis cobamides (Cbas), which are members 
of the family of cyclic tetrapyrroles known as ‘The Pig-
ments of Life’ [14]. Cbas are central to the metabolism of 
cells from all domains of life, including humans, and unlike 
other members of this family of compounds, Cbas have 
axial ligands on both planes of the cyclic tetrapyrrole ring 
(Fig. 1). Although the nucleobases found in Cbas vary [15], 
the nucleobase relevant to the work reported herein is 5,6-
dimethylbenzimidazole (hereafter DMB), which is the low-
er ligand in the Cba known as cobalamin [16]. Not all pro-
karyotes that synthesize Cbas incorporate DMB as the nu-
cleobase, and if they do, its synthesis occurs via different 
pathways. For example, shown in Figure 1A is the conver-
sion of FMNH2 into DMB by the aerobic DMB synthase 
(BluB) enzyme (a.k.a. flavin destructase, EC 1.12.11.79) in a 
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series of complex chemical steps [17-21]. A BluB homo-
logue is not present in S. Typhimurium, nor are the en-
zymes of the pathway found in the anaerobic bacterium 
Eubacterium limosum [22]. However, it is known that  
S. Typhimurium synthesizes DMB, but the pathway used by 
this bacterium is yet to be described [23]. Figure 1B shows 
the schematic of the late steps of adenosylcobalamin (a.k.a. 
AdoCbl, CoB12) biosynthesis, which involves the incorpora-
tion of DMB into the final coenzyme structure. These late 
steps consist of four reactions, one reaction activates the 
nucleobase to generate an a-ribotide (catalyzed by CobT), a 
second reaction (catalyzed by CobU) activates adenosylco-
binamide-phosphate (AdoCbi-P) into AdoCbi-GDP, a third 
reaction (catalyzed by CobS) condenses the a-ribotide and 
Ado-Cbi-GDP to yield adenosylcobalamin-5’-phosphate 
(AdoCbl-5’P), and the final reaction (catalyzed by CobC) 
dephosphorylates the substrate to yield the final product, 
CoB12.   

During studies of CobT substrate specificity [24, 25], we 
noticed that DMB could inhibit cell growth of S. Typhimuri-
um. The observed inhibition was effective regardless of the 
carbon and energy source when the concentration of DMB 
in the medium was in the low mM range.  

Here we investigated why DMB inhibits in S. Typhi-
murium. Briefly, we determined that the structural similari-
ties of the substituted benzene ring of DMB with the iso-
alloxazine moiety of flavins is responsible for the deleteri-
ous effects of this CoB12 precursor. Results of in vitro and in 
vivo analyses led us to conclude that DMB interferes with 
the metabolism of Salmonella by outcompeting flavins that 
are substrates, but in the case of flavin prosthetic groups, 

we suggest that the inhibition caused by DMB may be due 
to pi stacking. In both scenarios the catalytic efficiency of 
the enzyme is reduced. 

 
RESULTS 
Growth inhibition caused by DMB is carbon source de-
pendent and its effect is similar to the one exerted by a 
known flavoenzyme inhibitor 
We observed that growth of wild-type S. Typhimurium in 
LB medium was inhibited as a function of the concentra-
tion of DMB, with growth being completely arrested when 
the concentration of DMB reached 3 mM (Fig. 2A). In con-
trast, S. Typhimurium growth was unaffected in medium 
supplemented with adenine (Ade, 3 mM) in lieu of DMB. 
We performed a parallel experiment using minimal medi-
um supplemented with different carbon sources (Fig. 2B). 
Results obtained with minimal medium mimicked those 
obtained with LB medium, that is, the growth rate of  
S. Typhimurium decreased as a function of DMB concentra-
tion in the medium, with growth ceasing ~2-3 mM DMB 
when cells were grown in glucose, ribose, or glycerol as the 
carbon/energy source (Fig. 2B, left panel). Notably, DMB 
toxicity was more pronounced in minimal medium supple-
mented with either succinate, tricarballylate or D-alanine 
(Fig. 2B, left panel). When the latter carbon/energy 
sources were used, 1 mM DMB was sufficient to abrogate 
cell growth. This was a ~2-3-fold increase in DMB toxicity 
relative to LB + DMB medium. We noted that the catabo-
lism of succinate, tricarballylate and D-alanine all start with 
dehydrogenations  catalyzed  by flavin-dependent enzymes,  

FIGURE 1: Biosynthesis of 5,6-
dimethylbenzimidazole (DMB) and its incorpo-
ration into coenzyme B12 (CoB12). (A) Aerobic 
pathway of DMB biosynthesis involves oxidative 
fragmentation of reduced flavin mononucleo-
tide (FMNH2) by DMB synthase, BluB. Atoms of 
the isoalloxazine ring and ribityl tail of FMNH2 
converted into DMB are shown in red. (B) In S. 
Typhimurium incorporation of DMB into CoB12 

is initiated by its activation into the alpha ribo-
tide, α-ribazole-5ʹ-phosphate (α-RP) followed 
by condensation of activated intermediates and 
dephosphorylation to yield biologically active 
CoB12. Abbreviations: FMN, flavin mononucleo-
tide; NAD(P), nicotinamide adenine dinucleo-
tide (phosphate); NaMN, nicotinate mononu-
cleotide; Na, nicotinate; AdoCbi-GDP, adeno-
sylcobinamide- guanosine diphosphate. GMP, 
guanosine monophosphate; AdoCbl-P, adeno-
sylcobalamin-phosphate; AdoCbl, adenosylco-
balamin; CobT, NaMN:DMB phosphoribosyl-
transferase; CobS, AdoCbl-5’ phosphate syn-
thase; CobC, adenosylcobalamin phosphatase; 
Fre, NAD(P)H:flavin reductase. Enzyme homo-
logs presence in S. Typhimurium are shown in 
red circles. The rhomboid structure with the 
Co3+ ion in the middle is a cartoon of the com-
plex cyclic tetrapyrrole ring shown at the end of 
the pathway. 
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hence, we hypothesized that DMB could be an antagonist 
of flavins. To explore this idea, we tested the effect of the 
known flavin inhibitor diphenyliodonium chloride, which 
yielded a similar pattern of carbon source-dependent 
growth inhibition (Fig. 2B, right panel) [26, 27]. Diphenylio-
donium chloride was a more potent inhibitor than DMB 
under the conditions tested (~10-fold higher potency).  

Consistent with the growth inhibition profile, which 
depended on the carbon and energy source provided, we 
also noticed that cell survival increased in minimal medium 
supplemented with glucose compared to medium supple-
mented with succinate, when challenged with an equimo-
lar level of DMB (Fig. S1).  
 
Analogs of DMB are not as toxic 
To test the contributions of the methyl groups of DMB to 
its toxicity, we performed growth inhibition studies in me-
dium supplemented with 5-methylbenzimidazole (5-Me-
Bza), 5-methoxybenzimidazole (5-MeO-Bza), benzimidazole 
(Bza), 5-hydroxybenzimidazole (5-OH-Bza), and 4,5-
dimethylphenylenediamine (DMPDA). As shown in Figure 3, 
DMB was the most potent growth inhibitor (Fig. 3, red di-
amonds). Remarkably, the absence of the methyl substitu-
ent at position 6 of the benzene ring resulted in cell growth 
when grown in glycerol or succinate as the main carbon 
source (Fig. 3, orange hexagons). However, 5-Me-Bza in-
hibited cell growth with tricarballylate reaching only an 
OD630 of ~0.3. For comparisons, the maximum OD630 in the 
absence of any supplement was ~ 0.8, and in medium sup-
plemented with DMB the highest OD630 was ~0.2. When the 
medium contained either succinate or tricarballylate, the 
onset of exponential growth was comparable among cul-
tures growing in the presence of different bases. However, 
when cells were grown in glycerol, we observed that the 
lag phase and the maximum cell density were negatively 
affected in medium supplemented with a nucleobase. In 

minimal glycerol medium growth was delayed for ~ 7 h 
when supplemented with 5-Me-Bza. 6-Me-Beza was not 
tested because it was not commercially available.  
 
DMB is a competitive inhibitor of FMN 
Considering the structural similarity of DMB to a part of the 
isoalloxazine moiety of flavins and given the importance of 
this structure to its toxicity, we hypothesized that DMB 
was a competitive inhibitor for flavins in vitro. To test this 
idea, we used NAD(P)H:flavin reductase (Fre) from  
S. Typhimurium, which catalyzes the reduction of FMN or 
FAD using electrons from reduced pyridine dinucleotides 
(NAD(P)H, Fig. 1A) [28]. In this experiment we used FMN as 
the flavin co-substrate for Fre. We observed inhibition of 
the enzyme activity with increasing concentrations of DMB 
(Fig. 4A, shades of gray bars vs white bar). In comparison, 
5-Me-Bza and adenine (Fig. 4A, purple bar, green bar, re-
spectively) were less inhibitory than DMB at equimolar 
concentrations. To investigate the mechanism of inhibition 
by DMB, we quantified the enzyme activity as a function of 
FMN at different concentrations of DMB. A double recipro-
cal plot showing the results of this experiment indicated a 
typical competitive inhibition kinetic with an apparent Ki of 
1.9 mM (+ 3.5 μM; Fig. 4B). 
 
DMB dissipates the proton motive force (PMF) 
Because some flavoenzmes contribute to the proton mo-
tive force (PMF), we speculated that DMB could dissipate 
the PMF under growth conditions where flavoenzymes 
substantially contribute to the generation of the PMF. To 
test this idea, we used an ethidium bromide (EtBr) accumu-
lation assay described elsewhere [29]. In this assay accu-
mulation of EtBr inside the cell is used to indirectly meas-
ure the PMF. EtBr is an UV-fluorescent dye that stains DNA, 
and it is actively exported by the cell via a PMF-driven ef-
flux pump [30]. Cells with a reduced PMF would accumu-

FIGURE 2: The inhibitory effect of DMB mimics that of a flavin antagonist. (A) Wild-type S. Typhimurium was grown in lysogeny broth with 
different concentrations of DMB or 3 mM of adenine. (B) Growth rates of S. Typhimurium grown in NCE minimal medium provided with dif-
ferent carbon sources and supplemented with different concentrations of DMB or diphenyliodonium chloride were calculated as described in 
Materials and Methods. Error bars represent standard deviation of three technical replicates and each experiment was performed thrice; a 
representative set of data are presented. Every data point has error bars, which if not shown it means the bars were smaller than the symbol. 
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late EtBr as a function of time with the concomitant in-
crease in fluorescence. When we grew  
S. Typhimurium in succinate as the main carbon and ener-
gy source and exposed mid-log phase cells to increasing 
concentrations of DMB, we measured a gradual increase in 
the rate of EtBr accumulation (Fig. 5, gray shaded bars vs 
white bar). When cells were exposed to > 6 mM DMB for 
15 min, intracellular EtBr accumulation was substantial (p < 
0.0047). In contrast, no increase in fluorescence was ob-
served when cells were exposed to 8 mM 5-Me-Bza and a 
minimal effect was observed by the addition of 8 mM ade-
nine (Fig. 5, purple, green bars, respectively). We used the 
bona fide PMF dissipator carbonyl cyanide-m-
chlorophenylhydrazone (CCCP) as a positive control (Fig. 5, 
red bar). Supporting our hypothesis, we observed that the 
effect on PMF by DMB was higher in cells grown in succin-
ate or tricarballylate compared to cells grown in glucose as 
the main carbon and energy source (Fig. S2).                                  
 
Increased substrate uptake confers resistance to DMB 
To determine the mode of DMB toxicity, we isolated mu-
tants that grew when the culture medium was supple-
mented with inhibitory levels of DMB. We isolated sponta-
neous DMB resistant strains on minimal medium contain-
ing D-alanine, succinate or tricarballylate as carbon and 
energy source. The genome of DMBR strains was se-
quenced to locate the causative mutations (Table 1). Re-
markably, out of the ten strains sequenced, nine had muta-
tions that affected the expression of the gene encoding the 
transporter for the carbon source used in the original se-
lection. DMB resistance in each of these strains was specif-
ic to the original carbon source isolated, for example, a 
strain resistant to DMB on D-alanine minimal medium, was 

still sensitive to DMB on medium containing tricarballylate 
or succinate (Table 1).  

The gain-of-function mutation in strain JE26530 was 
mapped to be 77 bp upstream of the transcription start 
site (TSS, labeled +1 in Fig. 6A) of the D-alanine transporter 
gene cycA (Table 1) [31]. Using RT-qPCR, we determined 
that this mutation caused a ~1.73-fold increase in cycA 
transcription compared to the wild-type S. Typhimurium 
strain (Fig. 6B). Hook et al., showed binding of the global 
regulator Crp to this region of the chromosome in E. coli, 
and this region also contained a putative binding site for 
the nucleoid associated protein IHF (Fig. 6A) [32]. Notably, 
overexpression of cycA from the chromosome or a plasmid 
was sufficient for cells to become resistant to DMB (Fig. 6C, 
gray vs blue squares). At present, we do not know how the 
A-to-T mutation in strain JE26530 (Table 1) upregulates 
cycA expression; this question will be answered in future 
studies. To further verify that the alluded mutation in 
strain JE26530 resulted in increased uptake of D-alanine, 
we tested the sensitivity of strain JE26530 to D-cycloserine, 
an antibiotic known to be taken up by the CycA transporter 
[33]. Figure 6D shows results of an experiment performed 
with two strains overexpressing cycA. The chromosome of 
strain (JE26530) contains the A-to-T mutation in the cycA 
promoter (Fig. 6A). A second strain (JE26754) carries a 
plasmid in which cycA was cloned under the control of the 
arabinose inducible ParaBAD promoter [34]. Our results 
showed that the DMBR strain (JE26530) was more sensitive 
to D-cycloserine than the parent strain (Fig. 6D red trian-
gles vs green circles), and that ectopic expression of cycA 
(strain JE26754) also increased the sensitivity to D-
cycloserine (Fig. 6D, gray vs blue squares).   

FIGURE 3: Toxicity of DMB and analogs. Wild-type S. Typhimurium was grown in NCE minimal medium supplemented with glycerol, succin-
ate or tricarballylate as the main source of carbon and energy as described in Materials and Methods. Different bases were supplemented at 
1 or 4 mM final concentration as indicated. Error bars represent standard deviation of three technical replicates and each experiment was 
completed with three biological replicates, with a representative graph shown. Error bars smaller than the symbols are not shown. Abbrevia-
tions: DMPDA, 4,5-dimethyl-1,2-phenylenediamine; 5-OH-Bza, 5-hydroxybenzimidazole; Bza, benzimidazole; 5-MeO-Bza, 5-
methoxybenzimidazole; 5-Me-Bza, 5-methylbenzimidazole; DMB, 5,6-dimethylbenzimidazole. Structural differences of these bases in com-
parison to DMB are shaded in blue. 
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Strains JE26529 and JE26837 were independently iso-
lated from NCE minimal medium containing succinate as 
the main carbon and energy source plus DMB (1 mM). As 
shown in Figure 7B (red triangles), strain JE26529 grew 
well in the presence of inhibitory concentrations of DMB. 
Whole genome sequencing showed that both strains con-
tained C-to-T changes at 26 bp downstream from the TSS 
(labeled +1 in Fig. 7A) of the dicarboxylate transporter 
gene dctA, whose function is required for the uptake of 
dicarboxylates, including succinate [35]. The above-
mentioned mutation was mapped to the 5’-untraslated 
region (5’-UTR) of the dctA transcript. Like the results ob-
tained with cycA, cells grown in succinate became resistant 
to DMB when dctA+ was overexpressed in trans (Fig. 7B, 
blue vs gray squares). To further support the idea that an 
increase in succinate uptake would result in resistance to 
DMB, we took advantage of the fact that DctA is known to 
transport 5-fluoroorotate (5-FOA), a known inhibitor of 
pyrimidine biosynthesis [35]. We used 5-FOA to indirectly 
measure the efficiency of DctA function by comparing the 
sensitivity of DMBS and DMBR strains to FOA. Consistent 
with our hypothesis that the C-to-T mutation increased 
dctA+ expression, we observed high sensitivity to 5-FOA in 
strain JE26529 (DMBR) compared to the parent  
S. Typhimurium strain (DMBS; Fig. 7C, red triangles vs green 
circles).  

We also obtained DMBR derivatives of S. Typhimurium 
when cells were exposed to inhibitory levels of DMB while 
growing with tricarballylate as the main carbon and energy 
source. Interestingly, all mutations identified by whole 
genome sequencing of DMBR strains isolated from tricar-
ballylate minimal medium were located within the coding 
sequence of the tricarballylate transporter gene, tcuC (Ta-
ble1, Fig. 8A). The alluded mutations changed a glycine 
residue into serine or aspartate residues (i.e., G173S, 
G173D), or a leucine residue into serine (L135S). The struc-
ture of TcuC has not been solved, however, we used the 
AlphaFold algorithm [36, 37] to get an idea of what the 
possible location of the above-mentioned residues may be 
in a three-dimensional model of the tricarballylate trans-
porter. This structure suggested alluded mutations are 
likely located within the transmembrane channel of TcuC 
(Fig. S3). To test the effect of these residues on DMB re-
sistance, we performed site directed mutagenesis and con-
structed a plasmid carrying a tcuC allele encoding TcuCG173S. 
When tcuC was expressed from this plasmid, cells gained 
resistance for DMB (Fig. 8B, purple diamonds). However, 
we also learned that plasmid-encoded expression of the 
wild-type allele of tcuC was sufficient for the resistance (Fig. 
8B, blue squares).  

 

FIGURE 4: DMB is a competitive inhibitor of the NAD(P)H:flavin reductase (Fre) enzyme. (A) Initial reaction velocities were calculated using 
purified S. Typhimurium Fre enzyme as described in Materials and Methods. Reaction rates at a fixed concentration of FMN (1 mM) and dif-
ferent concentrations of DMB or other bases (as indicated) are shown. (B) Double-reciprocal plot of Fre initial rates at varying concentrations 
of FMN and different fixed concentrations of DMB as indicated. Error bars represent standard deviation of three technical replicates and each 
experiment was replicated twice, with a representative graph shown. Ki was calculated by a competitive inhibition model fit using Prism 
(GraphPad, v9). Standard deviation of two independent experiments is shown. An unpaired Student's t test was performed to determine 
statistical significance; ns, not significant. Statistical compassions were performed against the no-treatment control unless otherwise shown 
in the Figure. 
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Not all transporters can overcome the sensitivity to DMB 
To test whether resistance to toxic levels of DMB was due 
to the increase in carbon source uptake regardless of the 
type of the carbon source provided, we tested whether  
S. Typhimurium could become resistant to DMB when ei-
ther the gene encoding the glycerol uptake facilitator pro-
tein, glpF, or the rbsACB genes encoding the ribose ABC 
transporter were ectopically overexpressed in cells growing 
in minimal medium supplemented with glycerol or ribose. 
As shown in Figure S4A, neither a higher level of GlpF nor 
RbsABC resulted in DMB resistance. We confirmed that 
ectopically expressed rbsACB resulted in functional RbsACB 
transporter by introducing this plasmid and demanding 
growth of a Salmonella rbsACB mutant on ribose as the 
sole source of carbon (Fig. S4B). 
 
In vitro evidence that DMB inhibits succinate dehydro-
genase 
The above results suggested that DMB might interfere with 
FAD-dependent dehydrogenases that catalyze the first step 
in the catabolism of succinate, D-alanine and tricarballylate. 
The alluded dehydrogenases included succinate dehydro-
genase (Sdh complex), D-alanine dehydrogenase (DadA) 
and tricarballylate dehydrogenase (TcuA). Given the above 
results, we surmised that increased intracellular substrate 
concentration could alleviate the inhibition by DMB. To 
test this hypothesis, we tested the activity of the Sdh com-
plex as a function of succinate concentration during expo-
sure to an inhibitory concentration of DMB. However, our 
double reciprocal plot did not indicate a competition be-
tween succinate and DMB for the active site. Instead, we 
observed a noncompetitive inhibition (Fig. 9A). This re-
vealed that DMB could bind to both substrate-free and 
substrate-bound versions of the Sdh complex. To verify this 
idea, we tested the inhibition of Sdh activity by adding 
DMB before vs after the reaction was initiated. We ob-
served  inhibition of the reaction by  DMB in  both cases,  in 

FIGURE 5: DMB impairs proton motive force in S. Typhimurium. 
Cells were grown in NCE minimal medium supplemented with 
succinate (30 mM) and acetate (0.5 mM) to an OD600 of ∼0.5 and 
added nucleobases or CCCP as indicated; cultures were incubated 
for 15 min at 37°C with shaking. Cells were stained with EtBr, 
cultures were irradiated with 530-nm light, and fluorescence 
emitted at  600 nm was monitored over 4 min. The rate of EtBr 
accumulation is expressed as relative fluorescence units/s. Results 
are provided as the mean from three biological replicates, with 
each experiment containing technical triplicates. Error bars de-
note the standard deviation of three biological replicates. A 
paired Student's t test was performed compared to the no treat-
ment control to determine statistical significance; ns, not signifi-
cant. Abbreviations: DMB, 5,6-dimethylbenzimidazole; 5-Me-Bza, 
5-methylbenzimidazole; Ade, adenine; CCCP, carbonyl cyanide m-
chlorophenolhydrazone. 

FIGURE 6: Overexpression of the wildtype allele of cycA provides 
resistance to DMB during growth with D-alanine. (A) Location of 
the gain-of-function mutation in strain JE26530. This strain was 
originally isolated from D-alanine minimal medium supplemented 
with DMB (0.7 mM). The cycA transcription start site is denoted by 
+ 1 [31]. (B) RT-qPCR of cycA expression in wildtype S. Typhimuri-
um (JE9426) or its DMB resistant derivative (JE26530) grown with 
D-alanine plus DMB (0.2 mM). Fold change values were calculated 
by normalizing relative expression values to the lowest cycA+ 
expression. Error bars represent standard deviation of three bio-
logical replicates. (C) Growth analysis to study DMB resistance of 
cells growing with D-alanine. Cells were grown in NCE minimal 
medium supplemented with D-alanine (20 mM), glucose (0.5 mM) 
and DMB (0.7 mM). (D) The DMB resistant strain has a higher 
sensitivity for D-Cycloserine (D-Cyc). Cells were grown in NCE 
minimal medium supplemented with glycerol (20 mM), with or 
without D-Cyc (20  μM) as indicated. L-(+)-Arabinose (0.5 mM) was 
used to induce of plasmid-borne cycA+ in all experiments. Strain 
JE26530 was the DMB resistant strain used in these studies; str. 
LT2 is an abbreviation of the wildtype strain of S. Typhimurium. 
Error bars represent standard deviation of three technical repli-
cates and each experiment was completed with three biological 
replicates, with a representative graph shown. 
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fact the inhibition of an initiated reaction was higher (Fig. 
9B). The results suggested DMB did not compete with suc-
cinate for binding to the Sdh complex. 
 
Cells respond to exogenous flavins under DMB stress 
Given the data supporting that DMB is a flavin antagonist, 
we reasoned that increasing the level of FMN/FAD in the 
cell would reverse the phenotype. To test this idea, we 
added riboflavin (the immediate precursor of FMN) to the 
medium and noticed a slight improvement in cell growth 
(Fig. 10A, filled black circles vs squares) even though  
S. Typhimurium does not have a known riboflavin trans-
porter. To circumvent the absence of a riboflavin trans-
porter, we ectopically expressed the bona fide riboflavin 
transporter PnuX from Corynebacterium glutamicum [38], 
and repeated the experiment. We observed the same rela-
tive improvement in yield but neither the growth rate nor 
the final cell density approached that of cultures that were 
never exposed to DMB (Fig. 10A, open symbols). Since this 
was a negative result, we confirmed that PnuX was func-
tional by testing the susceptibility of the pnuX-expressing  
S. Typhimurium strain to roseoflavin, a toxic analog of ribo-
flavin [39]. As seen in Figure 10B PnuX was functional since 
medium supplemented with roseoflavin affected the 
growth rate of S. Typhimurium when pnuX was heterolo-
gously expressed. However, we noticed that when cells 
were grown on succinate as the main carbon and energy 
source, they could no longer respond to exogenous flavins 
upon exposure to DMB (Fig. S5B). 
 
 
 

FIGURE 7. Overexpression of dctA is sufficient for DMB resistance in 
succinate. (A) Chromosomal location of the gain-of-function muta-
tion in strain JE26529. This strain was isolated from succinate mini-
mal medium supplemented with DMB (1 mM). The transcription start 
site is denoted as + 1 [35]. (B) Growth analysis to study DMB re-
sistance in succinate is shown. Cells were grown in NCE minimal 
medium supplemented with succinate (30 mM), acetate (0.5 mM) 
and DMB (1 mM). (C) DMB resistant mutation increased the sensitivi-
ty of cells for 5-fluoroorotate (5-FOA). Cells were grown in NCE mini-
mal medium supplemented with glycerol (20 mM) with or without 
providing 5-FOA (1 μg/mL) as indicated. L-(+)-Arabinose was used at a 
0.5 mM final concentration for induction. DMB resistant mutant 
represented here is JE26529. Error bars represent standard deviation 
of three technical replicates and each experiment was completed 
with three biological replicates, with a representative graph shown. 

TABLE 1. Mutations that revert DMB inhibition. Characterization of DMB resistant gain-of-function (GOF) strains. All mutant strains were deriv-
atives of S. Typhimurium strain JE9426, and details of their isolation are described in Materials and Methods. 

Strain ID 
 

Carbon 
source used 

Location of 
the mutation 

Cellular function of 
affected gene 

Nucleotide 
change Location/annotation 

OD600 after 24 h (SD) 
D-alanine 

+ DMB 
Succinate 

+ DMB 
Tricarbal-

lylate+ 
DMB 

JE26530 D-alanine 
Promoter of 
cycA 

D-serine/D-
alanine/glycine 
transporter 

AàT -77 nt from TSS 
0.48  

(+0.02) NG NG 

JE26843 D-alanine RBS of cycA 
D-serine/D-
alanine/glycine 
transporter 

AàG +71 nt from TSS 
0.50  

(+0.04) NG NG 

JE26529, 
JE26837 

Succinate 5’ UTR of 
dctA 

C4-dicarboxylate 
transporter 

CàT +26 nt from TSS NG 0.65  
(+0.03) 

NG 

JE26835 Succinate CDS of yohM Nickel/cobalt efflux 
pump 

(CGACCA)13→12 coding (D441-446/867 nt) NG 0.76  
(+0.06) NG 

JE26838 Succinate 5’ UTR of 
dctA 

C4-dicarboxylate 
transporter 

GàA +31 nt from TSS NG 0.70  
(+0.03) 

NG 

JE26839, 
JE26841 

Tricarbal-
lylate CDS of tcuC Tricarballylate 

transporter GàA G173S (GGT→AGT) NG NG 0.49  
(+0.03) 

JE26840 Tricarbal-
lylate 

CDS of tcuC Tricarballylate 
transporter 

TàC L135S (TTA→TCA)  NG NG 0.45  
(+0.01) 

JE26842 
Tricarbal-
lylate CDS of tcuC 

Tricarballylate 
transporter GàA G173D (GGT→GAT) NG NG 

0.51  
(+0.01) 

Abbreviations: SD, standard deviation; NG, no growth (OD600 < 0.25); TSS, transcription start site; RBS, ribosome binding site; UTR, untranslated 
region; CDS, coding sequence. 
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DISCUSSION 
In this paper we investigated the molecular basis for the 
toxicity of the nucleobase of CoB12, i.e., 5,6-
dimethylbenzimidazole (DMB) in S. Typhimurium.  

 
DMB targets flavoenzymes 
The data presented in Figure 2 show that DMB inhibits  
S. Typhimurium cell growth under either rich or minimal 
medium and that DMB inhibition mimics the effect of a 
bona fide flavoenzyme inhibitor. Notably, DMB was a much 
better inhibitor in minimal medium when the catabolism of 
the carbon source provided was initiated by a flavoenzyme, 
(e.g., succinate, D-alanine or tricarballylate). Under those 
conditions the exogenous DMB concentration needed to 

fully arrest S. Typhimurium growth was < 1 mM. It is inter-
esting that succinate dehydrogenase (SdhABCD), tricarbal-
lylate dehydrogenase (TcuA) and D-Ala dehydrogenase 
(DadA) are either in close association with the membrane 
(i.e., TcuA, DadA) [40, 41] or are integral membrane pro-
teins (SdhABCD) [42], making their interactions with a hy-
drophobic molecule like DMB more likely to occur during 
transit across the cell membrane, thus blocking the genera-
tion of reducing power, reducing the PMF (Fig. 5) and ulti-
mately ATP generation by the PMF-driven ATP synthase.  

Rosenberg et al. showed that increased levels of intra-
cellular succinate is a signal for Salmonella to activate its 
virulence, and thus important to survive within macro-
phages [43]. In this study we demonstrated disturbance of 
succinate metabolism in the presence of µM levels of DMB 
in-vivo (Fig. 2). This suggests that biosynthesis of DMB, and 
its interference on succinate metabolism might be an add-
ed advantage for pathogenesis of Salmonella.  

 
The methyl substituents of the benzimidazole (Bza) ring 
are critical to DMB toxicity 
Our data support the idea that the methyl groups at posi-
tions 5 and 6 of DMB determine how inhibitory the DMB 
analog is to S. Typhimurium. Additionally, we noticed a 
pronounced effect of 5-Me-Bza when cells were grown on 
tricarballylate (Fig. 3). We speculate that these differences 
in the cytotoxicity of Bza derivatives is likely due to varying 
affinity of the molecule for the target site of the flavoen-
zyme. We believe the observed effects, particularly be-
tween 5-Me-Bza and DMB, are unlikely due to different 
rates of diffusion across the cell membrane, even though 
DMB is slightly more hydrophobic than 5-Me-Bza. A carbon 
source dependency, and the specific structure of a benzim-
idazole derivative suggest that flavoenzymes are the target 
of DMB. Carbon source and benzimidazole structure speci-
ficity also suggest that the main cause for the growth inhi-
bition is likely due to the interference of DMB with fla-
voenzymes, not due to nonspecific effect(s) on cell physi-
ology. However, we do not rule out the possibility that 
DMB could interfere with other cellular processes at low 
mM levels. We tested whether the hydrophobicity of DMB 
could interfere with the integrity of the cell envelope, by 
challenging cells with vancomycin, an antibiotic that does 
not readily permeate through an intact Gram-negative 
outer membrane [44]. We did not observe any increased 
susceptibility to vancomycin in the presence of sub-lethal 
levels of DMB (Fig. S6). 
 
Increased influx of substrate effectively reverses DMB 
inhibition 
The results of all the suppressor analyses we performed 
were consistent with an increased influx of substrate, i.e., 
D-alanine, succinate or tricarballylate. In the case of D-
alanine, results of qPCR analysis showed that the level of 
expression of the cycA gene encoding the D-Ala:H+ sym-
porter increased by almost 2-fold in a strain that was no 
longer sensitive to inhibitory levels of DMB in the medium 
(Fig. 6B). We surmise that the increase in cycA expression 
allowed more substrate to enter the cell, kept the enzyme 

FIGURE 8: Overexpression of tcuC is sufficient for DMB re-
sistance in tricarballylate. (A) relative genetic context depicting 
gain of function mutation in strain JE26839. This strain was origi-
nally isolated from tricarballylate minimal medium contained 
DMB (1 mM). Tricarballylate utilizing genes are arranged into an 
operon in Salmonella, these genes include tcuA encoding tricar-
ballylate dehydrogenase, tcuB encoding FADH2; quinone oxi-
doreductase and tcuC encodes for tricarballylate transporter 
[51]. (B) Growth analysis to study DMB resistance in tricarbal-
lylate is shown. Cells were grown in NCE minimal medium sup-
plemented with tricarballylate (20 mM), glucose (0.5 mM) and 
DMB (1 mM). L-(+)-Arabinose was used at a 0.5 mM final concen-
tration for induction. DMB resistant mutant represented here is 
JE26839. Error bars represent standard deviation of three tech-
nical replicates and each experiment was completed with three 
biological replicates, with a representative graph shown. 
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saturated to prevent DMB from entering the active site 
resulting in growth of the revertant strain in medium con-
taining DMB (Fig. 6C). The A-to-T mutation in the promoter 
region of cycA is likely to be the causative lesion since it 
was the only single-nucleotide change detected after the 
entire genome of the revertant strain was sequenced. This 
conclusion is supported by the increased sensitivity of the 
DMBR (JE26530) strain to D-cycloserine, an antibiotic that is 
translocated into the cell by CycA. It follows that an in-
crease in CycA would result in increased D-cycloserine sen-
sitivity regardless of whether the strain was sensitive or 
resistant to DMB, and that is what we observed for the 
parent strain (JE9426, DMBS) and the DMBR (JE26530) re-
vertant (Fig. 6D). 

Surprisingly, almost all the genomes of DMBR strains we 
sequenced had mutations in the promoters/regulatory 
regions of genes encoding the transporters for D-alanine 
(cycA) and succinate (dctA), or in the coding sequence of 
the tcuC gene encoding the tricarballylate transporter TcuC. 
We suggest that higher DctA levels or a more efficient TcuC 
variant was synthesized in the respective DMBR strain (Ta-
ble 1 and Fig. 7, 8). Notably, overexpression of dctA and 
tcuC in trans was sufficient to phenocopy DMB resistance 
(Fig. 7, 8), and as expected in the case of dctA overexpres-
sion, the DMBR (JE26838) strain became more sensitive to 
5-FOA, a cell inhibitor known to be transported by dctA (Fig. 
7C).  

Not surprisingly, DMB resistance was specific to the 
carbon source used for the isolation of revertant strains 
(Table 1), such a resistance to DMB was not due to a gen-

eralized effect of increased uptake of a carbon source since 
cells grown in glycerol or ribose were not resistant to DMB 
when the transporters for these carbon sources (glpF, 
rbsACB, respectively) were ectopically overexpressed (Fig. 
S4A).  

 
Multiple mechanisms of inhibition by DMB 
DMB is a competitive inhibitor of the cytosolic FMN reduc-
tase (Fre; Fig. 4B), but our data suggest that DMB can also 
be a non-competitive inhibitor (Fig. 9A). In E. coli, a close 
relative of S. Typhimurium, the FAD cofactor of Sdh is at-
tached to residue H45 of the SdhA subunit of the Sdh com-
plex [45-47]. We speculate that in cases like the Sdh com-
plex, where the flavin cofactor is covalently attached to the 
enzyme, DMB may interfere with the substrate binding 
and/or efficient transfer of protons from substrate to FAD.   

We observed that Sdh activity was inhibited by DMB 
with a high Ki (7.1 mM; Fig. 9A and B) in an apparently 
noncompetitive inhibition way. The pattern of Sdh inhibi-
tion suggested that DMB can bind to free and substrate-
bound Sdh complexes [48], hence, we speculate that the 
structural similarities between DMB and the isoalloxazine 
moiety of FAD may allow pi-staking interactions in the ac-
tive site of the enzyme that blocks catalytic turnover. This 
idea is not unprecedented, since a previous study by others 
has predicted formation of pi-staking interactions between 
a benzimidazole and a histidine residue of the active site of 
a sirtuin deacetylase [8]. A noncompetitive inhibition does 
not always rule out binding of the inhibitor to the active 
site. For instance, if an enzyme undergoes multiple transi-

FIGURE 9: DMB inhibits 
succinate dehydrogen-
ase in vitro. (A) Double-
reciprocal plot of initial 
reaction velocities of 
succinate dehydrogen-
ase at varying concen-
trations of succinate 
and different fixed con-
centrations of DMB as 
indicated. Error bars 
represent standard 
deviation of two tech-
nical replicates and 
each experiment was 
replicated twice, with a 
representative graph 
shown. The Ki was cal-
culated by a noncom-
petitive inhibition mod-
el fit using Prism 
(GraphPad, version 9). 
Standard deviation of 

two independent experiments is shown. (B) Effect of the order of adding DMB into the reaction mixture for its inhibition. Reactions were set 
up adding all the reaction components as described in Materials and Methods except succinate and DMB; incubated at RT for 5 min. DMB (3 
mM) or succinate was added to the reaction as indicated and further incubated for 30 s at room temperature. The second missing compo-
nent (either succinate or DMB) was added and progress of the reaction was monitored as described in Materials and Methods. We verified 
the all the reactions were within the linear range of the reaction progress when initial velocities were calculated (data not shown). A paired 
Student's t test was performed to determine statistical significances; ns, not significant. Initial reaction rates were calculated using crude 
extracts of S. Typhimurium grown in NCE minimal medium supplemented with succinate as the main source of carbon and energy. 
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tions during a single catalytic cycle and if some transition 
conformation(s) of the active site favor binding of the in-
hibitor, this would yield a non-competitive pattern of inhi-
bition [49, 50]. This notion of DMB interference with the 
catalytic turnover of the Sdh complex, but not to replace 
the flavin from its active site was supported as we ob-
served a lack of response to exogenous flavins in cells 
grown in succinate as the source of carbon under DMB 
stress (Fig. S5B). In addition, it is important to notice that 
all three transporters we discussed in this study (DctA, 
CycA and TcuC) are substrate:proton symporters, which 
implies their activity is dependent on PMF [51-53]. In this 
case, it is likely that a reduced PMF caused by DMB would 
decrease the uptake of the substrate, which in turn would 
lower the generation of reducing power creating a nega-
tive feedback loop. In addition, as we have shown with the 
activity of the Sdh complex, the inhibitory effect of DMB 
could magnified under sub-saturating levels of succinate 
(Fig. 9B, gray vs red bars in both cases of inhibition). As 
observed with the gain-of-function mutants described in 
this study S. Typhimurium can overcome the inhibitory 
effect of DMB by increasing the uptake of succinate.   
 
Concluding remarks 
We suggest that the structural similarities between DMB 
and flavins cause a redox problem for the cell when the 
concentration of exogenous DMB is sufficiently high for it 
to cross the cell membrane and reach inhibitory levels in-
side the cell. The data indicate that DMB could inhibit an 
enzyme which is in a transient association with flavins (e.g., 
Fre) and flavoenzymes whose cofactor does not diffuse out 
of the active site (e.g., SdhABCD). The antagonistic effect of 
DMB on flavoenzymes may be the major mode of toxicity 
on cellular growth. However, we cannot rule out other 
possible inhibitory effects on cell metabolism. 
 
MATERIALS AND METHODS 
Bacterial strains and chemicals. 
All strains constructed were derivatives of Salmonella enterica 
subsp. enterica serovar Typhimurium strain LT2 (referred to as 

S. Typhimurium). All strains used in this study, including E. coli 
strains used for protein overexpression, are listed in Table 2. 
Unless otherwise indicated, chemicals were obtained from 
Sigma-Aldrich, and were used without further purification.  
5-Hydroxybenzimidazole was purchased from Combi-Blocks 
Inc (San Diego, CA). Stock solutions of all the bases were pre-
pared in dimethylsulfoxide (DMSO).  
 
Culture media and growth studies 
All strains were grown in lysogenic broth (LB, Difco) or no-
carbon essential (NCE) minimal medium [54]. NCE medium 
was supplemented with MgSO4 (1 mM), Wolfe’s trace miner-
als (1×) [55] and glucose (11 mM), ribose (22 mM), glycerol (20 
mM), succinate (30 mM), D-alanine (20 mM) or tricarballylate 
(20 mM) were used as carbon and energy sources at the stat-
ed concentrations. Medium supplemented with succinate also 
contained a low concentration of sodium acetate (0.5 mM), 
whereas glucose (0.5 mM) was added to the medium when  
D-alanine or tricarballylate was used as the carbon source. 
When used, antibiotics were added at the following concen-
trations: ampicillin, 100 μg/mL; chloramphenicol, 20 μg/mL; 
and kanamycin, 50 μg/mL. Cultures used as inoculant were 
grown overnight (~20 h) at 37°C in LB, and small samples (2%, 
v/v) were used to inoculate 196 μL of fresh medium placed in 
each well of a 96-well microtiter plate. L-(+)-Arabinose was 
used as an inducer wherever indicated. Microtiter plates (Fal-
con) were incubated at 37°C inside the temperature-
controlled chamber of a microtiter plate reader (BioTek In-
struments), and plates were continuously shaken using the 
medium setting of the instrument. Cell density was monitored 
at 630 nm, and data were analyzed using Prism software 
package v9 (GraphPad). Growth rate calculations were per-
formed using online tools. The calculations include confidence 
intervals for Gompertz models (https://scott-h saun-
ders.shinyapps.io/gompertz_fitting_0v2/). When taking the 
viable counts to determine the cell survival, appropriate dilu-
tions were prepared using saline (0.9 % w/v NaCl), samples 
were plated on LB agar plates and plates incubated overnight 
(~20 h) at 37°C. 

FIGURE 10: S. Typhimurium responds to exoge-
nous riboflavin under DMB stress, but growth 
cannot be fully recovered. (A) Cells were grown in 
lysogeny broth with (squares) or without (circles) 
riboflavin (0.75 mM). Cultures with added DMB (2 
mM) are shown in filled shapes. Black colored 
graphs represent araB9 strain (JE10079) and or-
ange graphs represent ara9 /pPnuX+ (JE26910) 
strain harboring C. glutamicum riboflavin trans-
porter gene pnuX in trans. (B) Heterologous ex-
pression of C. glutamicum riboflavin transporter 
gene pnuX increased its sensitivity to roseoflavin, a 
toxic analog of riboflavin; cultures were grown in 
lysogeny broth containing roseoflavin (500 μM). L-
(+)-Arabinose (0.5 mM) was added to the medium 
to induce gene expression. Error bars represent 
standard deviation of three technical replicates and 
each experiment was completed with three biolog-
ical replicates, with a representative graph shown. 
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Selection for DMB resistant mutants and whole genome se-
quencing 
Spontaneous DMB resistant strains were isolated by spreading 
~2 x 108 cells per plate of wild-type S. Typhimurium (strain 
JE9426) grown in LB on NCE minimal medium supplemented 
with agar (1.5 % w/v) and DMB (0.7-1 mM). Plates were incu-
bated at room temperature (~25°C) for 4-5 days. Samples 
were taken from isolated colonies and streaked three consec-

utive times on LB plates. DMB resistance of isolated mutants 
was verified by growing them in liquid NCE minimal medium 
supplemented with DMB (0.7-1 mM). 

For whole genome sequencing, we isolated genomic DNA 
(gDNA) from strains JE26529 (dctA81) and JE26530 (cycA1) 
grown overnight in 4 mL of LB, gDNA was precipitated using 
isopropanol as describe elsewhere [56]. DNA quality was ana-
lyzed using a Qubit 4 fluorometer with the DNA broad range 

TABLE 2. Bacterial strains and plasmids used in this study. 

Strain Relative genotype Sourcea 
E. coli strains 
DH5a Φ80dlacZΔM15 recA1 endA1 gyrA96 thi-1 hsdR17 (rk-, mk+) supE44 

relA1 deoR Δ(lacZYA-argF) U169 phoA 
Laboratory collection 

C41(λDE3) ompT hsdS (rBmB) gal λ(DE3) Laboratory collection 
S. Typhimuriumb strains 
JE9426 Salmonella enterica subsp. enterica serovar Typhimurium LT2 

reference genome 
Gift from from D. M. Downs 

JE26530 cycA1  
JE26843 cycA2  
JE26529 dctA81  
JE26835 yohM200  
JE26837 dctA81  
JE26838 dctA82  
JE26839 tcuC58  
JE26840 tcuC59  
JE26841 tcuC58  
JE26842 tcuC60  
JE10079 araB9  
JE26754 araB9 / pCYCA1  
JE26906 araB9 / pDCTA1  
JE26964 araB9 / pGLPF1  
JE26998 araB9 / pTCU97  
JE26999 araB9 / pTCU98  
JE26910 araB9 / pCgPnuX2  
JE27053 araB9 / pRBS1  
JE26616 araB9 / pCV1  
JE23873 araB9 / pCV3 Laboratory collection 
JE10813 araB9 / pKD46 Laboratory collection 
JE27069 araB9 rbs81::kan+  
JE27082 araB9 rbs81::kan+ / pRBS1  
JE27083 araB9 rbs81::kan+ / pCV1  
Plasmid Description Sourcea 
pCV1 Complementation vector ParaBAD bla+  [58] 
pCV3 Complementation vector ParaBAD cat+ [58] 
pCYCA1 S. Typhimurium cycA+ cloned into pCV3  
pDCTA1 S. Typhimurium dctA+ cloned into pCV1  
pTCU97 S. Typhimurium tcuC+ cloned into pCV1  
pTCU98 S. Typhimurium tcuC58+ encoding TcuCG173S in pCV1  
pGLPF1 S. Typhimurium glpF+ cloned into pCV1  
pRBS1 S. Typhimurium rbsACB+ cloned into pCV1  
pCgPnucX2 Cornyebacterium glutamicum pnuX+ cloned into pCV3 Laboratory collection 
pTEV18 TEV protease-cleavable, N-terminal H6 tag overexpression vector [58] 
pFRE4 S. Typhimuriuma fre+ cloned into pTEV18  
pKD4 Template plasmid carrying kan+ gene [59] 
pKD46 Expresses l Red recombinase system [59] 
a Unless otherwise stated strains and plasmids were constructed during this work. 
b S. Typhimurium is an abbreviation of Salmonella enterica subspecies enterica serovar Typhimurium strain LT2 

https://onlinelibrary.wiley.com/doi/10.1111/mmi.13901#mmi13901-note-0101_110
https://onlinelibrary.wiley.com/doi/10.1111/mmi.13901#mmi13901-note-0101_110
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(BR) assay kit (Invitrogen). High-throughput genome sequenc-
ing was carried out on the Illumina platform NovaSeq PE150 at 
Novogene Corporation Inc (Sacramento, CA). Alignments were 
generated by mapping the reads to the reference genome of  
S. Typhimurium (NCBI accession no NC_003197.2 & 
NC_003277.2) using Integrative Genomic Viewer (IGV_2.11.9). 

Extraction of gDNA, whole genome sequencing and muta-
tions calling for rest of the mutant strains were performed at 
SeqCenter sequencing facility (Pittsburgh, USA). For the whole 
genome sequencing of these strains Illumina 200 Mbp pack-
age was used, and variant calling was performed against the 
reference genome of S. Typhimurium (NCBI accession no 
NC_003197.2 & NC_003277.2).  

 
Test for antibiotic susceptibility 
An overnight culture (~20 h) of S. Typhimurium (JE9426) 
grown in LB was diluted to a ~1 x 108 CFU/ mL in saline (0.9% 
w/v NaCl) and cells (150 μL) were spread onto Muller Hinton 
agar plates (Sigma-Aldrich) supplemented with DMB or eth-
ylenediaminetetraacetic acid (EDTA, 250 μM). Plates were 
dried at room temperature for 10 min, sterilized E-strips of 
vancomycin (Liofilchem) were placed, and plates were incu-
bated at 37°C for ~18-20 h. Minimum inhibitory concentration 
(MIC) was determined as the value where the zone of inhibi-
tion intersected with the strip. 
 
Plasmid construction 
All plasmids used in this work are listed in Table 2. Primers 
used in this study were synthesized by Integrated DNA Tech-
nologies, Inc. (IDT,Coralville, IA]), and are listed Table 3. Genes 

cycA (stm4398), dctA (stm3614), and tcuC (stm0689) glpF 
(stm4087) and rbsACB (stm3882-4) were amplified using 
Phusion high fidelity polymerase (Thermo Fisher Scientific). 
PCR products were analyzed on 0.8% agarose (w/v, Apex Bio-
Reserach) gels after staining with ethidium bromide (Sigma, 
0.5 μg/mL) and cleaned up using the Wizard SV gel and PCR 
cleanup system (Promega). The cycA amplicon was cloned into 
pCV3 vector whereas dctA, tcuC, glpF, and rbsACB amplicons 
were cloned into pCV1 followed by BspQI restriction digestion 
as described elsewhere [57, 58]. Following the same proce-
dure fre (STM3979) was cloned into pTEV18 [58] for overex-
pression. After transformation of cloned plasmids into E. coli 
DH5a cells, followed by selecting with appropriate antibiotics 
a colony PCR screen was performed to identify plasmids carry-
ing an insert with the expected size. Plasmids were isolated 
using the Wizard Plus SV miniprep kit (Promega) and sequence 
of the cloned region was verified at the sequencing facility of 
Eton Bioscience, Inc. Plasmids pCYCA1, pDCTA1, pTCU97, 
pGLPF1 and pRBS1 were electroporated into an S. Typhimuri-
um araB9 strain (JE10079) for growth studies. 

Site directed mutagenesis was performed to change posi-
tion 173 from a glycine to serine in TcuC, using plasmid 
pTCU97 as template. Primers for mutagenesis was designed 
using PrimerX (https://www.bioinformatics.org/primerx/, 
Table 3) and PCR amplification followed by DpnI restriction 
digestion to cleave the template was performed following the 
QuickChange site directed protocol (Stratagene), but changed 
the extension temperature to 68°C and extension time of 2.5 
min per kb in our amplification reactions. Mutations were 
confirmed by Sanger sequencing (Eton Bio, NC). The resulting 

TABLE 3. List of primers used in this study. 

Primer Sequence 
Primers used for plasmid construction 
270.Fre.pTEV18_F NNGCTCTTCNTTCATGACAACCTTAAGCTGTAAAG 
271.Fre.pTEV18_R NNGCTCTTCNTTATTAAATAAATGCGAACGCATCG 
287.cycA.BspQI_F NNGCTCTTCNTTCATGGTAGATCAGGTAAAAGTCGC 
288.cycA.BspQI_R NNGCTCTTCNTTATTAACGCATTCCCGCCATC 
319.dctA_BspQI_F NNGCTCTTCNTTCATGAAAACCTCTCTGTTCAAAAG 
320.dctA_BspQI_R NNGCTCTTCNTTATTAGGAGGAAATTTCGTGCG 
343.glpF.BspQI_F NNGCTCTTCNTTCATGAGTCAAACATCAACCTTAAAAG 
344.glpF.BspQI_F NNGCTCTTCNTTATTACAGCGAAGCATTTTGTTG 
351.tcuC.BspQI_F NNGCTCTTCNTTCATGGCACAACACACACC 
352.tcuC.BspQI_R NNGCTCTTCNTTATCAGGCTTTATTTTCTGCCG 
373.rbsA.BspQI_F NNGCTCTTCNTTATTACTGCTTGACCAGTTC 
374.rbsB.BspQI_R NNGCTCTTCNTTATTACTGCTTGATGACCAGTTTC 
Primers used for site-directed mutagenesis 
339.TcuC.G173S_F GTTGTTGCCGCGTTGATTAGTTATAGCCTGAATATC 
340.TcuC.G173S_R GATATTCAGGCTATAACTAATCAACGCGGCAACAAC 
Primers used for chromosomal gene deletion 
378.W_rbsA-C_F CTGAACCTGATCCCGCAGTTGACCATTGCGGAAAACGTGTAGGCTGGAGCTGCTTC 
379.W_rbsA-C_R AACATCCGGATGCGCGGTTAGCAGGTTCTGCATGACCATATGAATATCCTCCTTAG 
Primers used for RT-qPCR 
251.cycA.qPCR_F CCATCTATAAGATGCCGCTCGG 
252.cycA.qPCR_R CGTATCGTCTTCCAGCGTCAG 
257.gyrA.qPCR_F GGGCGTTATCCTTATCCGCAC 
258.gyrA.qPCR_F GCCGTCGATAGCGTCGAGTTC 
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plasmid (pTCU98) was electroporated into an S. Typhimurium 
araB9 strain (JE10079) for growth studies. 

 
Strain construction 
In-frame chromosomal deletion of ribose ABC type trans-
porter genes (rbsACB) was constructed using phage λ Red 
recombinase system described elsewere [59, 60]. Briefly, an 
amplicon containing kanamycin resistance cassette with flank-
ing homologous regions to S. Typhimurium rbsA and rbsB was 
amplified and purified following the same procedure de-
scribed under Plasmid construction section. For this purpose, 
pKD4 plasmid [59] was used as the template and primers con-
tained homologous regions are listed in Table 3. Amplicon (~1 
μg) was electroporated into electrocompetent araB9 strain 
harboring plasmid pKD46, which encoded λ Red recombinase 
(JE10813). Cells were then recovered with 1 mL of Super Op-
timal Broth (SOB) supplemented with glucose (20 mM) for 1 h 
at 37°C and plated on LB agar (1.5 %) supplemented with kan-
amycin (50 μg/mL). Recombination on KanR resistant colonies 
was verified by a colony PCR and chromosomal deletion was 
reconstructed into strain JE10079 (araB9) using P22-mediated 
transduction of the drug marker of a selected colony. 
 
Overproduction and purification of Fre 
Overproduction and purification of S. Typhimurium Fre en-
zyme was performed with modifications to a protocol de-
scribed elsewhere [28]. Briefly, the plasmid encoding H6-Fre 
(pFRE4) was transformed into E. coli strain C41 (λDE3). This 
overexpression strain was grown in a 1L of Terrific Broth (Cold 
Spring Harbor Laboratory Protocols) with ampicillin at 37°C 
with shaking (180 rpm) to an OD600 of ~ 0.9, induced with iso-
propyl-b-D-thiogalactopyranoside (IPTG) to a final concentra-
tion of 0.4 mM and further incubated for 2 h under the same 
conditions. Cells were harvested by centrifugation at 6,000 x g 
for 15 min at 4°C and the pellet was stored at -80°C until used. 

The cell pellet was resuspended in 25 mL of binding buffer 
[20 mM Tris-HCl at pH 7.9 containing NaCl (500 mM) and im-
idazole (5 mM)] supplemented with protease inhibitor phe-
nylmethylsulfonylfluoride (PMSF, 1 mM), lysozyme (1 mg/mL), 
and DNase (0.1 mg/mL). Cells were lysed on ice for four, 30-s 
cycles of sonication (2 s on, 2 s off) at 50% amplitude on a 
Qsonica sonicator and lysate was centrifuged at 40,000 x g for 
2 h at 4°C using an Avanti J-25I refrigerated floor centrifuge 
equipped with a JA-25.25 rotor (Beckman Coulter). The clari-
fied cell free extract was loaded onto 3-mL column volume 
(CV) of nickel-nitrilotriacetic acid (Ni-NTA) affinity resin (HisPur, 
Thermo Fisher Scientific). The column was washed with 10 CVs 
of bind buffer followed by 6 CVs of wash buffer [20 mM Tris-
HCl at pH 7.9 containing NaCl (500 mM) and imidazole (60 
mM)]. Protein was eluted off the column with two CVs of elu-
tion buffer [20 mM Tris-HCl at pH 7.9, containing NaCl. (500 
mM) and imidazole (400 mM)]. Fractions containing eluted 
protein were pooled, and protein concentration was quanti-
fied spectrophotometrically (NanoDrop 1000; Thermo Fisher 
Scientific) using the molar extinction coefficient (34380 M-1cm-

1) and molecular mass (29.58 kDa). To cleave H6- tag, recombi-
nant tobacco etch virus (rTEV) protease [61] was added at a 
ratio of 1 mg TEV: 75 mg protein and dialyzed overnight and 
then two times of 3-h each against the binding buffer at 4 °C. 
Dialyzed protein was re-loaded onto the Ni-NTA column and 
repeated the purification with 4 CVs of binding buffer, 3 CVs of 
washing buffer and 2CVs of elution buffer. Fraction containing 

tag-less Fre were pooled and dialyzed against Tris-Cl buffer [50 
mM at pH 8 containing ethylenediaminetetraacetic acid (EDTA, 
1 mM) and tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 
0.5 mM)] with decreasing amounts of NaCl down to 250 mM 
at 4°C. A final dialysis was performed against the latter buffer 
containing 10% glycerol and 150 mM of NaCl at 4°C for 3 h. 
Protein was quantified after dialysis using Bradford protein 
assay (Bio-Rad Laboratories) according to the manufacturer’s 
instructions. Protein was flash frozen in liquid nitrogen and 
stored at -80°C until use.  

 
Determination of inhibition kinetics of flavin reductase, Fre 
To determine the inhibition kinetics of flavin reductase, activi-
ty of the enzyme was measured upon exposure to different 
concentrations of DMB. Activity was determined under aero-
bic conditions by measuring the oxidation of NADH at 340 nm 
as described elsewhere [62]. Reactions were set up in a 96-
well plate and performed at the room temperature. Reaction 
mixture contained Fre enzyme (30 nM) and NADH (180 μM) in 
N-(2-hydroxyethyl)piperazine-N9-(3-propanesulfonic acid) 
(HEPPS) buffer (200 mM, pH 7.5). Different fixed concentra-
tions of DMB were added to the reactions and incubated for 5 
min. Reactions were started by the addition of varying con-
centrations of FMN, and absorbance at 340 nM was measured 
for 10 min at 30 s intervals using a Spectramax Plus UV-visible 
spectrophotometer (Molecular Devices). Reaction rate was 
determined by measuring by simple linear regression and 
using the molar absorptivity for NADH (6,220 M-1 cm-1). The 
inhibition constant (Ki) was calculated by a competitive inhibi-
tion model fit using Prism (GraphPad, v9) software and the 
statistical significance was determined using unpaired t test. 
 
Preparation of crude extracts for Sdh assay 
Crude extracts were prepared by growing wild-type S. Typhi-
murium (strain JE9426) in minimal medium supplemented 
with succinate as the main source of carbon and energy. Brief-
ly, NCE minimal medium (200 mL) supplemented with succin-
ate (30 mM) and sodium acetate (0.5 mM) was prepared as 
described under the Culture media and growth studies section. 
Overnight culture (~16-20 h) grown in LB was used to inocu-
late (2.5 % v/v) and cultures were harvested at early station-
ary phase (OD600 ~ 1) by centrifugation at 6,000 x g for 15 min 
at 4°C. Pellet was washed with saline (0.9% w/v NaCl) and 
stored at -80°C until used. 

The cell pellet was resuspended in 20 ml of potassium 
phosphate buffer (50 mM, pH 7.5) supplemented with lyso-
zyme (1 mg/mL), DNase (0.1 mg/mL) and a cocktail of prote-
ase inhibitors (1x, Pierce™ Protease Inhibitor Tablet). Cells 
were lysed by passing them three times through a cell disrup-
tor (Constant Systems) set at 1.72 x 105 kPa. Cell lysate was 
centrifuged at 25,000 x g for 12 min at 4°C using an Avanti J-
25I refrigerated floor centrifuge equipped with a JA-25.25 
rotor (Beckman Coulter) to pellet down cell debris. Crude ex-
tract was concentrated using a Amicon Ultra-15 Centrifugal 
Filter Unit (10 kDa cutoff) and dialysis three times against po-
tassium phosphate buffer (50 mM, pH 7.5) containing NaCl 
(100 mM) at 4°C. Final dialysis buffer was supplemented with 
glycerol (10% v/v). Total protein was quantified using Bradford 
protein assay (Bio-Rad Laboratories) and was flash frozen in 
liquid nitrogen and stored at -80°C until use. 
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Determination of inhibition kinetics of succinate dehydro-
genase 
Succinate dehydrogenase activity of the crude extract was 
measured by following the reduction of 2,6-dichlorophenol-
indophenol (DCPIP) as described elsewhere [63]. In this assay 
oxidation of succinate was coupled to the reduction of DCPIP. 
Assay was set up in 96-well plate at room temperature. Reac-
tion mixtures contained potassium cyanide (10 mM), phena-
zine methosulphate (0.5 mM), DCPIP (0.3 mM), in potassium 
phosphate buffer (50 mM, pH 7.5). Crude extract was added 
to a final total protein concentration of 0.4 mg/mL. Different 
fixed concentrations of DMB were added to the reactions and 
incubated for 5 min. When adding different concentrations of 
DMB to the reaction, different stock solutions were prepared 
to make the introducing volume of DMSO consistent among 
different reactions. Reactions were started by the addition of 
varying concentrations of succinate and coupled reduction of 
DCPIP was monitored at 600 nm for 15 min with 30 s intervals 
using a Spectramax Plus UV-visible spectrophotometer (Mo-
lecular Devices). When tested for order of addition of DMB to 
the reaction, a reaction mixture prepared either adding DMB 
or succinate, incubated 30 s at RT and added the missing reac-
tion component (succinate or DMB) before start monitoring 
OD600. Reaction rate was determined by linear regression and 
using the molar absorptivity for DCPIP (21,500 M-1 cm-1) [64]. 
The inhibition constant (Ki) was calculated by noncompetitive 
inhibition model using Prism (GraphPad, v9) and the statistical 
significance was determined using paired t test. 
 
RNA isolation 
Strains JE9426 (wild-type) and JE26530 (DMBR gain of func-
tion) were grown overnight in triplicate in LB and sub-cultured 
(5% v/v) into 5 mL of NCE minimal medium supplemented 
with MgSO4 (1 mM), Wolfe’s trace minerals (1x), D-alanine (20 
mM), glucose (0.5 mM) and DMB (0.2 mM). Cultures were 
grown with shaking (180 rpm) at 37°C to an optical density at 
600 nm of ~0.5, and cells were harvested by centrifugation at 
3,220 x g for 10 min using an Eppendorf 5810 R benchtop 
centrifuge. Pellets were flash-frozen in liquid nitrogen and 
stored at -80°C until further processing. RNA was isolated 
following the RNAsnap protocol [65]. Pellets were resuspend-
ed in 150 μL of boil solution (18 mM EDTA, 0.025% [w/v] SDS, 
95% [v/v] RNA-grade formamide, 1% [v/v] 2-mercaptoethanol) 
and were vigorously vortexed. Pellets were incubated at 95°C 
for 7 min and centrifuged at 16,000 x g for 5 min at room 
temperature. The supernatant (150 μL) was transferred to a 
fresh tube and diluted by adding of 400 μL of RNase-free wa-
ter. RNA precipitation was initiated by adding of 50 μL of sodi-
um acetate (3 M, pH 5.2; final concentration, 0.3 M) and 1650 
μL of ice-cold absolute ethanol (100%). Samples were vor-
texed and incubated overnight at -80 °C. After incubation, 
samples were centrifuged at 16,000 x g for 30 min at 4°C, and 
supernatant was decanted off. Pellet was wash by adding 300 
μL of ice-cold ethanol (70% [v/v]), centrifuged at 8,000 x g for 
5 min at 4°C to remove ethanol and pellets were allowed to air 
dry. RNA pellets were resuspended 100 μL in RNase-free wa-
ter. Insoluble contaminants were removed by centrifugation 
at 16,000 x g for 1 min and supernatant (90 μL) was trans-
ferred to a new tube. A DNAse treatment was performed us-
ing Turbo DNA-free kit according to the manufacturer’s in-
structions (Thermo, Fisher Scientific). Following the DNase 
treatment, samples were centrifuged at 10,000 x g for 1.5 min, 

and 90 μL was transferred into a new tube. A final sodium 
acetate-ethanol precipitation was performed as described 
above. The yield and quality of purified RNA was analyzed 
using a Qubit 4 fluorometer with the RNA broad range (BR) 
assay kit and the RNA IQ assay kit, respectively (Invitrogen). 
Samples with an RNA IQ value of 7 or higher were used for RT-
qPCR experiments. 
 
cDNA synthesis and quantitative reverse transcription PCR 
(RT-qPCR) 
cDNA templates for RT-qPCR were synthesized using the iS-
cript cDNA synthesis kit (Bio-Rad Laboratories) according to 
the manufacturer’s protocol with a final RNA concentration of 
12.5 ng/μL in the reaction mixture. Quantitative PCR reactions 
were set up in a 96-well plate using FastSYBR green master 
mix (Applied Biosystems) following manufacturer’s instruc-
tions. Each reaction mixture (20 μL) contained 10 μL FastSYBR 
green master mix, gene-specific primers (500 ng each; Table 3), 
and cDNA (25 ng). Real-time data acquisition was performed 
using a 7500 Fast real-time PCR system (Applied Biosystems). 
Cycle threshold (CT) values were normalized to the gyrA gene 
[66]. Three biological replicates of each strain were analyzed 
with three technical replicates in each. These normalized val-
ues (ΔCT) were transformed using 2(e-ΔCT)/106 [67] and were 
reported as the gene expression ratio of the mutant strain 
(JE26530) to the WT strain (JE9426). Statistical significance 
was determined using unpaired t test in Prism (GraphPad, v9) 
software. 
 
EtBr accumulation assay 
Effect of DMB on the PMF was measured by an EtBr accumula-
tion assay as outlined elsewhere [29]. Strain JE9426 (wild-
type) was grown overnight (~20 h) in LB and sub-cultured into 
(5% v/v) NCE minimal medium as described under culture 
media and growth studies section). Cultures were grown with 
shaking (180 rpm) at 37°C to an optical density at 600 nm of 
~0.5 and treated for 15 min with various concentrations of 
DMB or other bases under the same conditions. Carbonyl cya-
nide m-chlorophenylhydrazone (CCCP; 50 μM final) was used 
as positive control for the assay. Cultures (200 μL) were trans-
ferred into a black, round-bottom 96-well microtiter plate, and 
EtBr was added to a final concentration of 6.25 μM. Relative 
fluorescence was monitored immediately after addition of 
EtBr using a BioTek Gemini fluorescent plate reader for 4 min 
at 530 nm and 600 nm excitation and emission wavelengths, 
respectively. The rate of relative fluorescence was determined 
by simple linear regression and significance was determined 
by paired t test using Prism (GraphPad, version 9) software. 
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