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ABSTRACT Evolutionary trajectories and mutational landscapes of drug-resistant
bacteria are influenced by cell-intrinsic and extrinsic factors. In this study, | demon-
strated that loss of the Lon protease altered susceptibility of Escherichia coli to trim-
ethoprim and that these effects were strongly contingent on the drug concentration
and genetic background. Lon, an AAA* ATPase, is a bacterial master regulator pro-
tease involved in cytokinesis, suppression of transposition events, and clearance of
misfolded proteins. | show that Lon deficiency enhances intrinsic drug tolerance at
sub-MIC levels of trimethoprim. As a result, loss of Lon, though disadvantageous un-
der drug-free conditions, has a selective advantage at low concentrations of trim-
ethoprim. At high drug concentrations, however, Lon deficiency is detrimental for E.
coli. | show that the former is explained by suppression of drug efflux by Lon, while
the latter can be attributed to SulA-dependent hyperfilamentation. On the other
hand, deletion of lon in a trimethoprim-resistant mutant E. coli strain (harboring the
Trp30Gly dihydrofolate reductase [DHFR] allele) directly potentiates resistance by en-
hancing the in vivo stability of mutant DHFR. Using extensive mutational analysis at
3 hot spots of resistance, | show that many resistance-conferring mutations render
DHFR prone to proteolysis. This trade-off between gaining resistance and losing in
vivo stability limits the number of mutations in DHFR that can confer trimethoprim
resistance. Loss of Lon expands the mutational capacity for acquisition of trim-
ethoprim resistance. This paper identifies the multipronged action of Lon in trim-
ethoprim resistance in E. coli and provides mechanistic insight into how genetic
backgrounds and drug concentrations may alter the potential for antimicrobial resis-
tance evolution.

IMPORTANCE Understanding the evolutionary dynamics of antimicrobial resistance
is vital to curb its emergence and spread. Being fundamentally similar to natural se-
lection, the fitness of resistant mutants is a key parameter to consider in the evolu-
tionary dynamics of antimicrobial resistance (AMR). Various intrinsic and extrinsic fac-
tors modulate the fitness of resistant bacteria. This study demonstrated that Lon, a
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forms the basis of our understanding of the evolutionary dynamics of drug resistance.
Though conceptually straightforward, this idea is rendered complex in practice since
the fitness of drug-resistant strains is influenced by several cell-intrinsic and extrinsic
factors. For instance, recent studies have demonstrated that the outcomes of selection
for resistance can be influenced by environmental factors such as drug concentration
(1-4), drug exposure duration (2, 5), and drug interactions (6, 7). Among cell-intrinsic
factors, genetic background is an important determinant of how drug resistance
evolution proceeds. For instance, genetic backgrounds prone to hypermutation alter
the mutational spectrum observed for rifampin-resistant Escherichia coli and Pseudomo-
nas aeruginosa (8, 9). Similarly, efflux pump-overproducing Gram-negative bacteria act
as primers for the development of high-level multidrug resistance (10, 11).

A growing body of literature indicates that perturbation of the Lon protease in
bacteria such as Escherichia coli alters survival upon antibiotic challenge. Lon is an
ATP-dependent serine protease that belongs to the type AAA™ ATPase family. Though
initially identified as a mediator of filamentation under conditions of UV exposure (12),
Lon is now recognized as a master regulator of bacterial physiology. Through its
ATP-dependent protease activity, Lon modulates the levels of short-lived proteins in
bacteria and hence influences cellular functions as diverse as cytokinesis (13, 14),
suppression of DNA transposition (15), and activation of toxins (16). Proteomics studies
have identified several additional substrates for Lon in E. coli, hinting at a far greater
influence of this protease on bacterial physiology than was previously understood (17).
Lon deletion in E. coli suppresses persistence to antibiotics such as ciprofloxacin,
indicating that Lon activity enhances persister populations in bacteria (18, 19). Deletion
of the lon gene also results in enhanced levels of MarA, an activator of drug efflux
through the AcrAB-TolC pump (20). As a result, Lon-deficient E. coli can tolerate higher
concentrations of several antibiotics such as tetracycline, kanamycin, and erythromycin
than Lon-producing bacteria (21, 22). These findings have put Lon on the AMR map,
and, given its role in the pathogenesis of bacteria such as Salmonella enterica serovar
Typhimurium and Pseudomonas aeruginosa, inhibitors of Lon have been suggested as
novel antimicrobials (23-27).

In addition to influencing survival in antibiotics, a few studies have shown that Lon
modifies the evolutionary dynamics of AMR in E. coli. Nicoloff and Andersson (22)
showed that Lon-deficient E. coli evolved multidrug resistance more rapidly that
wild-type bacteria. This was attributed to insertion (IS) element-mediated duplication of
genes coding for the AcrAB drug efflux pump. Interestingly, the resistance-conferring
effects of this duplication were contingent on the absence of Lon (22). In a similar vein,
Bershtein et al. (28) have demonstrated that Lon activity has the potential to influence
genotype-phenotype correlation in E. coli. Lon, together with bacterial chaperones such
as GroEL, modifies the folding environment within bacterial cells, which can have a
profound effect on the fitness of mutant bacteria. It was demonstrated that loss of
bacterial fitness due to destabilizing mutations in dihydrofolate reductase (DHFR) can
be partially compensated by loss of Lon activity (28). Further, Lon activity can also
influence the level of resistance conferred by mutations in DHFR to the antifolate
antibiotic trimethoprim. This was also attributed to the activity of Lon against partially
folded mutants of DHFR and, in particular, was found to impact the phenotypes of
DHFR with multiple mutations (29). Thus, the presence or absence of Lon appears to be
an important cell-intrinsic factor governing adaptation to drugs in bacteria such as E.
coli.

In this study, | found that loss of Lon activity altered the survival and growth of E.
coli upon trimethoprim challenge. Trimethoprim is a competitive inhibitor of bacterial
DHFR enzymes. Clinical resistance to this antibiotic is mediated primarily by acquisition
of drug-resistant, plasmid-encoded DHFR (30). However, genomic resistance to trim-
ethoprim does evolve rapidly in laboratory strains of E. coli and primarily maps to a few
mutational hot spots within endogenous DHFR, encoded by the folA gene (31-33). This
has made genomic trimethoprim resistance in E. coli an attractive model to investigate
the evolution of drug resistance (29, 31-33). | report that the phenotypic effects of Lon
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deficiency varied qualitatively and quantitatively depending on drug concentration,
being beneficial at low drug concentrations but detrimental in the presence of high
drug concentrations. Using genetic tools, | provide mechanistic explanations for each
of these observations. Further, | show that Lon deficiency can enhance the mutational
potential for trimethoprim resistance of DHFR. Through these analyses, | show that
perturbation of master regulators such as Lon can produce highly contingent pheno-
types owing to their multifaceted influence on bacterial physiology.

RESULTS

Drug concentration-dependent effects of Lon deficiency in E. coli challenged
with trimethoprim. In order to test how the Lon protease impacted the intrinsic
susceptibility of E. coli to antibiotics, | created a Lon-deficient strain by replacing the lon
gene with a kanamycin resistance cassette (here referred to as E. coli Alon) (Fig. 1A). |
then compared the dose-response characteristics of Lon-deficient and wild-type E. coli
strains against 5 antibiotics with different mechanisms of action. Deletion of lon had no
detectable impact on susceptibility to ampicillin, chloramphenicol, nalidixic acid, and
rifampin (see Fig. S1 in the supplemental material). However, Lon deletion significantly
improved the ability of E. coli to resist growth inhibition by trimethoprim. E. coli Alon
had an ~4-fold-higher IC5, (concentration needed for 50% growth inhibition) for
trimethoprim than the wild-type strain (Fig. 1B), though no change in the MIC of the
drug was detectable (Fig. 1B). These effects could be partially reversed by expressing
Lon protease heterologously in the Alon strain (Fig. 1B). This observation suggested
that loss of Lon may be advantageous at sub-MICs of trimethoprim. To confirm this
hypothesis, | allowed wild-type and Alon E. coli strains to compete in the presence or
absence of trimethoprim. Deletion of lon was costly, as it reduced the relative fitness (w)
of E. coli in drug-free medium (Fig. 1C). However, the presence of sub-MIC trimethoprim
in growth medium enhanced the relative fitness of the Alon strain in a dose-dependent
manner, such that at concentrations higher than 200 ng/ml, Lon-deficient E. coli
outcompeted the wild type (Fig. 1C). | next asked if the enhanced growth of E. coli Alon
in sub-MIC trimethoprim could be attributed to greater drug tolerance. E. coli Alon
showed wild-type-like zones of clearance (ZOCs) in a standard disc diffusion assay for
trimethoprim sensitivity, in line with the similar MICs of the two strains (Fig. 1D).
However, in a TDtest for drug tolerance (34) that assays for the presence of surviving
bacteria within the ZOC, E. coli Alon showed significantly greater trimethoprim-
tolerance levels than the wild type (Fig. 1E and F). The enhanced tolerance of E. coli
Alon could be reversed upon expression of Lon protease in this strain, verifying that the
observed phenotypes were indeed due to loss of Lon protease (Fig. 1E and F). These
data demonstrated that the Lon protease suppressed the intrinsic trimethoprim toler-
ance of wild-type E. coli and explained why loss of Lon was beneficial at sub-MIC levels
of trimethoprim.

Importantly, trimethoprim-tolerant colonies of E. coli Alon were observed mainly at
the periphery of the ZOC and not close to the disc where the concentration of
trimethoprim is expected to be the highest (Fig. 1E). This prompted me to ask whether
the beneficial effects of Lon deficiency also persisted at high trimethoprim concentra-
tions. Trimethoprim is known to be bacteriostatic for E. coli. In line with this, treatment
of wild-type cultures with 10 ug/ml trimethoprim (~14X MIC) had a modest effect on
the viability of E. coli even after 20 h of drug exposure (Fig. 1G). Surprisingly, a sharp
decline in the numbers of viable bacteria was observed in E. coli Alon cultures treated
with the same concentration of trimethoprim within the first hour of treatment. This
reduction persisted even after a longer duration of treatment, indicating that at
concentrations higher than the MIC, Lon deficiency was detrimental for E. coli (Fig. 1G).
Once again, plasmid-based expression of Lon protease in the E. coli Alon strain was able
to rescue the observed phenotype (Fig. 1G). Thus, the phenotype of Lon deficiency in
E. coli was contingent on the trimethoprim concentration; it was beneficial and con-
ferred a selective advantage at sub-MIC levels, while Lon deficiency was detrimental for
the survival of E. coli at concentrations higher than the MIC.
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FIG 1 Impact of Lon deficiency on intrinsic trimethoprim tolerance and resistance is contingent on drug concentration. (A) Confirmation of the Alon:kan strain
using genomic PCR. The upper panel shows the genome neighborhood of the lon gene in wild-type (MG1655) or Alon::kan strains (not drawn to scale). Locations
of primers used for PCR are indicated by arrows, and the expected amplicon sizes are also indicated. The lower panel shows the PCR confirmation of
replacement of the lon gene with a kanamycin resistance cassette. mol. wt., molecular weight. (B) Trimethoprim dose-response curves for wild-type, Alon:kan,
and pBAD33-Lon-harboring E. coli Alon:kan strains. Peak optical density after 15 to 18 h of growth at each trimethoprim concentration was normalized to
growth in drug-free medium (normalized growth). Means * standard deviations (SD) of results from 3 independent experiments are plotted. The MICs for the
two strains were identical and are indicated in the graph. IC,, values (means * standard errors of the means [SEM]) estimated from the data are provided as
an inset. (C) Relative fitness (w) of E. coli Alon::kan compared to wild-type E. coli calculated as a function of trimethoprim concentration. Fitness of the wild type
is represented by a value of 1 by definition and marked with a dotted line. Means = SD of results from 3 independent experiments are plotted. (D) Trimethoprim
resistance of E. coli Alon::kan, pBAD33-Lon rescue strain, and the wild type assessed by a disc diffusion assay. Similar diameters of zones of clearance (ZOC) were
observed for the wild-type and Alon:kan strains. Means = SD of the diameters of the ZOC from 3 independent experiments are shown. (E) TDtest for
trimethoprim tolerance for E. coli Alon::kan, pBAD33-Lon rescue strain, and wild type. The antibiotic disc in a standard disc diffusion assay is replaced with a
nutrient disc to allow growth of surviving bacteria within the ZOC (see schematic). Trimethoprim-tolerant bacteria (indicated by arrow) were more numerous
for E. coli Alon::kan than for the wild-type or plasmid rescue strain. Representative data from experiments performed at least thrice are shown. (F) Quantitation
of the number of trimethoprim-tolerant colonies obtained in the ZOC from 3 or 4 independent experiments. (G) Survival of wild-type, E. coli Alon:kan, and
pBAD33-Lon rescue strains at 10 ug/ml (~14X MIC) trimethoprim. Means = SEM of results from 3 independent experiments are plotted.
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Different molecular mechanisms for the effects of Lon deficiency at sub-MICs
and high trimethoprim concentrations. The opposite effects of Lon deficiency at low
and high trimethoprim concentrations were curious and warranted investigation of the
underlying molecular mechanisms. On the basis of published literature, | surmised that
there are 3 molecular pathways that might link Lon with altered trimethoprim toler-
ance/resistance. First, Lon protease is known to regulate the steady-state levels of
bacterial DHFRs expressed in E. coli (35). Since DHFR is the target of trimethoprim,
changes in its expression level may directly alter susceptibility to the antibiotic.
However, the expression level of endogenous DHFR did not appreciably change upon
lon deletion, negating this possibility (Fig. 2A). Second, Lon regulates the levels of SulA,
an inhibitor of bacterial cytokinesis. In the absence of Lon, SulA accumulates and leads
to arrested cell division and filamentation (13, 14). Trimethoprim treatment also induces
filamentation in E. coli; hence, | reasoned that enhanced filamentation of the Alon strain
may alter its response to trimethoprim challenge. In order to test this, | generated a
AsulA strain of E. coli as well as a Alon AsulA double mutant. As expected, Lon-deficient
E. coli formed filaments under standard growth conditions. Treatment with sub-MICs of
trimethoprim further stimulated filamentation in Lon-deficient E. coli (Fig. 2B and Q).
This enhancement was due to a greater proportion of the population showing fila-
mentation rather than to an increase in the length of the filaments seen. E. coli Alon
AsulA did not show filamentation in drug-free medium (Fig. 2B and C), reconfirming
that the hyperfilamentation phenotype of E. coli Alon was due to SulA accumulation.
However, in the presence of trimethoprim, both the AsulA and the Alon AsulA strains
showed wild type-like filamentation (Fig. 2B and C). In line with this, E. coli Alon AsulA
continued to show trimethoprim-dependent enhancement in competitive fitness (Fig.
2D) and greater trimethoprim tolerance in a TDtest (Fig. 2E). Thus, SulA accumulation
could not explain the phenotypes of E. coli Alon at sub-MIC trimethoprim concentra-
tions. To check whether SulA accumulation contributed to the phenotypes of E. coli
Alon at high trimethoprim concentrations, the survival of E. coli strains Alon AsulA and
AsulA at ~14X the MIC of the drug was analyzed. Interestingly, loss of SulA restored the
survival of Lon-deficient E. coli in the presence of a high trimethoprim concentration to
wild type-like levels (Fig. 2F). These data proved that while SulA-dependent filamen-
tation did not contribute to greater survival of Lon-deficient E. coli at low trimethoprim
concentrations, it explained the detrimental effects of Lon deficiency at a high trim-
ethoprim concentration.

Finally, Lon is known to restrict the transcription of the AcrAB drug efflux pump by
regulating the levels of the MarA transcription factor (20). In the absence of Lon, AcrAB
expression is enhanced and has been linked to low-level resistance to antibiotics such
as ciprofloxacin and amoxicillin (21, 22). To test if the phenotypes of E. coli Alon at
trimethoprim sub-MICs could be attributed to higher levels of expression of the AcrAB
efflux pump, | generated AacrB and Alon AacrB strains and monitored their survival at
low concentrations of trimethoprim. Deletion of acrB conferred hypersusceptibility to
trimethoprim in Lon-deficient and Lon-expressing backgrounds, indicating that trim-
ethoprim is indeed subjected to efflux by the AcrAB pump (Fig. 3A). In line with this
finding, E. coli strain Alon AacrB did not show enhanced competitive fitness in
trimethoprim-supplemented medium (Fig. 3B). In fact, the fitness of this strain was
reduced in a dose-dependent manner in the presence of trimethoprim. E. coli Alon
AacrB also did not show trimethoprim tolerance in a TDtest (Fig. 3C). These data
demonstrated that the greater trimethoprim tolerance of E. coli Alon at trimethoprim
sub-MICs was due to enhanced drug efflux. Taking the results together, loss of Lon had
opposite effects at trimethoprim sub-MICs and high concentrations due to two differ-
ent molecular mechanisms. While SulA-mediated filamentation was responsible for
trimethoprim hypersensitivity at high drug concentrations, AcrAB-mediated drug efflux
explained trimethoprim tolerance of Lon-deficient E. coli at low drug concentrations.

Since neither of the molecular mechanisms described above involved DHFR, it was
possible that these phenotypes of Lon deficiency also extend to other antibiotics. |
chose ampicillin and nalidixic acid as representative bactericidal and bacteriostatic
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FIG 2 SulA-dependent hyperfilamentation explains the effects of Lon deficiency at high drug concentrations but not low drug
concentrations. (A) Levels of endogenous DHFR in lysates of wild-type or Lon-deficient (Alon:kan) E. coli assayed by immunoblotting.
DHFR-specific polyclonal antibody («-DHFR) was used as the primary antibody. E. coli AfolA was used as a control to differentiate between
specific (DHFR) and nonspecific (ns) immune-reactive bands. Two different amounts of lysate protein (2.5 ug and 5 ng) were used for each
strain to ensure that the Western blot was not saturated. Fold expression of DHFR (Alon/wild type) was calculated using densitometric
analysis of band intensities. Means =+ SD of results from 3 independent experiments are indicated below the image. (B) Filamentation of
indicated genotype of E. coli growing in drug-free medium or in the presence of sub-MICs of trimethoprim (TMP). Filamentous bacteria
are indicated by an arrow. Images shown are representative of results from at least 3 independent experiments. Scale bar = 2 um. (C)
Quantitation of cell lengths shown as a scatter of individual values from 3 independent experiments. Median and interquartile range of
data from each of the strains are shown. Statistical significance was tested using a Student’s t test (***, P < 0.01; **, P < 0.02). (D) Relative
fitness (w) of E. coli AsulA or E. coli AsulA Alon strains compared to wild-type E. coli calculated as a function of trimethoprim concentration.
Fitness of the wild type is represented by a value of 1 by definition and marked with a dotted line. Means = SD of results from 3
independent experiments are plotted. (E) Number of trimethoprim-tolerant colonies of E. coli AsulA Alon or E. coli AsulA as observed in
a TDtest. Results from 4 or 5 independent experiments are plotted. (F) Survival of wild type and indicated mutants of E. coli at 10 ug/ml
(~14Xx MIC) trimethoprim. Means = SEM of results from 3 independent experiments are plotted.

antibiotics, respectively, for these studies. The fitness of E. coli Alon was not potentiated
at sub-MICs of both these antibiotics, in stark contrast to the results obtained for
trimethoprim. In fact, a small but significant decrease in fitness was observed at low
ampicillin and nalidixic acid levels compared to drug-free medium (Fig. 3D). These
results were in line with the drug dose-response curves shown in Fig. S1 and indicated
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that the AcrAB upregulation in the Lon-deficient bacteria was likely insufficient in the
context of these antibiotics. At a high ampicillin concentration, no measurable differ-
ence in survival rate of E. coli Alon was observed compared to the wild type (Fig. 3E).
However, when exposed to a high concentration of nalidixic acid, E. coli Alon had
severely compromised survival. This was rescued by heterologous expression of Lon,
confirming that, as seen with trimethoprim, survival in the presence of a high concen-
tration of nalidixic acid required the Lon protease (Fig. 3E). Further, deletion of sulA
from E. coli Alon also rescued survival in the presence of a high concentration of
nalidixic acid (Fig. 3E). Thus, Lon deficiency produced very similar phenotypic effects at
high concentrations of trimethoprim and nalidixic acid but not ampicillin. Interestingly,
deletion of sulA from E. coli Alon also allowed a small increase in fitness at low ampicillin
and nalidixic acid concentrations (Fig. 3D), though this enhancement was not as
dramatic as that observed in at low trimethoprim concentrations (Fig. 1C and 2D).
These data indicated that Lon deficiency also altered responses to other antibiotics and
that these effects were antibiotic specific. Further, SulA-dependent filamentation was
more relevant in the case of ampicillin and nalidixic acid even at low drug concentra-
tions, once again pointing to the high level of contingency with respect to the
phenotypes of Lon-deficient E. coli.

Lon deficiency enhances trimethoprim resistance conferred by a mutant DHFR
allele. Having established a role for the Lon protease in modulating intrinsic trim-
ethoprim tolerance of wild type E. coli, | next asked how Lon influenced mutationally
acquired trimethoprim resistance. | deleted the lon gene from a previously isolated
spontaneous trimethoprim-resistant strain harboring the Trp30Gly mutation in its
endogenous copy of DHFR (folAW39¢) (31). Compared to the results seen in a
trimethoprim-sensitive background, deletion of lon in a trimethoprim-resistant back-
ground led to a 3-fold increase in drug MIC, in addition to enhancement in the IC;, (Fig.
4A). This change in MIC was also observed as a reduction in ZOC diameter in a disc
diffusion assay (Fig. 4B). Interestingly, lon deletion led to significant enhancement in the
expression levels of Trp30Gly DHFR in comparison to wild-type DHFR (Fig. 4C). This
observation also held true for heterologously expressed wild-type and Trp30Gly DHFRs,
negating the possibility that the observed differences in expression levels were due to
feedback or transcriptional regulation (Fig. 4D). Previous work demonstrated that the
Trp30Gly mutation destabilizes DHFR (31). | reasoned, therefore, that the Trp30Gly
mutation may render DHFR more prone to proteolysis in Lon-expressing bacteria. In
order to test this, | assayed the in vivo stabilities of plasmid-expressed wild-type and
Trp30Gly DHFRs using a chloramphenicol chase (“shutoff”) assay. | found that the
stability of wild-type DHFR was unaffected by the presence of Lon over the duration of
the assay (90 min after addition of chloramphenicol) (Fig. 4E). However, in the presence
of Lon, Trp30Gly DHFR was rendered very unstable in E. coli. The difference in in vivo
stability of Trp30Gly DHFR was partially rescued by the presence of trimethoprim in the
growth medium, in line with earlier studies that showed the stabilizing effects of
inhibitors on DHFR (36, 37). However, even in the presence of the antibiotic, the lifetime
of Trp30Gly DHFR was longer in Lon-deficient E. coli than in Lon-expressing bacteria
(Fig. 4E). Thus, the diminished expression level of Trp30Gly DHFR was attributable to its
lower stability in Lon-expressing E. coli, which in turn explained why the trimethoprim
resistance of this mutant was enhanced by lon deletion (Fig. 4E).

Lon suppresses the mutational potential for trimethoprim resistance at 3 hot
spots in DHFR. Next, | asked whether the phenotypes of mutations at different hot

FIG 3 Legend (Continued)

strains. The concentration of trimethoprim used for E. coli AacrB Alon was lower than wild type and Alon to obtain comparable ZOC
diameters. Representative data from experiments performed at least thrice are shown. (D) Relative fitness (w) of E. coli Alon or E. coli AsulA
Alon strains compared to wild-type E. coli calculated as a function of ampicillin or nalidixic acid concentration. Fitness of the wild type
is represented by a value of 1 by definition and marked with a dotted line. Means * SD of results from 3 independent experiments are
plotted. (E) Survival of wild type and indicated mutants of E. coli at a high concentration of ampicillin (20 wg/ml) or nalidixic acid

(50 wg/ml). Means = SEM of results from 3 independent experiments are plotted.
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FIG 4 Lon deficiency potentiates the trimethoprim resistance level of a spontaneous drug-resistant isolate by increasing the in vivo stability
of mutant DHFR. (A) Dose-response curves for a trimethoprim-resistant isolate of E. coli harboring the folA"39¢ allele and its Alon:kan
derivative. Peak optical density after 15 to 18 h of growth at each trimethoprim concentration was normalized to growth in drug-free
medium (normalized growth). Means = SD of results from 3 independent experiments are plotted. The drug MIC values for each of the
strains are indicated in the graph with an arrow. IC;, values (means = SEM) estimated from the data are provided as an inset. (B)
Trimethoprim resistance of E. coli folAW396 and its Alon:kan derivative assessed by a disc diffusion assay at the indicated concentrations of
trimethoprim. Diameters of zone of clearance were estimated at 20 ug/ml of the antibiotic (ZOC,,). Means = SD of the diameters of the ZOC
from 3 independent experiments are shown. (C) Levels of endogenous DHFR in lysates of drug-sensitive (folAwi'd ee) or drug-resistant
(folAW395) E. coli strains and their Alon:kan derivatives assayed by immunoblotting. DHFR polyclonal antibody (a-DHFR) was used as the
primary antibody. Specific (DHFR) and nonspecific (ns) immune-reactive bands are indicated. Two different amounts of lysate protein (2.5 ug
and 5 ug) were used for each strain to ensure that the Western blot was not saturated. Fold expression of DHFR (Alon/wild type) was
calculated using densitometric analysis of band intensities. Means =+ SD of results from 3 independent experiments are indicated below the
image. (D) Levels of plasmid-encoded wild type or Trp30Gly mutant DHFR (His;DHFR) in Lon-deficient Lon-expressing E. coli assayed by
immunoblotting using DHFR polyclonal antibody (a«-DHFR). Fold expression of DHFR (Alon/wild type) was calculated using densitometric
analysis of band intensities. Means * SD of results from 3 independent experiments are indicated below the image. (E) In vivo stabilities of
plasmid-encoded wild-type or Trp30Gly mutant DHFR (His;DHFR) in Lon-deficient or Lon-expressing E. coli assayed using a chloramphenicol
(Chlor.) chase shutoff assay. After inhibition of protein synthesis by addition of chloramphenicol, levels of DHFR were assessed using
immunoblotting with DHFR-specific polyclonal antibody (a-DHFR) at the indicated times. For Trp30Gly DHFR, the assay was performed in
the presence or absence of trimethoprim in the growth medium as indicated. Representative immunoblot data from experiments
performed at least thrice are shown. Below each blot, quantitation of band intensities normalized to the intensity measured at
0 min is plotted as means = SD of results from 3 independent experiments.

spots within DHFR were also influenced by lon deletion, similarly to what was observed
for Trp30Gly. | designed a mutant library in which all possible unique missense
mutations accessible through single-base-pair substitution at three hot spots (Pro21,
Trp30, and lle94) were engineered in a plasmid-encoded copy of DHFR (Fig. S2). These
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three hot spots were selected for this investigation since they are present in structurally
distinct parts of the DHFR enzyme. Pro21 is part of the Met20 catalytic loop, Trp30 is an
important stabilizing residue needed for folding, and 1le94 is an active-site residue (Fig.
S3). All mutations could be successfully engineered in DHFR, except Pro21Ala, which,
even after repeated attempts, accumulated unwanted second-site mutations. Pro21Ala
was therefore excluded from the analysis. This resulted in 17 different DHFR mutants.
In order to test whether a mutation conferred trimethoprim resistance, the MICyq of
each DHFR mutant expressed in Lon-replete and Lon-deficient backgrounds was
calculated and compared with that of wild-type DHFR. An increase in the MICy by at
least 2-fold compared to wild-type DHFR was considered representative of drug
resistance. The number of mutations at each of the hot spots that conferred trim-
ethoprim resistance compared to the total number of unique, nonsynonymous substi-
tutions possible was referred to as the “potential for resistance” at that hot spot. Using
these criteria, the potential for resistance at Pro21 and Trp30 was found to be 3/5
whereas that at lle94 was 2/7 in a Lon-expressing background. Interestingly, the
potential for resistance at Pro21 and Trp30 in a Lon-deficient genetic background
increased to 4/5 each, while that at lle94 increased to 4/7 (Fig. 5A and B). This increase
occurred because 5 mutations from the library, namely, Pro21GIn, Pro21Arg, Trp30Ser,
lle94Asn, and lle94Met, conferred resistance to trimethoprim only in Lon-deficient
bacteria. Three of these, namely, Pro21GIn, [le94Asn, and lle94Met, had a wild-type-like
phenotype in Lon-expressing bacteria, while Pro21Arg and Trp30Ser were hypersensi-
tive to trimethoprim in bacteria expressing the Lon protease (Fig. 5A and B). These
analyses showed that deletion of lon expanded the repertoire of DHFR mutants able to
confer trimethoprim resistance to E. coli.

Expanded mutation potential for trimethoprim resistance in Lon-deficient
bacteria is explained by proteolytic stability of mutants in the absence of Lon.
Could the expanded repertoire of trimethoprim-resistant DHFR mutations in Alon
bacteria be explained by enhanced in vivo stabilities? In order to answer this, | initially
estimated the expression level of wild-type DHFR and of each of the mutants from the
library described above in Lon-deficient and Lon-expressing E. coli. As with Trp30Gly, all
of the mutations at Trp30, except Trp30Leu, showed a dramatic enhancement of
expression level as well as potentiation of trimethoprim resistance in Lon-deficient E.
coli (Fig. 5C). Pro21GIn and Pro21Arg, both of which conferred trimethoprim resistance
only in a Alon background, were also expressed to higher levels in the absence of Lon.
In line with this result, both Pro21Arg and Pro21GIn showed lowered stability in
Lon-expressing E. coli, though the magnitude of this effect was far greater for Pro21Arg
than for Pro21GIn (Fig. 6A). The expression levels of other Pro21 mutants were
unaffected by lon deletion (Fig. 5C). All mutants at lle94 had similar expression levels in
Lon-expressing and Lon-deficient E. coli (Fig. 5C). Particularly surprising was the fact
that lle94Asn and lle94Met, both of which conferred trimethoprim resistance only in a
Alon background, did not show a significant enhancement in expression level upon lon
deletion (Fig. 5). Stability measurements of these two mutants, however, verified that
both mutations reduced stability of DHFR more dramatically in Lon-expressing bacteria
than in Alon E. coli (Fig. 6A). Even in the presence of trimethoprim in the growth
medium, these mutants were less stable in Lon-expressing bacteria than in Lon-
deficient E. coli (Fig. 6A). Thus, Lon-dependent in vivo stability could explain the
different phenotypes of DHFR mutants in the 2 genetic backgrounds tested.

Interestingly, Trp30Ser, when expressed in wild-type E. coli, was naturally clipped to
a protein that was approximately 3 kDa smaller than the full-length enzyme (based on
electrophoretic mobility) (Fig. S4). In Alon bacteria, however, Trp30Ser was unclipped
and showed electrophoretic mobility similar to that seen with full-length DHFR (Fig. 6B).
Arguing that clipped Trp30Ser was a proteolytic intermediate, | exploited the fact that
the plasmid-encoded DHFR used in this study had a hexahistidine tag at the N terminus
to ask where the determinants of proteolysis of DHFR might lie. Clipped Trp30Ser in
Lon-expressing bacteria showed immunoreactivity with an antihexahistidine antibody,
indicating that this mutant was cleaved at the C terminus (Fig. 6B). The C terminus of
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FIG 5 Lon deficiency expands the potential for trimethoprim-resistant mutations at 3 hot spots of resistance in
DHFR. (A and B) MIC,, values of wild-type (A) and Alon (B) E. coli strains harboring plasmids expressing wild-type
DHFR or the indicated mutants at 3 resistance hot spots. Mutants that were at least 2-fold more resistant than the
wild type are shown as black bars, while those that showed a wild type-like or hypersensitive phenotype are shown
as gray bars. Mutants that conferred resistance only in Alon E. coli are pointed out with arrows in panel B. Means *
SD of results from at least 3 measurements are plotted. (C) Mean fold differences in expression levels of
plasmid-encoded wild-type or mutant DHFR (Alon/wild type) are plotted along with SEM. Wild-type DHFR showed
similar levels of expression on lon* and Alon backgrounds. Mutants that conferred resistance only in E. coli Alon
are shown as black bars. Statistical significance was tested using a Student’s t test. *, P < 0.05.

DHFR is primarily made up of buried B-sheets containing several hydrophobic residues.
Three of these, namely, Phe137, Phe153, and lle155 (Fig. 6C), interact with Trp30 in a
hydrophobic tetrad and play a role in stabilizing the DHFR fold (31). Since several
proteases, including Lon, recognize exposed hydrophobic residues as signals for pro-
teolysis (38), | asked whether mutations at Phe137, Phe153, and lle155 would also
destabilize DHFR in Lon-expressing bacteria. This was indeed the case, as evidenced by
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FIG 6 In vivo proteolytic stabilities explain disparities between trimethoprim-resistant phenotypes of DHFR mutants in lon* and Alon backgrounds. (A) In vivo
stabilities of plasmid-encoded mutants of DHFR (His;DHFR) in Lon-deficient or Lon-expressing E. coli assayed using a chloramphenicol chase shutoff assay. After
inhibition of protein synthesis by addition of chloramphenicol, levels of DHFR were assessed using immunoblotting with DHFR-specific polyclonal antibody
(a-DHFR) at the indicated times in the presence or absence of trimethoprim in the growth medium. Representative immunoblot data from experiments
performed at least thrice are shown. Below each blot, quantitation of band intensities normalized to intensity at 0 min is plotted as means = SD of results from
3 independent experiments. (B) Clipping of Trp30Ser DHFR in lon* E. coli. DHFR expression in lysates of lon* or Alon E. coli harboring plasmid coding for
His6-DHFR Trp30Ser was analyzed by immunblotting. The clipped fragment of Trp30Ser DHFR was roughly 3 kDa smaller than full-length Trp30Ser DHFR and
showed immunoreactivity with anti-DHFR polyclonal and anti-His monoclonal antibodies, indicating clipping at the C terminus of the protein. Due to the
relatively lower level of immunoreactivity with anti-His antibody, lysates in which DHFR was overproduced by induction with IPTG were used for immunoblots

(Continued on next page)
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enhanced expression levels of Phe137Ala, Phe153Ala, and lle155Ala mutants of DHFR
in Lon-deficient E. coli (Fig. 6D). Further, for the Phe153Ala mutant that closely phe-
nocopies Trp30 mutants (31), a significant decrease in stability was observed in a
Lon-expressing background (Fig. 6E). These results substantiated that mutation-
induced perturbation of a C-terminal hydrophobic patch in DHFR could make the
protein prone to degradation in E. coli.

DISCUSSION

During the evolution of AMR, bacteria accumulate mutations that allow survival in
the presence of antibiotics. Drug-resistant mutations have pleiotropic effects on bac-
terial physiology that are, in part, results of interactions with other genes (39). There-
fore, genetic context is a key factor that determines the phenotypes and the fitness
landscape of drug-resistant bacteria. A second layer of complexity is introduced by
environmental variables, such as drug concentration, that further alter the phenotypes
of resistant mutants. Ultimately, these factors together impact the evolutionary dynam-
ics of AMR. The present study investigated how Lon, a master regulator protease,
regulates AMR in E. coli. The key finding of this study is that Lon deficiency impacted
the ability of E. coli to resist trimethoprim challenge in a highly contingent manner, i.e.,
in a manner dependent on drug concentration as well as on genetic background. At
sub-MIC drug pressure levels, Lon deficiency potentiated the intrinsic trimethoprim
tolerance of E. coli. On the other hand, at higher concentrations, absence of Lon
conferred hypersensitivity to trimethoprim. Further, Lon deficiency was epistatic with
respect to DHFR mutations, expanding the repertoire of mutations conferring trim-
ethoprim resistance as well as potentiating the levels of resistance conferred by them.
Importantly, each of these phenomena was explained by unique molecular mecha-
nisms. Trimethoprim tolerance conferred by Lon deficiency could be attributed to
exaggerated drug efflux. Hyperfilamentation explained the phenotypic effects of Lon
deficiency at high drug levels, while altered drug target stability and expression levels
explained the effects of Lon protease on the phenotypes of trimethoprim-resistant
alleles of DHFR. Dissection of these phenomena at the molecular level demonstrates
the multipronged influence that master regulators of bacterial physiology have on AMR
and underlines the importance of the genetic and environmental contexts in under-
standing the phenotypes of drug-resistant bacteria (represented schematically in
Fig. 7).

The information detailing the impact of Lon on intrinsic trimethoprim tolerance at
sub-MIC drug levels represents the first report of its kind and identifies Lon as a novel
mediator of drug tolerance in bacteria. Drug-tolerant and persistent bacteria, though
not resistant to antibiotics themselves, can act as precursors to drug-resistant strains
(40). The contribution of these phenotypes to AMR evolution is being increasingly
appreciated in laboratory and clinical settings. Both tolerance and persistence ensure
survival of a few bacteria under conditions of lethal drug pressure. Surviving bacteria
can subsequently accumulate resistance-conferring mutations, thus preventing extinc-
tion. Persistence stems from within-population heterogeneities in the metabolic state
or from the growth rate of bacteria (40). Mutations that enhance the proportion of
persistent bacteria in a population typically map to bacterial growth modulators such
as toxin-antitoxin systems (41). Tolerance, though closely related to persistence, has
proven to be more complex to characterize, and a series of recent studies have defined

FIG 6 Legend (Continued)

performed with this antibody. (C) Sequence of plasmid-encoded Trp30Ser DHFR. The Trp30Ser mutation is indicated in italics. The 2 buried B-sheets at the C
terminus of DHFR are underlined, and hydrophobic residues are shown in black. Phe137, Ph153, and lle155, all of which are important for folding of DHFR, are
indicated. The expected proteolytic site that would result in an approximately 3-kDa-smaller fragment is indicated by an arrow. (D) Levels of plasmid-encoded
Phe137Ala, Phe153Ala, and lle155Ala mutant DHFR (His,DHFR) in Lon-deficient or Lon-expressing E. coli assayed by immunoblotting using DHFR polyclonal
antibody (a-DHFR). Representative data from 3 independent experiments are shown. (E) In vivo stabilities of plasmid-encoded Phe153Ala DHFR (HissDHFR) in
Lon-deficient or Lon-expressing E. coli assayed using a chloramphenicol chase assay. After inhibition of protein synthesis by addition of chloramphenicol, levels
of DHFR were assessed using immunoblotting with DHFR-specific polyclonal antibody (a-DHFR) at the indicated times. Representative data from experiments
performed thrice are shown.
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FIG 7 Schematic representation of 3 different molecular mechanisms that explain the highly contingent phenotypes of
Lon deficiency in E. coli challenged with trimethoprim. X-ray crystal structures or electron micrographic structures of E. coli
proteins, or of homologs from other bacteria, are used to represent the various molecular players involved (Lon PDB, 1RR9;
SulA PDB, 10FT; MarA-DNA PDB, 1BLO; FtsZ PDB, 5IMJ; AcrABZ-TolC PDB, 5066; DHFR PDB, 7DFR). Lon contributes to low
trimethoprim tolerance by regulating the levels of MarA and, in turn, of the AcrAB-TolC efflux system. Lon regulates
susceptibility to high levels of trimethoprim by modulating the levels of SulA, an inhibitor of the FtsZ cytokinesis protein.
Lon also degrades misfolded DHFR, thus altering the steady-state expression of the protein. Trimethoprim-resistant
mutants of DHFR (Tmp" DHFR; indicated with a red dot) are more likely to misfold than the wild type and hence more likely
to be degraded by Lon. This activity of Lon determines the mutational potential of DHFR for evolving trimethoprim
resistance. The schematic is not drawn to scale.

drug-tolerant bacteria in terms of “time-to-kill” analyses (5, 40). In the present report, |
have shown that Lon deficiency enhances survival upon trimethoprim challenge by the
use of a TDtest, which is unable to distinguish between persisters and drug-tolerant
bacteria. However, the effects of Lon deficiency described here are more akin to drug
tolerance than persistence, even though Lon was implicated in persistence in responses
to other antibiotic in earlier studies (19, 42). | have drawn this conclusion on the basis
of the following considerations. First, persistence phenotypes are manifested at high
drug doses, i.e., in antibiotic regimes that kill actively dividing bacteria but do not affect
metabolically dormant bacteria (40). This would imply that if Lon deficiency repre-
sented a "high-persistence” mutation, it would be beneficial only at high drug doses
(i.e., doses higher than the MIC). In the present study, however, Lon deficiency was
found to be beneficial only at sub-MIC trimethoprim levels. Second, earlier studies
attributed Lon-dependent persistence, in large part, to SulA levels (42). In the present
study, enhanced trimethoprim tolerance of Lon-deficient E. coli was found to be due to
drug efflux and independent of SulA.

The identification of Lon as a suppressor of drug tolerance adds a new dimension
to the roles of this molecule in modulating responses to antibiotic insult. Loss of Lon
activity has been selected repeatedly under laboratory conditions. For instance, E. coli
bacteria selected on many antibiotics yielded strains that did not produce Lon due to
insertion of the 15186 transposable element in the lon gene promoter (15, 22). In line
with the data presented in the present study, earlier reports of selection of Lon-
deficient E. coli under conditions of antibiotic stress indicated that the effects were also
related to greater levels of drug efflux in Lon-deficient bacteria (15, 22). Thus, loss of
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Lon seems to be associated with a frequently encountered “first-step” mutation that
allows rapid adaptation to several antibiotics, at least under laboratory conditions.
Further, the fitness advantage conferred by Lon deficiency at sub-MICs of trimethoprim
is relevant in the context of selection under conditions of low drug pressure. Sub-MICs
of antibiotics are likely to be encountered by bacteria in natural habitats such as soil
and water and are known to select for clinically relevant drug resistance (2, 3, 43).
Mounting evidence now suggests that the evolutionary trajectories that sub-MIC
selection can follow are different from those seen under conditions of high drug
concentrations. In at least two different cases, sub-MIC drug pressures were also shown
to select for very high-level drug resistance (2, 3). The results obtained in the present
study mirror these results conceptually, as Lon deficiency enhanced the level of
trimethoprim resistance (i.e., the drug MIC) for several of the mutants tested. This would
imply that Lon deficiency, once selected for, can facilitate the evolution of higher levels
of drug resistance without the need for multiple resistance-conferring mutations. More
importantly, the results of the present study show that in addition to modifying the
phenotypes of mutants, Lon deficiency can also expand the spectrum of mutations that
confer resistance. In conjunction with other effects of Lon deficiency reported earlier,
such as genomic instability (15), the expanded repertoire of resistant mutants is likely
to potentiate resistance evolution. Though this study was restricted to examination of
DHFR and trimethoprim, the idea of the potential of a gene for resistance acquisition
has been explored for other systems as well. For instance, the mutational potential for
resistance of B-lactamase enzymes has been defined in the past using directed evolu-
tion (44, 45). In those studies, the genetic background of bacteria was not taken into
consideration. The results obtained in the present study point out the importance of
genetic background in truly being able to define the potential for drug resistance of a
gene or an organism.

The interaction between Lon and unstable mutants of DHFR was demonstrated
earlier (28). Bershtein et al. (28) found that destabilizing mutations can trap DHFR in the
molten globule state, which may then be either folded into a near-native conformation
by the action of chaperones or degraded by proteases such as Lon. This tussle between
chaperones and proteases was found to influence the availability of DHFR in bacterial
cells and hence to modulate organismal fitness (28). The findings of the present study
relate that idea to stability-function trade-offs occurring during the evolution of drug
resistance in bacteria, now an established phenomenon (29, 31, 46-48). | propose that
destabilization of DHFR due to mutations that confer trimethoprim resistance results in
its degradation, presumably by Lon itself, which provides a simple mechanism explain-
ing why certain mutations are able to confer trimethoprim resistance in only Lon-
deficient E. coli. However, it must be noted that wild-type DHFR is immune to Lon
activity. Indeed, data from this study and from proteomics studies on Lon-deficient E.
coli (17) have shown that Lon does not use wild-type DHFR as a substrate in vivo. Taken
together, these results indicate that adaptive mutations can convert proteins like DHFR
into substrates of quality control proteases such as Lon. It is not unreasonable to
envisage, therefore, that Lon may impose similar constraints on the fitness of
drug-resistant mutations in other drug targets as well. More generally, this obser-
vation presents a relevant system to investigate the adaptive costs of quality
control mechanisms in living systems. Quality control mechanisms function to
minimize errors in information transfer. Mutations, for instance, are prevented
during DNA replication by repair enzymes, and mistranslation of proteins is pre-
vented by a number of checks and balances imposed by the ribosome itself.
However, both these processes are expected to retard adaptation, as they strive to
minimize variation, which is the substrate for evolution. In the context of AMR
evolution, loss of DNA repair machinery (8, 49, 50) and error-prone translation
(51-53) facilitate survival in the face of antibiotics, eventually allowing the emer-
gence of drug resistance. Lon plays the role of posttranslational quality control in
bacterial cells, clearing misfolded proteins. The finding that Lon deficiency widens
the mutational scope for resistance is therefore analogous to observations from
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TABLE 1 List of strains used in this study

Strain Details Source or reference
E. coli K-12 MG1655 Wild type Kind gift from Sutirth Dey, IISER
(Pune, India)?
E. coli Alon:kan Lon-deficient derivative of wild type This study
E. coli folAW30G Spontaneous trimethoprim-resistant isolate derived from wild type harboring 31
the Trp30Gly mutations in its genomic copy of folA
E. coli folAW3°G Alon:kan Lon-deficient derivative of E. coli folAW3°¢ This study
E. coli AsulA:cat SulA-deficient derivative of wild type This study
E. coli AsulA:cat Alon:kan Lon-deficient derivative of E. coli AsulA:cat This study
E. coli AacrB::cat AcrB-deficient derivative of wild type This study
E. coli AacrB::cat Alon:kan  Lon-deficient derivative of E. coli AacrB:cat This study
E. coli AfolA::kan DHFR-deficient derivative of wild type Kind gift from Peter Wright, Scripps

Research Institute (57)

4alISER, Indian Institute of Science Education and Research.

studies of other quality control systems. Other components of posttranslational
quality control have already been implicated in shaping the evolutionary dynamics
of living organisms. Molecules that are part of the cell’s protein quality control
machinery, in particular, chaperones like Hsp90, are thought of as capacitors of
evolution (54). Hsp90 is known to buffer the phenotypes of mutations, and its loss
alters adaptation to novel environments in many different systems by allowing new
phenotypes to be expressed (54). Though Lon may not itself be a capacitor of
evolution, it may act in concert with cellular chaperones to similarly modulate
evolution to novel environments. It will be instructive to look at how Lon and other
quality control molecules participate in drug resistance evolution in the future.

In summary, antibiotic resistance evolution, though highly directional, can be
influenced significantly by the environmental and genetic context. Master regulators
such as Lon modify the evolutionary outcomes and propensity for AMR evolution. One
of the important findings that emerged from this study is that the effects of Lon
deficiency in trimethoprim-sensitive and -resistant backgrounds, though phenomeno-
logically similar, were mechanistically different. Understanding the effects of master
regulator molecules on the outcomes of resistance evolution hence must take into
account their diverse activities in bacterial cells. It remains to be seen how general these
observations are in the context of resistance and tolerance to other antibiotics and
whether other master regulators in bacteria impinge similarly on the evolutionary
trajectories of bacteria under drug pressure.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. Strains used and generated in this study are listed in
Table 1. All single-gene knockouts were generated by gene replacement using the lambda red recom-
bination system (55) and the oligonucleotide primers listed in Table 2. Double knockouts were generated
using P1 transduction. Strains were routinely cultured in Luria-Bertani (LB) broth or on LB agar at 37°C.
Liquid cultures were grown with shaking at 180 to 200 rpm. Kanamycin (25 ug/ml), chloramphenicol
(25 pg/ml), or ampicillin (100 wg/ml) was added as needed. For E. coli AfolA, thymidine was added to the
growth medium at 100 ug/ml. The growth medium was supplemented with trimethoprim (Sigma-
Aldrich-Merck) as needed at the appropriate concentration from a stock solution (usually 10 to 20 mg/ml)
made in dimethyl sulfoxide (DMSO).

Plasmids used in this study are listed in Table 3. For ectopic plasmid-based expression of DHFR,
previously generated plasmid pPRO-folA (31) or its mutant derivatives were used. DHFR and its mutants
were expressed from this plasmid at levels that were detectable (by immunoblotting) without the
addition of IPTG (isopropyl-B-p-thiogalactopyranoside); hence, all analyses were conducted without the
addition of inducer in the growth medium. Site-directed mutagenesis was carried out as described
previously (31) using primers listed in Table 2. All generated mutants were confirmed by restriction
digestion and sequencing. Plasmid pBAD33-lon (38) was a gift from Robert Sauer (Addgene plasmid
catalog no. 22145; http://n2t.net/addgene:22145; RRID: Addgene_22145).

Measuring trimethoprim resistance and tolerance. For wild-type E. coli and E. coli folA"3°¢ and
their Alon derivatives, MIC and IC,, (concentration needed for 50% growth inhibition) values were
determined in liquid cultures using the following protocol. In the wells of a 96-well plate, a 3-fold-dilution
series of trimethoprim (100 ng/ml to 7.5 ng/ml) was set up using serial dilution with LB as the dilutant.
Saturated cultures of appropriate strains were diluted 100-fold for each trimethoprim concentration such
that the final volume in each well was 100 ul. Wells at the periphery of the plate were filled with
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TABLE 2 List of oligonucleotide primers used in this study

Name

Sequence (5'-3’)

Oligonucleotides for gene knockouts

Lon_KO_pKD4_fwd
Lon_KO_pKD4_rev
SulA_up_pKD3_fwd

SulA_down_pKD3_rev

AcrB_up_pKD3_fwd

AcrB_down_pKD3_rev

Oligonucleotides for site-directed

mutagenesis

EcfolA_P21T_Bglll_f
EcfolA_P21A_Nael_f
EcfolA_P21S_Pvull_f
EcfolA_P21R_Bglll_f
folA_W30S_Nhel_Rev
folA_W30S_Nhel_fwd
folA 194V Aval F

folA 194F Aval F

folA 194S Aval F

folA 194N Hpal F
folA 194T Agel F

folA 194M Aval F

GTGAAGCACAGTCGTGTCATCTGATTACCTGGCGGAAATTAAACTAAGAGTGTGTAGGCTGGAGCTGCTTC
GATCGGCAATTACGTTGTCAGGAATCTCTTCCAGATCGCGTTTATTTTCGCATATGAATATCCTCCTTA
AAAAGTTCCAGGATTAATCCTAAATTTACTTAATGATACAAATTAGAGTGTGTGTAGGCTGGAGCTGCTTC
GGATGTACTGTACATCCATACAGTAACTCACAGGGGCTGGATTGATTATGCATATGAATATCCTCCTTA
TTACGCGGCCTTAGTGATTACACGTTGTATCAATGATGATCGACAGTATGCATATGAATATCCTCCTTA
TCAGCCTGAACAGTCCAAGTCTTAACTTAAACAGGAGCCGTTAAGACATGTGTGTAGGCTGGAGCTGCTTC

CGCCATGACGTGGAACCTGCCTGCAGATCTCGCCTGGTTTAAACGC
CGCCATGGCGTGGAACCTGCCGGCCGATCTCGCCTGGTTTAAACGC
CGCCATGTCGTGGAACCTGCCAGCTGATCTCGCCTGGTTTAAACGC
CGCCATGCGGTGGAACCTGCCTGCAGATCTCGCCTGGTTTAAACGC
GGTGTTGCGTTTAAAGCTAGCGAGATCGGCAGGCAGG
CCTGCCTGCCGATCTCGCTAGCTTTAAACGCAACACC
GTGACGTACCCGAGATCATGGTGGTTGGCGGCGGTCGCG
GTGACGTACCCGAGATCATGGTGTTTGGCGGCGGTCGCG
GTGACGTACCCGAGATCATGGTGAGTGGCGGCGGTCGCG
CCAGAAATCATGGTTAACGGCGGCGGTCGCGTTTATG
CCAGAAATCATGGTGACCGGTGGCGGTCGCGTTTATG
GTGACGTACCCGAGATCATGGTGATGGGCGGCGGTCGCG

deionized water to prevent evaporative loss. After 15 to 18 h of incubation at 37°C, the optical density
(at 600 nm) was measured in a microplate reader (Varioskan LUX multimode reader; Thermo Scientific).
Growth at each trimethoprim concentration was normalized to growth in the absence of antibiotic for
each strain. Normalized values were plotted against the log of trimethoprim concentration. The lowest
concentration of trimethoprim at which growth was =10% of that seen with the control was defined
as the MIC. IC,, values were determined by fitting a variable slope inhibition curve to the data
presented above using GraphPad Prism software (version 6.07). All measurements were conducted
at least thrice.

For determinations of drug resistance on solid medium, a standard disc diffusion assay was used.
Briefly, ~5 X 107 bacteria of the appropriate strain were spread on an LB agar plate. A sterile disc
punched out of Whatman No. 3 paper was placed on the plate, and 8 ul of a trimethoprim solution of
the appropriate concentration was dropped onto the disc. Once dry, the plate was closed and incubated
at 37°C for 15 to 18 h. The diameter of the zone of clearance (ZOC) was measured, and the plates were
photographed in a gel documentation system. For measuring drug tolerance, a TDtest was used (34) with
slight modification. After obtaining a ZOC with trimethoprim, the antibiotic disc was replaced with a
sterile disc and 8 ul of sterile glucose solution (20%) was dropped onto the disc. Once dry, the plate was
closed and incubated at 37°C for ~20 h and photographed.

Trimethoprim resistance conferred by plasmid-expressed DHFR or its mutants was measured as
described earlier (31). Briefly, 5-ul volumes of a 10-fold-dilution series of saturated cultures of E. coli were
spotted onto LB agar supplemented with various concentrations of trimethoprim (0 wg/ml to 128 ug/ml).
Growth was visualized after ~20 h of incubation at 37°C, and the maximum dilution of culture allowing
visible growth was noted at each concentration of trimethoprim. MIC,, was defined as the lowest
concentration of trimethoprim not allowing growth at a 100-fold dilution of culture.

To monitor the impact of high trimethoprim concentrations, mid-log-phase cultures of the appro-
priate strains were treated with trimethoprim (10 mg/ml; ~14X MIC). The levels of viability of the treated

TABLE 3 List of plasmids used in this study

Name Description Source or reference
pPRO-folA E. coli folA gene cloned into pPRO-Ex-Htb plasmid for heterologous expression
(adds a hexa-His tag at the N terminus)

pPRO-folA P21L/P21Q/ Derivative of pPRO-folA expressing Pro21 mutants of DHFR

P21T/P21R/P21S
pPRO-folA W30R/W30G/ Derivative of pPRO-folA expressing Trp30 mutants of DHFR

W30L/W30S/W30C
pPRO-folA 194V/194F/194L/ Derivative of pPRO-folA expressing 1le94 mutants of DHFR

194S5/194N/194T/194M
pPBAD33-Lon Plasmid for expression of Lon protease from an arabinose inducible promoter
pKD46 Plasmid for expression of lambda red recombination proteins
pKD4 Plasmid used as the template for amplification of kanamycin resistance cassette
pKD3 Plasmid used as the template for amplification of chloramphenicol resistance cassette
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cultures were monitored by serial dilution and plating at 0, 1, 4, and 20 h after addition of trimethoprim.
To investigate the effects on E. coli of other antibiotics at high concentrations, 25 ug/ml ampicillin or
50 ug/ml nalidixic acid was used in a similar assay.

Calculating relative fitness. The relative fitness levels of various strains were calculated as described
previously by Lenski (56). Saturated cultures of appropriate mutant and wild-type E. coli strains were
mixed 1:1 volumetrically and inoculated 1:1,000 in 3 ml of LB. Trimethoprim was added at the required
concentration. Strains were allowed to compete for 24 h at 37°C with shaking at 180 to 200 rpm. Initial
and final densities of competing strains was determined by plating serially diluted cultures onto LB agar
(total count) and onto LB agar supplemented with kanamycin or chloramphenicol as needed. Relative
fitness (w) was calculated using the following formula:

YT )™ wi

where Tf and Ti are the final and initial densities in CFU per milliliter of the test strain and Wf and Wi are
the final and initial densities (in CFU per milliliter) of the wild type.

Filamentation assay. For analyzing trimethoprim-induced filamentation, saturated cultures of ap-
propriate strains were diluted 1:100 into fresh medium supplemented with 100 ng/ml or 400 ng/ml
trimethoprim and allowed to grow at 37°C with shaking at 180 to 200 rpm. Bacteria from each of the
cultures were then streaked onto glass slides using a Nichrome loop, stained with 0.1% safranin
(HiMedia), and visualized using a X100 oil immersion lens on a compound microscope (Zeiss). Multiple
fields were imaged for each strain. Bacterial cell lengths were then estimated using ImageJ for at least
30 bacteria per culture. Two or three cultures were used for each strain.

Estimating expression level of DHFR. For estimating the steady-state expression level of DHFR, 3
to 5 ml of mid-log-phase cultures of the appropriate strain were harvested by centrifugation. Bacteria
were lysed in 500 ul of lysis buffer (50 mM Tris—HCI [pH 7.5]), 100 mM NaCl, 5 mM B-mercaptoethanol,
10% glycerol) in the presence of 1 mM phenylmethylsulfonyl fluoride (PMSF) by sonication. Total protein
concentrations in lysates were estimated using the Bradford assay. For determination of endogenous
DHFR levels, 2.5 and 5 ug lysate protein was subjected to SDS-PAGE and electroblotted onto polyvi-
nylidene difluoride (PVDF) membranes. DHFR was visualized using immunoblotting with polyclonal
anti-DHFR IgG as described earlier (31). For plasmid-based expression analyses, 1 to 5 ug lysate protein
was used depending on the expression level of DHFR mutants. Western blots were quantitated using
band intensities in Imagel. Band intensities were corrected for background and then normalized as
follows. For analysis of the expression level of chromosomally or plasmid-expressed wild-type or mutant
DHFR, the level of band intensity corresponding to Lon-expressing E. coli was normalized to a value of
1 and the levels of expression in Lon-deficient E. coli bacteria were scaled accordingly. At least 3
independent blots were used for quantitation. For checking if DHFR Trp30Ser had an intact N terminus,
lysates were prepared after growth in the presence of 500 uM IPTG. Immunoblotting was performed
using antihexahistidine monoclonal antibody (Santa Cruz, catalog no. 8036) at a dilution of 1:5,000 and
horseradish peroxidase-conjugated anti-mouse IgG at a dilution of 1:5,000.

In vivo DHFR stability. The in vivo stability of DHFR was measured using a chloramphenicol chase
assay. Saturated cultures of appropriate strain were diluted 1:50 in 5 ml LB, and trimethoprim was added
at 1 pg/ml as needed. After 2.5 h of growth, 1 ml was harvested by centrifugation. The cell pellet was
resuspended in a suitable volume (usually 100 to 200 wl) of 1X Laemmli sample loading buffer and
heated at 95°C for 5 to 10 min. Chloramphenicol was added to the remaining culture at a final
concentration of 12.5 ug/ml. After 15, 45, and 90 min of incubation at 37°C, 1-ml aliquots were harvested
and prepared for SDS-PAGE as described above. Appropriate volumes of samples were then subjected
to SDS-PAGE and immunoblotting for DHFR as described previously. Sample volumes were adjusted such
that similar band intensities were obtained in lon* and Alon bacteria before the addition of chloram-
phenicol.
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