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Abstract (132 words)

Bacterial porins permit permeation of hydrophilic nutrients and antibiotics across the outer
membrane but also contribute to proton leak from the periplasmic space, suggesting that their
activity might be dynamically regulated. Here we show, in Escherichia coli, that porin
permeability is controlled by changes in periplasmic ions, inhibited by periplasmic acidification,
thereby limiting proton loss during electron transport chain activity, and enhanced during
starvation, promoting nutrient uptake. Growth in glucose increases periplasmic potassium
through activating the voltage-gated channel Kch, triggering enhanced porin permeation and
membrane action potentials. This metabolic control of porin permeability explains the
recognized decrease in antibiotic susceptibility when bacteria are grown in lipid media and the
impact of mutations in central metabolism genes on drug resistance, identifying Kch as a

therapeutic target to improve bacterial killing by antibiotics.

One sentence summary
The permeability of bacterial porin is dynamically regulated by periplasmic pH and

potassium levels, altering antibiotic resistance.
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Main text

The outer membrane of gram-negative bacteria forms a physical and mechanical barrier that
protects them from chemical and biological attacks (7-3). Bacterial porins are water-filled 8
barrel channels across this membrane (4), mediating permeability to nutrients, such as
glucose (5, 6), and to many antibiotics (7), including B lactams (8—10), carbapenems (11, 12),

and fluoroquinolones (13, 14).

However, porin channels would also be expected to cause proton leakage from the periplasm
(715), thereby dissipating the proton motive force generated by the electron transport chain that
is required for ATP synthesis via oxidative phosphorylation (76—20) and other cellular
processes (18), such as active solute transport, drug efflux (27), and flagellar motion (22-24).
We, therefore, wondered whether bacteria might dynamically regulate porin channel activity,

thereby balancing nutrient uptake, antibiotic susceptibility, and energy production.

We first employed the fluorescent glucose analogue 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-
4-yl)amino]-D-glucose (2NBDG), whose entry into E. coli is concentration and time-dependent
(Figure 1A, B) and known to be mediated by porins (25-29), to screen for bacterial knockout
mutants (from the KEIO collection (30)) that have reduced porin activity. We observed
decreased 2NBDG accumulation in mutants with deletions in porins (ompF, ompC, ompG,
nmpC, and phoE) as expected, but surprisingly also in mutants for several ion channels,
including the putative voltage-gated potassium channel kch (31) (Figure 1C); findings that
were mirrored using other tracers of porin permeability (such as the fluorescent penicillin
analogue Bocillin FL (32, 33) and Hoechst (34); Figure S1).

To examine whether porin permeability might be under ionic regulation, we monitored 2NBDG
uptake in wild-type E. coli (using flow cytometry) across a range of external pH and potassium
concentrations (while maintaining total external monovalent cations constant). We found that
2NBDG uptake was significantly enhanced as external pH increased but only in the presence
of the protonophore CCCP; and as external K* concentrations increased in the presence of
the potassium ionophore valinomycin with effects mainly mediated by the OmpC and OmpF
porins (Figure 1D). These findings suggest that internal (rather than external) proton and

potassium levels control porin permeability.

We, therefore, explored whether directly altering periplasmic ions could influence porin
permeability. We expressed the light-activated proton pump, ArchT (35, 36), in the inner
membrane of wild-type E. coli to selectively acidify the periplasm and quantified 2NBDG
uptake using a microfluidic perfusion system that allows imaging of individual bacteria over

time (37, 38). We found that, upon light exposure, ArchT-expressing E. coli (but not controls)
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showed reduced 2NBDG uptake (Figure 1E; Supplementary Movie 1), indicating that porin

permeability is reduced upon periplasmic acidification.

Periplasmic pH and K* may have direct effects on the pore diameter of porins, as indicated by
previous lipid bilayer electrophysiological studies that have reported pH-dependent and K*-
dependent effects on porin conductance (7, 39—44); the periplasmic surface of OmpC is
decorated with charged residues (Figure 1F) that could be affected by changes in periplasmic
pH and K* (via altered protonation and electrostatic shielding respectively (43)), and molecular
dynamic simulations suggest that periplasmic acidification will reduce the pore diameter of
OmpC (Figure 1G).

We next examined how ion concentrations within bacteria might change over time by creating
genetically-encoded fluorescent sensors for cytoplasmic and periplasmic pH (based on
pHIlourin and pHuiji, respectively (45, 46)) which decrease in fluorescence with acidification,
and cytoplasmic and periplasmic K* (based on GINKO1 and GINKO2 respectively (47)), and
cytoplasmic Ca?* (based on CaM (48)) which increase in fluorescence with increasing ion
concentration. Periplasmic localization of sensors was achieved by exploiting the pelB export
system (as previously described (49, 50)). Using single-cell imaging of bacteria, we observed
dynamic changes in cytoplasmic and periplasmic H* and K* ions (but not cytoplasmic Ca?*)
over time (Figure 2A, B), with considerable volatility seen in periplasmic H* and K* levels
(Figure 2C), raising the possibility of temporal regulation of porin activity through these ion

fluctuations.

Since changes in electrochemical gradients of H* and K" across a membrane would be
expected to affect its voltage, we employed a genetically-encoded sensor (QuasAr2, (57)) to
measure the bacterial inner membrane potential. We found that inner membrane voltage was
influenced by changes in both periplasmic H* and K* (Figure 2D) since reducing periplasmic
H* (by treatment with CCCP) caused membrane depolarisation; increasing periplasmic H*
(by inhibiting ATP synthase activity using oligomycin) caused hyperpolarisation, and reducing
periplasmic K* (with valinomycin) caused hyperpolarisation. Furthermore, we found that
membrane hyperpolarisation was also present in deletion mutants of ompC or ompF
(supporting the concept of proton loss through porins (62) and in Kch knockouts (Figure 2E),
which we found have reduced periplasmic K* levels (Figure 2F) and increased periplasmic H*
levels (Figure 2G), consistent with decreased cytosol-to-periplasmic K* flux (53) and a

subsequent reduction in porin-mediated proton loss respectively.

On single imaging cells, we detected periodic membrane depolarisations (‘action potentials'),
in wild-type bacteria, as previously described (54), but not in kch knockout cells (Figure 2H;

Supplementary Movie 2). Since artificially altering periplasmic K* levels in wild-type bacteria
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(by exposure to high or low potassium in the presence of valinomycin) leads to rapid changes
in periplasmic H* (Figure 2I), the initiation of action potentials may be due to Kch-mediated
K" influx into the periplasm leading to porin opening and subsequent proton loss. This model
predicts that depolarised bacteria will have increased porin permeability and is supported by
our observation of a tight correlation between membrane voltage and 2NBDG uptake (Figure
2J-L).

We next explored the impact of metabolism on periplasmic ions and, consequently, porin
permeability. Exposure of wild-type E. coli to glucose led to rapid and large fluctuations in
periplasmic K* and H* levels, not seen in minimal media or media with lipids as the primary
carbon source (Figure 3A & B), suggesting that Kch opening might be related to the activity
of the electron transport chain (ETC) and thus metabolic state of bacteria, as previously
proposed (563). Consistent with this idea, we found that the frequency of action potentials
increased with the quality and quantity of available carbon sources, pyruvate and glucose
(preferred substrates for the Kreb's cycle (37, 55)), triggering the greatest number of action

potentials at any given concentration (Figure 3C & D).

As expected from these results, the metabolic state of bacteria also affected porin permeability
(Figure 3E). We found a greater porin-mediated entry in bacteria exposed to minimal media
than low glucose media (in keeping with greater porin opening under conditions of low
periplasmic H*). We also observed greater permeability in high glucose that in low glucose
media and in low glucose than in lipid media (consistent with greater porin opening under

conditions of higher periplasmic K*).

We, therefore, propose a model for metabolic control of porin regulation (Figure 3F) whereby:
in minimal media, porin permeability is high (due to low ETC activity and thus low periplasmic
H*); during growth in lipid or other slowly utilized carbon sources, porin permeability is low
(due to high periplasmic H* and low K" levels); while during growth in rich media (such as
glucose), porin permeability is high (due to high periplasmic K* levels caused by Kch

activation).

We next examined how ionic control of porin permeability might influence susceptibility to
antibiotics, many of which demonstrate porin-mediated entry into bacteria (7). Using single-
cell fluorescence imaging, we observed reduced uptake of ciprofloxacin by OmpF, OmpC, and
Kch deletion mutants (confirming porin-dependent uptake and the expected consequences of
Kch regulation of porin activity), but no impact of deleting the efflux pump component TolC
(13), indicating that, over the time course of these experiments, ciprofloxacin accumulation

was dependent on influx rather than efflux (Figure 4A).
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We found that ompF, ompC, and Kch knockout mutants showed increased resistance to
ciprofloxacin (but not to colistin, an antibiotic that is porin-independent (3, 56, 57)), suggesting
functional consequences of altered porin permeability (Figure 4B). We, therefore, wondered
whether the recognized effects of different carbon sources on antibiotic susceptibility (55, 58—
62) could be mediated through changes in porin permeability. We first confirmed that
ciprofloxacin susceptibility was greater for E. coli grown in glucose compared to lipid media
(Figure 4C). In order to understand the potential effects of different carbon sources on
antibiotic stability, solubility, or availability, we examined the behaviour of mutants unable to
grow in glucose (4ptsH) or in lipid (daceA) media. When grown in mixed media, wild-type
bacteria and AaceA mutants demonstrated susceptibility to ciprofloxacin while AptsH mutants
were found to be resistant (Figure 4C), implying that utilization of glucose leads to antibiotic

susceptibility.

We observed that ciprofloxacin uptake was greater in bacteria grown in glucose than in lipid
media but could be decreased in glucose media by increasing periplasmic H* (by exposure to
CCCP and pH 3 external media) and could be increased in lipid media by decreasing
periplasmic H* (by exposure to CCCP and pH 7.4 external media) (Figure 4D); findings that
indicate that ionic regulation of porin function may mediate metabolic control of antibiotic

susceptibility.

Since mutations in genes involved in central metabolism have been shown to cause antibiotic
resistance in clinical and experimental settings (59), we wondered whether their effect might
be mediated, at least in part, through changes in porin permeability. Deletion mutants for
several genes previously implicated in drug resistance (69) showed increased ciprofloxacin
resistance in glucose but not in lipid media (Figure 4E) and demonstrated reduced
ciprofloxacin uptake when grown in glucose (Figure 4F), suggesting that these mutations

prevent porin opening triggered by high metabolic activity.

Our findings, therefore, demonstrate that the permeability of porins in E. coli, and potentially
other Gram-negative bacteria, can be dynamically regulated through changes in periplasmic
H* and K*, which in turn are influenced by the metabolic state of the cell via the action of the
electron transport chain and the Kch potassium channel. lonic control of porin permeability
thus provides a mechanism by which nutrient uptake is linked to substrate utilization while
preserving the periplasmic proton motive force. Our results also explain the recognized
reduction in antibiotic susceptibility when bacteria are grown in lipid media and the impact of

mutations in central metabolism genes on antibiotic resistance.
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Our results suggest that therapeutic activation of Kch may enhance antibiotic accumulation
within bacteria and could improve killing under conditions where lipids are utilized as the main

carbon source, such as during intracellular infection (63, 64).
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Figure Legends

Figure 1 Bacterial porins are regulated by changes in internal proton and potassium
concentrations. (A, B) Accumulation of the fluorescent glucose analogue 2-Deoxy-2-[(7-
nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2NBDG) into E. coli (A) following 10 minute
incubation at a range of concentrations and (B) at 20 mg/ml over a range of incubation times.
(C) 2NBDG accumulation following incubation for 10 min at 20 yg/mL in wild-type E. coli
(black) or isogenic knockout strains for the major porins ompF (yellow) and ompC (purple),
minor porins (ompG, nmpC, phoE; grey), the chloride channel clcB (blue) and the voltage-
gated potassium channel kch (blue). (D) Effect on 2NBDG accumulation in E. coli of (left upper
panel) changing external pH alone (white) or in the presence of CCCP (250 uM) concentration;
red); (right upper panel) changing external potassium concentrations (while maintaining
monovalent cations constant) alone (white) or in the presence of valinomycin (100 mM; blue);
(lower panels) changing external pH in the presence of CCCP (left) or changing external K+
in the presence of valinomycin (right) on wild type bacteria (black) and ompF (yellow) or ompC
(purple) isogenic knockout strains. (A-D) Data (mean + SEM) are representative of at least
three independent experiments performed in at least triplicate. *p < 0.05, ** p < 0.01 (Student’s
t-test). (E) Single-cell fluorescence imaging of E. coli grown in a microfluidic perfusion system
(Mother machine, (37)) shows 2NBDG accumulation over time in wild-type bacteria
expressing empty vector (WT) or expressing the light-activated proton pump ArchT in the inner
membrane in the presence (blue) or absence (red) of 541 nm light exposure. Data (mean +
SEM) are representative of at least three independent experiments performed in at least
triplicate, imaging at least 50 individual bacteria per condition on each occasion. *** p < 0.001
(Student’s t-test). (F) Structure of OmpC (PDB 2J1N) highlighting periplasmic residues (E2,
E43, E189, K6, K308, D7, D48, D135, D141, D268) likely to be affected by periplasmic
acidification (pKa values in red). (G) Cross-sectional views of molecular dynamic simulations
of the effect on pore diameter of protonation of residues are illustrated in (F), thereby modelling

periplasmic acidification.

Figure 2. Fluctuations in periplasmic ions cause temporal changes in porin
permeability. (A-C). Representative images (A) and traces (B) over time of different individual
bacteria (growing in M9 + 1 g/L casamino acids + 1 g/L glucose and 1 mM tryptophan media)
imaged in the Mother machine microfluidics platform expressing fluorescent sensors for
cytoplasmic pH (pHcyto; pHluorin; purple), periplasmic pH (pHperi; pelB-pHuji: green),
cytoplasmic K* (K'cyto; Ginko1; blue), periplasmic K* (K'peri; pelBC-ginko2; red), or
cytoplasmic calcium (Ca*cyto; GCaMp6f; yellow). (C) Signal variance over time for each

sensor fluorescence value. Data are representative of at least three independent experiments

p<

*k%k

performed in at least triplicate, imaging at least 30 individual bacteria per condition.
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0.001 (Student’s t-test relative to Ca®"cyto signal). (D, E) Baseline inner membrane voltage of
individual bacteria (measured using the sensor QuasAr2 (57), which increases in fluorescence
with membrane depolarisation). (D) Effect on baseline membrane voltage of treatment with
CCCP (concentration; green), oligomycin (concentration; violet), valinomycin (concentration;
light blue), or vehicle alone (white). (E) Baseline membrane voltage in wild-type cells (WT,
white) or isogenic knockouts for kch (red), ompC (purple), or ompF (yellow). (F, G) Single-cell
measurements of (F) periplasmic K+ and (G) periplasmic pH (monitored by pelBC-GINKO2
and pelB-pHuji fluorescence, respectively) in wild-type E. coli (white) or isogenic kch knockout
strains (red). . (H) Time-lapse montage and trace of E. coli WT and Akch cells expressing the
membrane potential reporter QuasAr2. Representative images and traces of membrane
voltage (measured by QuasAr2 fluorescence) in wild-type E. coli (blue) or isogenic kch
knockouts (red). (I) Single-cell recordings of periplasmic pH over time (monitored by pelB-
pHuiji fluorescence) following treatment with 150 mM external K* (0 mM external Na+) and 100
mM valinomycin (red), 150 mM external K* (0 mM Na*) alone (blue), or 0 mM external K* (150
mM external Na+) and 100 mM valinomycin (green). Representative images after 1500 s
treatment shown. (D-H) Data are representative of at least three independent experiments
performed in at least triplicate, imaging at least 50 individual bacteria per condition shown as
(D,E,H) mean + SEM (Student's t-test) or (F-G) violin plots (Wilcoxon signed-rank test). ***p <
0.001. (J-L) Representative images (J) and traces (K) of simultaneous recordings in single
bacteria (wild-type E. coli) of membrane voltage (QuasAr2 fluorescence; black) and 2NBDG
accumulation (green) over time. (L) Plot of membrane voltage and 2NBDG uptake in individual
bacteria (n > 40) over time. (I-L) The data shown are representative of at least three

independent experiments per condition.

Figure 3. The impact of metabolism on periplasmic ions, membrane voltage and porin
permeability. (A) Representative traces and (B) signal volatility (variance) of (fop) periplasmic
K* and (bottom) periplasmic H* (monitored by pelBC-GINKO2 and pelB-pHuiji fluorescence,
respectively) in individual bacteria when external media is changed to minimal media (M9,
green), glucose media (M9 supplemented with 4 g/L glucose; blue), or lipid media (M9
supplemented with 0.014 g/L DPPC). Data shown are representative of at least three
independent experiments performed in at least triplicate per condition. ***p < 0.001 (Wilcoxon
signed-rank test). (C) Representative traces of changes in membrane voltage over time
(monitored by QuasAr2 fluorescence) in individual bacteria exposed to low (5 ng/L) or high
(500 mg/L) fumarate (pink) or glucose (blue). (D) Frequency of action potentials (average
peaks/ minute) for wild-type E. coli following exposure to media with different concentrations
of fumarate (pink), fructose (purple), glucose (blue), or pyruvate (dark blue) as the only carbon

source. Statistical analysis was performed using a generalized linear model (Supplementary
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methods). (E) Porin permeability (detected through Hoechst accumulation measured by flow
cytometry) of wild-type E. coli exposed to M9 media alone (minimal media; green), M9 media
with low glucose (0.04 g/L; light blue), high glucose (4 g/L; dark blue), or lipid (0.014 g/L DPPC;
red). Bacteria were incubated for 10 minutes at 37 °C with Hoechst at times indicated.
Fluorescence normalized to low glucose fluorescence at Oh. Data shown (mean + SEM) is
representative of at least three independent experiments per condition, each performed in at
least triplicate. ***p < 0.001 (Student’s t-test). (F) Model explaining metabolic control of porin
permeability. During growth in minimal media, the permeability of porins (green) is high due
to low periplasmic H* and K" levels (resulting from minimal electron transport chain (ETC;
grey) activity and no opening of Kch channels (pink), respectively). Growth in lipid causes an
increase in periplasmic H* (through increased ETC activity) without activating Kch, resulting
in low porin activity. In contrast, growth in glucose media drives ETC activity and Kch channel
opening, leading to fluctuating periplasmic H* and high periplasmic K*, causing porin

permeability to increase.

Figure 4 Metabolic control of porin permeability influences antibiotic resistance. (A)
Accumulation of ciprofloxacin in individual bacteria over time (monitored by fluorescence
imaging of type E. coli using a microfluidics platform) assessed for wild-type bacteria (WT;
black), and isogenic knockouts for kch (red), the efflux pump component to/C (green), ompF
(vellow) or ompC (purple). Fluorescence normalized to 0 s value. The data shown here (mean
+ SEM) is representative of at least three independent experiments per condition with at least
50 individual bacteria imaged each time. ***p < 0.001 (Student’s t-test). (B) ECso values for
wild-type E. coli (WT; black) and isogenic knockouts of kch (red), ompF (yellow) and ompC
(purple) exposed to ciprofloxacin (leff) or colistin (right). Data shown (mean + SEM) is
representative of at least three independent experiments performed at least in triplicate per
condition. ns not significant, ***p < 0.001 (Student’s t-test). (C) Bacterial growth (monitored by
ODess0) of wild type E. coli (WT’ left) or isogenic knockouts of ptsH (middle) or aceA (right) in
glucose media (0.014 g/L DPPC + 0.3 g of Bacto Casitone and 0.5 mL of Tyloxapol; top row),
lipid media (M9 + 1 g/L glucose; middle row), mixed media (0.014 g/L DPPC + 0.3 g of Bacto
Casitone and 0.5mL of Tyloxapol + 1 g/L glucose; bottom row) in the presence of ciprofloxacin
(0.0125 mg/mL; blue) or vehicle alone (white). (D) Accumulation of ciprofloxacin in individual
wild-type E. coli over time (monitored as in (A)) during exposure to media containing glucose
(description here; left) or lipid (description here; right) or during exposure to pH 3.0 media with
CCCP (250 mM; blue) or pH 7.4 media with CCCP (250 mM; red). (E) Minimal inhibitory
concentrations (MIC) of ciprofloxacin for wild type (WT, white) or isogenic knockouts for kch
(red); ptsH, gtID, or ycgG (blue); yidA (light blue), ushA (dark blue), or ompF (yellow) grown in

glucose (left) or lipid (right) media (MIC values normalized to WT for each media). (F)
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Accumulation of ciprofloxacin within individual E. coli (monitored as in (A)) grown in glucose
media (M9 + 4 g/L glucose) comparing wild type (WT, black), ushA (dark blue) or yidA (light
blue) isogenic knockout strains. Data shown (mean + SEM) is representative of at least three
independent experiments per condition with at least 150 individual bacteria imaged each time.
***n < 0.001 (Student’s t-test).
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MATERIALS AND METHODS

Bacterial strains and growth conditions

Bacterial strains: The following strains were from the KEIO collection (Horizon Discovery):
Escherichia coli K12 BW25113 WT, AompF, AompC, AompG, AnmpC, AphoE, Akch, AclcB,
AptsH, AaceA, AgtiD, AycgG, AyidA, AushA, AtolC. The long-term stock was stored in 20%
glycerol at -80 °C. Bacterial samples were stroked monthly in LB + agar with or without
antibiotics in which kanamycin was used for selection at 50 ug/mL. Single colonies were
resuspended in a 50 mL falcon tube with 10 mL fresh media as indicated. These cultures were
incubated in glass test tubes with a breathable lid in a shaking incubator at 37°C in an orbital

shaker at 300 rpm.

Media composition: The Super-Optimal Broth (SOB) or minimal medium 9 (M9) were used for
each experiment. The super-optimal broth was prepared following a premix recipe
(Fromedium, SOB01CFG). To prepare the minimal medium, we adapted the recipe described
by Kotte(65): The medium contained the following components: Base salt solution (211 mM
Naz;HPO4, 110 mM KH2PO4, 42.8 mM NaCl, 56.7 mM (NH4).SO4, autoclaved and prepared by
the scientific facilities at LMB), 10 mL of trace elements (final concentration: 0.63 mM ZnSOs,,
0.7 mM CuClz, 0.71 mM MnSO4, 0.76 mM CoCl,, autoclaved), 0.1 mL 1 M CaCl; solution
(autoclaved, prepared by the scientific facilities at LMB) for a final concentration of 0.1 mM, 1
mL 1 M MgSO. solution (autoclaved, prepared by the scientific facilities at LMB) for a final
concentration of 1 mM, 2 mL of 500x thiamine solution (1.4 mM in ultrapure water from Milli-
Q, Millipore and filter sterilized) and 0.6 mL 0.1 M FeCls solution (filter sterilized). The final
volume was adjusted to 1 L with ultrapure water (Milli-Q, Millipore) lab water system (Milli-Q
Advantage-10, Millipore). For each batch, the medium was filtered through 0.22 ym Millipore
Stericup and split into 500 mL bottles. Before each experiment, the medium was
supplemented with 1 g/L casamino-acids, 1 mM tryptophan and 0.5 g/L glucose unless the
contrary was specified. Tryptophan stock was prepared at 50 mM in water from powder (Sigma
Aldrich) and kept at 4 °C. Casamino acids (VWR Life Science) stock was prepared at 100 g/L
in MiliQ water and kept at 4 °C.

Carbon sources: The carbon sources used in this work (glucose, fructose, acetate, fumarate,
pyruvate) were acquired from Sigma-Aldrich in powder form. Then, stock solutions were
prepared at a 100 g/L concentration in Milli-Q water. After adjusting the pH to 7.0, 100 mL
aliquots were filtrated with a syringe filter, 0.22 ym. For the lipid media preparation, we used
14 mg/L 1,2-dipalmitoylphosphatidylcholine (DPPC), combined with 0.3 g/L casitone and
0.05% Tyloxapol to allow proper dilution.
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Permeability quantification using flow cytometry

Tracer uptake: The method for permeability estimation in bacteria was derived from
Jarzembowski, Hamilton and Jeon (27, 33, 66). Briefly, bacteria cultures were grown overnight
at 37 °C in minimal medium M9, supplemented with casamino acids 1 g/L, tryptophan 1 mM
and glucose 0.5 g/L. The next day, the source cultures were diluted to an OD~0.05 in a 25 mL
fresh medium and placed in a 250 mL conical flask. Glucose was not added to the medium
for 2NBDG experiments. When the turbidity reached an OD of 0.1-0.25, the bacteria were split
in a 96-well U-shape plate with 180 pL per well. Here, 10 uL of the treatment solution was
added, and the plate was sealed with gas-permeable film (4titude, PCR0548) and returned to
the incubator. After 30 min, 10 uL of the fluorescent tracer from the reservoir was added. Then,
the concentration of the fluorescent tracer in the reservoir was diluted so we could keep the

final volume constant.

After adding the fluorescent probe, the plate was returned to incubation for the specified time.
Next, 200 yL were transferred to a V-bottom 96-well plate (Costar), and it was centrifuged 5
min x3900 rpm (Eppendorf 5810R, rotor S-4-104) and washed twice with PBS. Finally,
samples were fixed and resuspended in PBS + 4% formaldehyde, stored at 4 °C and analyzed
after 16 h. Then, we used the iCyt Eclipse (Sony) flow cytometer to read the fluorescence from
all the samples. This device is equipped with 488 nm, 561 nm and 642 nm laser sources along
with Hoechst and FITC filter sets.

For the data analysis, background fluorescence was subtracted and cell size effect was
corrected by dividing tracer fluorescence by the forward scatter signal (67). For each

experiment, the signal was normalized to WT strain or vehicle treatment.

Tracer uptake in different carbon sources: For the permeability estimation in different carbon
sources, bacteria were grown as described before. When the cultures' turbidity reached an
OD of 0.1-0.25, the cultures were spun down 5 min x3900 rpm (Eppendorf 5810R, rotor S-4-
104), washed with M9 and resuspended in 15 mL fresh medium. The different medium
compositions were M9 + casamino acids 1 g/L, tryptophan 1 mM and glucose 0.5 g/L, M9 + 4
g/L (high) or 0.04 g/L (low) glucose, or M9 only (no carbon source). Next, the cultures were
transferred to a 37°C water bath, and 400 pl samples were taken at the indicated timepoints.
A 400 pl sample was transferred to an Eppendorf tube, and 4 pl Hoechst (1 mg/mL) was added
to a final concentration of 1 ug/mL. The tubes were inverted 3 times and incubated at 37°C for
10 min. The samples were centrifuged for 30-sec max speed at 4 °C (Eppendorf centrifuge
5415 R), washed once and resuspended in 400 pl ice-cold PBS. Data analysis was performed

as described in the previous section.
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Microfluidics imaging

Mother machine design and assembly: We used the Mother Machine design described by
Wang (69, 70). The microfluidic device was fabricated from an epoxy master template
courtesy of Dr Jehangir Cama (University of Cambridge/University of Exeter, UK). The Mother
Machine consists of a feed trench (50 pm x 100 um x 30 mm) with many channels (1.4 pym x

1.4 um x 25 pym) attached perpendicular to the trench.

For each batch of 12 chips, 50 mL of PMDS were mixed with a 5 mL curing agent (10:1) with
vigorous stirring. The bubbles formed during the mixing were removed by vacuum degassing
for 20 min until all air bubbles disappeared. Then, the gel was poured onto the master template
and baked at 100 °C for 1 h. Subsequently, the chip was cut out around the wafer and
prepared for bonding with the cover slide. Holes for inlets and outlets were punched using a
sharpened 0.6 mm biopsy puncher (from Fisher Scientific), and the chip was cleaned with
Scotch tape and 2-propanol. After drying all the excess isopropanol, the coverslip and PDMS
with the features upwards were exposed to air plasma in a vacuum for 20 s at 0.4 mBar
Oxygen (PlasmaPrep2, Gala Instrumente). This process activates the PDMS, which was put
on a glass coverslip (24 mm x 50 mm, thickness 0.17 mm+/-0.005, Carl Roth). Finally, the

chips were incubated overnight at 65 °C.

Once the chip was ready, we flushed the chamber with 2-iso-propanol and sonicated the chip
for 30 min to remove all the debris (FB50, Fisher-Scientific). Then, we coated the internal chip
surface to facilitate bacterial attachment with a passivation buffer (containing herring sperm
DNA and BSA). The passivation buffer contained 10 mg/mL of Bovine Serum Albumin and 10
mg/mL of Salmond Sperm in a 3:1 ratio (70). The process was carried out overnight. Finally,

the chips were stored in a dry cupboard for a week until required.

Trapping cells in the Mother machine: The bacteria preparation started with an overnight
culture in the specified medium. Before injecting the cells into the microchip, 2 mL of cells
were washed by centrifugation (Eppendorf 5810R) and resuspended in 2 mL of fresh medium.
These cells were incubated for 10 min after and then centrifuged and concentrated to 100 pL.
This high-density culture was injected into the microfluidic chip and set in a plate shaker at 37
°C for 10 min at 300 rpm (Grant-bio, PHMP). Once the cells were trapped in the channels, the
chip was connected with an inlet and outlet tubing (Tygon ND-100-80 Medical Tubing - 0.5
mm ID, 1.52 mm OD). Next, we flushed the chip with plain M9 for 10 min so that any cells

remaining in the main channel were removed.

2NBDG uptake: 2NBDG permeability was estimated by measuring the increase of fluorescent
signal of E. coli cells trapped in the Mother Machine side channels. The recording set-up of
the 2NBDG movies was done in a Nikon-N STORM, with a CCD camera (Andor-DU-897) and
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a 100x/1.49NA lens. The microscope had a closed environment chamber to maintain the
temperature constant at 37 °C. For illumination, we used a 488-nm and 561-nm laser light
(Aligent Technologies, MLC-400B). The 2NBDG fluorescent signal was captured with a
dichroic mirror 525/50 (TRF49909), and for the 561-nm laser excitation experiments, we used
a quad-band filter (97335) in combination with a 525/50nm filter.

Ciprofloxacin uptake: Cells were grown overnight in M9 + 1 g/L casamino acids + 0.5 g/L
glucose + 1 mM tryptophan. The next day, cells were trapped in the mother machine as
described in the previous section. Then, cells were resuscitated for 1-2h until growth started.
Then, 12.5 ug/mL of ciprofloxacin was added to the medium and started flowing into the
chamber. Ciprofloxacin uptake was measured in a Zeiss 780 microscope, equipped with a UV
light source (DPSS 355 nm 60 mW, Coherent), which allowed ciprofloxacin imaging. This
instrument was also equipped with a thermal isolation box to keep the temperature constant
at 37 °C. The imaging was done with a 63x/1.4NA Oil lens. Ciprofloxacin fluorescence
detection was done with a modified DAPI filter setting (435/65 nm)(717).

lon sensor calibration: Cell trapping was done as described above. Cells were then
resuscitated with M9 + 0.5 g/L glucose + 1 g/L casamino acids + 1 mM tryptophan for 90
minutes. Then, for pH calibrations, we switched the medium to M9 + 1 g/L glucose for 30 min
and finally to PBS calibrated to a determinate pH with 1 g/L glucose. The pH selected points
were 8.5 and 5.5. The same procedure was done by adding 250 yM CCCP to the medium to
permeabilize the cells. In the case of the potassium calibration, we used a medium HEPES
pH 7.4 with complementary concentrations of KCl and NaCl to keep the osmolarity constant
at 150 mM. To permeabilize cells to the extracellular potassium, we treated cells with 100 uM
valinomycin. The flowing conditions were kept at 0.15 mL/h, and during the switch, we
increased the speed to 1 mL/h for 15 min. The illumination conditions for each sensor were
the following: pelBCpHuji (Ex: 561 nm, Em: 620/60 nm), pHluorin (Ex: 488 nm, Em 525/50),
ginko1 (Ex: 488 nm, Em 525/50), pelBCginko2 (Ex: 488 nm, Em 525/50), GCaMp6f (Ex: 488
nm, Em 525/50), QuasAr2 (Ex: 561 nm, Em 650/LP).

lon sensor fluctuations: To observe the ion oscillations, we resuscitated cells with M9 + 0.5
g/L glucose + 1 g/L casamino acids + 1 mM tryptophan. The flow and temperature were kept
constant at 0.150 mL/h and 37 °C. After 90 minutes, we started the recording process, which
lasted until cells started dividing. For the data analysis, only 45 minutes before starting cell

division were considered.

Carbon source switches: After trapping the cells into the chip, cells were washed with a plain

M9 medium. Once the main channel was clear, the flow was kept constant at 0.15 mL/h for
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30 minutes. At this point, we changed the syringe to the required carbon source and increased

the flow to 1 mL/h. After flowing the medium for 2 minutes, we started the recording.

Agarose pad experiments

Cells were grown overnight in SOB + Ampicillin 100 pg/mL supplemented with 0.002 g/L
arabinose and 20 uM retinal if required. The next day, cells were washed with M9
supplemented with the specified carbon source and resuspended for 10 min. Then 2 pyL were

transferred to the agar pad. Before starting the recording, pads were left drying for 5 min.

Agar pads were prepared on the same day of the experiment and discarded afterwards. The
gel was composed of a 10 mL M9 medium with 1.5 % (wt/vol) low-melting agarose and the
specified carbon source. We then proceed to dissolve the agarose by heating. Once the
mixture was entirely homogeneous, the liquid was split into 3 mL portions onto a 35-mm petri
dish (Falcon, ref: 353001). These plates were left to dry for 30 min. Once the agar solidified,
we used a 6-mm biopsy puncher (Uni-Core, Harris UK) to cut out a single-use disk. We
transferred 1 uL of cells on top of these agar disks, and after the drop was absorbed, the pad
was moved onto a CELLview™ Dish with Glass Bottom (627870, Greiner). Recording started

immediately.

Membrane voltage spike frequency.
The QuasAr2 spike count was modelled with the gimmTMB R packages. The model considers
the concentration of the carbon sources (in log scale) and corrects for the non-spiking cells.

The model parameters are listed below.

Estimate Std. Error Z-value p-val (P(x>[z])
CSFructose 0.685776268 | 0.112229999 | 6.110454181 | 9.93E-10***
CSFumarate 0.025517031 | 0.116852834 | 0.218368954 | 0.827141653
CSGlucose 0.781766915 | 0.116089923 | 6.734149658 | 1.65E-11***
CSPyruvate 0.887781304 | 0.108779839 | 8.161266949 | 3.32E-16***
Log(conc.) 0.013849301 | 0.005819853 | 2.379664808 | 0.017328392*

MIC and EC50 measurements

Minimal inhibitory concentrations (MICs) and Effective concentration 50 (EC50), defined here
as the drug concentration that induces a 50% maximal inhibitory effect on cell growth(72),
were determined for E. coli according to the Clinical and Laboratory Standards Institute (CLSI)
method M07-A9 (73). Briefly, E. coli strains were grown to an optical density (A600 nm) of

0.2-0.3 in liquid culture, and 1 x 10° bacteria were added to each well of 96-well plates
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containing serial dilutions of the antibiotic in triplicate wells per condition and incubated at
37°C until growth was seen in the control wells. Then, the turbidity absorbance at 600 nm was
measured with a ClarioStart (BGM LABTECH). Finally, the data were fitted to a dose-response
model using a 4-parameter logistic regression equation (74). For the experiments in different
carbon sources, cultures were grown in M9 + 4 g/L glucose or M9 supplemented with lipids

(see above for full details).

Growth curves in the presence of ciprofloxacin

Individual E. coli colonies (WT, AptsH and AaceA) were resuscitated in 10ml of M9 media
supplemented with 1 g/L glucose, M9 + lipid media (see Bacterial growth section for detailed
composition) or mixed medium into 50 mL Falcon tubes. These cultures were incubated
overnight at 37°C shaking. Note that the cultures grown in lipid media for slightly longer due
to their slower growth rate in this carbon source. Next, the cultures were grown to an optical
density (ODesso) between 0.2-0.3. Finally, these cultures were diluted at 1:1000 and McFarland

unit readings were taken at 1, 2, 4, 8, 16, and 24 hours.

Plasmid design and construction

The plasmids presented in this work were constructed using Gibson assembly (75). The
plasmids pBAD_QuasAr2 (QuasAr2, #64134), pBAD_Ginko1(ginko1, #113111), and pKL004
(GCaMp6f, #98920), were obtained from the Addgene database (48, 76, 77). The plasmids
for the expression of the pH sensor pHIluorin were developed in previous work (78). Finally,
the plasmids pBAD_ArchT, pBAD_pelBCpHuji and pBAD_pelBCginko2 were developed

specifically for this work.

The primers were designed with the Primer3 algorithm available through the Benchling
platform (79). The DNA material was amplified by PCR with the PrimeStart HS polymerase kit
(Takara), following the manufacturer protocol and adjusting the annealing temperature to the
suggested by the Benchling cloning algorithm. The amplification cycles were repeated 30

times using a C1000 Touch Thermal Cycler (BioRand).

The resulting DNA fragments were ligated with the following Gibson assembly kit. The
concentration of the DNA templates was estimated with UV absorption using a NanoDrop
3300 (ThermoFisher), and the NEBiocalculator helped us estimate the required volumes for
the Gibson assembly. All assemblies were carried out for 1h at 50 °C using the same
thermocycler as the PCR amplification. Bacterial transformation of the assembled sequence
was carried out through a heat shock using E. coli DH5a as an intermediate strain. Isolated

plasmids were stored at -20 °C in Qiagen Elution Buffer.

pBAD_pelBCpHuji assembly: The periplasmic pH sensor was based on the pBAD-TOPO
vector. This backbone was amplified with the primers pBAD_fwd (GCCACCCGCAGTTCGAA
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AAATAAGTTTAAACGGTCTCCAGCTT) and pBAD_rev (GCGGTCGGCAGCAGGTACTTC-
ATGGGTATGTATATCTCCTTCTTAAAG). To this backbone, we added the pelB leader

sequence. The pelB export signal sequence has proven to be successful in delivering

recombinant proteins to the periplasm of E. coli(80, 81). This signalling sequence consists of
22 amino acids placed at the start codon. The pelBC fragment was amplified with the primers:
pelB_fwd (TGCTGGCCGCCCAGCCGGCCATGGGGGGTTCTCATCATCA) and pelB_fwd
(AAGCTGGAGACCGTTTAAACTTACTTGTACAGCTCGTCCATG). Then, we inserted the pH

sensor. In order to measure the periplasmic pH accurately, we looked for a sensor with a wide

dynamic range because the periplasmic pH could be up to 2 units lower than the cytoplasm,
which means a pH 5 (82, 83). Since pHluorin fluorescence collapses below pH 6, we opted
for pHuji with a working range between 5 and 9(84). For the amplification of the pHuji fragment,
we used the primers: pelBCpHuji_fwd (TGCTGGCCGCCCAGCCGGCCATGGGGGGTTCTC
ATCA-TCA) and pelBCpHuji_rev (TGATGATGAGAACCCCCCATGGCCGGCTGGGCGG
CC-AGCA). During the assembly process, we used E. coli DH5a, and after validating the

sequence, we transferred the construct to an E. coli K12 BW25113 WT strain.

pBAD_pelBCginko2 assembly: We use the pelBC-pHuiji plasmid to extract the backbone with
the periplasmic export signal pelB. Since GINKO1 is derived from GFP, which is not stable in
the periplasm, we designed a new variant based on sYFP for improved periplasmic stability.
Thus, we amplified the potassium binding region of GINKO1 with the primers KBP_sYFP_fwd
(ACAAGCTGGAATACAACTTCCCGGACGGCCTGTTCAACTT) and KBP_sYFP_rev (ATG-
TACACGTTGTGCGAGTTCTCCAGCTCCTCGGGGATTC) and inserted it between the 171
and 172 amino acids residues of sYFP. The sYFP was amplified with the primers
pelBC_sYFP_fwd (AGAAGGAGATATACATACCCATGAAGTACCTGCTGCCGACCQG),
pelBC_sYFP_rev (AAGTTGAACAGGCCGTCCGGGAAGTTGTATTCCAGCTTGT),
end_sYFP_fwd (GAATCCCCGAGGAGCTGGAGAACTCGCACAACGTGTACAT), and
end_sYFP_rev (AAGTGGAGACCGTTTAAACTTATTTTTCGAACTGCGGGTGGC). This

strategy was designed following the GINKO1 architecture. The final construct was amplified

inside E. coli DH5a, and after validating the sequence, we transferred the construct to the E.
coli K12 BW25113 strain.

Other genetic material: the plasmids pBAD_GINKO1 (Addgene code: #113111),
pBAD_QuasAr2 (Addgene code: #64134) and GCaM-mRuby (also called pJMKO0004,
addgene code: #98920) were obtained via Addgene. Finally, the pBAD_pHlIuorin plasmid was

developed in previous work (85).

pBAD_ArchT assembly: We used the pLenti-CaMKIlla-eArch 3.0-EYFP plasmid for the ArchT
amplification (78, 86). For the PCR amplification, the primers ArchT_fwd
AGGAGATATACATACCCATGATGGACCCAATTGCACTGCAGGCGGGG and ArchT_rev
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AGCCAAGCTGGAGACCGTTTTTACACGGCGGCCGCAGGCTCCGGGGCTTCCGTA were
used. The backbone was derived from the pBAD_TOPO plasmid via digestion with the Ncol

and Pmel restriction enzymes. Then, both fragments were ligated with the Gibson Assembly
Kit.

Molecular Dynamic Simulations

The trimeric OmpC (PBD: 2J1N, resolution 2.0 A, with 346 amino acid residues) and OmpF
(PBD: 20MF, resolution 2.40 A, with 340 amino acid residues) were used in these simulation
experiment. All simulations were performed by GROMACS v4.6 (www.gromacs.org) with
CHARMMBS36 force fields for 100ns. Both systems were prepared using the CHARMM-GUI
web interface. The OmpC 2J1N periplasmic side chains (E2, E43, E189, K6, K308, D7, D48,
D135, D141, D268) were protonated based on pk, value calculated using PROPKA3(87),
whereas all other residues were set as a common state at physiological pH. The OPM server
was used for orientation and positioning the protein in the membrane, and each system was
embedded in a pre-equilibrated neutral zwitterionic lipid phosphatidylcholine (POPC) bilayer.
The simulations were performed at constant pressure (1 atm) and temperature (300 K). The
results were analyzed with GROMACS; the porin diameter was measured using HOLE (88),

and images were prepared using PyMol.

SUPPLEMENTARY REFERENCES

1. K. L. May, M. Grabowicz, The bacterial outer membrane is an evolving antibiotic barrier.
Proceedings of the National Academy of Sciences. 115, 8852—-8854 (2018).

2. A Konovalova, D. E. Kahne, T. J. Silhavy, Outer Membrane Biogenesis. Annual Review
of Microbiology. 71, 539-556 (2017).

3. U. Choi, C.-R. Lee, Distinct Roles of Outer Membrane Porins in Antibiotic Resistance

and Membrane Integrity in Escherichia coli. Frontiers in Microbiology. 10, 953 (2019).

4. H. Nikaido, Molecular Basis of Bacterial Outer Membrane Permeability Revisited.
Microbiology and Molecular Biology Reviews. 67, 593-656 (2003).

5. T. Ferenci, Adaptation to life at micromolar nutrient levels: the regulation of Escherichia
coli glucose transport by endoinduction and cAMP. FEMS Microbiology Reviews. 18,
301-317 (1996).

6. A.Death, L. Notley, T. Ferenci, Derepression of LamB protein facilitates outer membrane
permeation of carbohydrates into Escherichia coli under conditions of nutrient stress.
Journal of Bacteriology. 175, 1475-1483 (1993).


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

7. J. D. Prajapati, U. Kleinekathéfer, M. Winterhalter, How to Enter a Bacterium: Bacterial
Porins and the Permeation of Antibiotics. Chemical Reviews. 121, 5158-5192 (2021).

8. S.Vidal, J. Bredin, J.-M. Pageés, J. Barbe, B-Lactam Screening by Specific Residues of
the OmpF Eyelet. J. Med. Chem. 48, 1395-1400 (2005).

9. A Jaffe, Y. A. Chabbert, O. Semonin, Role of porin proteins OmpF and OmpC in the
permeation of beta-lactams. Antimicrob Agents Chemother. 22, 942—948 (1982).

10. K. J. Harder, H. Nikaido, M. Matsuhashi, Mutants of Escherichia coli That Are Resistant
to Certain Beta-Lactam Compounds Lack the ompF Porin. Antimicrobial Agents and
Chemotherapy. 20, 549-552 (1981).

11. H. Bajaj, M. A. Scorciapino, L. Moynié, M. G. P. Page, J. H. Naismith, M. Ceccarelli, M.
Winterhalter, Molecular Basis of Filtering Carbapenems by Porins from B-Lactam-
resistant Clinical Strains of Escherichia coli*. Journal of Biological Chemistry. 291, 2837—
2847 (2016).

12. H.Yigit, G. J. Anderson, J. W. Biddle, C. D. Steward, J. K. Rasheed, L. L. Valera, J. E.
McGowan, F. C. Tenover, Carbapenem Resistance in a Clinical Isolate of Enterobacter
aerogenes Is Associated with Decreased Expression of OmpF and OmpC Porin Analogs.
Antimicrobial Agents and Chemotherapy. 46, 3817-3822 (2002).

13. J.Cama, M. Voliotis, J. Metz, A. Smith, J. lannucci, U. F. Keyser, K. Tsaneva-Atanasova,
S. Pagliara, Single-cell microfluidics facilitates the rapid quantification of antibiotic
accumulation in Gram-negative bacteria. Lab on a Chip. 20, 2765-2775 (2020).

14. J. Cama, A. M. Henney, M. Winterhalter, Breaching the Barrier: Quantifying Antibiotic
Permeability across Gram-negative Bacterial Membranes. Journal of Molecular Biology.
431, 3531-3546 (2019).

15. B. Dhakshnamoorthy, B. K. Ziervogel, L. Blachowicz, B. Roux, A Structural Study of lon
Permeation in OmpF Porin from Anomalous X-ray Diffraction and Molecular Dynamics
Simulations. J. Am. Chem. Soc. 135, 16561-16568 (2013).

16. E. R. Kashket, The Proton Motive Force in Bacteria: A Critical Assessment of Methods.
Annual Review of Microbiology. 39, 219-242 (1985).

17. E. Padan, D. Zilberstein, H. Rottenberg, The Proton Electrochemical Gradient in
Escherichia coli Cells. European Journal of Biochemistry. 63, 533-541 (1976).

18. J. M. Benarroch, M. Asally, The Microbiologist’s Guide to Membrane Potential Dynamics.
Trends in Microbiology. 28, 304-314 (2020).

10


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

19. P. Mitchell, Coupling of Phosphorylation to Electron and Hydrogen Transfer by a Chemi-
Osmotic type of Mechanism. Nature. 191, 144—-148 (1961).

20. P. Mitchell, Chemiosmotic coupling in oxidative and photosynthetic phosphorylation.
Biochimica et Biophysica Acta (BBA) - Bioenergetics. 1807, 1507—-1538 (2011).

21. D. Du, X. Wang-Kan, A. Neuberger, H. W. van Veen, K. M. Pos, L. J. V. Piddock, B. F.
Luisi, Multidrug efflux pumps: structure, function and regulation. Nature Reviews
Microbiology. 16, 523-539 (2018).

22. R. Berry, in Molecular Motors (John Wiley & Sons, Ltd, 2002;
https://onlinelibrary.wiley.com/doi/abs/10.1002/3527601503.ch4), pp. 111-140.

23. S. W. Reid, M. C. Leake, J. H. Chandler, C.-J. Lo, J. P. Armitage, R. M. Berry, The
maximum number of torque-generating units in the flagellar motor of Escherichia coli is
at least 11. Proceedings of the National Academy of Sciences. 103, 8066—8071 (2006).

24. R. M. Berry, J. P. Armitage, in Advances in Microbial Physiology, R. K. Poole, Ed.

(Academic Press, 1999;
https://www.sciencedirect.com/science/article/pii/S0065291108601691), vol. 41, pp.
291-337.

25. G. Glover, M. Voliotis, U. tapinska, B. M. Invergo, D. Soanes, P. O'Neill, K. Moore, N.
Nikolic, P. G. Petrov, D. S. Milner, S. Roy, K. Heesom, T. A. Richards, K. Tsaneva-
Atanasova, S. Pagliara, Nutrient and salt depletion synergistically boosts glucose

metabolism in individual Escherichia coli cells. Commun Biol. 5, 1-14 (2022).

26. A. Natarajan, F. Srienc, Dynamics of Glucose Uptake by Single Escherichia coli Cells.
Metabolic Engineering. 1, 320-333 (1999).

27. K. E. Hamilton, M. F. Bouwer, L. L. Louters, B. D. Looyenga, Cellular binding and uptake
of fluorescent glucose analogs 2-NBDG and 6-NBDG occurs independent of membrane

glucose transporters. Biochimie. 190, 1-11 (2021).

28. K. Yoshioka, H. Takahashi, T. Homma, M. Saito, K.-B. Oh, Y. Nemoto, H. Matsuoka, A
novel fluorescent derivative of glucose applicable to the assessment of glucose uptake
activity of Escherichia coli. Biochimica et Biophysica Acta (BBA) - General Subjects.
1289, 5-9 (1996).

29. J. Tao, R. K. Diaz, C. R. V. Teixeira, T. J. Hackmann, Transport of a Fluorescent
Analogue of Glucose (2-NBDG) versus Radiolabeled Sugars by Rumen Bacteria and
Escherichia coli. Biochemistry. 55, 2578-2589 (2016).

11


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

30. T. Baba, T. Ara, M. Hasegawa, Y. Takai, Y. Okumura, M. Baba, K. A. Datsenko, M.
Tomita, B. L. Wanner, H. Mori, Construction of Escherichia coli K-12 in-frame, single-

gene knockout mutants: the Keio collection. Molecular Systems Biology. 2, 2006 (2006).

31. M. M.-C. Kuo, Y. Saimi, C. Kung, Gain-of-function mutations indicate that Escherichia
coli Kch forms a functional K+ conduit in vivo. EMBO J. 22, 4049-4058 (2003).

32. G. Zhao, T. |. Meier, S. D. Kahl, K. R. Gee, L. C. Blaszczak, BOCILLIN FL, a Sensitive
and Commercially Available Reagent for Detection of Penicillin-Binding Proteins.
Antimicrobial Agents and Chemotherapy. 43, 1124—-1128 (1999).

33. T. Jarzembowski, K. Wisniewska, A. Jozwik, E. Bryl, J. Witkowski, Flow Cytometry as a
Rapid Test for Detection of Penicillin Resistance Directly in Bacterial Cells in

Enterococcus faecalis and Staphylococcus aureus. Curr Microbiol. 57, 167—169 (2008).

34. D. A. Westfall, G. Krishnamoorthy, D. Wolloscheck, R. Sarkar, H. |. Zgurskaya, V. V.
Rybenkov, Bifurcation kinetics of drug uptake by Gram-negative bacteria. PLOS ONE.
12, e0184671 (2017).

35. J. Mattis, K. M. Tye, E. A. Ferenczi, C. Ramakrishnan, D. J. O’'Shea, R. Prakash, L. A.
Gunaydin, M. Hyun, L. E. Fenno, V. Gradinaru, O. Yizhar, K. Deisseroth, Principles for
applying optogenetic tools derived from direct comparative analysis of microbial opsins.
Nature Methods. 9, 159-172 (2012).

36. B.Y. Chow, X. Han, A. S. Dobry, X. Qian, A. S. Chuong, M. Li, M. A. Henninger, G. M.
Belfort, Y. Lin, P. E. Monahan, E. S. Boyden, High-Performance Genetically Targetable
Optical Neural Silencing via Light-Driven Proton Pumps. Nature. 463, 98—102 (2010).

37. P.Wang, L. Robert, J. Pelletier, W. L. Dang, F. Taddei, A. Wright, S. Jun, Robust growth
of Escherichia coli. Current biology : CB. 20, 1099-1103 (2010).

38. S. Taheri-Araghi, S. Bradde, J. T. Sauls, N. S. Hill, P. A. Levin, J. Paulsson, M.
Vergassola, S. Jun, Cell-size control and homeostasis in bacteria. Curr Biol. 25, 385—
391 (2015).

39. A. Alcaraz, E. M. Nestorovich, M. Aguilella-Arzo, V. M. Aguilella, S. M. Bezrukov, Salting
Out the lonic Selectivity of a Wide Channel: The Asymmetry of OmpF. Biophysical
Journal. 87, 943-957 (2004).

40. V. M. Aguilella, M. Queralt-Martin, M. Aguilella-Arzo, A. Alcaraz, Insights on the
permeability of wide protein channels: measurement and interpretation of ion selectivity.
Integrative Biology. 3, 159-172 (2011).

12


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

41. D. A. Perini, A. Alcaraz, M. Queralt-Martin, Lipid Headgroup Charge and Acyl Chain
Composition Modulate Closure of Bacterial B-Barrel Channels. International Journal of
Molecular Sciences. 20, 674 (2019).

42. J.Cama, C. Chimerel, S. Pagliara, A. Javer, U. F. Keyser, A label-free microfluidic assay
to quantitatively study antibiotic diffusion through lipid membranes. Lab on a Chip. 14,
2303-2308 (2014).

43. S. Kojima, H. Nikaido, High Salt Concentrations Increase Permeability through OmpC
Channels of Escherichia coli. Journal of Biological Chemistry. 289, 26464—26473 (2014).

44. A. H. Delcour, Ed., Electrophysiology of unconventional channels and pores (Springer,

Cham, 2015), Springer series in biophysics.

45. S. Sankaranarayanan, D. De Angelis, J. E. Rothman, T. A. Ryan, The Use of pHluorins
for Optical Measurements of Presynaptic Activity. Biophysical Journal. 79, 2199-2208
(2000).

46. Y. Shen, M. Rosendale, R. E. Campbell, D. Perrais, pHuji, a pH-sensitive red fluorescent
protein for imaging of exo- and endocytosis. Journal of Cell Biology. 207, 419-432
(2014).

47. Y. Shen, S.-Y. Wu, V. Rancic, A. Aggarwal, Y. Qian, S.-l. Miyashita, K. Ballanyi, R. E.
Campbell, M. Dong, Genetically encoded fluorescent indicators for imaging intracellular

potassium ion concentration. Communications Biology. 2, 1-10 (2019).

48. G. N. Bruni, R. A. Weekley, B. J. T. Dodd, J. M. Kralj, Voltage-gated calcium flux
mediates Escherichia coli mechanosensation. Proceedings of the National Academy of
Sciences. 114, 9445-9450 (2017).

49. T. Dammeyer, K. N. Timmis, P. Tinnefeld, Broad host range vectors for expression of
proteins with (Twin-) Strep-tag, His-tag and engineered, export optimized yellow
fluorescent protein. Microbial Cell Factories. 12, 49 (2013).

50. T. Dammeyer, P. Tinnefeld, Engineered fluorescent proteins illuminate the bacterial

periplasm. Computational and Structural Biotechnology Journal. 3, €201210013 (2012).

51. D.R. Hochbaum, Y. Zhao, S. L. Farhi, N. Klapoetke, C. A. Werley, V. Kapoor, P. Zou, J.
M. Kralj, D. Maclaurin, N. Smedemark-Margulies, J. L. Saulnier, G. L. Boulting, C. Straub,
Y. K. Cho, M. Melkonian, G. K.-S. Wong, D. J. Harrison, V. N. Murthy, B. L. Sabatini, E.
S. Boyden, R. E. Campbell, A. E. Cohen, All-optical electrophysiology in mammalian
neurons using engineered microbial rhodopsins. Nature Methods. 11, 825-833 (2014).

13


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

52. A. Alcaraz, P. Ramirez, E. Garcia-Giménez, M. L. Lopez, A. Andrio, V. M. Aguilella, A
pH-Tunable Nanofluidic Diode: Electrochemical Rectification in a Reconstituted Single
lon Channel. J. Phys. Chem. B. 110, 21205-21209 (2006).

53. A. Prindle, J. Liu, M. Asally, S. Ly, J. Garcia-Ojalvo, G. M. Suel, lon channels enable

electrical communication within bacterial communities. Nature. 527, 59-63 (2015).

54. J. M. Kralj, D. R. Hochbaum, A. D. Douglass, A. E. Cohen, Electrical Spiking in
Escherichia coli Probed with a Fluorescent Voltage-Indicating Protein. Science. 333,
345-348 (2011).

55. O. Kotte, B. Volkmer, J. L. Radzikowski, M. Heinemann, Phenotypic bistability in
Escherichia coli’s central carbon metabolism. Molecular Systems Biology. 10, 736
(2014).

56. A. Sabnis, K. L. Hagart, A. Kléckner, M. Becce, L. E. Evans, R. C. D. Furniss, D. A.
Mavridou, R. Murphy, M. M. Stevens, J. C. Davies, G. J. Larrouy-Maumus, T. B. Clarke,
A. M. Edwards, Colistin kills bacteria by targeting lipopolysaccharide in the cytoplasmic
membrane. eLife. 10, e65836 (2021).

57. M. A. E.-G. EI-Sayed Ahmed, L.-L. Zhong, C. Shen, Y. Yang, Y. Doi, G.-B. Tian, Colistin
and its role in the Era of antibiotic resistance: an extended review (2000-2019).
Emerging Microbes & Infections. 9, 868—885 (2020).

58. A. J. Lopatkin, J. M. Stokes, E. J. Zheng, J. H. Yang, M. K. Takahashi, L. You, J. J.
Collins, Bacterial metabolic state more accurately predicts antibiotic lethality than growth
rate. Nature Microbiology. 4, 2109-2117 (2019).

59. A.J. Lopatkin, S. C. Bening, A. L. Manson, J. M. Stokes, M. A. Kohanski, A. H. Badran,
A. M. Earl, N. J. Cheney, J. H. Yang, J. J. Collins, Clinically relevant mutations in core

metabolic genes confer antibiotic resistance. Science. 371, eaba0862 (2021).

60. K. R. Allison, M. P. Brynildsen, J. J. Collins, Metabolite-enabled eradication of bacterial
persisters by aminoglycosides. Nature. 473, 216-220 (2011).

61. U. kapinska, M. Voliotis, K. K. Lee, A. Campey, M. R. L. Stone, W. Phetsang, B. Zhang,
K. Tsaneva-Atanasova, M. A. T. Blaskovich, S. Pagliara, Fast bacterial growth reduces
antibiotic  accumulation and efficacy (2021), p. 2021.10.18.464851, ,
doi:10.1101/2021.10.18.464851.

62. S. Meylan, C. B. M. Porter, J. H. Yang, P. Belenky, A. Gutierrez, M. A. Lobritz, J. Park,
S. H. Kim, S. M. Moskowitz, J. J. Collins, Carbon Sources Tune Antibiotic Susceptibility

14


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

in Pseudomonas aeruginosa via Tricarboxylic Acid Cycle Control. Cell Chemical Biology.
24, 195-206 (2017).

63. M. Sprenger, L. Kasper, M. Hensel, B. Hube, Metabolic adaptation of intracellular
bacteria and fungi to macrophages. International Journal of Medical Microbiology. 308,
215-227 (2018).

64. L. Huang, E. V. Nazarova, D. G. Russell, Microbiology Spectrum, in press,
doi:10.1128/microbiolspec.BAI-0001-2019.

65. O. Kotte, B. Volkmer, J. L. Radzikowski, M. Heinemann, Phenotypic bistability in
Escherichia coli’s central carbon metabolism. Molecular Systems Biology. 10, 736
(2014).

66. A.B. Jeon, A. Obregon-Henao, D. F. Ackart, B. K. Podell, J. M. Belardinelli, M. Jackson,
T. V. Nguyen, M. S. Blackledge, R. J. Melander, C. Melander, B. K. Johnson, R. B.
Abramovitch, R. J. Basaraba, 2-aminoimidazoles potentiate [3-lactam antimicrobial
activity against Mycobacterium tuberculosis by reducing B-lactamase secretion and
increasing cell envelope permeability. PLOS ONE. 12, e0180925 (2017).

67. B. Volkmer, M. Heinemann, Condition-Dependent Cell Volume and Concentration of
Escherichia coli to Facilitate Data Conversion for Systems Biology Modeling. PLOS ONE.
6, €23126 (2011).

68. A. Prindle, J. Liu, M. Asally, S. Ly, J. Garcia-Ojalvo, G. M. Suel, lon channels enable

electrical communication within bacterial communities. Nature. 527, 59-63 (2015).

69. F. Si, D.Li, S. E. Cox, J. T. Sauls, O. Azizi, C. Sou, A. B. Schwartz, M. J. Erickstad, Y.
Jun, X. Li, S. Jun, Invariance of Initiation Mass and Predictability of Cell Size in
Escherichia coli. Current Biology. 27, 1278—-1287 (2017).

70. P.Wang, L. Robert, J. Pelletier, W. L. Dang, F. Taddei, A. Wright, S. Jun, Robust growth
of Escherichia coli. Curr Biol. 20, 1099-1103 (2010).

71. J.Cama, M. Voliotis, J. Metz, A. Smith, J. lannucci, U. F. Keyser, K. Tsaneva-Atanasova,
S. Pagliara, Single-cell microfluidics facilitates the rapid quantification of antibiotic
accumulation in Gram-negative bacteria. Lab Chip. 20, 2765-2775 (2020).

72. J.Dai, S.-J. Suh, M. Hamon, J. W. Hong, Determination of antibiotic EC50 using a zero-
flow microfluidic chip based growth phenotype assay. Biotechnology Journal. 10, 1783—
1791 (2015).

73. Clinical and Laboratory Standards Institute, Ed., Methods for dilution antimicrobial

susceptibility tests for bacteria that grow aerobically: M07-A10; approved standard

15


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

(Committee for Clinical Laboratory Standards, Wayne, PA, 10. ed., 2015), Documents /

Clinical and Laboratory Standards Institute.

74. C. Ritz, F. Baty, J. C. Streibig, D. Gerhard, Dose-Response Analysis Using R. PLOS
ONE. 10, e0146021 (2015).

75. D. G. Gibson, J. I. Glass, C. Lartigue, V. N. Noskov, R.-Y. Chuang, M. A. Algire, G. A.
Benders, M. G. Montague, L. Ma, M. M. Moodie, C. Merryman, S. Vashee, R.
Krishnakumar, N. Assad-Garcia, C. Andrews-Pfannkoch, E. A. Denisova, L. Young, Z.-
Q. Qi, T. H. Segall-Shapiro, C. H. Calvey, P. P. Parmar, C. A. Hutchison, H. O. Smith, J.
C. Venter, Creation of a Bacterial Cell Controlled by a Chemically Synthesized Genome.
Science. 329, 52-56 (2010).

76. D.R. Hochbaum, Y. Zhao, S. L. Farhi, N. Klapoetke, C. A. Werley, V. Kapoor, P. Zou, J.
M. Kralj, D. Maclaurin, N. Smedemark-Margulies, J. L. Saulnier, G. L. Boulting, C. Straub,
Y. K. Cho, M. Melkonian, G. K.-S. Wong, D. J. Harrison, V. N. Murthy, B. L. Sabatini, E.
S. Boyden, R. E. Campbell, A. E. Cohen, All-optical electrophysiology in mammalian
neurons using engineered microbial rhodopsins. Nature Methods. 11, 825-833 (2014).

77. Y. Shen, S.-Y. Wu, V. Rancic, A. Aggarwal, Y. Qian, S.-l. Miyashita, K. Ballanyi, R. E.
Campbell, M. Dong, Genetically encoded fluorescent indicators for imaging intracellular

potassium ion concentration. Communications Biology. 2, 1-10 (2019).

78. A. Zarkan, S. Cafo-Mudiz, J. Zhu, K. Al Nahas, J. Cama, U. F. Keyser, D. K. Summers,
Indole Pulse Signalling Regulates the Cytoplasmic pH of E. coli in a Memory-Like
Manner. Scientific Reports. 9, 3868 (2019).

79. A. Untergasser, H. Nijveen, X. Rao, T. Bisseling, R. Geurts, J. A. M. Leunissen,
Primer3Plus, an enhanced web interface to Primer3. Nucleic Acids Res. 35, W71-W74
(2007).

80. T. Dammeyer, K. N. Timmis, P. Tinnefeld, Broad host range vectors for expression of
proteins with (Twin-) Strep-tag, His-tag and engineered, export optimized yellow
fluorescent protein. Microb Cell Fact. 12, 49 (2013).

81. T. Dammeyer, Biomedicals from a soil bug: Expanding scFv production host range.
Bioengineered. 3, 67-71 (2012).

82. D. Zilberstein, S. Schuldiner, E. Padan, Proton electrochemical gradient in Escherichia

coli cells and its relation to active transport of lactose. Biochemistry. 18, 669—673 (1979).

16


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

83.

84.

85.

86.

87.

88.

made available under aCC-BY-NC-ND 4.0 International license.

S. Ramos, S. Schuldiner, H. R. Kaback, The electrochemical gradient of protons and its
relationship to active transport in Escherichia coli membrane vesicles. Proceedings of
the National Academy of Sciences. 73, 1892—-1896 (1976).

Y. Shen, M. Rosendale, R. E. Campbell, D. Perrais, pHuji, a pH-sensitive red fluorescent
protein for imaging of exo- and endocytosis. J Cell Biol. 207, 419-432 (2014).

O. Goode, A. Smith, A. Zarkan, J. Cama, B. M. Invergo, D. Belgami, S. Cano-Mufiz, J.
Metz, P. O’Neill, A. Jeffries, I. H. Norville, J. David, D. Summers, S. Pagliara, Persister
Escherichia coli Cells Have a Lower Intracellular pH than Susceptible Cells but Maintain
Their pH in Response to Antibiotic Treatment. mBio (2021), doi:10.1128/mBio.00909-21.

J. Mattis, K. M. Tye, E. A. Ferenczi, C. Ramakrishnan, D. J. O’'Shea, R. Prakash, L. A.
Gunaydin, M. Hyun, L. E. Fenno, V. Gradinaru, O. Yizhar, K. Deisseroth, Principles for
applying optogenetic tools derived from direct comparative analysis of microbial opsins.
Nature Methods. 9, 159-172 (2012).

M. H. M. Olsson, C. R. Sgndergaard, M. Rostkowski, J. H. Jensen, PROPKAS3:
Consistent Treatment of Internal and Surface Residues in Empirical pKa Predictions. J.
Chem. Theory Comput. 7, 525-537 (2011).

O. S. Smart, J. G. Neduvelil, X. Wang, B. A. Wallace, M. S. P. Sansom, HOLE: A program
for the analysis of the pore dimensions of ion channel structural models. Journal of
Molecular Graphics. 14, 354—-360 (1996).

17


https://doi.org/10.1101/2022.07.13.499887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.13.499887; this version posted July 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure S1. Accumulation of porin-dependent fluorescent tracers within E. coli.

(A) Accumulation of bocillin (0.5 ug/mL; top) or Hoechst (1 ug/mL: bottom) in E. coli (quantified
by flow cytometry) following 10 min incubation using wild type bacteria (WT; black) or isogenic
knockouts for ompF (yellow) and ompC (purple), minor porins (ompG, nmpC, phoE; grey). (B)
Accumulation of bocillin (0.5 pg/mL; top) or Hoechst (1 pg/mL: bottom) in wild type E. coli
(quantified by flow cytometry) following treatment with the protonophores CCCP
(concentration; blue) or Indole (concentration; red) or the potassium ionophore valinomycin
(concentration; green), normalised to vehicle alone (white). Data (mean + SEM) are
representative of at least three independent experiments performed in at least triplicate. *p<
0.05, ** p< 0.01, *** p< 0.001 (Student’s t-test).

Movie S1. Representative single-cell fluorescence imaging of E. coli grown in a microfluidic
perfusion system measuring 2NBDG accumulation over time in wild-type bacteria expressing
empty vector (WT) or expressing the light-activated proton pump ArchT in the inner membrane

in the presence of 541 nm light exposure.

Movie S2. Representative single-cell fluorescence imaging of E. coli WT and Akch cells
expressing the membrane potential reporter QuasAr2. Membrane depolarisation causes

increased fluorescence.
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