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My name is Santiago cano muniz
Work in the Floto Group
And I would like to talk to you today about the Electrochemical control of bacterial permeability 
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Thesis outline

1.  Periplasmic ions and porin permeability

Increase in intracellular K* increases porin permeability
Increase in intracellular H* decreases porin permeability

Optogenetics acidification of the periplasm abolish porin permeability

Molecular dynamics simulation indicates protonation periplasmic residues constrains pore size

2. Intracellular ion oscillations
Periplasmic pH is buffered from the external medium
Oscillation in pH, K and periplasmic pH but not CaZ*
Membrane depolarization correlates with 2NBDG uptake

Rich carbon sources trigger membrane potential spikes
3. Ciprofloxacin uptake
Glucose increase ciprofloxacin uptake compared to lipids
Forcing E. coli to use lipid media reduces ciprofloxacin susceptibility
Metabolic KO only increase resistance in glucose medium
4. Indole effect on membrane potential

Gluconeogenic carbon metabolism drives indole production

Indole synthesis depolarizes the bacterial membrane
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Porins are b-barrel channels
Sit on the outer membrane
Organise as trimmers
They mediate permeability across the outer membrane


“Porins mediate outer membrane permeability in Gram-negative
bacteria
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For example, porins mediate the entry of glucose and most of antibiotics
As they are open channels they allow the flow of reactive oxygen species
However they might short circuit respiration.
During the respiration the electron transport chain inject protons into the periplasm and use this proton gradient to generate ATP through the ATPase
However, due to their pore size, protons might leak out through the porins
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(How) Is porin permeability regulated?

In order to potentially
1) Balance nutrient uptake and energy generation

and

2) Protect bacteria from natural and therapeutic antibiotics
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(Slow down) So the question is
Are porin regulated
And If so how,,,,,
Could the regulation potentially balance nutrient uptake and enery supply
And 
Protect bacteria from natural and therapeutic antibiotics


Measuring porin permeability using a fluorescent glucose analogue
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We used a fluorescent glucose analog 2nbdg to quantify porin permeability
Here we saw that the uptake of this compound is both concentration and time dependent
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Porin permeability is regulated by ion channels
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When we look at mutant bacteria, as expected we see a reduction in uptake on the main porin KO
We also found a decrease in uptake on the deletion of a voltage activated potassium channel
But surprisingly we also saw a decrease in permeability with the deletion of a voltage activated potassium channel (kch)
Suggesting that internal ions might regulate porin activity
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Porin permeability is regulated by internal H+ and K+
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The interesting thing is that as you change the external pH you don’t have any change in permeability unless you treat the cells with the proton ionophore CCCP
This ionophore allow us to control the internal proton concentration, and here we see a decrease in uptake with the decrease of pH
Using our KO strains, we could see the individual porin contribution to this effect, 
showing a stronger effect on ompc compared to ompF
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Porin permeability is regulated by internal H+ and K+
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Similarly if we change external potassium, keeping the external monovalent ions constant, we only see a change in permeability when we treat the cells with valinomycin (which is a K+ ionophore), 
suggesting that it’s the internal concentration the driving force
And again, when we looked at the individual porin KO, we saw a much significant effect on ompc
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Direct manipulation of periplasmic H* affects porin permeability
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In order to confirm that the periplasmic ph is actually the key factor, we adapted am ontogenetically activated proton pump that shutters protons with the excitation of light
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Increasing periplasmic H* reduces porin permeability
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Thus, we monitored the uptake of 2nbdg in the WT and archT cells and we found that
Although both strains were able to uptake 2nbdg, 
With the exposure to light, we were able to abolish the uptake of the tracer in the ArchT cells


MD simulations indicate intrinsic permeability regulation by periplasmic H*
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We think this is likely to be a porin intrinsic property.
Molecular Dynamic simulations of an reduction in periplasmic pH leads to a reduction in pore diameter
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Dynamic fluctuation of internal ions within E. coli
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So we wondered if there were natural changes in internal ions that could cause these changes in permeability,
Thus, we deploy a wide set of genetically encoded ion sensors,
And they showed us fluctuations of cytoplasmic pH, periplasmic pH and cytoplasmic K,
But not in cytoplasmic Ca
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Oscillations in periplasmic H* within bacteria
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Just to see this in a bit more detail, we show the strong oscillations on the periplasmic pH of E. coli
Suggesting there could be natural regulation of porin activity


Can we use inner membrane voltage to
monitor periplasmic ions?
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Can we use inner membrane voltage to monitor periplasmic ions?



lonic control of inner membrane voltage
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So inner membrane voltage is form by the combination of K and H gradient
When the membrane is hyperpolarised, we have a high periplasmic proton concentration but a low potassium concentration
And conversely when the membrane is depolarised, we have a low periplasmic proton concentration and a high potassium concentration
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Monitoring inner membrane voltage
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To that end, we used QuasAr2 that it’s effectively ArchT running backwards, which produces a light signal proportional to the membrane voltage.
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Inner membrane voltage can account for H+ and K+ conductance
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(slow down) When we look at the resting membrane potential
 What we find is that the porin KO has a more hyperpolarised membrane  suggesting that porins contribute to dissipate periplasmic protons
Also, the kch mutant is more hyperpolarised as it would have lower periplasmic potassium
Similarly, we could 
induce a depolarised state treating the cells with CCCP, the proton ionophore
Or hyperpolarise the cell by
Treating the cell with oligomycin, which blocks ATPase activity
Or with Valinomycin, which depletes cell of periplasmic K
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'‘Action potentials’ driven by voltage-gated K* channel (Kch)
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So the amazing thing is that when you grow bac in gluc. You see repetitive spikes or action potentials. 
And this appears to be mediated by Kch because these spike do not occur with the same strength in the mutant
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Membrane depolarisation correlates with 2NBDG uptake
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As expected, membrane depolarisation is correlated with increase in permeability because
When we look at these action potentials during 2nbdg uptake, we see a close correlation between the depolarisation stage and the uptake of the marker
As we can see in the individual cells and at the population level
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A model for how bacteria control porin opening
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Our data points to this model about how bacteria control porin openin
1 ETC working, kch inactive, increasing periplasmic H, and thus, porin are shut, 
2 kch active, ETC remains active,
3 porin opens, release of ions, allow nutrients
4 (stage 1) ETC working, porin shut, kch inactive


If the model is correct:
Action potentials should increase with
the amount and quality of carbon source
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We therefore expect that the action potentials will increase as we increase the carbon source
Also, less efficient carbon sources will lead to less action potentials
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Membrane voltage spikes increase with carbon source
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As predicted we can see that in the presence of low amounts of carbon source, there is a low spiking activity
Addition of a poor carbon source such as fumarate produces a modest increase in spiking
And it is only with the addition of glucose that we see a significant spiking activity	
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Periplasmic H+ and K+ oscillations depend on carbon source
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When we look at the individual ions, we see that only we the addition of glucose, but not lipids there is an increase in periplasmic pH and intracellular potassium 


A model for metabolic control of porin opening

Metabolic state ETC activity Kch activation Periplasmic ions Porin permeability
Starvation None None Low H+, Low K+ Open
Growth in lipid Low Low High H+, Low K+ Closed
Growth in low Low Low High H+, Low K+ Closed
glucose
Growth in high High High Variable H+, High K+ Open

glucose
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So this is our model of how the metabolic activity control porin openin in bacteria
In starvation, neither the ETC or the kch is working and…
When there is grow in lipids or low glucose, the ETC and the kch are low, and therefore, the porins are shut
In contras in high glucose, that increases ETC activity but also kch activity, which causes the porins to open


Does porin regulation explain antibiotic
resistance?
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So, does porin regulation explain A resistance?
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Ciprofloxacin entry is mediated by porins
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So we used cipro which is naturally fluoresce
As expected porin have a lower profile uptake
Our kch ko also has a decrease uptake
But KO of the efflux pump tolc
Again, suggesting, that this process is related to porin perm and not effl
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Lipid carbon source increases antibiotic resistance
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So its well stablished that bac is more resistant when grow in lip. 
As an example of that I show you a growth rate of coli in glucose is completely halted by cipro 
But that is not the case in lipids
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Lipid carbon source reduce porin permeability
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Looking at the permeability profile, we see a reduction in uptake in lipids
Still, by reducing periplasmic prot with CCCP, we can increase the permeability to cipro
And when we increase peri prot with CCCP and low pH, we also decrease the uptake of cipro
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Metabolic activity controls porin permeability and thus MIC
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So we think that metabolic activity is the critical reg of porin permieability because
When we look at KO of genes in central met in which mutations naturally occur in resis bacteria, we only find an increase in mIC when the bacteria are growing on glucose but not on lipids
Suggesting that these mutation may limit met act. As a way of reducing porin perm.


Conclusions

1. Porin permeability is regulated by periplasmic H* and K*

Structural modelling suggests that regulation may be porin-intrinsic

2. Changes in periplasmic H* and K* may explain differential porin

permeability during starvation and growth in different carbon sources

3. Porin regulation may underlie increases in antibiotic resistance during
growth in lipids (and possibly in the phagosome) and the effect of AMR

mutations in central metabolism genes
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