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Abstract: A major challenge in the discovery of the new antibiotics against Gram-negative bacteria
is to achieve sufficiently fast permeation in order to avoid high doses causing toxic side effects. So
far, suitable assays for quantifying the uptake of charged antibiotics into bacteria are lacking. We
apply electrophysiological zero-current assays using concentration gradients of B-lactamase-
inhibitors combined with single channel condutance to quantfy their flux rates trough OmpF.
Molecular dynamic simulations provide in addition details on the interactions between the nanopore
wall and the charged solutes. In particular, the interaction barrier for three 8 lactamase inhibitors is
surprisingly as low as 3-5 kcal/mol, and only slightly above the diffusion barrier of ions such as
chloride. Within our macroscopic constant field model, we determine that at zero-membrane
potential a concentration gradient of 10 pM of avibactam, sulbactam or tazobactam can create a flux
rates of roughly 620 molecules/s and per OmpF trimer.

Keywords: Translocation, Electrophoretic Mobilities, Reversal Potential, Molecular dynamics,
Avibactam, Bacterial porins
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Sensing of individual molecules has become an important analytical tool for biochemistry,
biophysics, and chemistry, leading to development of next-generation bioanalytical and diagnostic
tools.'? Among single-molecule techniques, sensing with nanopores is a fast growing field with its
most prominent application of high-throughput sensing of nucleic acids.”™ In nanopore sensing,
individual molecules pass through a nanoscale pore thereby producing detectable changes in ionic

currents’.

Gram-negative bacteria have a complex cell envelope comprising an outer and an inner membrane
that delimit the periplasm from the extracellular environment. The outer membrane contains
numerous protein channels, called porins. These nanopores facilitate the chemical potential driven
flux of small hydrophilic substances.® Porins are considered to be the main entry pathway for polar
antibiotics, such as cephalosporins, penicillins, carbapenems and fluoroquinolones, as well as for

charged B-lactamase inhibitors.

In order to design the next generation of antibiotic molecules that will be able to overcome the
membrane barrier more effectively, it is desirable to quantify the flux of individual solutes through
nanopores present in the barrier.%”’ Currently, the lack of such an assay is a substantial bottleneck for
optimization of new molecules with respect to permeability and, ultimately, their antimicrobial
activity against intact bacterial cells.® In order to support the urgent search for new antibiotics the
European Union and the EFPIA financed the “New Drugs Against Bad Bugs” platform

(www.ND4BB.eu). Within this platform “Translocation” is devoted to understand the low

permeability problem.

Recently, we investigated the permeation of antibiotics through channels by analyzing the ion current
fluctuations induced in the presence of substrates expected to permeate. Unfortunately, most small
antimicrobial molecules do not produce easily detectable changes in the ion currents while passing
the nanopore and require sophisticated extended current event or current noise analysis methods.>'
Here we present an approach to characterize transport of charged molecules even if they do not

produce detectable changes in the nanopore current fluctuations.

To measure selectivity is a fast tool to obtain relative permeabilities between the ions present in
solution. However, in order to determine turnover numbers additionally single channel conductances
are requirred.”'" Here we describe an approach to quantify the permeation of three charged B-
lactamase inhibitors, namely, avibactam, sulbactam and tazobactam (Figure S1), through the OmpF
porin from Escherichia coli. Moreover, we show that the macroscopic turnover number obtained

experimentally can be complemented with all-atom molecular dynamics (MD) modeling, providing
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atomic details on the selectivity, the energetics of transport and the correlated behavior of the ions.
Our results show that the OmpF nanopore is highly permeable for the B-lactamase inhibitors we have
investigated. MD simulations reveal how these inhibitors find favorable interactions along a series of
cationic residues inside the pore, just above the constriction region, with a rather low barrier to

penetrate, between 3 and 5 kcal/mol, without blocking the channel to the passage of ions.
Results

Single channel recording under symmetric condition: bi and tri-ionic potential

In order to obtain information on permeation of B-lactamase inhibitors through OmpF, we
reconstituted trimeric OmpF into a planar lipid bilayer. In a 100 mM NaCl, 20 mM MES pH 6 buffer
the channel revealed a conductance of Gipymer = 960 £ 100 pS for the trimeric channel unit in
agreement with previous publications (see supplemental information Figure S4 A, B).'*"3 Titration
with Na-avibactam, Na-sulbactam and Na-tazobactam on both sides of the channel did not cause any
significant concentration-dependent changes in channel gating (Figure S4 A) and thus no conclusion
on the mode of possible transport could be drawn (see supplement for details) from this type of
experiments.

In the second series of experiments, we measured OmpF conductance under symmetrical bi-ionic
conditions, by using the sodium salts of the B-lactamase inhibitors. Surprisingly replacing the
chloride ion by the B-lactamase inhibitors did change the conductance within the experimental error.

(Table 1).

Inhibitor/salt Girimer (PS)

30mM (cis/trans) | trimer

OmpF Avibactam-Na 270 pS £ 60 (n=15)

Sulbactam-Na 240 pS + 40 (n=27)

Tazobactam-Na 240 pS £+ 50 (n=36)
NaCl 270 £ 60 (n=40)

OmpF NaCl 190+ 30 (n=4x200ns)
Simulations

Table 1: Experimental and calculated conductance of an OmpF-trimer at low ionic strength under bi-
ionic conditions. V=100 mV and 200 mV respectively for experiments and MD modeling.
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Single channel recording under asymmetric condition: bi and tri-ionic potential

In order to gain information on the permeability of OmpF for the anionic B-lactamase inhibitors, we
applied an alternative experimental approach based on the Goldman-Hodgkin-Katz (GHK) current
equation.9 We followed a previous suggestion to analyze the selectivity of the OmpF containing
artificial bilayer membranes under bi- and tri-ionic conditions on both sites of the planar bilayer.'*"!
Since ion fluxes are also created by concentration gradients the GHK current equation allows
calculation of the relative ion permeability in a basic macroscopic model, using the chemical
potential created by the different electrophoretic mobility of the ions themselves.” Starting from the

GHK current equation for a given composition of ions in solution, the voltage dependent total ion

current I(¥V) crossing a membrane channel is given by the sum of the individual ion currents Z(7)’.
(1 1(V) = X1L(V)
and specifically in our case the main contributors are Na*, Cl™ and the inhibitor (inh™)
2IWV) =Iye+ (V) + Io-(V) + L= (V)
with

—zFV
2 VF? Cx,cis_cx,transexP(—RT )

R e )

2 Iy (V, Px, 7, cis) Ctrans) =Pz

where V is the transmembrane voltage, P, the permeability for the ion X, z the valency, F = 9.6 10*
As mol™ the Faraday constant and R = 8.3 J mol” K the gas constant. In the experimental input,

Cx.cis and Cy irans are the ion concentration on the two sites of the membrane, respectively.

In the experiments described below, the total current /(V) was measured at particular bi or tri-ionic
conditions in the cis and trans compartment separated by a OmpF containing bilayer as a function of
transmembrane voltages applied. With respect to antibiotics, it is worth mentioning that the typically
poor solubility (in the order of few mM) is often a challenge, especially when this is combined with
the availability of only small amounts, as antibiotics typically come from small scale synthesis of
non-commercial products. To circumvent this issue, we applied an experimental setup where,
starting from a symmetrical condition of low salt concentration on both sides of the membrane
containing OmpF channels was supplemented with low concentration of the Na' salt of B-lactamase
inhibitor only on one side (tri-ionic conditions) to experimentally resolve single channel currents (see
Supplemental Information for details). In addition, for calibration purpose we employed also
asymmetric bi-ionic conditions by using the sodium salts of the -lactamase inhibitors on both sides

of the membrane containing OmpF channels. Measurements of the current vs voltage (I-V) curves
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with different B-lactamase inhibitors under both bi- and tri-ionic conditions were performed as

described in the Supplemental Information. Representative I-V plots are shown in Figure 1.
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Figure 1: Selected I-V curves from bilayers containing one or many reconstituted OmpF channels

with different B-lactamase inhibitors under bi- and tri-ionic conditions. The cis side refers to the

electrical ground. (A) Symmetrical 100 mM NacCl (cis/trans) in the absence (control) and presence
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of additional 50 mM Na-sulbactam (cis); about 17 channels. (B) Symmetrical 10 mM NaCl
(cis/trans) and additional 50mM Na-sulbactam (cis); 55 channels. (C) Bi-ionic recordings with
symmetrical 30 mM Na-tazobactam (cis/trans) as control, and additional 50 mM Na-tazobactam on
cis (80/30 mM Na-tazobactam cis/trans); 2 channels. (D) Same as (C) with Na-avibactam; 3
channels. (E) Same as (C) and (D) with Na-sulbactam; 8 channels. (F) Control measurement Bi-ionic
recordings with symmetrical 10 mM Na-dextran sulfate (cis/trans) as control, and additional 50 mM
Na-dextran sulfate on cis (60/10 mM Na-dextran sulfate cis/trans). Note that ion concentration values
refer to the monomer of poly dextran and that each monomer sulfate group carries 3 Na', thus,

additional 30 mM Na" (see Supplemental Information).

The different slopes of the I-V curves shown in Figurel are due to a different number of channels
incorporated into the respective bilayers. Nevertheless, reversal potentials are independent of the
number of channels. Except for Na-dextran-sulfate (see below) all determined V.., clearly show that
the different B-lactamase anions can pass the OmpF pore to a remarkable extend. The corresponding
permeability ratios Pj,u-/Pyg+ Were calculated as described in detail in the Supplemental
Information. As a negative control, we used the Na'-salt of the large branched polysaccharide, poly-
dextran sulfate (average Mw = 8kDa, Ig;ores™>2.5nm), since the large anion is expected not to
permeate the OmpF pore (Figure 1F) With a Na-dextran-sulfate gradient of (60/10 mM, cis/trans) we
obtained V,., =43 + 3.4 mV. This value of V,,,, is within experimental error identical to the Nernst
potential (defined as the potential which appears if only one type of ion permeates) of Vyernst =
448 mV calculated for Na" ions, which clearly shows that the large anionic polymer cannot
permeate through OmpF. In Table 2, calculated permeability ratios obtained under bi-ionic

conditions are listed for the three 3-lactamase inhibitors and sodium chloride.

OmpF 3 lactamase P anion-/Pnat
inhibitor
Escherichia coli
Avibactam-Na 0.32
(DB EGT69961.1)
Sulbactam-Na 0.25
Tazobactam-Na 0.28
NaCl 0.25

Table 2: Bi-ionic permeability ratios of the B-lactamase inhibitors (Papjon-/Pnat) for the current
flux through OmpF.

If we accept the GHK assumptions, i.e. cations, and anions move independently through the channel,
we can use single pore conductance and the obtained relative permeability ratio
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P gnion-/Pna+ t0 separate the individual contributions of cations and anions to the total current
determined in a single e><pe:rime:r1‘[.14'17 Using the measured Gponomer = 90 pS for avibactam-Na
(Tablel) at 30 mM (cis/trans) and the selectivity of Pyyipactam-/Pnat = 0-32 we calculated the
contribution of the anionic avibactam to the total current at V,, = 100 mV using equation (2) at the
given concentration gradient of Ac g /trans = 50 mM (Figure S3). With this, the turnover number of
avibactam could be estimated. As reported in Supplemental Information in detail, by extrapolating to
low 10uM concentrations we obtained a turnover rate of n = 624 molecules/s (per trimer) at a
concentration gradient of Ac = 10 pM and at zero membrane potential. To investigate the robustness
of our approach we also tested the permeability of sulbactam-Na and tazobactam-Na through the
OmpF pore under tri-ionic conditions (see Supplemental Information for details). The measured V..,
and permeability ratios calculated as described in the Supplemental Information are listed in Table 3.

3 lactamase NaCl [mM] | Inhibitor [mM] Viev [mV] Pyot/ Pcr-/Pinn-
inhibitor* (cis/trans) (cis) (exp) (calc)**
Sulbactam-Na 10 50 21+6 4:1:1.2
100 50 5+£2 4:1:2.2
Tazobactam-Na 10 50 20+4 4:1:2.2

Table 3: Permeability of Sulbactam-Na and Tazobactam-Na through the OmpF pore under tri-ionic
conditions. ** The permeability ratio of Py,+/ Pe- =4:1 for OmpF has been determined
independently under bionic conditions and was fixed during fitting of V,,, (tri-ionic).

The permeability ratio for Na-sulbactam under bionic condition (Table 2) was Pgg-/Pyga+ = 0.25 ,
which compares with the tri-ionic values of Psg-/Py,+ = 0.3 (10 mM NaCl background) and
Psg-/Pyng+ = 0.55 (100 mM NaCl background). While the permeability ratio for Na-tazobactam
under bionic condition (Table 2) was Prg-/Py,+ = 0.28 , which compares with the tri-ionic value

Prg-/Pyg+ = 0.45 (at 30 mM Na Cl background).

The significant differences obtained between permeability ratios at different symmetrical NaCl
concentrations show that GHK theory assumption of completely independent ion movements
through the channel are particularly at higher NaCl background concentrations not met.
Nevertheless, the parameters obtained under bi-ionic and tri-ionic conditions with lower NaCl
concentrations are within a reasonable range and show that our experimental approach combined
with the macroscopic GHK theory can be applied to gain unambiguous information on the fluxes of

the B lactam inhibitors through different porins, otherwise hard to measure directly.
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To understand the rapid permeation of the inhibitors at the atomic level, we performed all-atom MD
simulations of inhibitors with 200 mM of KCI. The permeation of inhibitors through OmpF was
simulated by using well-tempered metadynamics with multiple walkers to accelerate their evolution.
On the other hand, the permeation of ions was simulated with unbiased MD simulations and with an
external and constant electric field of 200 mV. The reconstructed free energies surfaces (FES) with
respect to the axis of diffusion Z showed for inhibitors a central barrier between 3 and 5 kcal/mol, at
the constriction region (Figure 2), to be compared with 2 kcal/mol for chloride and less than 1
kcal/mol for potassium. A preferred interaction in the region above the constriction region, the pre-
orientation region between 3 and 8 A from the center, was found, where inhibitors aligned its dipole

18-1
d89

to the transversal electric fiel and, at the same time, established a direct interaction with the

residues of the basic ladder (R167, R168, R82) by its sulfate or carboxylic group.

® ' l ' ' I Avibactam —_—
Sulbactam
Tazobactam ———
4r Cl" —— 1
K* -

AG (kcal/mol)

Figure 2: FES reconstructed with metadynamics simulation for the three inhibitors through OmpF,
by using two collective variables, namely, molecular dipole orientation and z-coordinate (position
along the channel axis). We showed the FES only along the Z coordinate for a comparison with the

free energy of ions, calculated with their relative density with respect to the bulk, 200 mM.
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Independent 100 ns standard MD simulations were performed at an applied membrane potential of
Vm= 200 mV with avibactam only starting from the pre-orientation minimum. Five independent
trajectories showed that avibactam stayed in the pre-orientation region when a positive voltage was
applied, probably pushed by the external voltage on the one hand, but not able to cross the
constriction region barrier on the other, at least in the limited time of 100 ns (Figure S11). In this
stable configuration, avibactam occupied the chloride path, while affecting the cations path only to a
marginal extent (Figure S12). By calculating the permeability ratio cations/anions, we could
highlight an enhanced cation selectivity in the presence of avibactam, probably due to its negative
charge coordinating the positive ladder inside the channel, allowing an easier permeation for cations
(Table 4). It seems that the decreased anion conductivity, due to avibactam physically occupying

anions path (Figure S12), was compensated by the increased cations permeation, Table 4.

The channel conductance can also be estimated using a mean field approach (see Supplemental
Information for details). Herein the calculated free energy profiles shown in Figure 2 enter into an

effective position-independent diffusion constant D(x) = Defr

Ion | G [pSI/mM | Permeability/P”
Diffusion Model with calculated free energies at 200 mM
K* 7 1
cl™ 2.3 0.3
Avibactam(-) 2.2 0.3
Tazobactam(-) 0.6 0.09
Sulbactam(-) 0.25 0.04
MD simulations with external electric field (200 mM and 200 mV, 5 trajectories 100 ns)
K" 3.3+0.3 1
Cl- 1.1£0.2 0.3
K" with one avibactam bound | 4.1+0.5 1
CI” with one avibactam bound | 0.8+0.2 0.2

Table. 4: Comparing conductance obtained from the diffusion model and from standard MD
simulations with external electric field applied. Conductance values are normalized to 1 mM. The
permeability ratio to the K™ is shown in the third column. The free energies used as those of Fig. 2.
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Discussion

We have shown that recording nanopore I-V curves and fitting the results with the GHK equation
gives readily the zero-current potential and thus allows the calculation of the relative permeability for
the ions present in solution. In particular, with nanometer sized pores at low mM concentrations of
current carrier electrolytes like NaCl the nanopore permeability of large charged solute molecules
like the B lactamase inhibitors anions of avibactam, sulbactam and tazobactam can be screened under
tri ionic conditions using low mM to pM concentrations of the charged large solute molecules.
Beside the principal difficulties underlying the GHK constant field theory, which assumes
independent movement of the ions through the pores (see references '*'¢ for a detailed discussion)
we have demonstrated that the methodology can be used to obtain semi-quantitative measures for
permeation of charged drugs through nanopores. The method presented can, after a suitable
miniaturization and parallelization, serve as a basis for a simple, fast and sensitive permeability
screen of nanopores for charged molecules. As detailed in the supplemental information for two
limiting cases the sensitivity of the method may be estimated: -under bionic conditions, where one of
the ions species corresponds to the large molecule in question, a 1.1-fold gradient with down to uM
concentration is a realistic lower resolution limit. Using tri-ionic conditions, at 1mM carrier
electrolyte, a charged compound concentration of 250 uM (cis or trans) would be sufficient to

unambiguously detect whether the large ion is permeant or not.

Further quantification of the flux requires calculation of the individual contribution of each ion
species to the total flux passing the single channel. Despite the principal difficulties underlying the
GHK constant field theory, using this approach the experimental I-V curves can be divided into the
fluxes of the individual ions which then allows a semi-quantitative estimation of turnover numbers of
the ions. Comparing our bi ionic and tri ionic measurements and the respective GHK analysis
surrounds in a coarse qualitative consistency of the data, which sanctions our conclusions to be

qualitatively valid.

Further, using MD-simulations confirmed that in tri-ionic conditions the presence of avibactam
inside OmpF has an effect on the selectivity of the channel but rendering the variance of the total

conductance within experimental errors (Tab.4).

Surprisingly single channel conductance of the three investigated B-lactamase is in the same order of
magnitude as with NaCl (see Table 1) indicating an unpredictable high permeability. All-atom
modeling provides the key to understanding why a large substrate molecule like avibactam, despite

having a minimal projection area radius (3.3 A) close to that of the channel in the constriction region,
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diffuses through the channel as fast as the chloride ion having half the size. Inspection of Figure 2
reveals that the free energy of avibactam at the constriction region has a barrier which is nearly
double compared to chloride. In contrast, the barrier for the chloride is very broad and extending 50
A of the channel whereas the barrier for avibactam extends less than 10 A in the constriction region.
The mean field theory as outlined in the supplement reveals readily the correlation between the two
parameters of the barrier. The height and the width of the free energy profile impacts the effective
diffusion through the integral in Eq. S1.

On a more molecular level the fundamental differences between avibactam and chloride causing the
main difference in the free energy profiles is the presence of the dipole moment (~13 D) and the
larger size of avibactam. Both reduce the steric barrier all along the channel for avibactam through
the desolvation effect and the electrostatic interaction with the internal electric field."”" Generally,
our results show that the low uptake of B-lactamase inhibitors observed in many cases by OmpF
expressing bacteria cannot be attributed to a low transport capacity of OmpF for these compounds.
Rather, additional regulatory processes are likely to control the permeation of the B-lactamase

inhibitors through the pore of OmpF presumably at the level of protein-protein interactions.
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