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Abstract:
General porins are nature’s sieving machinery in the outer membrane of Gram-negative

bacteria. Their unique hourglass-shaped architecture is highly conserved among

Published on 18 September 2023. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 9/19/2023 10:20:37 AM.

different bacterial membrane proteins and other biological channels. These biological
nanopores have been designed to protect the interior of the bacterial cell from leakage
of toxic compounds while selectively allowing the entry of the molecules needed for
cell growth and function. The mechanism of transport through porins is of utmost and
direct interest for drug discovery, extending toward nanotechnology applications for
blue energy, separations, and sequencing. Here we present a theoretical framework for
analysing the filter of general porins in relation to translocating molecules with the aid

of enhanced molecular simulations quantitatively. Using different electrostatic probes
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in the form of a series of related molecules, we describe the nature of this filter apd how;
to finely tune permeability by exploiting electrostatic interactions between the pore and
the translocating molecule. Eventually, we show how enhanced simulations constitute
today a valid tool for characterising the mechanism and quantifying energetically the

transport of molecules through nanopores.

INTRODUCTION

Transport through biological membranes is a fundamental process for life, permitting
the exchange of nutrients/waste products and signalling molecules, or in general
transfer of information in and out of cells.! While small, hydrophobic or moderately
polar molecules are able to diffuse passively and directly across membranes, larger and
more polar compounds must use membrane transporters/channels in order to enter the
cell successfully. A relevant class of channels is constituted by beta-barrel proteins: the
active transporters, known as Ton-B dependent transporters,? and the passive channels.?
These biological nanopores have a key role in many living processes and have been a
source of inspiration for recent technological applications,** in particular DNA
sequencing,® water treatments,’ and blue energy.?

In the outer membrane (OM) of Gram-negative bacteria, a plethora of different proteins
are expressed for the uptake of polar molecules required for bacterial cell growth and
function.” Many of these systems function upon passive gradient diffusion, but in order
to avoid unrestricted and fast access to toxic compounds, they have evolved to develop
specificity or sieving mechanisms.!? Specific channels are an example of this evolution
in which the recognition of particular interactions is a key step in molecular
permeability, as is the case of aquaporins,'! sugar-specific channels,'>!3 or other

substrate-specific channels like the Occ family from Pseudomonas aeruginosa)'*'> and
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Acinetobacter baumannii.'®'” Conversely, in the case of general porins, such,as, the s aon;
Enterobacteriaceae  OmpF/OmpC orthologs,'® the OmpT/U porins from Vibrio
cholera,'® and MOMP from Campylobacter jejeuni,? the role and relevance of specific
interactions, binding sites or affinity sites in molecular permeability has been widely
debated.?!>?

Bacterial porins exhibit a very particular architecture, Fig. 1a, highly conserved along
the respective bacterial orders (Enterobacteriaceae, Pseudomonadaceae, Vibrionaceae,
Campylobacteraceae). These beta-barrel proteins are constricted halfway down the axis
of diffusion by one or more internal loops that create the so-called constriction region
(CR) (Fig. 1a). In addition, this narrow region exhibits a striking charge segregation on
opposite sides of the wall (Fig. 1a), creating a strong transversal electric field.?> The
CR defines the size exclusion limit for translocation through these channels 24, and it
has been finely tuned in order to modulate the permeability of the outer membrane.??
This constriction is also present in other biological channels like the mitochondrial
VDAC?%27 or the CymA,?® where the mobile N-terminus element can constrict the
lumen when it folds inside.

The fluctuations of the internal loop constricting the lumen of general pores can gate
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the channel, either spontaneously?® or upon external stimuli like temperature.3”
However, the size of the channel is not the only parameter controlling molecular
permeability: its electrostatic fingerprint plays a key role in stabilising the desolvated
form of polar molecules, thereby aiding their translocation.3!-3? Also the ionic species
in solution, like the presence of di-cations, can modify the internal affinity site.33* Both
the channel fingerprint and the charge distribution of the translocating molecule can be
modified to tune molecular permeability, in the former case with applications in

nanotechnology,? in the latter for microbiology.3®
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Porins like OmpF/OmpC are considered non-specific channels, meaning molecyles.ca
permeate by passive diffusion.?! Notwithstanding, the outer membrane is a system in
which permeation is controlled by a combination of influx (porin-mediated) and efflux
processes, and it cannot be explained using Fick’s law for passive diffusion.’’
Experimentally, single-molecule single-channel electrophysiology experiments can
sense the pore-molecule interactions, providing association and dissociation rates for
influx.3® Accumulation assays, can also asses influx when efflux systems are not
expressed.’® Recently, we presented a scoring function®#! able to rank compounds
according to their ability to permeate through general porins. Our results showed an
excellent agreement with accumulation assays and other biophysical and
microbiological assays. The scoring function is based on a statistical model for
describing the general steric filter of these porins, revealing that its entropic nature is
translated in an enthalpic diffusive transport, 4* as well as electrostatic interaction terms
(charge and dipole).?® Here, in order to fully depict the energetic landscape behind the
permeability process through bacterial general porins, we have selected a set of related
penicillin molecules (Fig. 1), with incremental change in charge and electric dipole
moment, to study their permeation through the OmpF porin from Escherichia coli, a
well-characterized biological nanopore, by means of enhanced sampling molecular
dynamics. With respect to other groups,*** we explicitly considered two collective
variables, namely the position of the diffusing molecule along the axis of diffusion and
its orientation. Eventually, we revealed the influence of the electrostatic pore-molecule
interactions in fine-tuning permeability and, thus, the molecular transport rates Our
results provide useful guidelines for antibiotics design but also enable the designing of
artificial pores with particular filtering mechanisms that can be exploited for

technological applications.
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Results

Selection of molecules

We selected molecules from the penicillin’s group to have a series with approximately
the same size, and thus the same steric barrier, with incremental charge and electric
dipole moment states (Fig. 1): the dianionic carbenicillin (electric dipole moment of
12.7 Debye), the anionic benzylpenicillin (electric dipole moment of 18.2 Debye), and
the zwitterionic ampicillin (electric dipole moment of 34 Debye). These related
compounds have the advantage that for two of the them (ampicillin and carbenicillin)
an X-ray co-complex with OmpF is available and will be used to validate our free
energy calculations and to discuss the role of high-affinity sites on molecular
transport.2? To note that an OmpF co-complex is also available for a negatively charged
molecule fragment, ertapenem.?? Further, in order to extend the electrostatic properties
of our set with a positive molecule, we designed a variant penicillin to obtain a molecule
positively charged with the same size as the others. Starting from ampicillin, we
substituted a carbon atom of the phenyl ring with a nitrogen, obtaining a cationic

molecule, the cationic compound-1, with two positive groups and one negative group.
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This molecule would be positively charged at low pH. Though, we decided to simulate
this low pH form without altering the protonation states of OmpF, thus keeping the
same environment for all the compounds. This way, we obtained a series of related
compounds with incremental charge (from -2e to +1e) but similar size. Adding the
second positive group also increases the electric dipole moment (electric dipole
moment of 37 Debye) with respect to zwitterionic ampicillin (electric dipole moment

of 34 Debye), providing a series with an incremental dipole moment too.
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Figure 1. (a): General architecture of Enterobacter porins with highlighted the loop L3
and the charged residues creating the central constriction region with the key regions,
EV (extracellular vestibule), PR (preorientation region), CR (constriction region), PV
(periplasmic region), view from the side and from the top. Bottom: structure of the
selected penicillin molecules with their charge state at neutral pH; charged groups are

highlighted in blue (positive) and red (negative).

Theoretical background

Bacterial porins function as non-specific channels and the passive mechanism of
molecular permeability can be treated as a one-dimensional diffusion-drift problem.*
Solving the Fick equation corrected with the drift motion due to pore-molecule
interactions,* with the suitable boundary conditions for the diffusion of a molecule
through a finite channel, the flux of molecules at equilibrium only depends on the

diffusion constant of the molecule and its free energy along the diffusion axis:
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where N, is the Avogadro constant, .S‘gore is the geometrical cross section at the mouth
of the channel and Ac is the difference of the solute molar concentrations. U(Z) is the
potential of mean force, and D(Z) is the diffusion coefficient along the pore axis (Z); L
is the length of the pore, and kgT is the thermodynamic temperature. U(Z) and D(Z)
can be determined from all-atom MD simulations. There are two key points in Eq.1: (1)
the flux depends on the integral along the entire axis of diffusion [0, L], meaning that
we need to know the global free energy: thus, information about local high-affinity co-
complex structures, such as those obtained with molecular docking, might be not
sufficient to predict flux; (i1) the flux is a macroscopic property; hence it depends on
the average over a high number of translocation events, expressed by the PMF U(Z),
and a large sampling (dynamics) is required to predict permeability correctly. The
global property and the statistical requirement for predicting the flux*’ together with

the lack of a robust and direct method to measure permeability,*® represents an obstacle
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in the drug discovery process to search for new antibiotics able to permeate through
general porins, overcoming the OM of Gram-negative bacteria and reaching their

targets within the bacterial cell.**-9

Free energy surfaces
We calculated the potential of mean force (PMF) for the translocation of each molecule
through OmpF (Fig.1), using enhanced sampling techniques (metadynamics)’! with

two general collective variables (CV): the molecule position with respect to the main
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axis Z of diffusion, reported in the Y-axis (Fig. 1) and the orientation of the betazlact.

ring, reported in the X-axis (Fig.1). Previous simulations of ampicillin through OmpF
revealed an affinity site inside the CR due to the restriction of the sampled CV-space
along Z.523 The position of this binding site was not in agreement with the co-complex
structure solved a posteriori for ampicillin inside OmpF, generating a controversial
discussion around its location and the role it might have on transport.?!->2 Thanks to the
computational advances, in this work we could afford to explore the entire CV-space
that extends to the entire lumen, from the bulk in the EV (+40 A) to the bulk in the PV
(-30 A), according to eqn. 1. As expected, the highest energy barrier is located in the
CR because of the pore size exclusion filter, but with subtle differences from one
molecule to another. In the case of ampicillin and benzylpenicillin the barrier extends
from -10 A <z <0 A, while in the case of carbenicillin it extends on a larger region (-
10 A <z <10 A). The cationic compound-1 exhibits the narrowest barrier (-3 A <z <
0 A) when it penetrates with the positive groups ahead, while the barrier is slightly
broad (-9 A < z<-3 A) in the opposite case. These differences are correlated with the
cation selectivity of the pore and in agreement with previous X-ray study on ion
density.>* The translocation of ampicillin and carbenicillin has been studied
computationally in the past>?23 and both molecules have been co-crystallized inside
OmpF.?? The minima corresponding to these two co-crystal structures are highlighted
in orange in the free energy maps depicted in Figure 2, for ampicillin in the PR (Fig.2a,
3a) and in the PV for carbenicillin (Fig.2d, 3d), both corresponding to the global
minimum of the conformational landscape. Although, there is not a co-crystal structure
solved for benzylpenicillin inside OmpF (Fig.2¢, 3¢), we found a minimum for this
molecule in the same region (EV) where a fragment of ertapenem (negatively charged

as benzylpenicillin) has been co-crystallised inside OmpF,*? though providing a low
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resolution co-complex. The root mean square deviations (RMSD) from the cozgrystal; s oo so0y
structures are remarkably good, 2.8 A (Fig. 3a, bottom) in the case of ampicillin and
3.4 A (Fig. 3d, bottom) in the case of carbenicillin. The latter value is apparently high
since we predicted the binding with opposite orientation with respect to X-ray, though
maintaining the main interactions of the (symmetrically placed) carboxylic charged
groups of carbenicillin. In the case of benzylpenicillin we cannot estimate the RMSD
with respect to the (low resolution) fragment of ertapenem, however the interacting
residues are conserved (Fig. 3¢, bottom). Despite there is not co-crystal structure
available for the cationic compound-1, we found a minimum in the PR/CR interface,
not far from the ampicillin binding site and in agreement with a pore that is cation

selective.
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Figure 2. Free energy surface of the translocation of different beta-lactam antibiotics, namely:
(a) Ampicillin, (b) cationic compound-1, (¢) benzylpenicillin and (d) carbenicillin. Y-axis
corresponds to Z coordinate (along the axis of diffusion) of the antibiotic and X-axis to the
orientation of the beta-lactam ring. A positive value corresponds to the phenyl ring of the
antibiotic pointing up towards the extracellular vestibule (EV) and a negative value indicates it
is pointing down towards the periplasmic vestibule (PV). Zero values correspond to a situation
in which the main axis of the beta-lactam ring is perpendicular to the axis of diffusion. Each
line corresponds to a difference of 1 Kcal/mol. CR is located between -5.0 A and 5.0 A along
the axis of diffusion (z). The pre-orientation region (PR) is highlighted just above the CR.
Minima corresponding to co-crystal structures are highlighted in orange while other analysed

minima are highlighted in magenta.
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The main difference between the pose of the zwitterionic ampicillin and the cationic
compound-1 form is caused by an additional interaction with a negatively charged
residue from the loop L3 (E117, Fig. 3b, bottom). Hence the conformation is shifted
towards a more central position in the pore (Fig. 3b, bottom). Interestingly, the region
where the zwitterionic and the cationic compound-1 bind in OmpF has been identified
as a high-affinity site for the zwitterionic form of norfloxacin in OmpF.!° The identified
affinity sites are distributed along the axis of diffusion of the protein according to the
charge state of the molecule, highlighting a non-specificity of interactions as well the

importance of the internal electrostatics of the pore in its filtering mechanism.
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(a) Ampicillin (b) Modified ampicillin (c) Benzylpenicillin (d) Carbenicillin
r.m.s.d=2.8 A r.m.s.d=5.8A r.m.s.d=3.42A

Figure 3. Upper panel: most relevant conformations from the selected free energy minima in
Figure 1. The antibiotic conformation is depicted in licorice, with its electric dipole moment in
magenta for (a) ampicillin, (b) cationic compound-1, (¢) benzylpenicillin and (d) carbenicillin.
The OmpF pore is represented as a white cartoon with the constricting loop (L3) highlighted in
orange. The most relevant charged residues are highlighted in CPK representation and coloured

according to their charge. The residues within a sphere of radius 4 A centred in the antibiotic
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are depicted as licorice, with its van der waals surface in a transparent material, and ¢gloyrg
according to its type. In the case of carbenicillin, the view is rotated by 90 degrees around the
axis of diffusion. The different regions of the pore are labelled; the ’pre-orientation’ region
(PR) and the constriction region (CR) are highlighted following the colour scheme Figure 1.
Bottom panel: the co-crystal structures for ampicillin depicted as white licorice (a,b),
ertapenem, yellow licorice (¢) and carbenicillin, magenta licorice (d) are superimposed onto
the conformations extracted from the metadynamics run. For ampicillin, cationic compound-1
and carbenicillin, the root mean square deviation (RMSD) from the crystal structure is

indicated.

We calculated U(Z) from the projection of the computed PMF for the translocation of
each molecule through OmpF onto the diffusion axis (Upeada(Z), Fig. 4). As previously
observed in the two-dimensional free energy map, the main barrier for translocation is
located in the CR for all compounds.

This barrier has an entropic contribution, due to the limited configurational space

available to the diffusing molecule when it enters the pore:

A(CR) )

U(CR) ~U(mouth) = —kTin(simeis) )

where A is the effective area, in the plane transversal to the pore axis, available to the
diffusing molecule. Eq. 2 is straightforward when the molecule has a size smaller than
the pore. Here we are in the opposite condition: the average size of molecules is always
larger than the average size of the pore in the constriction region. However, the
molecule can permeate, when the pore expands and the molecule itself shrinks due to
thermal fluctuations. Also, one can assume that the molecule enters the constriction
region by aligning its long gyration axis with the pore axis. We suggested a statistical
model taking these arguments into account*? and the entropic barrier can be modelled

as it follows, considering explicitly the fluctuations of the molecule and of the pore:
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z(o-zzjorin(z) + Urznolecule)

Usteric(z) = kBT

Sporin(z)
s

where Ry,orin(2) = , being S,,rin(z) the minimal geometrical cross section of the

Smolecule

pore along the diffusion axis, and Roiecuie = being Spoecue the minimal

p—
projection area of the molecule.

The four three molecules selected have a similar size (Sampicitin = 50.5 A2, S ationic
comp=49.5 A2, Spenzyipeniciin= 46.7 A% and Scueniciin= 50.0 A?), hence the steric
contribution calculated using Eq. 3 to the total free energy for translocation is very
similar: ampicillin, cationic compound-1 and carbenicillin ~12 kcal/mol (Fig. 4a,c, red
line); benzylpenicillin ~11 kcal/mol (Fig. 4b, red line). However, the one-dimensional
free energy barriers calculated with metadynamics (Ue.a(Z), Fig.4, solid black line)
are different for each molecule: ~4.5 kcal/mol for ampicillin, ~6.2 kcal/mol for
benzylpenicillin and ~7.2 kcal/mol for carbenicillin. In the case of the cationic
compound-1 the process can be considered almost barrier-less, ~1 kcal/mol, if we

consider the statistical error is of the same magnitude.
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Figure 4. Projection of the free-energy surface, obtained with metadynamics (blue),

along the diffusion axis and compared with the steric-entropic contribution (orange) to

the free-energy for the four studied compounds: cationic compound-1 (a), ampicillin

(b), benzylpenicillin (¢) and carbenicillin (d). The ’pre-orientation’ region (PR) is

highlighted in green, and the constriction region (CR) in red. The statistical model

refers to the use of Eq. 3.

Table 1. Molecular parameters for the studied compounds and energy compensation

calculated as the difference between the maximum of the steric-entropic contribution

and the maximum of the total free energy obtained from metadynamics, derived from

Figure 4.

Size Electric | Steric

Dipole barrier

Total

barrier

Energy

compensation
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(A% | (Debye) | (kcal/mol) | (kcal/mol) | (kcal/mgl),; 105
Cationic compound-1 | 49.5 |37 12.2 1.1 11.1
(+1)
Ampicillin 50.5 |34 12.0 4.5 7.5
(0, zwitterionic)
Benzylpenicillin 46.7 | 18.2 11.0 6.2 4.8
(-1
Carbenicillin 50 12.7 12.4 7.2 5.2
(2)

In this model the selectivity of the porin for cations*’ naturally arises from their
interaction with the negative electric potential inside the CR. In the case of ampicillin
(Fig. 4a) the electrostatic interaction of its electric dipole moment with the internal
electric field reduces the steric barrier, a reduction of 7.5 kcal/mol, from 12 kcal/mol to
4.5 kcal/mol, and the deepest minimum along the one-dimensional free energy
coincides for metadynamics at the co-crystal conformation, where the alignment of the
dipole moment of ampicillin to the internal electric field of OmpF is optimal (Fig. 3a).
For the anionic benzylpenicillin the contribution of the dipolar term to the reduction of
the barrier is reduced by the repulsive charge/electrostatic potential additional
interaction, a reduction of 4.8 kcal/mol, from 11 kcal/mol to 6.2 kcal/mol. The
compensation is similar with the di-anionic carbenicillin, a reduction of 5.2 kcal/mol,
from 12.4 kcal/mol to 7.2 kcal/mol, however with a total barrier higher because of the
large steric term. Conversely, in the case of the cationic compound-1 the additional
positive group compensates more the steric barrier, thus making the process almost

barrierless, a reduction of 11.1 kcal/mol, from 12.2 kcal/mol to 1.1 kcal/mol. This
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explain why modifying existing scaffolds by adding a positive group enhanc

intracellular accumulation of compounds in Gram-negative bacteria.’%-3

Conclusion

We investigated the permeability of four related penicillin compounds through the
model porin OmpF. These molecules were selected to have the same size and
incremental electric charge and dipole moment, from -2e to +1e and from 12.7 D to 37
D. Our results show clearly how the free energy barrier for permeation is correlated
with the increase of the charge (from negative to positive) and dipole moment. The
sieving mechanism of porins goes beyond the size exclusion problem imposed by the
CR. The entropic barrier keeps the permeation rate low, acting as a steric general filter.
At the same time, the electrostatic interactions fine-tune selectivity and molecular
transport in a specific way, as shown by the mutation of key charged residues in
resistant mutants.?! Thus, a rational distribution of charged groups in the molecule’s
scaffold, creating an electric dipole moment, might tremendously impact molecular
permeability by tuning the central free energy barrier. Moreover, unlike specific
channels, which require binding for successful translocation or permeation,!3-~% in
general porins a free energy barrier controls permeability, with affinity sites becoming
relevant for transport only at high concentrations when saturation occurs.46-7

Further, reminding that these porins are cation-selective (OmpF is slightly cation
selective, 1.33 40), we showed that the presence of one or more positive groups in the
scaffold could decrease the barrier because of the favoured interactions at the bottleneck
or near the constriction region where the steric barrier occurs. In the past, the addition
of a positive amine group in the scaffold resulted promising in converting an antibiotic

effective against Gram-positive to a broad-spectrum antibiotic.>®* However, this is not
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the only strategy to enhance the permeability of the scaffold in Gram-negative,species; :cronosy
since a large electric dipole, obtained by placing ad hoc charged groups can favor
transport t00.8

Note that to obtain a large electric dipole moment, we need to put far apart the positive
and negative groups. Thus, it requires to have a large scaffold, which increases the steric
barrier. It is not surprising that using our scoring function for predicting molecular
permeability, we found that medium-size molecules have a better permeability, on
average, than small-size molecules.”® Eventually, it is the subtle balance between size
and electrostatic that tunes the free energy barrier for permeation through porins into
the periplasmic space.*

The main features of the OmpF filter (constriction size, rigidity and internal
electrostatics) are appealing for technological applications: (i) having a barrier instead
of a minimum to regulate permeation avoids saturation at high concentration; (ii) the
permeation process does not involve large conformational changes, thus allowing fast
rates of permeation; (iii) the electrostatic compensation is general and does not depend
on specific chemical groups, only on general physical properties as dipole and charge;

(iv) the two filters (steric and electrostatic) stay in the same region, reducing the

Published on 18 September 2023. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 9/19/2023 10:20:37 AM.

dimension of the pore. The overall presented mechanism shades light into a
paradigmatic porin-mediated molecular uptake and the possibility of turning nature into

high-tech machinery.

Computational methods
The experimental X-ray structure of OmpF (PDB Id: 20MF) was used as starting
coordinates for molecular dynamics (MD) simulations. All the amino acid residues

were simulated in the ionization state at neutral pH except for the E296, which was
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protonated (net charge 0) as suggested by Varma et al.® The entire trimer,w
embedded in a pre-equilibrated POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) bilayer of 259 lipids and the system was oriented in order to center
the protein at the origin of the coordinate system and align the channel along the z-axis
(positive z: extracellular side; negative z: periplasmic side). 33 sodium ions were added
to neutralize the system total charge. The system was solvated with ~17000 water
molecules (initial simulation box size: 11x11x9 nm; total number of atoms: ~100k).
After 1 ps of energy minimization (conjugate gradients), a slow heating from 10 to 300
K was carried out for 1 ns. During this stage, positional restraints were applied on the
protein a-carbons (all three dimensions) as well as on the lipids phosphorus atoms
(along z only). After releasing the constraints on the POPC, an equilibration stage
follows for 4 ns in the NPT ensemble at 1.0 bar and 300 K. Finally, 0.6 micro seconds
MD simulations were performed in the NVT ensemble after the elimination of the
protein restraints.

The NPT equilibration was performed with the program NAMD.,°!' with 1.0 fs time-
step, and treating long-range electrostatics with the soft particle mesh Ewald (SPME)
method (64 grid points and order 4 with direct cutoff at 1.0 nm and 1.0 A grid-size).
Pressure control was applied using the Nose-Hoover extended Lagrangean method with
isotropic cell, integrated with the Langevin Dynamics (200 fs and 100 fs of piston
period and decay, respectively). The latter was also applied for temperature control with
200 fs thermostat damping time. Production run in the NVT ensemble was performed
through the ACEMD code compiled for GPUs, by rescaling hydrogen mass to 4 au and
increasing the time-step up to 4.0 f5.9263 The Langevin thermostat was used with 1 ps

damping time. SPME was used to treat the electrostatics as for the equilibration stage.
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The Amber99SB-ILDN force field®* was used for the protein and lipids, and the TIP3 Pt e o

for waters.%°

The GAFF force-field parameters®® were used to describe ampicillin, benzylpenicillin,
carbenicillin and piperacillin (PubChem: CID 6249, 5904, 20824,43672). Partial
atomic charges were evaluated according to the RESP approach:®’ the molecule was
first optimized at the HF/6-31G(d) level, up to a convergence in energy of 10~ au, using
the Gaussian03 package. Atomic RESP charges were derived from the electrostatic

potential using the antechamber module of the AMBER package.5®

Starting from the final configuration of the OmpF simulation described above, for the
four antibiotics, the molecule was placed outside the lumen of the first monomer. The
difference between the z-coordinate of the center of mass (com) of the antibiotic two-
ring system and the z-coordinate of the com of the protein monomer was 25 A. A
thousand steps of energy minimization were performed. The equilibration stage
followed for 1 ns in the NVT ensemble at 300 K as described hereinbefore. Well-
tempered metadynamics!® simulations were performed until the first effective
translocation through the protein constriction region (CR) was observed. Then, four
configurations were randomly selected for each compound, two with the antibiotic
located in the extracellular vestibule (EV), two in the periplasmic vestibule (PV).
Correspondingly, four multiple-walkers’® were set to extend the metadynamics
reconstruction of the free-energy surface (FES). Two biased collective variables were
used, namely, the antibiotic position and orientation inside the channel. In practice, the
‘position’ Az was defined as the difference of the z-coordinate between the com of the
antibiotic and that of the first porin monomer. The ‘orientation’ was defined on the

basis of the orientation of the rigid two-ring system, as the difference of the z-
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coordinate between the lactam carbonyl carbon and the sulfur bonded carbon. We use
either 4 or 8 walkers arriving to a total simulation time of 2.2 us (ampicillin and
compound-1), 2.8 us (benzylpenicillin) and 3 ps (carbenicillin). During the
metadynamics, energy biases were added every 2 ps to each collective variable (initial
height 1.0 kcal/mol; ¢ = 0.25-0.08 A for position and orientation, respectively). Well-
tempered AT was 3000K. We calculated the statistical error on the reconstructed
metadynamics free energy surfaces in one dimension. We used the estimator of Ref. 7!,
formula 22: we compared the reconstructed free energy with that estimated from the
collective variable sampling, having a larger frequency than the bias. The average error
is around 0.1 kcal/mol. This error does not take into account the force field
approximations and the choice of collective variables, though when we bias explicitly
two variables the convergence is better. In a similar paper, the authors investigates the
permeation of phosphomycin with metadynamics biasing only the position along Z,
obtaining an error lower than 0.8 kcal/mol.#* Our estimate of the error considering all

approximations is around 1 kcal/mol.
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