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Abstract 4 

The misuse and overuse of fluoroquinolones in recent years have triggered alarming levels of 5 

resistance to these antibiotics. Porin channels are crucial for the permeation of fluoroquinolones 6 

across the outer membrane of Gram-negative bacteria and modifications in porin expression is 7 

an important mechanism of bacterial resistance. One possible strategy to overcome this problem 8 

is the development of ternary copper complexes with fluoroquinolones. Compared to 9 

fluoroquinolones, these metalloantibiotics present a larger partition to the lipid bilayer and a 10 

more favorable permeation, by passive diffusion, across bacteriomimetic phospholipid-based 11 

model membranes. To rule out the porin-dependent pathway for the metalloantibiotics, we 12 

explored the permeation through OmpF (one of the most abundant porins present in the outer 13 

membrane of Gram-negative bacteria) using a multi-component approach. X-ray studies of 14 

OmpF porin crystals soaked with a ciprofloxacin ternary copper complex did not show a well-15 

defined binding site for the compound. Molecular dynamics simulations showed that the 16 

translocation of the metalloantibiotic through this porin is less favorable than that of free 17 

fluoroquinolone, as it presented a much larger free energy barrier to cross the narrow 18 

constriction region of the pore. Lastly, permeability studies of different fluoroquinolones and their 19 

respective copper complexes using a porin-mimetic in vitro model corroborated the lower rate of 20 

permeation for the metalloantibiotics relative to the free antibiotics. Our results support a porin-21 

independent mechanism for the influx of the metalloantibiotics into the bacterial cell. This finding 22 

brings additional support to the potential application of these metalloantibiotics in the fight 23 

against resistant infections and as an alternative to fluoroquinolones. 24 

Abbreviations: 25 

FQ – fluoroquinolone 26 

Cpx – ciprofloxacin 27 

CuCpxPhen – Ternary complex of copper, ciprofloxacin, and phenanthroline 28 

COM – center of mass 29 

Phen - 1,10-phenathroline 30 
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CuFQPhen – Ternary complex of copper, fluoroquinolone and phenanthroline 1 

MD – Molecular dynamics 2 

US – umbrella sampling 3 

OmpF – outer membrane porin F  4 
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1. Introduction 1 

Antimicrobial resistance is considered a major public health threat by the World Health 2 

Organization.[1, 2] In 2015, resistance to fluoroquinolones (FQ) was frequently observed in 3 

clinical E. coli isolates, with an average incidence of 22.8 % in Europe. Furthermore, the 4 

combined resistance of E. coli to FQs, 3rd-generation cephalosporins and aminoglycosides is 5 

increasing considerably, with an average incidence increase from 4.9 % to 5.3 % between 2012 6 

and 2015.[3] In general, mechanisms of antibiotic resistance can be divided into three 7 

categories: i) reduction of the intracellular antibiotic concentration; ii) mutation or modification of 8 

the antibiotic target; and/or iii) inactivation of the antibiotic.[4] An important bacterial resistance 9 

mechanism for FQ is the reduction in the concentration of drug inside the bacterial cell, by either 10 

reduced influx or increased efflux.[5]  11 

Complexation of FQ with transition metals has been one of the strategies explored to overcome 12 

bacterial resistance. This approach comprises the modification and improvement of the existing 13 

drug, rather than the development of an entirely new compound, reducing drug development 14 

costs. Multiple studies on FQ complexation with different transition metals have been 15 

performed.[6, 7] In particular, copper(II) complexes were found to be stable in solution at 16 

biologically relevant conditions (pH 7.4 and µmol·dm-3 range of concentrations) and suitable to 17 

be studied as putative substitutes for pure FQ.[8, 9] The promising nuclease activity of copper 18 

complexes with the heterocyclic ligand 1,10phenanthroline (Phen), combined with the high 19 

stability of copper-fluoroquinolone complexes, has led to the emergence of many studies on 20 

ternary complexes of copper, FQ and Phen (from now on referred to as CuFQPhen complexes, 21 

see Fig. S1 for FQ and CuFQPhen structures).[10, 11] Relative to FQ, the CuFQPhen 22 

complexes have a similar mechanism of action, involving the inhibition of bacterial 23 

topoisomerase activity, and equivalent or improved antibacterial activity, both in Gram-negative 24 

and Gram-positive bacteria.[8, 12] Many studies have reported that CuFQPhen showed a 25 

markedly larger partition into bacteriomimetic membrane models, when compared with FQ.[13-26 

16] This suggests that the main route of influx into the bacterial cell for CuFQPhen may be 27 

different from that of FQ and involve passive diffusion across the lipid membrane. Our previous 28 

work explored this hypothesis, by employing spectroscopic studies and molecular dynamics 29 

(MD) simulations to study the partition and permeation of CuFQPhen across a bacteriomimetic 30 

phospholipid-based model membrane. Results corroborated the larger affinity and partition of 31 

CuFQPhen to the phospholipid-based model membrane and indicated that the permeation of the 32 

metalloantibiotics by passive diffusion should be favored compared to the free drug.[17] 33 
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In the case of Gram-negative bacteria, however, the cell envelope is a complex structure, 1 

composed of two membranes, divided by the periplasm. The inner membrane is a symmetric 2 

bilayer, with a composition like the phospholipid-based models for which the partition and 3 

permeation of the CuFQPhen antibiotics was widely tested. The outer membrane, however, is a 4 

more complex structure, consisting in an asymmetric bilayer, with an outer-leaflet composed of 5 

lipopolysaccharides (LPS) tightly cross-linked with divalent cations. This complex barrier is 6 

largely impermeable for the passive diffusion of small hydrophilic antibiotic-like molecules.[18] 7 

Therefore, the main route for the influx of antibiotics is the facilitated diffusion across outer 8 

membrane protein (Omp) channels, also named general porins. The OmpF porin, specifically, 9 

has been the most used model for the porin channel, as it is the most abundant and the best-10 

characterized porin of the E. coli outer membrane, with around 105 copies per cell and 11 

constituting 7 % of the total mass of the cell.[19] It was also one of the first membrane proteins 12 

for which high-resolution crystal structures were obtained.[20]  13 

Porins are non-specific channels. Nevertheless, the efficiency of diffusion through the porin pore 14 

is influenced by multiple factors. In particular, the presence of a narrow constriction region in the 15 

center of the channel selects against large molecules. Binding of the molecules to the 16 

constriction region residues also facilitates diffusion through the pore.[21-24] Finally, the 17 

transverse electric field in the pore is considered a key characteristic governing porin selectivity, 18 

hampering the diffusion of hydrophobic molecules and facilitating the diffusion of zwitterionic 19 

molecules.[25] This electrostatic field is the result of two groups of residues positioned opposite 20 

to each other on the constriction region: a group of negatively charged residues on loop L3 that 21 

point into the constriction region, and a cluster of positively charged residues on the barrel wall 22 

(basic ladder) (Fig. 1B).  23 

In past years, the scientific community has made a major effort to study the structure-function 24 

relationship of Omp channels and analyze antibiotic permeation across this pathway, using both 25 

experimental and computational techniques.[26] Notably, as porins are the main pathway for the 26 

entry of FQ into Gram-negative bacteria, resistance often arises from modifications in porin 27 

expression.[27-29] In the case of the CuFQPhen complexes, previous binding studies indicated 28 

that their permeation across the porin pathway was less efficient than the one of the free 29 

FQs.[17, 30] Furthermore, in bacterio studies indicated that CuFQPhen permeation across the 30 

outer membrane of Gram-negative bacteria was, at least partially porin-independent, suggesting 31 

an alternative route of influx.[8] Nevertheless, the permeation of these complexes across the 32 

porin pathway was, to the best of our knowledge, never studied in detail. In this work, we 33 

advanced with the study of the permeation of CuFQPhen trough the porin-pathway and 34 
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compared it to the free FQ. Following a previous structure of the FQ ciprofloxacin (Cpx) co-1 

crystalized at the constriction region of OmpF (PDB ID = 4KRA),[31] we used X-ray 2 

crystallography to complement previous studies on the binding of the ciprofloxacin ternary 3 

copper complex (CuCpxPhen) to the OmpF porin. To evaluate the energetic profile of the 4 

permeation of CuCpxPhen and Cpx across OmpF, we performed atomistic-detailed molecular 5 

dynamics (MD) simulations. These are, to the best of our knowledge, the first MD simulations 6 

performed on the translocation of metalloantibiotics across porins. Finally, we evaluated the 7 

experimental flux of free and copper-complexed FQ across an in vitro model mimicking 8 

unspecific porin-facilitated permeation. Altogether, our results suggest that the translocation of 9 

CuFQPhen complexes through the OmpF porin is highly unfavorable, relative to the free drug. 10 

 11 

2. Results and discussion 12 

2.1. CuCpxPhen does not have a defined binding site on OmpF 13 

To gain insights into the potential interactions established between CuCpxPhen and the residues 14 

at the pore of OmpF, we performed crystallization experiments, taking as an example previous 15 

studies.[31, 32] We grew crystals of OmpF from E. coli in two different crystallization conditions 16 

(Fig. S2) and soaked the crystals with up to 8 mmol∙dm3 of CuCpxPhen, which was the limit of 17 

solubilization of the metalloantibiotic in the cryoprotecting solution used. This concentration of 18 

ligand is approximately 10-fold higher than the dissociation constant obtained by surface 19 

plasmon resonance (~ 0.1 mmol∙dm-3).[33] The structures were determined by molecular 20 

replacement and showed either a full trimer in the asymmetric unit, at 1.95 Å resolution (PDB 21 

code: 6ZHV, space group P212121), or a single protein subunit in the asymmetric unit, at 2.05 Å 22 

resolution (PDB code: 6ZHP, space group P321). Details on the diffraction data and OmpF 23 

structure determination are listed in Table S1. Both structures showed the usual features of 24 

OmpF,[20] a trimer formed by three channels with an hourglass-type shape and a narrower 25 

region in the center, named the constriction region (with ca. 0.8 nm of accessible diameter) (Fig. 26 

1). Although some unexplained electron density was found in the pore vestibules of OmpF in 27 

both structures, neither the CuCpxPhen ligand nor any of its components (Cpx or Phen) could 28 

be fitted with confidence into this density. 29 
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 1 

Figure 1. The three-dimensional structure of the OmpF porin (PDB code: 6ZHV). (A) The structure of the trimer, with loops L2 2 

(important for trimer stability) and L3 that form the constriction region, depicted in red and green, respectively; (B) Top-view of the 3 
monomer showing the charged residues that form the constriction region of the pore; (C) Side view of the monomer showing the two 4 

vestibules of the channel separated by the constriction region. Carbon atoms are displayed in light-grey, oxygen atoms in red, and 5 
nitrogen atoms in blue. The numbering of the residues was chosen to match the OmpF structure used for the subsequent MD 6 

simulations (PDB code: 3POX), the corresponding residue numbers in the 6ZHV pdb structure are: Asp 135, Glu 139, Arg 154, Arg 7 
104, Arg 64 and Lys 38. 8 

It has been well described that the interaction between the residues of the constriction region 9 

and large antibiotics is important for the permeation of these compounds across porins.[22-24] In 10 

addition, a structure of the Cpx/OmpF complex is available.[31] Our inability to determine the 11 

structure of CuCpxPhen bound to OmpF suggested that the interactions mediating the formation 12 

of CuCpxPhen/OmpF complex do not involve a well-defined binding pocket. These results fit 13 

well with previous experiments: molecular docking experiments showed weaker interactions 14 

between CuCpxPhen and the residues of the constriction region of the OmpF pore, compared to 15 

Cpx;[33] fluorescence spectroscopy analysis showed that, unlike Cpx, CuCpxPhen does not 16 

form a specific interaction with the residues of the constriction region.[30] Nevertheless, these 17 

crystallographic results do not prove that CuCpxPhen is not transported through the pore, as, in 18 

the absence of a specialized mechanism of permeation, efficient transport of porin-permeating 19 

antibiotics may only require weak interactions distributed along the permeation pathway.[24, 34] 20 

2.2. CuCpxPhen shows a large energy barrier to cross the OmpF channel 21 

To characterize the flux of CuCpxPhen through OmpF at the molecular level, we used MD 22 

simulations.[35] We determined the free energy profiles of permeation of Cpx and its 23 

metalloantibiotic CuCpxPhen across the OmpF pore (Fig. 2). The structures of Cpx and 24 

CuCpxPhen are displayed in Fig. S1. Cpx was studied in the zwitterionic state (Cpx±) and the 25 

metalloantibiotic in the dicationic state ([CuHCpxPhen]2+), as these are the most relevant 26 

species at biological conditions (pH 7.4).[8, 36]  27 
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As expected, there was an energy barrier for both molecules to cross the narrowest constriction 1 

region of the porin. For Cpx±, this barrier was of 36.9 kJ·mol-1 (Fig. 2), in agreement with a 2 

recent study that revealed an energy barrier between ca. 35 and 50 kJ.mol-1, depending on the 3 

method that was used for the free energy profile calculation.[37] On the other hand, the energy 4 

barrier for the permeation of [CuHCpxPhen] 2+ was almost 3 times larger than for Cpx±, reaching 5 

96.6 kJ·mol-1 (Fig. 2). This energy barrier was also considerably larger than the ones previously 6 

reported for other antibiotics that are known to use the porin-pathway as a route of influx across 7 

the outer membrane of Gram-negative bacteria. Even enrofloxacin, that was reported to weakly 8 

permeate through this route, relative to other FQs, has a lower energy barrier (of ca. 67 kJ·mol-9 

1).[38] Notably, the energy barrier for the permeation of [CuHCpxPhen] 2+ across the porin-10 

pathway was also larger than the one reported for the permeation of the same metalloantibiotic 11 

across the bacteriomimetic lipid bilayer, composed of anionic phospholipids (46.2 kJ·mol-1).[17]  12 

 13 

Figure 2. Free energy profiles of Cpx± (black) and [CuHCpxPhen]2+ (red) influx across the OmpF pore. The image at the bottom 14 

of the plot illustrates the pathway of permeation explored (from the extracellular vestibule to the periplasmic vestibule). The constriction 15 
region of the pore is located around the porin center of mass (COM), at ca. z = 0.0 nm. Energy profiles were obtained from the last 16 
90 ns of the 430 ns simulation per window for [CuHCpxPhen]2+ and the last 60 ns of the 110 ns simulation per window for Cpx±. 17 
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The energy barrier for the permeation of [CuHCpxPhen]2+ across the OmpF channel could not 1 

be determined with the same accuracy as the one of Cpx±. For Cpx±, we obtained similar free 2 

energies at the channel ends, which suggests more converged profiles (Fig. S3). For 3 

[CuHCpxPhen]2+, however, the energy after passing the constriction region (at the periplasmic 4 

vestibule) was ca. 60 kJ·mol-1 larger than when the molecule was located at the extracellular 5 

vestibule of the protein (Fig. S3). Extension of the permeation pathway to include more of the 6 

bulk solution in both the extracellular and periplasmic spaces (-3 nm to 3 nm) did not alter the 7 

results, showing an offset of ca. 70 kJ∙mol-1 (Fig. S4). This asymmetry for the free energies at 8 

each channel end was previously reported for umbrella sampling (US) simulations of solute 9 

translocation across the porin channel OprO, being specially prominent for larger solutes.[39] 10 

Recently, this asymmetry was also reported for Cpx± permeation across the OmpF channel, 11 

even when temperature acceleration schemes were employed to improve sampling.[37] 12 

Specifically, for US combined with temperature accelerated sliced sampling, the authors point to 13 

differences of 8 to 16 kJ·mol-1 in the free energies at the ends of the channel, after 7 μs of 14 

simulation. The authors associate this asymmetry with the lack of sampling of some 15 

conformational states of the solute (and possibly the protein). It is important to stress, however, 16 

that in our simulations, after 6 μs of simulation we do not see a large asymmetry in the free 17 

energies at the ends of channel for Cpx± (Fig. S3). For [CuHCpxPhen]2+, however, this happens 18 

even after 40 μs of simulation. 19 

To further test the convergence of our free energy profiles, additional simulations of 20 

[CuHCpxPhen]2+ permeation on the inverse pathway (outward direction, i.e. efflux from the 21 

periplasmic to the extracellular vestibule with the same orientation of the molecule) were 22 

conducted (Fig. S5 and Fig. S6). An asymmetry in the free energy between both channel ends 23 

was still observed for the outward direction, supporting the hypothesis that the work of pulling 24 

the metalloantibiotic to cross the narrow OmpF channel results in an irreversible energy 25 

component that does not dissipate within the time frame used in this study. The strong steric 26 

hindrance imposed by the narrowness of the OmpF constriction region would demand extremely 27 

long simulations to allow for the pore reorganization and achieve fully converged results. The 28 

barrier for the permeation of [CuHCpxPhen] 2+ across the OmpF pore at the outward direction 29 

was slightly lower than the barrier for the inward permeation pathway, reaching 69.5 kJ·mol-1 30 

(Fig.3). Nevertheless, this barrier is still more than two times larger than the barrier for Cpx± 31 

permeation across the channel, supporting the conclusion that [CuHCpxPhen] 2+ is unlikely to 32 

cross the OmpF pore (Fig.3). 33 
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 1 

Figure 3. Free energy profiles of Cpx± (black), and [CuHCpxPhen]2+ in the inward direction (influx – red) and outward direction 2 
(efflux – orange) across the OmpF pore. The constriction region of the pore is located at ca. z = 0.0 nm. Energy profiles were 3 

obtained with the last 90 ns of the 430 ns simulation per window for [CuHCpxPhen]2+ at the inward direction and 300 ns at the outward 4 
direction, and the last 60 ns of the 110 ns simulation per window for Cpx±.  5 

2.3. The permeation of CuCpxPhen causes a large deformation at the 6 

constriction region of OmpF 7 

To analyze the presumed sterically unfavorable permeation of the large [CuHCpxPhen]2+ 8 

molecule across the narrowest constriction region of the pore, we plotted the root mean square 9 

deviation (RMSD) of all the residues of OmpF during the translocation of Cpx± and 10 

[CuHCpxPhen]2+ (Fig. S7). In this case, no large differences between the two molecules could 11 

be observed. The largest structural changes occur in residues 75 to 80 that form a flexible loop 12 

between strands, on the extracellular side of OmpF, suggesting that these movements are 13 

unrelated to the permeation of the drugs. In contrast, when the analysis was restricted to the 14 

residues in the constriction region, it became clear that the translocation of [CuHCpxPhen]2+ 15 

caused a higher perturbation on key-residues at this region than the translocation of Cpx± (Fig. 16 

4). It is, therefore, likely that steric hindrance was a major contributing factor to the high energy 17 

barrier observed for the permeation of [CuHCpxPhen]2+, as previously described for other 18 
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molecules permeating OmpF.[40] This conclusion agrees with the narrowness of the constriction 1 

region (with ca. 0.8 nm of accessible diameter), considering the minimum projected diameter of 2 

[CuHCpxPhen]2+ (ca. 1.2 nm) and the minimum non-repulsive distance between the protein and 3 

the metalloantibiotic (0.3 nm in all directions). 4 

 5 

Figure 4. The RMSD (nm) of the main residues at the constriction region (Arg132, 82 and 42; Lys16; Asp113; and Glu117) as 6 

the molecules Cpx± (black) or [CuHCpxPhen]2+ (red) translocate the OmpF pore. The constriction region of the pore is located at 7 

ca. z = 0.0 nm.  8 

2.4. The orientation of CuCpxPhen hampers the permeation across the channel 9 

Considering the importance of the alignment of the permeating molecule with the porin 10 

transverse electric field, we analyzed the orientation of Cpx± along the OmpF pore (Fig. 5). The 11 

orientation, main interactions and pathway of Cpx± permeation through the pore were similar to 12 

those previously described for the same molecule in the OmpC porin.[41] At the entrance of the 13 

extracellular vestibule, Cpx± mainly oriented its carboxylic group towards Arg167 and Arg168 14 

(Fig. 5A). Then, the molecule oriented its amino group towards Glu 117 in the L3 loop (Fig. 5B). 15 

Approaching the constriction region, the molecule underwent a reorientation, with the carboxylic 16 

group interacting with residues Arg82, Arg42 and Lys16 on the constriction region (Fig. 5C). At 17 

this region (Fig. 5D), Cpx± oriented its dipole along the transverse electric field, interacting with 18 

both acidic residues on the L3 loop and basic residues from the opposite wall. The molecule 19 

exited the constriction region with its amino group interacting with the acidic residues Glu 117 20 

and Asp 113 (Fig. 5E). Finally, Cpx± reoriented again, leaving the pore with the carboxylic group 21 

interacting with Lys 16 (Fig. 5F).  Overall, Cpx± adopts multiple orientations to maximize the 22 

interactions with residues along the pore and, importantly, to align with the transverse eletric 23 
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field. The entropic cost for the molecule to enter the constriction region could be then 1 

compensated by a favorable orientation of its dipole along the internal electric field of the 2 

channel.[42] 3 

 4 

Figure 5. Representative snapshots of the interactions of Cpx± with the porin residues along the permeation pathway. Panels 5 

A to D represent the multiple interactions from the extracellular vestibule to the periplasmic vestibule of OmpF, respectively.  6 

The distance of Cpx± to the protein COM on each panel is represented by its z coordinate. Cpx± and the relevant residues are displayed 7 

with stick and ball-and-stick representations, respectively. Carbon atoms are displayed in grey, oxygen atoms in red, nitrogen atoms 8 

in blue, hydrogen atoms in white and fluorine atoms in cyan. The protein backbone is displayed in light-grey, with tube representation. 9 

In contrast, [CuHCpxPhen]2+ does not have a well-defined ionic dipole. Hence, it never 10 

established the same favorable interactions with pore residues. A comparison between the 11 

orientation of Cpx± and [CuHCpxPhen]2+ along the pore pathway clearly showed that 12 

[CuHCpxPhen]2+ had a much lower ability to rotate inside the porin pore, and it only could 13 

reorient after passing the constriction region (i.e. inside the larger periplasmic vestibule – from -14 

0.5 to -2 nm, Fig. 6). In fact, after entering the extracellular vestibule, the molecule oriented its -15 

NH3
+ group toward the negative residues at the constriction region but then adopted a 16 

conformation where the interactions of the phenanthroline group with the basic ladder of the 17 

pore were quite unfavorable. Therefore, apart from the high steric hindrance resulting from the 18 

bulky molecule crossing the pore, unfavorable interactions also increased the energy barrier for 19 

transporting [CuHCpxPhen]2+ through the OmpF pore. 20 
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 1 

Figure 6. Orientation of Cpx± and [CuHCpxPhen]2+ along the OmpF pore. The angle distributions between the vector of the 2 

molecule (vector Cpx± and vector [CuHCpxPhen]2+) and the z-axis (vector porin) are depicted. Carbon atoms are displayed in grey; 3 
oxygen atoms in red; nitrogen atoms in blue; hydrogen atoms in white and fluorine atoms in cyan. The constriction region of the pore 4 

is located at ca. z = 0.0 nm. 5 

 6 

2.5. FQ metalloantibiotics show a lower permeation rate across a porin-mimetic 7 

in vitro model 8 

The MD simulations provided strong evidence that the permeation of the metalloantibiotic across 9 

the OmpF channel is much less favorable than the permeation of the FQ. To complement these 10 

results, we performed experimental measurements of the flux of both molecules across a 20 % 11 

(w/v) starch hydrogel-based barrier that mimics the permeability across the Gram-negative outer 12 

membrane. This setup was previously shown to correctly predict the relative porin-mediated 13 

uptake for a series of 27 antibiotics, including fluoroquinolones.[43]  14 

Due to the high-throughput characteristic of this assay (performed in a 96-well system), the 15 

permeation of three different FQ and the respective metalloantibiotics was assessed – 16 

ciprofloxacin (Cpx), moxifloxacin (Mxfx), sparfloxacin (Spx) and the respective ternary copper 17 

complexes (CuCpxPhen, CuMxfxPhen and CuSpxPhen) (see SI, Fig. S1 for details on the 18 

molecular structure of the drugs). The structures and physicochemical properties of these FQ 19 

are different from those of Cpx (Mxfx is more hydrophobic and Spx has a lower ratio between 20 

the zwitterionic and neutral forms, at near physiological conditions [36]), allowing an analysis of 21 

the effect of such properties on the permeation. 22 

Permeation of the compounds was followed for 3.5 h and the apparent permeability coefficient 23 

(Papp) was calculated (according to eq. (1) - materials and methods section) (Fig. 7). All the free 24 

FQ tested showed similar permeation rates, indicating that the impact of their different 25 
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physicochemical properties on the permeability across this model is negligible. Confirming our 1 

MD simulation results, all the free FQ permeated significantly faster across the in vitro “porin-2 

mimetic” model, compared to the metalloantibiotics. Moreover, the Papp of the complexes was 3 

similar to the one of the low-accumulating drug novobiocin (Nov), which has been consistently 4 

reported as unable to diffuse across the general porins OmpF or OmpC.[44] 5 

 6 

Figure 7. Papp values of three FQ and the respective CuFQPhen complexes. Papp-values of low accumulating novobiocin (Nov) 7 

were also used as a reference. Columns represent mean Papp ± SD, n = 12 from 3 independent experiments and a two-way ANOVA 8 

was performed with Tukey’s multiple comparison analysis. **** P<0.0001 9 

 10 

3. Conclusion 11 

General porins, such as OmpF, are involved in the transport of ions for the bacterial cell and are 12 

the main pathway for the influx of small hydrophilic compounds, like antimicrobial drugs. Even 13 

though the binding of small molecules has been consistently connected with better permeation 14 

across general porins, the specificity of these porins is substantially different from those of 15 

substrate-specific porins.[21, 42] In fact, selectivity of general porins is the result of a balance 16 

between: i) the favorable interactions established by a molecule along the pore and, especially, 17 

at the constriction region, ii) the alignment with the transverse electric field inside the pore, and 18 

iii) the stereochemical impediments posed by the narrowness of the constriction region.[42, 45]  19 

Following the assumption that binding is important for the translocation of molecules through the 20 

pore, we first attempted to crystallize the metalloantibiotic CuCpxPhen in complex with the 21 

OmpF porin. Although there have been reports of a structure of OmpF in complex with Cpx, we 22 

could not obtain a crystallographic structure of the complex between CuCpxPhen and OmpF, 23 

indicating that the metalloantibiotic does not have a defined binding site in the porin channel.  24 
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In order to advance with a detailed analysis of the process of FQ and CuFQPhen permeation 1 

across the OmpF porin, we used MD simulations. The results showed a significantly larger 2 

energy barrier for the translocation of the CuCpxPhen complex through the pore, when 3 

compared to the free drug. This prohibitively large energy barrier for the translocation of the 4 

metalloantibiotics trough the pore is mainly a combination of two factors: i) a high steric 5 

hindrance of a bulky molecule crossing the narrow constriction region of the pore, and ii) the 6 

inability of the molecule to align with the electric field inside the porin channel and make 7 

favorable interactions with both the acidic and basic ladders of the channel. 8 

Experimental evidence of the largely unfavorable permeation of the metalloantibiotics across the 9 

OmpF porin was also obtained by an in vitro “porin-mimetic” model. The permeation of the 10 

copper complexes across this “porin-mimetic” barrier was ca. 2 times slower than the 11 

permeation of the respective free drug. Moreover, the rate of permeation of the metalloantibiotics 12 

was similar to the non-porin-dependent drug novobiocin. Previous experimental results already 13 

pointed to a lower permeation of the metalloantibiotics across general porins, namely binding 14 

studies pointed for their lower affinity to the constriction region of the porin, compared to the free 15 

drug.[30, 33] Nevertheless, this study advances with the first determination of the permeability of 16 

these complexes across a porin-mimetic model and the results perfectly match the previous 17 

binding studies. 18 

Taken together, the results presented in this work strongly support that, unlike free FQ, the 19 

CuFQPhen complexes do not use the general porin-pathway to cross the outer membrane of 20 

Gram-negative bacteria. Notably, Cpx± permeation through OmpC, a different Omp channel also 21 

known to transport antibiotics, has been also previously studied, revealing an energy barrier 22 

larger than the one for OmpF.[39] This agrees with the hypothesis that the permeation of 23 

antibiotics through OmpC is less favorable, as its pore is more constricted.[44] Due to the large 24 

size of the metalloantibiotic, its permeation across OmpC should be even more difficult than in 25 

the case of OmpF. 26 

The energetic barrier for the ciprofloxacin metalloantibiotic influx across the porin pore was ca. 2 27 

times larger than the barrier for its translocation across a bacteriomimetic phospholipid-base 28 

membrane model.[17] The combination of this result, with the larger partition of the 29 

metalloantibiotics into phospholipid membranes, relative to the free FQ,[15, 17] suggests that 30 

these metalloantibiotics may enter the bacterial cell by self-promoted uptake across the lipid 31 

membrane. Nevertheless, the permeation of these molecules across an LPS-containing model 32 

of the outer membrane of Gram-negative bacteria needs to be assessed to obtain additional 33 
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confirmation of this permeation pathway. Additionally, possible unknown permeation pathways 1 

for these molecules could not be discarded. For instance, an active uptake using tonB-2 

dependent transporters was reported to carry multiple substrates, including nickel and copper 3 

complexes.[46] 4 

As one of the mechanisms of bacterial resistance against FQ is the decrease of the drug 5 

intracellular concentration, by the restriction of permeation across the porin-pathway, the 6 

findings of this work support FQ metalloantibiotics as a potential alternative to be used against 7 

resistant infections, as supported by our previous findings in multi-drug resistant clinical 8 

strains.[12] 9 

 10 

4. Material and methods 11 

Ternary FQ complexes with Cu(II) and phen were obtained by combining, in equimolar 12 

proportion (1:1:1), the stock solutions of FQ (purity > 98.0 %, SIGMA-ALDRICH), Cu(NO3)2 13 

(MERCK) and 1,10phenanthroline (phen) (SIGMA-ALDRICH), as previously described.[8, 9] FQ 14 

and phen stock solutions were prepared in PBS buffer (20 mmol·dm-3 phosphate, pH7.4, 15 

GENAXXON). The exact concentration of the aqueous Cu(NO3)2.3H2O stock solution was 16 

determined by titration in alkaline medium with standard solution of ethylenediaminetetraacetic 17 

acid (EDTA) 0.1 mol∙dm-3, using murexide [Ammonium 2,6-dioxo-5-(2,4,6-trioxo-5-18 

hexahydropyrimidinylidene)amino-3H-pyrimidin-4-olate] as an indicator. Specifically for the X-ray 19 

experiments, a previously synthesized ciprofloxacin copper complex (CuCpxPhen) powder was 20 

used to soak the OmpF crystals at the highest compound concentration possible.[8] The ternary 21 

CuFQPhen complexes were previously characterized by UV-vis spectroscopy, infrared 22 

spectroscopy and X-ray diffraction, and their stability constants were also determined.[6, 8] 23 

Physicochemical properties of the drugs (minimum projected diameters, log(Doctanol-water), pKa) 24 

were estimated using the chemicalize tool (CHEMAXON lab). 25 

4.1. X-ray studies 26 

OmpF was purified by adapting a previously reported protocol.[32] The detailed protocol used for 27 

OmpF purification is described in the supporting information section. OmpF stocks (~ 10 mg·mL-28 

1) used for crystallization studies were stored in 1 % nOctylpolyoxyethylene (oPOE) (BACHEM 29 

AG) at 4 °C and used within one month after production. 30 

OmpF crystals were grown at 20 ºC, using sitting-drop vapor-diffusion method in 24well 31 

Cryschem plates (HAMPTON RESEARCH). 1 µL of OmpF stock was mixed with 1 µL of 32 



17 
 

crystallizing solution in the drop-well and equilibrated against a 500 µL of crystallizing solution 1 

placed in the reservoir-well. The best crystals were found with the following crystallization 2 

solutions: 1) 50 % PEG 200, 0.2 mol∙dm3 MgCl2 and 0.1 mol∙dm3 Nacacodylate pH 6.5 and 2) 3 

22 % PEG 2000, 0.25 or 1 mol∙dm3 MgCl2 and 0.1 mol∙dm3 Tris pH 7.5. The OmpF crystals 4 

were then transferred to a cryoprotecting solution containing up to 8 mmol∙dm3 of CuCpxPhen 5 

and incubated overnight. After incubation with the compound and cryoprotection, crystals were 6 

flash cooled in liquid nitrogen and stored for later analysis. Details on the screening performed to 7 

obtain OmpF crystals and the protocol used for soaking with CuCpxPhen are described in 8 

supporting information. 9 

Diffraction data were collected at the Soleil Synchrotron Source (SOLEIL, Gif-sur-Yvette, 10 

France) and processed using XDS [47] and AIMLESS (CCP4 program suite).[48] The OmpF 11 

structure was determined by molecular replacement with Phaser (CCP4 package), using the 12 

OmpF structure (pdb ID: 4LSF).[49] Cycles of manual model building using COOT-0.8.1 [50], 13 

followed by refinement in Phenix [51, 52] were performed to achieve the final model. Final 14 

structures were analyzed using the PYMOL software.[53] The pore accessible radius was 15 

analyzed using the HOLE program.[54] 16 

4.2. Molecular dynamics simulations 17 

The translocation of Cpx± and [CuHCpxPhen]2+ across the protein OmpF were analyzed using 18 

MD simulations coupled with the umbrella sampling (US) approach.[55] The MD simulations 19 

were conducted with the GROMACS 2018 and the results analyzed with GROMACS tools.[56] 20 

Simulations were visually analyzed with the VMD software (version 1.9.4.).[57] The protein 21 

OmpF was described using the Amber ff99sb-ILDN force field,[58] and the TIP3P model,[59] 22 

was used to describe the water molecules. The Berger lipids force field [60] was used to 23 

describe the lipid molecules and an explicit list of rescaled 1–4 pair interactions for the lipid 24 

head-groups was used to obtain numerically equivalent energy terms with AMBER force 25 

field.[61, 62] Cpx and Phen were parametrized using the parameters from the GAFF force field 26 

[63] that were obtained using the Antechamber [64] and Gaussian 09 [65] software (using a 27 

standard procedure). The output files were then converted to GROMACS-compatible files using 28 

the acpype.py script.[66]  A bonded-model approach was used to parameterize the coordination 29 

of the copper atom with the ligands Cpx and Phen, as described elsewhere.[17] 30 

The membrane models in the presence of the protein OmpF were constructed using the 31 

CHARMMGUI web server.[67] Only one OmpF monomer was used (the chain A monomer from 32 

the structure 3POX [68]), as the trimeric arrangement of OmpF is only adopted to confer 33 
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additional stability to the protein but the porin monomers may function as individual and 1 

independent channels.[69] The OPM database [70] was used to obtain information on the 2 

protein orientation in the lipid bilayer. A hexagonal simulation box was used, in order to allow a 3 

reduction of the overall size of the system. 70 POPC phospholipids per layer and a hydration 4 

level of 86 water molecules per lipid were used. 10 Na+ molecules were employed to neutralize 5 

the charge of the system and a concentration of 0.1 mol∙dm3 NaCl was added to the system. 6 

The system was equilibrated with a 300 ns conventional MD simulation. The Root Mean Square 7 

Deviation (RMSD) of the protein along the equilibration was followed to confirm the stability of 8 

the model. The last structure of the equilibration was used as the initial structure for the 9 

subsequent studies of ligand translocation. 10 

Temperature was set to 310.15 K using the v-rescale method [71] with a coupling constant of 11 

0.5 ps. Pressure was set to 1.013 bar using the Berendsen barostat [72] in a short NPT 12 

ensemble in the equilibration stage, then the Parrinello-Rahman barostat [73] with a coupling 13 

constant of 10 ps was used. Long-range electrostatic interactions were treated by the particle-14 

mesh Ewald (PME) method,[74, 75] with a real space cut-off of 1.0 nm and Fourier spacing of 15 

0.16 nm. The van der Waals interactions were treated with a cut-off of 1.0 nm. Long-range 16 

dispersion corrections to the pressure and energy were added.[76] Bonds were constrained 17 

using the LINCS algorithm [77] and the SETTLE algorithm [78] was used for the water 18 

molecules. An integration step of 2 fs was used. Coordinates were saved every 5 ps. 19 

The center of mass (COM) motion (translational) of the protein-bilayer system relative to the 20 

solvent was removed every 10 steps of the simulation. Two COM groups were used: 1) 21 

membrane (lipids + protein), and 2) the solvent (water), ions and the ligand.  22 

The ligand was inserted near the entrance of the pore (1.80 nm). The non-bonded (van der 23 

Waals and Coulombic) interactions of the ligands with the system were gradually switched on 24 

using ten λ steps. For each λ, a 0.6 ns MD simulation was run (total simulation time per ligand of 25 

6 ns). The last structure of the production was then used as the initial structure for the 26 

subsequent studies of membrane translocation by the analytes. 27 

A steered MD simulation was applied to obtain the initial structures for the subsequent US 28 

productions. The ligand was pulled from one side of the protein to the other using a rate of 0.05 29 

nm·ns-1 and a force constant of 1000 kJ·mol-1·nm-2. The initial structures for the subsequent US 30 

windows were then taken from the previous trajectory file. For the Cpx translocation 41 windows 31 

were used and for CuCpxPhen 92 and 68 windows were used in the inward and outward 32 

directions, respectively. A spacing between windows of 0.1 nm and 0.05 nm was used and force 33 
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constants between 1000 and 3500 kJ·mol1·nm-2 were employed in different US windows along 1 

the protein. These parameters were chosen to guarantee an adequate overlap of adjacent 2 

histograms at each depth along the protein channel and allow a correct estimation of the 3 

potential of mean force. In this case, a traditional direction pull geometry was used, pulling in the 4 

direction of the vector [0 0 1] and using the center of the protein in the z axis as the reference. 5 

140 ns of simulation per US window were run for Cpx and 440 ns and 200 ns for CuCpxPhen in 6 

the inward and outward directions, respectively. The weighted histogram analysis method 7 

(WHAM) was employed to obtain the PMFs. Errors in the PMF were estimated using the 8 

Bayesian bootstrap analysis of the histograms, using a total of 200 bootstraps.[79] 9 

4.3. Transport studies 10 

Permeability across a hydrogel-based “porin-mimetic” barrier was assessed as described 11 

previously by Richter et al. [43]. Briefly, each filter support of MultiScreen® 96-well filter plates 12 

(0.4 μm PCTE membrane, Millipore) was coated with a 20 % (w/v) aqueous solution of potato 13 

starch (partially hydrolyzed, Mw > 1.500 kDa, amylose content 33 %, AVEBE U. A.) using a 14 

customized bio printer. The transport study was then performed using the starch-coated donor 15 

wells in combination with a 96-well receiver plate (MultiScreen®, Millipore). The system was first 16 

equilibrated with PBS (pH 7.4) at 37 °C, for 30 min. PBS was then removed and 230 μL of pre-17 

warned (37 °C) antibiotic solution (300 μmol∙dm-3) was added to the donor well, while 30 μL of 18 

this solution were immediately removed and quantified. Then, 300 μL of PBS were added to the 19 

corresponding receiver plate and the system was assembled, sealed with adhesive foil, and 20 

incubated at 37 °C, 180 rpm. The absorbance was measured in the acceptor wells at time-points 21 

0, 10, 20, 30, 45, 60, 90, 120, 150, 180 and 210 min, using a Tecan Infinite® 200 PRO plate 22 

reader. Calibration curves were prepared from the antibiotic donor solution, in order to calculate 23 

the permeated amounts at each time point.  24 

The apparent coefficient (𝑃𝑎𝑝𝑝) was calculated from the slope of the linear region of the 25 

cumulative permeated compound plot divided by the surface area of the filter membrane 26 

(compound flux – 𝐽), at which the drug concentration did not yet exceed 10 % of the apical 27 

compound concentration and at which no lag time occurred: 28 

 𝑃𝑎𝑝𝑝 =
𝐽

|𝐷|0
 Eq (1) 

Where  |𝐷|0 is the initial compound concentration. 29 

Accession numbers 30 

PDB: 6ZHV, 6ZHP 31 
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