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Figure S1a: Sequence alignment of OccK8 with all other known members of the OccK family. 

No other member of the family has a positive residue in the position corresponding to 

K327 (shown in blue rectangle). K327 forms salt bridge with D311 (shown with a red 

arrow), which is also absent in all other OccK family members. This indicates that this 

salt bridge (Gate A) is unique in OccK8. The residue D322 is shown with a blue arrow. 
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Figure S1b Sequence alignment of OccK8 with other members of the Occ family – OprD, 

OccD3 from Pa and OccAB1 from Ab. OccK8 shares high sequence similarity with 

OccD1/OprD (45.7%), OccD3/OpdP (41.2%) from Pa, and OccAB1 (42.9%) from Ab. 

Interestingly, these porins have a negatively charged aspartate instead of a lysine at 

position 327.The case of K327 is highlighted with a blue box. All the other porins have 

acidic glutamic acid in the position corresponding to K327. The positions corresponding 

to D311 and D322 in OccK8 are shown with a red, and blue arrow respectively. 
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Figure S2. (Left) Distribution of minimum accessible area of OccK8 and the distribution of 

minimum projection area of ceftazidime. (Right) Comparison of available area inside OccK8 at 

different salt concentrations. Gate A (salt bridge interaction between D311 and K327) seems to 

be unstable and breaks in the presence of ions.  

 

Figure S3. (left) The reconstructed free energy surface (FES) for the translocation of ceftazidime 

through OccK8. Both potential paths are highlighted and coloured according to the charged 

group of ceftazidime that faces the CR. The location of the gates is shaded and the affinity site 

locate near gate is indicated with a magenta star. (right) The structures corresponding to the 

minima (at z = 2 Å, Gate B). It consists of two states as shown in two panels. The figures on the 

left are the views from the side of the porin; the figures on the right are the views from the 

top/periplasmic side. 
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Figure S4 Molecular structure of the antibiotics investigated (top). Each molecule (bottom) is 

represented in licorice with its total dipole moment as a red arrow. We reported the value of the 

total dipole moment (in Debye) and the average size (minimal projection area in Angstrom2), see 

also the open database for details: http://www.dsf.unica.it/~gmalloci/abdb. 
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Figure S5. Distance between the positive and negative charges in the substrates during 300 ns 

simulation for the substrates (in the left), and 500 ns simulation for the antibiotic molecules (in 

the right).  
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Figure S6. Structures corresponding to the (A) closed and (B) open states of OccK8 as seen 

from the perplasmic side (left), and from the side (right) of the channel. Loop L3 (orange) and 

loop L6 (yellow) form the constriction region. Basic residues are shown in blue, acidic residues 

in red, and the amide residue in green 

 

 

 

The open and closed states in OccK8. The average area distribution (Figure S2) shows that 

OccK8 is a fairly small channel with a narrow constriction region and it is supported by its low 

conductance (Table 1). Clearly, a closed state is dominant for the channel. We have also shown 

that a favourable substrate can induce structural changes that can significantly increase the 

available area in the CR resulting in an open state of the channel. We have characterized the 

structural features responsible for the closed and open states of the pore and they are shown in 

the figure. 

We also discussed the presence of two gates that control the constriction region. Gate A is 

located at the beginning of the constriction region and it is a result of K327-D311 salt-bridge 

interaction. This interaction is easily broken in the presence of KCl (Figure S2). 
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Gate B is in the lower part of the constriction region and it is formed by electrostatic interaction 

between the members of the basic ladder (R163, R131, R421, K397) with E419 and Q324. The 

residues R163 and R131 are relatively more flexible than the others which maintain the 

electrostatic interaction with more stability. The movement of these two residues play a crucial 

role in gating of the channel. These two residues are on the upper side of the slanted ladder and 

they tend to interact with the negative charge in a substrate and thus directing them towards the 

eyelet region. They can move away significantly enlarging the accessible area in the constriction 

region. Also the movement of R131 towards the extracellular side of the channel is the main 

reason of the shift in minimal accessible area and its location (Figure 7).  
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Determination of relative permeabilities of amino acids and antibiotics through OccK8. 

Our aim is to investigate to which extend the charged antibiotics/amino acids, which are 

available in limited quantities, are permeable through the OccK8 channel. To resolve this issue, 

we apply as previously 1 an experimental electrophysiological tri-ionic zero-current-potential 

assay. Symmetric low salt concentrations on both sides of the OccK8 containing membrane are 

supplemented with low concentrations of solutes with the counter ion ��� at pH 6 on one site of 

the membrane (tri-ionic conditions) and the reversal potentials are determined. This setup allows 

for resolving single channel currents in the range	≪ 10	�	. However, since the single channel 

conductance of the OccK8 channel at low NaCl concentrations is extremely low (
 ≅ 1.1	�
, at 

10 mM NaCl sym., see Figure S8C) we used for our measurement of Vrev bilayer containing a 

very high number of active OccK8 channels. A typical example is shown in Figure S9. Currents 

(Figure S9A) were recorded by applying the voltage protocol in Figure S9B. From this recording 

the current amplitude histogram (Figure S9C) is obtained and used to construct the current-

voltage relationship (I-V curve) of the bilayer, either as shown in Figure S9 at symmetrical bi-

ionic, or asymmetrical tri-ionic conditions (Figure S10).  

Using the determined zero-current-potential (����)  and applying the GHK-current equation 

(equation (1) below) 1, 2 we then can determine the relative permeability of the involved ion-

species (see below). 

Experimental conditions for determining relative flux rates for Cefotaxime, ��� and ��� at pH6: 

Cation: ���� = 1; 	���� ! = 60	#$; ����	%��&! = 10	#$ 

Anion: �'() = −1.0; 	�'()� ! = 10#$;	�'()%��&! = 10#$ 

Cefotaxime: �'�+, = −1; 	�'�+,)� ! = 50#$;	�'�+,)%��&! = 00#$ 

Zero current potential: ���� = 27	#�	(01�023#045��	6��70) 

Permeability: 8��� = 1.55;	8'() = 1.0 (experimental value from bi-ionic recordings of 

NaCl) 

Considering that the assumptions of the GHK-theory are valid at the given low ion 

concentrations and the ion fluxes can be regarded as independent of one another we can calculate 

the current voltage relation for a membrane channel with the above combination of bi-ionic and 

tri-ionic concentrations using equations 1 to 5 below: 

(1) 9:(�, 8< , �, �� !, �%��&!) = 8:�= >?@
AB ∙ D�E,FGH��E,IJKLH�:MN)OPQ

RS TU	
V��:MN)OPQ

RS T  
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(2) 9���(�) = 9(�, 8�� , ��� , ���� !, ���%��&!), 

(3) 9'W)(�) = 9(�, 8'() , �'() , �'()� !, �'()%��&!) 

(4) 9'�+,)(�) = 9X�, 8'�+,) , �'�+,) , �'�+,)� !, �'�+,)%��&!Y 

(5) ∑ 9(�) = 9���(�) + 9'()(�) + 9'�+,)(�) 

The only unknown quantity in equations 1-5, the relative permeability of Cefotaxime (8'�+,)) is 

the variable, which can be used to fit the experimental I-V curve to finally obtain the 

experimental value of  ���� (see above). Because of the fit we obtained 8'�+,) = 0.2. Thus, the 

resulting relative permeabilities at the applied tri-ionic conditions were: 8���: 8'(): 8'�+,) =
4: 1: 0.2 (see Table2). 

Determination of the Cefotaxime flux-rate through OccK8.  

The determined relative permeability’s can then be used to calculate the contribution of the 

individual ions at a given voltage to the total current (equation 1-4, see above). For this we 

calculate the I-V curves for the normalized total tri-ionic current ∑ 9(�) = 9���(�) + 9'()(�) +
9'�+,)(�)) and the bi-ionic current ∑ 9(�) = 9���(�) + 9'()(�) (Figure 3B).The difference of 

the two I-V relationships then yields the normalized 9'�+,)(�)  current. These normalized 

currents can be calibrated to the conductance of OccK8 at given experimental conditions (10 mM 

Cefotaxime cis, 10 mM NaCl sym.) (see Figure S2C). By this procedure, we obtain the I-V 

relation of OccK8 at the applied conditions (Figure 3C). From the slope of the linear part of this 

I-V relation we then finally obtain the conductance of OccK8 for Cefotaxime at a 10mM 

concentration. The flux-rate (n) of Cefotaxime under this condition can then be calculated 

by:		4 = ^_`ab∙>c∙�d
? ,	(NA = Avogadro-number and F = Faraday-constant). From this, we finally 

obtain at Vm= +10 mV a turnover number of n = 110 molecules/s at 10 mM and at 10 µM n= 

0.11 molecules/s for the Cefotaxime anion through OccK8. 
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Single channel conductance of OccK8 

The single channel conductance of OccK8 was determined in bilayer containing N≤4 active 

copies of the OccK8 channel from the current amplitudes of single channel gating events 

applying a mean variance analysis3.  

Figure S7: (A) Current recording from a bilayer containing three active OccK8 channels 

(�e = +100	#� ) 500 mM NaCl sym., 20 mM MES pH 6.0 (sym.), (T= 220 C). Current 

recordings were filtered with a 8-pol Bessel filter at 500 Hz. (B) Mean variance plot depicting 

fast channel gating transitions (fg�% &g = 7.5	h�) of a single OccK8 channel from the open to the 

closed state in the absence of any effector.  

 

From the corresponding mean variance histogram3 (data not shown), we obtained current gating 

transitions with a mean value of ∆3 = 7.5	�		, �e = 100	#�, corresponding to a mean single 

channel conductance of 
̅! &g(�	�k�&&�( = 75	�
 , at 500 mM NaCl (sym). Moreover, a 

3e�:	602l7l	�e	��m5  between �e = n100	#�  (data not shown) which is a measure of the 

current through all open channels revealed a total conductance of 
̅o (�p�� = 224	�
, showing 

that the bilayer contain 3 active OccK8 channels. In the particular case shown in Figure7 two of 

the channels remained mainly in the fully open state while one channel displayed fast gating. 

Remarkably, the unusual high intrinsic gating frequency of the OccK8 channel was dependent on 

the ionic strength of the medium, displaying higher gating frequency at higher NaCl 

concentrations.   
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We analysed the OccK8 channel gating amplitudes at the different NaCl concentrations given in 

table and converted the observed various current amplitude at the given Vm into the 

corresponding conductance values. In order to avoid counting of non-time-resolved double or 

triple channel gating transitions we analyzed the data statistically to check the normal 

distribution of the values (Figure S8). 

Figure S8: Statistical analysis of the Occk8 conductance dependence on the NaCl concentration  

A. Box chart plot showing the median (line), the mean (open square) and the lower and 

upper quantile 

B. OccK8 single channel conductance at different NaCl concentrations (values from (A)) 

C. Single channel conductance of OccK8 extrapolated to low NaCl concentrations. Data 

obtained from the fit in (B) 
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Electrophysiological permeation assay of antibiotics through OprE 

To gain further information on permeation of the different substrates through OccK8, we 

reconstituted monomeric OccK8 into planar lipid bilayer. From single channel recordings where 

single channel gating events could be resolved (see Figure S7) we determined the single channel 

conductance of OccK8 (Table S1 in the SI). In 100 mM NaCl the channel revealed a 

conductance of 
̅e,&,e�� = 13	�
. This is a rather small conductance value when compared to 

OmpF (
̅reM?e,&,e�� = 178	�
, at 100 mM NaCl)4. Remarkably, this conductance value is even 

lower than the one observed for most of classical ���or t�channels2 (e.g. 
̅��!u = 72	�
 at 

100 mM KCl)5. The conductance ratio of 
^vcwPcbLbc`J

^vFFxycbLbc`J ≅ 14 decreased to about 6 at higher ionic 

strength (1M NaCl, 	
̅reM?e,&,e�� = 940	�
)4, probably due to the opening of Gate A at high salt. 

Remarkably, the OccK8 channel displayed a rather unusual intrinsic high gating rate from the 

open to the closed state (Figure S7), which in addition was dependent on the ion concentration, 

increasing with increasing ion concentration. 

For investigating the relative permeability of OccK8 for the anionic substrates ceftazidime, 

cefotaxime, glutamic acid, carbenicillin and the cationic amino acid arginine we applied an 

electrophysiological approach based on tri-ionic asymmetric ion concentration on both sites of 

the OccK8 containing membrane6-8 Measurements of the current vs. voltage (I-V) curves with 

different substrates under tri-ionic conditions were performed as described in the Materials & 

Methods section. First, we determined the OccK8 ion selectivity under bi-ionic conditions (Table 

S1, Figure S7). Remarkably, OccK8 revealed, in contrast to the anion selective other members of 

the Pseudomonas aeruginosa OM carboxylate channels (OccK1-7) subfamily,9 a slight cation 

selectivity of 8���/	8'() = 1.55	(Table S1). A representative experimental I-V plot under tri-

ionic conditions in the presence of Cefotaxime is shown in Figure S9, while the experimental I-V 

curves for the other compounds are shown in Figure S11. The reversal potentials (����) obtained 

for the different substrates under tri-ionic conditions are summarized in Table 1. 

The experimental ����  values for the different substrates (Table 1) under tri-ionic conditions 

clearly show that all anionic compounds are permeable through the OccK8 channel, albeit to 

varying degrees. Selectivity of ion channels is frequently characterized in the framework of the 

Goldman–Hodgkin–Katz (GHK) voltage equation2, 10, 11 (equation (1)). The GHK equations were 
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derived using a one-dimensional Nernst–Planck (1D-NP) equation with the simplifying 

assumptions that the potential is linear across the length of the pore and that the diffusion 

coefficients is constant throughout the pore. Those assumptions are certainly not met for OccK8. 

However, it has been demonstrated for OmpF that the permeability ratios extracted from the 

GHK equations and the one obtained from BD, MD, and PNP calculations were in excellent 

accord12, 13. Therefore, we consider that it is justified in the first approximation for OccK8 to 

assume that the ratio of the currents at Vm= 0 mV under asymmetric bi-ionic or tri-ionic 

conditions can be related to the ratio of the permeability coefficients of the involved ions. We 

fitted the experimental ����  values using the GHK current equation and obtained the relative 

permeability value for the different substrates (Table 1). In the next step, we used these values 

and calculated with the GHK equation the current-voltage curves for a single open OccK8 

channel bathed in symmetrical 10 mM NaCl (cis/trans) and 50 mM substrate at the cis 

compartment. As an example Figure S9B shows the calculated ion current caused by the applied 

voltage and the concentration gradient of cefotaxime Na. The total current ( 3(5m5��) =
∑ 3���3'() + 3'+:)) is carried on one hand by ���and ��� ions 3(����) = ∑ 3���3'()  and on 

the other by cefotaxime anion 3'+:). Figure S9C shows the calculated I-V curve for the current 

carried by the cefotaxime anion (at 10 µM concentration gradient) 3'+:). The conductance values 

for the different substrates calculated in this way are summarized in Table 1.  

 

Figure S9: Current – voltage relationships for OccK8. 

(A) Selected experimental I-V curves from bilayers containing multiple copies (control: ~50 

OccK8 channels. 10 mM NaCl cis/trans (control (■)) from OccK8 channels and 

additional 50 mM Na Cefotaxime on cis (electrical ground) side. 

(B) Calculated I-V curve using the experimentally measured reversal potential for the given 

concentration gradient. The black curve is the sum of the ion current originating from 

the molecule of interest (cefotaxime, blue line) and the ion current carried by ��� and 

��� ions (red line). 

(C) Calculated I-V curve for cefotaxime for a single Occk8 channel under tri-ionic 

conditions. 10 mM NaCl cis/trans and additional 10 µM Na Cefotaxime cis side. 
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Table S1: NaCl conductance of OccK8 at different ionic strength. In the presence of 20 mM 

MES pH 6.0 (sym.), (T= 220 C) (see also Figure S8). 

 

 

OccK8 

NaCl (cis/trans) ��������� (pS) Vrev (mV) 

 

����/	���) 
 

1 M / 1M 166.5±24.3 (n=24) ----------- ------------ 

300 mM / 300mM 35.8 ± 11.9 (n=20) ----------- ------------ 

200 mM / 200mM 26.6 ± 3.9 (n=18) ----------- ----------- 

100 mM / 100mM 12.8 ± 3.6 (n=18) ----------- ----------- 

600mM / 100mM ----------------- 8 ± 2.5 1.55 :1 
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Figure S10: Example of the determination of the OccK8 current voltage relationship from multi-

channel bilayer at symmetrical 10 mM NaCl, 10 mM Mops pH 6.0 (sym.), (T= 220 C). Current 

recordings were filtered with a 8-pol Bessel filter at 500 Hz.  

A. Current recording using the voltage protocol given in (B). 

B. Applied voltage protocol for the current recording. 

C. Current amplitude histogram for the recording in (A). 

D. I-V cure obtained from the mean currents from (C) at the voltages given in (B) line shows 

the linear fit of the data with a slope conductance of 1.2nS corresponding to ≈1090 active 

OccK8 channels. 
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Figure S11: I-V curves for the OccK8 channel under asymmetric tri-ionic conditions, details are 

given in Table1. Data were obtained from multi-channel bilayer recordings as shown in Figure 

S9. Lines are linear fits of the data-points. ���� values in Table2 were obtained as indicated in 

Figure S10A. 
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Proteomics procedure 

Animal infection models 

Intratracheal instillation model: specific pathogen free (SPF) immunocompetent male Sprague-

Dawley rats weighing 100 - 120 g or male CD-1 mice weighing 20 - 25 g were infected by 

depositing an agar bead containing around 107 colony-forming units Pseudomonas aeruginosa 

UCBPP-PA14, deep into the lung via nonsurgical intratracheal intubation.14 In brief, animals 

were anesthetized with isoflurane (5%) and oxygen (1.5 L/min) utilizing an anesthesia machine. 

Depth of anesthesia was evaluated by absence of gag reflex; if the reflex was present, the animal 

was placed back under anesthesia until the reflex disappeared. No animals were utilized until 

they were fully anesthetized.  Animals were infected via intrabronchial instillation of (rats- 100 

µl) (mice- 20 µl) molten agar suspension via intratracheal intubation, and then allowed to 

recover.  Animals were returned in their home cages and observed until recovered from 

anesthesia. At 24 h post infection, animals were sacrificed and lung was homogenized in sterile 

saline using a lab blender. All procedures are in accordance with protocols approved by the GSK 

Institutional Animal Care and Use Committee (IACUC), and meet or exceed the standards of the 

American Association for the Accreditation of Laboratory Animal Care (AAALAC), the United 

States Department of Health and Human Services and all local and federal animal welfare laws. 

 

Sample workup for proteomics 

The sample workup protocol was optimized to deplete host material while maintaining P. 

aeruginosa viability until lysis. All buffers and equipment were used at 0 to 4°C to minimize 

proteome changes during sample workup. The sample volume (maximum of 1 ml) was estimated 

and an equal volume of 1% Tergitol in PBS was added followed by vigorous vortexing for 30 s. 

After centrifugation at 500xg for 5 min, the supernatant was transferred to a fresh tube, and the 

pellet was extracted again with 2 ml 0.5% Tergitol in PBS. The supernatant was combined with 

the first supernatant and centrifuged at 18’000xg for 5 min. The pellet was washed with 2 ml and 

again centrifuged at 18’000xg for 5 min.  

The supernatant was removed, and the pellet was resuspended in 100 µL 5% sodium 

deoxycholate, 5 mM Tris(2-carboxyethyl)phosphine hydrochloride, 100 mM NH4HCO3. The 
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sample was incubated at 90°C for 1 min. and then stored at -80 °C. Samples were thawed and 

sonicated for 2x20 s (1 s interval, 100% power). Proteins were alkylated with 10 mM 

iodoacetamide for 30 min in the dark at room temperature. Samples were diluted with 0.1M 

ammonium bicarbonate solution to a final concentration of 1% sodium deoxycholate before 

digestion with trypsin (Promega) at 37°C overnight (protein to trypsin ratio: 50:1). After 

digestion, the samples were supplemented with TFA to a final concentration of 0.5% and HCl to 

a final concentration of 50 mM. Precipitated sodium deoxycholate was removed by 

centrifugation at 4°C and 14’000 rpm for 15 min. Peptides in the supernatant were desalted on 

C18 reversed phase spin columns according to the manufacturer's instructions (Macrospin, 

Harvard Apparatus), dried under vacuum, and stored at −80°C until further processing. 

 

Parallel reaction monitoring 

Heavy proteotypic peptides (JPT Peptide Technologies GmbH) were chemically synthesized for 

P. aeruginosa outer membrane proteins. Peptides were chosen dependent on their highest 

detection probability and their length ranged between 7 and 20 amino acids. Heavy proteotypic 

peptides were spiked into each sample as reference peptides at a concentration of 20 fmol of 

heavy reference peptides per 1 µg of total endogenous protein mass. For spectrum library 

generation, we generated parallel reaction-monitoring (PRM) assays 15 from a mixture containing 

500 fmol of each reference peptide. The setup of the µRPLC-MS system was as described 

previously 16. Chromatographic separation of peptides was carried out using an EASY nano-LC 

1000 system (Thermo Fisher Scientific) equipped with a heated RP-HPLC column (75 µm x 37 

cm) packed in-house with 1.9 µm C18 resin (Reprosil-AQ Pur, Dr. Maisch). Peptides were 

separated using a linear gradient ranging from 97% solvent A (0.15% formic acid, 2% 

acetonitrile) and 3% solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 30% solvent 

B over 60 minutes at a flow rate of 200 nl/min. Mass spectrometry analysis was performed on Q-

Exactive HF mass spectrometer equipped with a nanoelectrospray ion source (both Thermo 

Fisher Scientific). Each MS1 scan was followed by high-collision-dissociation (HCD) of the 10 

most abundant precursor ions with dynamic exclusion for 20 seconds. Total cycle time was 

approximately 1 s. For MS1, 3e6 ions were accumulated in the Orbitrap cell over a maximum 

time of 100 ms and scanned at a resolution of 120,000 FWHM (at 200 m/z). MS2 scans were 
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acquired at a target setting of 1e5 ions, accumulation time of 50 ms and a resolution of 30,000 

FWHM (at 200 m/z). Singly charged ions and ions with unassigned charge state were excluded 

from triggering MS2 events. The normalized collision energy was set to 35%, the mass isolation 

window was set to 1.1 m/z and one microscan was acquired for each spectrum.  

The acquired raw-files were converted to the mascot generic file (mgf) format using the 

msconvert tool (part of ProteoWizard, version 3.0.4624 (2013-6-3)). Converted files (mgf 

format) were searched by MASCOT (Matrix Sciences) against normal and reverse sequences 

(target decoy strategy) of the UniProt database of P. aeruginosa, as well as commonly observed 

contaminants. The precursor ion tolerance was set to 20 ppm and fragment ion tolerance was set 

to 0.02 Da. Full tryptic specificity was required (cleavage after lysine or arginine residues unless 

followed by proline), three missed cleavages were allowed, carbamidomethylation of cysteins 

(+57 Da) was set as fixed modification and arginine (+10 Da), lysine (+8 Da) and oxidation of 

methionine (+16 Da) were set as variable modifications.  

For quantitative PRM experiments the resolution of the orbitrap was set to 30,000 FWHM (at 

200 m/z) and the fill time was set to 50 ms to reach a target value of 1e6 ions. Ion isolation 

window was set to 0.7 Th and the first mass was fixed to 100 Th. Each condition was analyzed in 

biological triplicates.  All raw-files were imported into Spectrodive (Biognosys AG) for protein 

and peptide quantification. We normalized protein abundance based on OprF (at 775 fmol / µg P. 

aeruginosa tryptic peptides), which is constitutively present under widely varying conditions. 

Quantification based on CFU counts was less accurate, presumably because of aggregates that 

would still give raise to single colonies. 
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