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Interaction of Zwitterionic Penicillins with the OmpF Channel Facilitates
Their Translocation

Christophe Danelon,* Ekaterina M. Nestorovich,t Mathias Winterhalter,** Matteo Ceccarelli,’
and Sergey M. Bezrukov'

*Institut de Pharmacologie et de Biologie Structurale, Toulouse, France; fLaboratory of Physical and Structural Biology, National Institute
of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland; *International University Bremen, Bremen,
Germany; and SDepartment of Physics and Sardinian Laboratory for Computational Materials Science, University of Cagliari,

1-09042 Monserrato, Italy

ABSTRACT To study translocation of B-lactam antibiotics of different size and charge across the outer bacterial membrane,
we combine an analysis of ion currents through single trimeric outer membrane protein F (OmpF) porins in planar lipid bilayers
with molecular dynamics simulations. Because the size of penicillin molecules is close to the size of the narrowest part of the
OmpF pore, penicillins occlude the pore during their translocation. Favorably interacting penicillins cause time-resolvable
transient blockages of the small-ion current through the channel and thereby provide information about their dynamics within
the pore. Analyzing these random fluctuations, we find that ampicillin and amoxicillin have a relatively high affinity for OmpF. In
contrast, no or only a weak interaction is detected for carbenicillin, azlocillin, and piperacillin. Molecular dynamics simulations
suggest a possible pathway of these drugs through the OmpF channel and rationalize our experimental findings. For zwit-
terionic ampicillin and amoxicillin, we identify a region of binding sites near the narrowest part of the channel pore. Interactions
with these sites partially compensate for the entropic cost of drug confinement by the channel. Whereas azlocillin and
piperacillin are clearly too big to pass through the channel constriction, dianionic carbenicillin does not find an efficient binding
region in the constriction zone. Carbenicillin’s favorable interactions are limited to the extracellular vestibule. These obser-
vations confirm our earlier suggestion that a set of high-affinity sites at the narrowest part of the OmpF channel improves a

drug’s ability to cross the membrane via the pore.

INTRODUCTION

The growing number of pathogenic bacteria that display
resistance to multiple antibiotics is becoming an increasingly
worrying clinical problem (1-4). These days, a ‘‘good’’ anti-
biotic is expected to exhibit a high affinity for its target and
to reach it rapidly, escaping modification by inactivating en-
zymes or expulsion by active efflux mechanisms (5).

Compounds of the B-lactam family belong to the most
important and most widely used group of antibacterial
agents. They interfere with the biosynthesis of the peptido-
glycan, a complex polymer of sugars and amino acids consti-
tuting the major component of the bacterial cell wall. The
antibacterial efficacy of the 8-lactam family of antibiotics is
dependent on their structural similarity to the substrate of
the DD-transpeptidases located in the periplasmic space (6).
Inhibition of these enzymes by -lactams leads to structural
instability and death of the bacteria.

Before reaching the target, B-lactam antibiotics have to
cross the outer membrane. The general diffusion porin OmpF
(outer membrane protein F) is considered to be the primary
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gateway for these antibiotics (7,8). Indeed, some B-lactam-
resistant strains of Escherichia coli have shown a deficiency
in OmpF expression (9). Mutations leading to structural alter-
ations of OmpF porins, such as a decrease in the pore radius,
seriously inhibit antibiotic uptake (10,11). Therefore, better
knowledge of the molecular basis of drug penetration via the
general porin OmpF is an important element of the compre-
hensive picture of bacterial resistance.

The rate of B-lactam antibiotic penetration depends on
many factors, including the charge distribution on the anti-
biotic molecule (12—14). Particularly, studies with reconsti-
tuted proteoliposomes (13—14) and intact cells (15) revealed
that zwitterionic compounds penetrate very rapidly as com-
pared with monoanionic 3-lactams. At the same time, the
introduction of the second negative charge on the solute re-
sulted in further reduction of the translocation rates.

Recently we incorporated individual OmpF channels into
planar lipid membranes and investigated the transport of a
B-lactam antibiotic, ampicillin (16). In analogy to substrate-
specific channels such as the sugar-specific maltoporin (17—
19), the interaction between the permeating ampicillin and
the channel pore turned out to be strong enough to be seen as
time-resolved blockages of the small-ion currents through
the channels. It was shown that the number of blockage
events per second is a strong function of the bathing solution
pH with a sharp peak at about pH 4.5 (16). Regulation of the
binding rate by the solution pH can be qualitatively under-
stood by taking into consideration the ampicillin acid-base
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equilibrium. According to ampicillin’s pK values, the fraction
of zwitterionic form reaches its maximum at approximately
pH 5, whereas cationic or anionic species predominate in
solution at lower or higher pH values (20). These results sug-
gest that the zwitterionic form of ampicillin interacts with
the charged or polar residues inside the channel and that this
interaction is favorable for the high translocation rates found
by Nikaido and colleagues (12—14). This finding can also
explain the in vivo experiments of Rolinson and Stevens (21)
indicating that ampicillin is ~10 times more active toward
strains of E. coli in pH 5.5 than in pH 8 buffer.

The availability of the high-resolution structure of OmpF
(22) and the knowledge of the charge distribution within the
molecule (23-26) allow detailed molecular modeling of the
channel. Molecular dynamics (MD) simulations have been
particularly powerful in gaining insights into OmpF prop-
erties (27-29). Computer simulations were used to study
transport of ions through the channel to unveil the physical
basis of its selectivity and conductance (24,30-34).

Despite the fact that standard MD simulations are widely
used for studying ligand-protein interactions, this simulation
method only samples a restricted region around local minima
in the free energy surface. Procedures have been developed
to efficiently explore rough energy profiles of complex sys-
tems (35,36). Nonequilibrium steered MD simulations were
successfully employed in the diffusion of molecules through
protein channels, such as glycerol conduction by aqua-
glyceroporin GIpF (37) and translocation of alanine and
methylglucose through OmpF pores (38). In a previous study
(39) that used an MD algorithm capable of investigating rare
events (36), the permeation of ampicillin was explored. In
this procedure, a history-dependent potential term was in-
jected into the system to accelerate both the diffusion of the
antibiotic molecules along the channel axis and the forma-
tion and breakage of hydrogen bonds between the drug and
the protein. A microscopic mechanism for this process was
proposed. An electrostatic environment favorable for ampi-
cillin penetration was found in the pore, whereas the trans-
location process was shown to be dominated by steric
hindrance. Once in contact with the pore, the flexibility of the
ampicillin molecule allows it to change its orientation and to
pass through the pore. Molecular modeling (16) also sug-
gests that the charge distribution of the ampicillin molecule
complements the charge distribution of the narrowest part of
the OmpF porin. Interaction between these charges creates a
region of attraction that facilitates drug translocation through
the constriction zone and results in higher permeability rates
for ampicillin at pH 5.5 compared with pH 8 (21).

Here we extend our study to examine new aspects of the
structure-function relationship for the OmpF-facilitated
translocation of different B-lactams of varying antibacterial
potency. We deal only with the initial step in the chain of
events involved in the drug action—namely, drug penetra-
tion into Gram-negative bacteria. Following Yoshimura and
Nikaido (14), we investigate several penicillins selected on
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the basis of their size (ampicillin, amoxicillin, and car-
benicillin versus larger piperacillin and azlocillin) and charge
(zwitterionic compounds versus monoanionic and dianionic
compounds) rather than on the basis of their chemothera-
peutic utility. The interaction between the permeating drug
and the OmpF pore is probed by analyzing drug-induced
current fluctuations. To reach a clear understanding of the
molecular forces involved in drug translocation, we use
history-dependent MD simulations at an all-atom level. A
wide region of space inside the pore could be explored in
a time compatible with MD simulations (a few nanoseconds).
Since the drug passage is dominated by steric hindrance, we
focus our MD analysis on the smaller antibiotics amoxicillin,
ampicillin, and carbenicillin.

MATERIALS AND METHODS
Chemicals

The following chemical reagents were used in this study: NaCl, NaOH,
and HCI (Mallinckrodt, St. Louis, MO); ultrol grade MES or HEPES
(Calbiochem, San Diego, CA); ‘‘purum’’ hexadecane (Fluka, Buchs,
Switzerland); 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (Avanti
Polar Lipids, Alabaster, AL); pentane (Burdick and Jackson, Muskegon,
MI); agarose (Bethesda Research Laboratory, Gaithersburg, MD). Doubly
distilled and deionized water was used to prepare solutions. After prep-
aration, all solutions were purified by filtration through a 0.45-um filter.

B-lactam antibiotics were purchased from Sigma as a sodium salt
(azlocillin, piperacillin), disodium salt (carbenicillin), or monohydrates
(ampicillin, amoxicillin). The antibiotic stock solutions were made at the
concentration of 5.7 mM in 1 M NaCl buffered by 5 mM MES or HEPES.
Control experiments at pH 5-7 showed no dependence of the OmpF
properties (conductance and open channel noise) on the presence of the
buffers. In contrast to our previous study (16), we used NaCl instead of KCl
as a bathing electrolyte because many 3-lactams are manufactured as sodium
salts. Following Yoshimura and Nikaido (14), we used NaOH to facilitate
dissolving zwitterionic 3-lactams.

Reconstitution experiments and noise analysis

Reconstitution experiments and noise analysis have been performed as
described in detail previously (40). To form planar lipid bilayers with the
lipid monolayer opposition technique (41), we used a 5% solution of
diphytanoylphosphatidylcholine in pentane. A Teflon cell with a 70-um-
diameter aperture in the 15-um-thick Teflon partition and silver-silver
chloride electrodes with agarose bridges were described previously (42). The
total capacitance of the cell was 50-60 pF, and the film capacitance was
close to 25 pF. Small amounts of wild-type OmpF from a diluted stock
solution of 1 mg/ml containing 1% (v/v) of Octyl-POE from Alexis,
Switzerland, were added to the cis side of the chamber. Spontaneous channel
insertion was usually obtained within a few minutes while stirring at the
applied voltage from —180 to —200 mV. Conductance measurements were
performed using an Axopatch 200B amplifier (Axon Instruments, Foster
City, CA) in the voltage clamp mode. Signals were filtered by a low-pass
8-pole Butterworth filter (Frequency Devices, Haverhill, MA) at 15 kHz and
recorded simultaneously by a video cassette recorder operated in digital
mode and directly saved into the computer memory with a sampling
frequency of 50 kHz. Amplitude, probability, and noise analyses were
performed using software developed in-house.

Simulation methodology

Our model is based on the three-dimensional structure of the wild-type OmpF

resolved at 2.4 A (22). Both theoretical and experimental investigations
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conducted on OmpF have shown mutual independence of the three subunits
(no cooperativity between the three monomers) for ion (32) and small-
molecule transport (38,43). The absence of cooperativity between the three
monomers and the rigidity of the structure exclude low-frequency breathing
modes as an important contribution to the channel dynamics and make MD
simulations a feasible tool to investigate antibiotic translocation at the
microscopic level. We focus on a single monomer of OmpF that we immerse
in a micelle-like environment formed by 100 molecules of lauryl dimethyl
amino oxide (LDAO) detergent and hydrated by 7600 water molecules. The
detergent, generally used to crystallize membrane proteins, provides a
natural hydrophobic environment that prevents direct interactions between
the external protein surface and water. The system was prepared as described
earlier (39), all residues being in their standard ionization state correspond-
ing to pH 7 except for Glu-296 and Asp-312, which were protonated,
counterions were introduced to neutralize protein charges. We used the
AMBER force field for OmpF, the detergent (44), and the three antibiotics
and TIP3P for water. All simulations were performed, after relaxation, at
constant volume and temperature using state-of-the-art software (45).

Details of the metadynamics algorithm to investigate rare events have
been described previously (36,39). Briefly, to overcome the timescale prob-
lem we introduce artificially a time-dependent parameter to modify the under-
lying free energy during the simulation. This creates a component to the
forces discouraging the molecule from revisiting the same place and drives
the molecule through the channel. This parameter acts only on a few slowly
changing variables that describe the translocation process, making them
faster on the MD simulation timescale. Here we selected two such slow
variables, the position of the drug along the z axis and the number of hydro-
gen bonds between the drug and the channel.

RESULTS

We concentrated on the molecular process of [3-lactam
antibiotic penetration into the periplasmic space of E. coli.
Previously it was shown that ampicillin interacts with the
bacterial channel OmpF in a way that renders the drug’s
translocation events time-resolvable (16). The goal of the
current study is to understand whether such interaction is a
general feature of other penicillins active against E. coli. To
achieve this goal, we probed various commercial penicillin
antibiotics differing in size, charge distribution, and hydro-
phobicity.

Table 1 shows the schematic structures and physicochem-
ical properties of the antibiotics used in this work. The
antibiotics similar to ampicillin in size are amoxicillin and
carbenicillin, whereas azlocillin and piperacillin have bulky
lateral chains (compare columns 2 and 3). Ampicillin has
two ionizable groups, an acid function on the penam ring and
a primary amine on the lateral chain (columns 3 and 4). The
antibiotic presenting the same charge distribution as ampi-
cillin is amoxicillin. In fact, the biological activity of
B-lactam antibiotics and their hydrophobicities have been
shown to be interrelated (13,14,46). Here we list the standard
penicillin hydrophobicity values (column 5) normalized to a
common octanol-water partition log P (logarithm of partition
coefficient) scale as given by Petrauskas and Svedas (46).
Compared to ampicillin, the hydrophobicity of the lateral
chain for amoxicillin is reduced by the OH group. The last
column in Table 1 shows the relative diffusion rate of the
drugs reported by Yoshimura and Nikaido (14).
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Experiments with reconstituted OmpF

First, we quantified the interactions of the five different
B-lactams with the OmpF channel in reconstitution exper-
iments. We analyzed antibiotic-induced fluctuations in the
small-ion current through single porins at the symmetrical
drug addition. Fig. 1 A shows that at pH 5 ampicillin and
amoxicillin produced time-resolved current interruptions
reflecting the reversible occlusions of single subunits of the
trimeric OmpF channel. In contrast, over the pH interval
from 4 to 7, carbenicillin, azlocillin, and piperacillin pro-
duced only a negligible effect on the ion flow through the
channel (Fig. 1 B). As in the previous study (16), the number
of blockage events for ampicillin and amoxicillin was found
to be a strong function of pH (data not shown). The maxi-
mum rate is achieved at approximately the same pH values as
the pH corresponding to the maximum in the zwitterionic
form of the drug molecules in water solutions (20).

Statistical analysis of the characteristic times in the un-
blocked and blocked states gives the on and off rate for the
drug binding. For convenience, the time-dependent fluctu-
ating current can be transformed into a frequency domain
using power spectrum analysis (47). In Fig. 2, we show
typical spectra of the drug-induced current fluctuations.
Addition of ampicillin and amoxicillin generate an excess
noise whose power spectra can be described by single
Lorentzians (Fig. 2 A). At —100 mV of applied voltage the
low-frequency parts of the spectra exceed those of a channel
in pure salt solution by ~2 orders of magnitude. Earlier
studies showed that this noise could be used to obtain the
characteristic transport parameters (42,48,49).

Fitting a spectrum to the Lorentzian, S(f) = S(0)/(1+
(fIf-y)), where S(0) is the low-frequency spectral density and
f. is the so-called corner frequency, gives the relaxation
time constant as

T= (27ch)71 = (kon[c] + koff)717 (1)

where k,,, and k¢ are the on and off rate constants of the drug
molecule binding and [c] is the drug concentration in the
membrane-bathing solution. At [¢] < kog/kon (Which is the
case here), the characteristic time is close to the average time
of drug residence in the channel 7= 7, = k. The fitted
values of 7 at —100 mV applied voltage are 120 us for
ampicillin and 87 us for amoxicillin.

Fig. 2 B shows that carbenicillin, azlocillin, and piperacillin
induce no or only a small increase in the noise spectrum. This
suggests (50,51) that the OmpF porin is not permeable or is
poorly permeable for these molecules.

Fig. 3 A demonstrates the voltage dependence of the low-
frequency spectral density of the excess noise for amoxicillin
and ampicillin. If current noise is produced by the voltage-
independent conductance fluctuations, the power spectral
density is supposed to be proportional to the square of the
voltage (47,52). This is obviously not the case here: Fig. 3 A

Biophysical Journal 90(5) 1617-1627
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TABLE 1 Structure and physicochemical properties of the compounds used

Relative
Electrical Standard diffusion rate
B-lactam Molecular Structural charge hydrophobicity through
generic name mass (Da) formula (at pH 5) 46) OmpF (14)
Ampicillin 349 o +/- —0.098 4349
HoH
y No— S
~ H
° H ‘-COO'
Amoxicillin 365 Ho +/- —0.743 —
i HoH
o I f S CH,
H -_’NH;, H N7><
+ ( CH
o H -_COO‘
Carbenicillin 376 o /- —0.820 2-8
Hod
) NS
% H
H coo- / N72< oH,
o H -'_COO'
Azlocillin 460 o - — —
H H
y No— S
H ‘.-NH H 7><
0 ;]/:N / “cHy
é)\\ o © H coo-
HN
Piperacillin 517 - 0.450 <5

shows that the spectral density recalculated to 100 mV as
S(0) X (V/100 mV)~2, where V is the applied voltage, is not
constant (though indeed finite in the limit of small voltages).
The recalculated value of S(0) exhibits a maximum at
positive voltages for both ampicillin and amoxicillin,
indicating channel structural asymmetry. Therefore, conduc-
tance fluctuations and the underlying processes of drug
exchange between the bulk and the channel do depend on the
applied voltage. The mechanism of this voltage sensitivity is
not clear at the moment. It could be related to the dipolar
moment of the antibiotic molecules, but not necessarily so,
since the binding of neutral sugar molecules to maltoporin
channels was found to be voltage-dependent as well (17,18).
A possible explanation is that the channel-forming protein
molecule gets elastically distorted by the applied electric
field acting on its charges and dipoles.

Biophysical Journal 90(5) 1617-1627

It can be shown (16) that the number of blockage events
per second, the on rate of drug binding to the OmpF trimer,
can be related to S(0) as

5(0)
V= 2 a2
4(Ag) TV

where Ag is the conductance change induced by one
antibiotic molecule (here, 1/3 of the total trimeric channel
conductance). Inspection of v and 7, as functions of V allows
us to investigate their individual contribution to S(0) at dif-
ferent voltages. Over the whole range of applied voltages, we
find that the ampicillin residence time has a maximum of
~300 us at V ~100 mV, whereas this behavior is not
observed for amoxicillin (Fig. 3 B). Interestingly, the number
of blockage events per second induced by ampicillin and
amoxicillin binding is approximately a linear function of the

(@)
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FIGURE 1 Typical tracks of ion currents through single trimeric OmpF

channels reconstituted into planar lipid membranes in the presence of
zwitterionic and anionic penicillins. Membrane bathing solutions contained
1 M NaCl (pH 5.0) and 5.7 mM of the indicated antibiotic, and the applied
voltage was —100 mV. Time resolution was 15 us. (A) Penetrating
zwitterionic (ampicillin or amoxicillin) amino penicillins modulate ion
current through OmpF. In the absence of antibiotic (/ef?), the ion current is
mainly determined by the geometry and surface properties of the channel
pore. The current is stable; no high-amplitude interruptions are seen. In the
presence of ampicillin (middle) or amoxicillin (right), one of the three OmpF
pores gets spontaneously blocked by a translocating drug molecule. At high
time resolution these blockages are seen as well-defined steps to 2/3 of the
open channel current and back. (B) Anionic penicillins do not significantly
affect ion current through OmpF. No interruptions in the current can be seen
in the presence of piperacillin (lef), azlocillin (middle), or carbenicillin
(right).

applied voltage (Fig. 3 C). This rate is ~4 times higher at
—200 mV than at + 200 mV for both antibiotics. Recalling
that in these experiments we use symmetrical drug addition
(antibiotics are added to both sides of the membrane in equal
concentrations), this finding illustrates OmpF channel
asymmetry.

Molecular dynamics simulations of
penicillin binding

According to the high-resolution three-dimensional structure
of OmpF (22), the porin forms three water-filled channels per
trimer, the functional unit of the protein in the outer
membrane. In each monomer, 16 B-strands span the outer
membrane and form a barrel with short turns at the peri-
plasmic side and large loops at the outside of the cell. Unlike
the other loops, the third loop, L3, folds into the barrel,
forming a constriction zone at half the height of the channel.
Therefore, this loop contributes significantly to channel per-
meability properties, such as its exclusion limit and selec-
tivity. At the constriction zone, there is a strong transverse
electrostatic field that is produced by acidic residues in loop
L3 and a cluster of basic residues at the barrel wall opposite
the loop.

First, we investigated the structural perturbations of the
protein during diffusion of ampicillin along the z axis. We
started our simulation for influx (from the extracellular to the
intracellular side of the channel) by placing the ampicillin
molecule above the constriction, at z = 7 A (the position

1621
10-24
ampicillin A
oL 3 s
< 10
<
e sty
B amoxicillin
g 107
o
2 1
o 21
8 107 -
o
» S ™
no antibiotic
107 . ; ; .
1 10 100 1000 10000
10-\24
B
N
E 10®
L
2
{E 26 | i illi
4 racillin
a 10 R carbenicillin
- azlocillin
§ 107 4 - "'“‘v“""»-"-’-n*'lﬂl‘il"(JW' TV
7] S
1 no antibiotic
10 . :

1 10 100 1000 10000

Frequency, Hz

FIGURE 2 (A) Power spectral densities of the noise in the current through
a single fully open OmpF channel in the presence of zwitterionic penicillins
at —100 mV applied voltage exceed those obtained in pure 1 M NaCl
solution (pH 5.0) by ~2 orders of magnitude. Smooth solid lines through the
spectra are Lorentzians with 7 = 1.2 X 10~*s for ampicillin-and 8.7 X 10> s
for amoxicillin-containing solutions. (B) Spectral densities of OmpF current
noise in the presence of anionic penicillins (see Fig. 1 B) are very close to
those obtained in pure 1 M NaCl solutions. The effect of these drugs is small
and is difficult to separate from the noise related to reversible ionization of
the channel residues (40). Carbenicillin and azlocillin do not produce any
measurable noise at all. The noise spectrum in the presence of piperacillin
can be approximated by a sum of the spectrum in the penicillin-free solution
and a frequency-independent, white component extending to frequencies
above 10 kHz. This suggests that piperacillin’s residence time on a site in the
channel is in the range of microseconds or shorter. Therefore, fluctuation
analysis shows that the anionic antibiotics in Table 1 bind to the narrowest
part of the OmpF channel pore either not at all (azlocillin and carbenicillin)
or only weakly (piperacillin).

of the center of mass; for comparison, Arg-82 is positioned
at z = 2 A). In the efflux (from the intracellular to the
extracellular side of the channel) simulation, the starting
position was z = —3 A. Along these two pathways we cal-
culated the instantaneous value of the root mean-square
displacements of the whole protein backbone (Fig. 4, black
trace) and of the amino acids of loop L3 (Fig. 4, red trace)
from the published x-ray structure. As can be seen, during
efflux (upper panel) and influx (middle panel), the displace-
ments of the protein backbone are <1.8 A on average, dem-
onstrating that during the translocation the protein structure

Biophysical Journal 90(5) 1617-1627
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FIGURE 3 (A) Low-frequency power spectral density of the ampicillin-
(@) and amoxicillin (O)-induced current fluctuations normalized to 100 mV.
(B and C) The residence time (B) and number of events (C) calculated from
fitting fluctuation spectra to Lorentzians (Fig. 2 A). All three of these
parameters depend on the applied voltage. Note that even though the number
of blockages is practically the same for both drugs at any given voltage in the
studied range, the residence time differs significantly.

is maintained. It is interesting to note that the displacements
of loop L3 are even less than the displacements of the protein
backbone. During influx, a small jump of ~0.2 A was visible
whereas during efflux the average distance was almost
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FIGURE 4 Instantaneous root mean-square deviations of the whole
protein backbone (black) and L3 loop (red) compared to the x-ray structure
during efflux (upper panel) and influx (middle panel) processes. Instanta-
neous center-of-mass positions of ampicillin along the z axis of the channel
during the metadynamics simulations probing influx and efflux processes
(bottom panel).

constant, ~1.4 A. In the bottom panel of Fig. 4, we show the
corresponding position of the center of mass of ampicillin
along the z axis during the influx and efflux translocation
processes. These findings suggest that pore radius fluctua-
tions are too small to accommodate the permeation of larger
molecules. Moreover, the stericity plays a key role in the
translocation (39). It is tempting to postulate, therefore,
that the low permeability of OmpF toward azlocillin and
piperacillin, the monoanionic compounds of larger size
(Table 1), probably originates from their bulky lateral chains.
Ampicillin visits many conformations in the upper (extra-
cellular) region of the channel covering a range of 3—4 A
along the pore axis (39). Near the constriction zone the
molecule is mainly oriented parallel to the transversal electric
field of the pore. Contact points for this conformer with the
central OmpF residues are highlighted in Fig. 5: NHJ in-
teracts with Glu-117, COO™ with Arg-82 and Arg-132, and
the phenyl group finds a favorable environment near Tyr-22
and Tyr-40, or Tyr-22, Tyr-32, and Phe-118. Zwitterionic
amoxicillin and dianionic carbenicillin have dimensions
similar to ampicillin (Table 1), so that the difference in char-
acteristic behavior observed in Fig. 1 may come from specific
interactions with the residues near the constriction zone.
Both standard and metadynamics MD simulations were
performed for amoxicillin and carbenicillin to explore the
possibility of these drugs to occupy the region near the con-
striction zone and to block the passage of ions. As a starting
point we used the conformation of ampicillin above the
constriction zone at z = 7 A, as in Fig. 5. Then we trans-
formed ampicillin to amoxicillin and carbenicillin, adding an
OH group to the phenyl ring and replacing NH; with COO ™,
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FIGURE 5 Top view of the most probable conformers for ampicillin (left), amoxicillin (middle), and carbenicillin (right) extracted from MD simulations.
For clarity, the cartoons show only those protein side chains whose interactions with the antibiotics were identified as significant. The figures were produced
with VMD 1.8.1 (61). Carbon atoms are colored by cyan, hydrogen atoms by white, nitrogen atoms by blue, oxygen atoms by red, and sulfur atoms by yellow.

respectively. Two standard MD simulations of 6 ns each
were used to relax these conformations. Although standard
MD simulations do not allow determination of the most
stable positions in such a short time, we observed a very
different behavior of carbenicillin with respect to ampicillin
and amoxicillin. The addition of the hydroxyl group to
transform ampicillin into amoxicillin does not completely
change the interactions in the upper region. Nevertheless,
amoxicillin shows a higher stability, with fluctuations of the
order of only 2-3 A. This difference is due to the reduced
hydrophobicity of amoxicillin (Table 1). Whereas the car-
boxylate and ammonium groups can simultaneously interact
with the charged residues Arg-42, Arg-82, and Arg-132 and
Glu-117 of OmpF, respectively (Fig. 5), the aromatic group
finds favorable hydrophobic environments with Tyr-22,
Tyr-40, Met-38, and Leu-20. The additional OH group
forms H-bonds with water molecules inside the channel and
with amino acids Met-38 (CO group and sulfur atom) and
GIn-66 (NH, group). These additional interactions improve
the stability in this region with respect to ampicillin. It is
important to note that in both ampicillin and amoxicillin
conformations the free space available for permeating elec-
trolyte ions is too small. This finding is in agreement with the
nearly complete monomer closures induced by ampicillin
binding (Fig. 1 A).

The substitution of NH; with COO™ in carbenicillin
changes the binding pattern more significantly. In contrast to
the drugs discussed above, once placed at z = 7 A, car-
benicillin moves to the upper part of the pore and reorients
parallel to the channel axis with the two carboxylate ends
interacting with Arg-82 and Arg-132 (COO™ on the lateral
chain) and the external Arg-167 and Arg-168 (COO™ on the
penam ring) (Fig. 5). Interestingly, adsorption of carbeni-
cillin to the positively charged wall of the pore blocks the
channel lumen only partially. These results demonstrate that
not only the stericity (physical pore size and antibiotic size)
but also the polarity of the drug critically affect its ability to

bind near the pore constriction and to obstruct the channel
lumen.

We also performed additional metadynamics simulations
(1.5 ns) to explore the free energy surface for each antibiotic
over a wide region within the upper part of the channel. As in
the previous study (39), we calculated the free energy with
respect to the molecule position along the z axis and the
number of its hydrogen bonds with the channel. The initial
conformations of the drugs corresponded to their center of
mass along the z axis located at 7 A, near the constriction
zone (z = 0—4 A) as in the standard simulations. The cal-
culated free energy surfaces are reported in Fig. 6; they show
that the barrier to escape from the binding sites is of the order

14 14
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FIGURE 6 Contour plot of the free energy surfaces as obtained from
metadynamics simulations with ampicillin (leff), amoxicillin (middle), and
carbenicillin (right). We used the number of hydrogen bonds and the
position of the center of mass of the drug along the z axis as variables to
characterize interactions with the channel (39). The difference between each
successive color is 1 kcal/mol.
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of 5 kcal/mol for each molecule. Specific binding regions
with two pronounced sites for ampicillin and one for the
other two drugs along the z axis can be observed. For ampi-
cillin and amoxicillin we have found binding regions
characterized by 5-10 hydrogen bonds at a position near
the constriction zone between 5 and 9 A. In contrast,
carbenicillin finds interacting partners far from the constric-
tion zone and with a lower number of hydrogen bonds. The
new minimum is very similar to that shown in Fig. 5, with
carbenicillin stuck to the positive wall but with reversed
orientation, i.e., the COO™ close to the phenyl interacts with
Arg-167 and Arg-168 and the COO™ on the penam ring
binds to Arg-132. This reflects the increased affinity of
ampicillin and amoxicillin for the charged amino acids near
the constriction zone compared to carbenicillin that lacks the
permanent dipole. Moreover, away from the constriction
zone the number of hydrogen bonds decreases for both
ampicillin and amoxicillin. Different interactions take place
there, with only one terminal group of the drug molecules in-
teracting with the channel wall. Since the standard MD simu-
lations only sampled states in the vicinity of the initial position,
these configurations could not be explored.

We have verified that the description of the system is
relevant for different collective coordinates and initial con-
formations. To this end, we performed longer metadynamics
simulations (6 ns) for each antibiotic and calculated the free
energy as a function of three variables starting with the drugs
placed away from the constriction zone (z = 11 A). The first
variable is the position of the drug, as above, and the second
is its orientation (defined along the specific NH; group for
ampicillin and amoxicillin or the COO™ group for car-
benicillin and the common COO™ group) with respect to the
channel axis, and the third is the central dihedral angle. With
these parameters we found a minimum at z = 6-7 A for
ampicillin and amoxicillin but not for carbenicillin, which is
stabilized at z = 8-10 A from the constriction zone. The
interaction networks for the three compounds are as de-
scribed above. Moreover, changing the parameters and col-
lective coordinates in the metadynamics described in Fig. 4
confirmed the mechanism of ampicillin translocation. There-
fore, the results corroborate our previous observations on the
structural prerequisites for a penicillin molecule to bind near
the OmpF constriction zone, thus confirming the efficiency
of the metadynamics methodology to provide accurate infor-
mation on the properties of such complex systems.

Once ampicillin and amoxicillin have reached the ener-
getically favorable region at z = 6-7 A, the next step of the
translocation process is to cross the constriction zone. We
studied the free-energy barrier for amoxicillin overcoming
the constriction zone by performing a metadynamics simu-
lation of the net transport from the extracellular to the intra-
cellular side of the channel. The free-energy surface explored
by ampicillin (simulation time 3.0 ns) and amoxicillin
(simulation time 2.2 ns) is shown in Fig. 7. The translocation
mechanism is very similar for both drugs. However, the
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FIGURE 7 Contour plot of the free energy surfaces calculated for
metadynamics simulations of ampicillin (/eff) and amoxicillin (right) trans-
locations from the extracellular side to the intracellular side of the OmpF
channel. The difference between each successive color is 1 kcal/mol.

barrier for crossing the constriction zone for amoxicillin is
~3 kcal/mol lower than the one found for ampicillin. Thus
our result suggests that amoxicillin crosses this zone of the
channel faster than ampicillin.

DISCUSSION

MD simulations versus
reconstitution experiments

Analysis of the drug-induced fluctuations in the ionic current
through OmpF channels from E. coli reveals that the studied
antibiotics interact with the pore center region along the
following strength series: carbenicillin, azlocillin < piper-
acillin < amoxicillin < ampicillin (Figs. 1 and 2). Under-
standing which chemical groups of the antibiotic molecules
are involved in the binding to the OmpF channel is important
for predicting the ability of other drugs to translocate through
the pore.

Recent simulation results (39) have revealed the main
chemical groups of the zwitterionic ampicillin that are in-
volved in interactions with the channel residues at the eyelet
region. According to the findings of our study, ampicillin and
amoxicillin have the strongest interaction. MD simulations
performed for these two molecules demonstrate that the
zwitterionic form of the B-lactam antibiotics is of principal
importance for the strong binding to the protein interior
(Figs. 5 and 6). The dianionic carbenicillin cannot be accom-
modated in the middle of the channel because simultaneous
salt bridging with the opposite walls of the pore is not fea-
sible (Fig. 5). Therefore, it is not surprising that nondipolar
antibiotics of a size close to ampicillin’s, such as carbenicillin,
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display only poor binding to the OmpF constriction (Fig. 1 B).
In addition, the aromatic group of ampicillin and amoxicillin
also gives favorable energetic contribution during the trans-
location by interacting with hydrophobic environments. The
hydroxyl group of amoxicillin does not alter interactions
of the drug at the channel constriction since the plane of the
aromatic is parallel to the wall (Fig. 5).

For ampicillin we find an extended binding site in the
upper region, the phenyl group can stay either between Tyr-22
and Tyr-40 or between Tyr-22 and Tyr-32. Amoxicillin has a
very stable binding site with the phenyl group close to Tyr-
22 and Tyr-40 and OH interacting with the neighboring
amino acids. Compared to these two antibiotics, dianionic
carbenicillin cannot find a well-defined binding site near the
constriction zone, so that its translocation is not facilitated by
favorable interactions. Carbenicillin moves away from the
constriction at the channel center to the positively charged
regions interacting with both carboxylate groups. The
strength of this binding is comparable to those obtained for
ampicillin and amoxicillin. These results suggest that not
only does the time-resolved channel occlusion imply strong
binding, but the affinity site has to be as close as possible to
the constriction zone. The latter condition is fulfilled for
zwitterionic ampicillin and amoxicillin, but not for dianionic
compounds like carbenicillin.

Our metadynamics simulations show that the translocation
mode is the same for ampicillin and amoxicillin antibiotics
(Fig. 7). The free-energy landscapes are also comparable,
though the activation barrier for crossing the constriction
zone by amoxicillin is found to be lower. These findings are
in qualitative agreement with experiment. By extrapolating
the values of ampicillin and amoxicillin residence time to
zero voltage (Fig. 3 B), only a small difference in the depth of
potential wells is expected.

Strength of interaction at the channel constriction
correlates with permeation rate

In the absence of significant particle-channel interactions and
at zero applied voltage, the particle average translocation
time (53) is close to the characteristic diffusion relaxation
time, L*/12D (52). Calculating this ‘‘free diffusion estimate’’
with L &~ 5 X 10~? m as the channel length and D ~ 3 X
10~"" m?%/s as the diffusion coefficient of a nanometer-sized
particle, we find that the characteristic time is in the range of
nanoseconds. However, because of the attractive interactions
between the particle and the channel this time is often orders
of magnitude larger (50). This is exactly what we find in our
study: for both ampicillin and amoxicillin the characteristic
time is ~5 orders of magnitude larger than the free diffusion
estimate given above, suggesting a strong interaction of these
drugs with OmpF.

Despite the increasing frequency of amino penicillin resis-
tant bacterial strains, ampicillin is still “‘a drug of choice’’ for
treatment of E. coli infections in many cases (54,55). This
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antibiotic has been shown to bind to the OmpF channel
during the translocation process rather than freely diffusing
through it (16). To reveal a possible connection between the
permeation rate, the 3D structure of the drugs, and the
strength of OmpF-antibiotic binding, we have screened
several other B-lactam antibiotics that have different in vitro
diffusion rates. We find that

1. Carbenicillin, azlocillin, and piperacillin have a negligi-
ble binding to the narrowest part of the OmpF pore since
they induce no significant modification in the flow of
ions through the channel. These compounds have been
shown to possess a very low rate of diffusion with the
OmpF-containing liposomes (see Table 1, column 6)
(14).

2. Ampicillin and amoxicillin have a pronounced affinity to
OmpF since they induce time-resolved channel block-
ages. Ampicillin, along with several other zwitterionic com-
pounds has been shown to induce higher swelling rates
compared with carbenicillin and piperacillin in the OmpF-
containing liposomes (14).

Therefore, we conclude that for the investigated B-lactam
antibiotics, stronger interactions correlate with the enhanced
diffusion through the OmpF channel.

It is well known that bacteria have evolved to create
sophisticated substrate-specific channels, such as the malto-
dextrin-specific maltoporin, to bind corresponding substrates
to facilitate their transport into the cell. Translocation
through membrane channels via internal binding is more
efficient than free diffusion at low substrate concentration.
Analytical considerations of particle translocation through a
channel (53,56) demonstrate that the presence of a potential
well makes the channel more efficient. An optimal depth of
the well depends on particle concentration (51). By assuming
an extracellular concentration of antibiotics of several
micromolar (14), the presence of an internal affinity zone
with half-saturation constant similar to those found for the
ampicillin-OmpF binding reaction (16) improves the rate of
penetration through the outer membrane. In fact, the anti-
biotic concentration used in our study (5.7 mM) is ~3 orders
of magnitude higher than those used in pharmaceutics.
According to Nathwani and Wood (54), the peak serum con-
centration for ampicillin is 2—-6 mg/L (~10 uM) two hours
after a single 500 mg dose. These concentrations are far
below the equilibrium dissociation constant between OmpF
and the studied penicillins. Therefore, the conclusions we are
drawing about the molecular mechanism of antibiotics trans-
port can unambiguously be extrapolated from our 5.7 mM to
much lower, clinically relevant concentrations.

Strong interactions at the channel constriction compensate
for the entropy loss and the desolvation energy associated
with the passage of compounds whose size is close to the size
of the narrowest cross section of the pore. Zwitterionic
ampicillin and amoxicillin clearly adopt this molecular mech-
anism to pass through OmpF. Although the low permeation
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rate of azlocillin and piperacillin can be attributed to their
bulky lateral chain, the poor conduction efficiency for car-
benicillin probably originates from an unfavorable charge
distribution at the channel eyelet, even if electrostatic inter-
actions still take place in the extracellular vestibule. There-
fore, one can rationalize the transit efficiency in terms of
strength of the interaction between [3-lactam antibiotics and
the OmpF channels. We conclude that strong attractive inter-
actions in the middle of the channel facilitate drug translo-
cation resulting in potentially higher efficiency.

Carbenicillin, azlocillin, and piperacillin may penetrate
into E. coli through channels of other porins, namely OmpC
and PhoE (14,15). Even if the relevance of PhoE to chemo-
therapy has been questioned (14), this anion-selective porin
may provide a favorable path for monoanionic azlocillin and
piperacillin, and, to a larger extent, for dianionic carbenicillin
(15). Deeper understanding of the molecular processes by
which antibacterial agents cross the outer membrane will
also require the study of porins from bacterial strains
identified as pathogens, such as Enterobacter cloacae (57),
Enterobacter aerogenes (10), and Klebsiella pneumoniae
(58).

A number of important parameters other than just the rate
of penetration into the periplasmic space modulate the
antibacterial activity of penicillin drugs. In particular, the
periplasmic concentration of B-lactams depends on the rate
of their degradation by (-lactamases, which constitutes a
resistance mechanism. The most permeable drugs may be the
least stable toward B-lactamases, and thus inefficient. More-
over, now it is established that the intrinsic drug resistance of
Gram-negative bacteria is a result of the cooperation between
the outer membrane barrier and the expression of broad-
specificity multidrug efflux pumps (4). Interestingly, one can
observe a strong analogy in the structure involved in
ampicillin stabilization in the active site of zinc 3-lactamase
(59) and in ampicillin binding to the OmpF channel. Clear
structural similarities also exist between the binding site of
the TEM-1 B-lactamase (60) and the constriction zone of the
OmpF porin. One would expect that the most permeable
penicillins are the most recognizable by these enzymes. Note
that ampicillin and amoxicillin are used in combination with
powerful B-lactamase inhibitors, sulbactam and clavulanic
acid, respectively.

In conclusion, the diversity of outer membrane channels
and periplasmic modulators of 8-lactam concentration with
the bacterial strains makes it difficult to establish direct cor-
relations between the diffusion rate of the investigated drugs
through OmpF and their bactericidal activity. Nevertheless,
our study addresses one of the important aspects of antibiotic
efficacy, which can be understood in terms of basic molec-
ular interactions of permeating solutes with the membrane
channels.
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