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Supramolecular interactions are well recognized and many of them have been extensively studied in
chemistry. The formation of supramolecular complexes that rely on weak force interactions are less well
studied in bilayer membranes. Herein, a supported bilayer membrane is used to probe the penetration of
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presence of the macrocycle has been found to significantly enhance the potency of the antimicrobial in
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Introduction

The field of supramolecular chemistry has grown from ion
complexation studies conducted five decades ago' to encom-
pass gas phase, solution, and solid-state association and
complexation interactions.”> More recently, numerous studies
have focused on transport of ions through bilayer membranes
by using amphiphilic molecules that show ion conduction by
dint of channel function or pore formation.* In some cases,
these synthetic channels are designed to function as unim-
olecular conductors* while other pore-formers self-assemble. As
part of our effort in this area, we found that crown ethers having
alkyl side arms can form assemblies that exhibit evidence of ion
conduction rather than function as simple carriers.”> The
assemblies formed by these bibracchial lariat ethers show ion
transport in planar bilayer voltage clamp experiments.

We had previously shown that the compounds we call
hydraphiles, which consist of three linked macrocycles, insert
in bilayer membranes and function as ion channels.* When
hydraphiles were co-administered at low concentrations with
antibiotics, the potency of the antimicrobial against bacteria
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probed complex penetration, and the phenomena have been modeled by computational methods.

was enhanced.® Surprisingly, similar antimicrobial potency
increases were apparent when dialkyl lariat ethers were the
antibiotic potentiators.® The hypothesis was that formation of
a pore caused increased membrane permeability resulting from
a local disordering effect within the membrane. This could
enhance the entry of an antimicrobial into the bacterial cell,
resulting in a higher effective concentration. Further, any
transmembrane ion conduction function would disrupt ion
homeostasis. This, in turn, would disrupt the function of efflux
pumps or other enzymes that are regulated by ion balance.”

To be sure, bacterial membranes are more complicated than
phospholipid bilayers. The lack of details concerning
membrane penetration by the lariat ether and any resultant
effect on antimicrobial penetration encouraged the neutron
reflectometry study reported here. The present study was
further encouraged by the urgent need for any means to
enhance antimicrobial potency and/or reverse resistance. Both
the Centers for Disease Control and Prevention (CDC)® and the
World Health Organization (WHO)® have issued lengthy reports
describing the concerning antimicrobial situation. Indeed, the
CDC proclaimed that we have already entered a “post-antibi-
otic” era. Each year in the United States alone, 2.8 million
individuals contract resistant infections, many of which prove
to be mortal.

Fig. 1 shows a lariat ether that possesses a crown ether
module within it. Some crown ethers have long been known to
exhibit biological activity.” As early as the 1970s, Leong et al.
reported the effect of 12-crown-4 on mice' and Takayama et al.
reported toxicity to dogs' as did crown ether inventor Peder-
sen.” In the intervening years, studies have been reported of
crown ether effects on mammalian tissues,'* whole animals,*
and higher plants.’® By far, however, the largest number of
reports has dealt with a range of antimicrobial activities against
bacteria and fungi."”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Chemical structures of N,N'-di-n-decyl-4,13-diaza-18-crown-
6 and tetracycline.

At half its minimum inhibitory concentration (MIC), N,N'-di-
n-octyl-4,13-diaza-18-crown-6 (CgLE) enhanced the potency of
rifampicin (RIF) and tetracycline hydrochloride (TET) against E.
coli DH5a. by 21-fold and 24-fold, respectively. Likewise, at 1/2
MIC, C;4LE showed a 10-fold potency increase of RIF. At 1/
2MIC, the enhancements of TET potency for CsLE and C;,LE
were 24-fold and 12-fold, respectively. It is interesting to note
that the MIC for CgLE itself against this strain of E. coli was 120
uM, which indicates that it is nearly inactive as an antimicrobial
against this organism.

The evidence for membrane insertion and channel forma-
tion by dialkyl lariat ethers was evident from the planar bilayer
voltage clamp study noted above.® Open-close behavior was
detected from trimer, tetramer, and pentamer aggregates.
Instead of being complexed within the crown's interior donor
cavity, ions presumably passed through the internal channel
formed by the aggregated lariat ethers, a mechanism reminis-
cent of that proposed for the natural channel melittin."* We
speculate that the n-alkyl groups can insert in the membrane's
lipid chains in a fashion reminiscent of protein insertion in
bilayers to form porins. Of course, some carrier function not
detected in the planar bilayer experiment, cannot be excluded.*®

Results

The LE-enhanced potency of TET against selected bacteria
implies that there is an increased cytosolic concentration of the
antimicrobial agent. However, the interactions of lariat ethers
with a bacterial surface, perhaps altering it in some way (e.g.
carpet model*®) or actually within the boundary membranes
remains unclear. The ability of tetracycline to penetrate bacte-
rial membranes is, of course, well established. It was unknown,
however, whether any direct interaction occurred between
CoLE and TET. In order to determine this, a series of
complexation experiments was conducted using NMR analysis
as the primary reporter.

The NMR spectra of C,(LE, TET, and a mixture of the two
were obtained in CD,Cl,. It was presumed that any potential
interaction would be masked by the hydrogen bonding ability of
bulk water, so D,O was dismissed as a potential solvent.
Because increased potency of TET was observed in bacteria, it
seemed reasonable to conduct the NMR experiment under
conditions that mimicked a membrane. Membrane partition, as
log P, estimates the water and n-octanol partition of
a substance. The dielectric constant of n-octanol is reported in
various sources (at 20 °C) to be 11.3, 10.34, and 8.2 (average =
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Fig. 2 H NMR stack plot of tetracycline (alone, top), CioLE (alone,
middle), and C3oLE complexed with tetracycline all in CD,Cl, solution.

9.9). We desired a solvent that is immiscible with water that had
a dielectric constant in this range. Dichloromethane (as CD,Cl,
in the NMR experiment) has a dielectric constant reported to be
9.14. It was this solvent that was chosen for the complexation
experiments.

The 'H-NMR spectra (Fig. 2) of C;,LE and TET were both
determined in CD,Cl,. The lariat ether was soluble, but only an
extremely weak spectrum was observed for a saturated solution
of tetracycline hydrochloride after filtration even at 600 MHz
after sonication. A mixture of TET and LE was prepared by finely
grinding TET and slurrying it with a solution of C;(LE in
CD,Cl,, followed by filtration. After filtering, no residual solid
remained in the solvent-solute mixture. The 'H-NMR spectrum
was recorded and the ratio of appropriately chosen integrals for
TET and C;,LE gave an average value (three replicates) of 1.00 £
0.03. The results are shown in the spectra of Fig. 2.

Control experiments were done to confirm that 1:1
complexation between C;oLE and TET was not coincidental.
Two other tetracycline derivatives were studied, minocycline
and chlortetracycline, both also hydrochlorides. The structures
of the three compounds are shown in Fig. 3, in which only the R
group in the D ring varies. Like tetracycline, minocycline proved
to be insoluble in both CDCIl; and CD,Cl,, but was solubilized
on a 1:1 molar basis by C;(LE (see Fig. S8t). Since it seemed
possible that solubilization might be due to the presence of the
hydrochloride salt rather than the free base, a similar study was
conducted with chlortetracycline hydrochloride. No solubiliza-
tion was observed in either CD,Cl, or CDCl; in the presence of
absence of C;,LE.

|
OH O OH O (]

Fig. 3 Chemical structures of tetracycline (R=H), minocycline (R=
N(CHs),), and chlortetracycline (R=Cl).
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Similar results were reported recently for the solubilization
of tamoxifen by a pillarene. The insoluble drug was dissolved in
D,O in the presence of the pillarene, but not at all in its
absence.” In that case, membrane behaviour was not probed.
TET is a polyoxygenated molecule of considerable polarity. The
hydrochloride salt remains protonated at the dimethylamino
group at physiological pH and the cation has a calculated log P
value of —4.28. The two nitrogen atoms in C;(LE are also
protonated at pH 7.4. We note that the pKj,s of dibutyldiaza-18-
crown-6 (C,LE) have been reported: pK; = 9.40, pK, = 7.97.*
The crown is considerably less polar in its protonated form (log
P = 0.83) than tetracycline, but it is still rich in ether oxygen
atoms. The hydroxyl groups of tetracycline and the crown ether
oxygens can interact with each other to form a complex that
clearly favors the low polarity solvent and presumably the
nonpolar regime of the bilayer.

The structure of TET has a significant bend at the A:B ring
junction. Even so, it presents a nearly linear line of four oxygens.
The carbonyl group on the A-ring and the hydroxyl group at the
A/D ring junction project nearly perpendicularly to the phenol-
ketone-enol-amide carbonyl array. A solid-state structure has
been reported for the hexahydrate.”> A stick representation is
shown in Fig. 4 in two views that illustrate the bend in the
structure, the extensive oxygenation, and a cluster of six water
molecules. In principle, the heteroatoms within the macrocycle
could interact as both H-bond donors (N*-H) or acceptors (>O).
Likewise, TET has both H-bond donors (50H) and acceptors
(3C=0 and 3° N), some of which are involved in intramolecular
interactions.

No obvious, single 1:1 interaction was apparent from an
examination of molecular models, the lariat ether seems likely

Fig. 4 Solid state structure of tetracycline (two views) from CSD
TETCYHOL1.2® The structure illustrated in the top panel shows the
molecule with the aromatic D ring at the left. The molecule is illus-
trated with the long axis of the structure rotated forward by 50°. The
same molecule is illustrated in the lower panel, with the upper struc-
ture rotated forward by 140°.
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to interact with the TET structure within the hydrocarbon
regime of the bilayer. The polyoxygenated array is consistent
across tetracycline, minocycline, and chlortetracycline. It is
unclear why chlortetracycline fails to form a complex when the
two analogs do so. Chlortetracycline hydrochloride was used
only as a control to assess whether HCI was playing a key role.

The stack plot shown in Fig. 2, above, may not convey details
of the changes observed in the chemical shifts and multiplici-
ties. The spectra are included in the ESI along with a table
(Table S-17) that tabulates the data. We note that although the
variations are modest, the most pronounced changes occur
proximate to the macrocycle nitrogen atoms. This suggests at
least some role for hydrochloride in the complexation. Why
such an interaction would not assist in solubilizing chlortetra-
cycline hydrochloride remains unclear. Neither it nor minocy-
cline have been studied in the context of any membrane, which
studies remain beyond the scope of the present work.

Membrane interactions

The challenge of demonstrating that the lariat ethers and
antimicrobials were present in the membrane simultaneously
was addressed by using neutron reflectometry (NR). This tech-
nique permits direct observation of components within an
anchored bilayer membrane. The neutral charge and high
penetrating property of neutrons coupled with their wavelength
comparable to molecular sizes and intermolecular distances
render them suitable for studying the structure and dynamics of
complex materials such as bilayers and membranes.* More-
over, the neutron's ability to detect biomolecular architectures
of membrane-associated proteins and lipid membranes without
destroying the samples make them uniquely suitable to study
complex materials. In this case, the bilayer that was studied was
formed from palmitoyloleoylphosphatidylcholine, POPC,
shown in Fig. 5.

Rationale for the use of a POPC model membrane. The
boundary membrane in Gram negative bacteria such as E. coli
consists of two layers.* The bacterial cytosol is bounded by an
outer membrane and an inner membrane. Both are bilayers, but
the outer membrane is covered by lipopolysaccharides and
infiltrated by proteins called porins. Both layers contain
a variety of proteins. Notwithstanding success in modeling
membranes in vitro and by using computational methods,*
duplicating actual membrane complexity is
impossible.

An initial effort was made by using soybean asolectin
membranes, in which lariat ether channels were known to
form.>® This membrane proved to be unstable and therefore
untenable for the study. Instead, POPC was connected to

currently

Fig. 5 Chemical structure of POPC monomer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 NR modeling results from a POPC membrane exposed to
tetracycline at a solution concentration of (A) 5 uM (B) 36 uM, and (C)
after buffer rinse. The molecule is predominantly located in the lipid
headgroups. The correspondence of the CVO profile to the lipid
bilayer structure is indicated in (A).

a silicon oxide matrix. The anchored POPC bilayer membrane
consists of two distinct regimes that mirror each other within
the structure. The arrangement shown graphically in Fig. 6
represents the anchored bilayer as substrate||head groupl||lipid
chains:lipid chains||head group. In Fig. 6, the midplane of the
bilayer, the region at which the lipid chains meet, is denoted as
the zero point. In the graphs presented in the following
sections, peaks correspond to each of the four regimes. The
initial separation at the far left of the abscissa corresponds to
the anchoring surface.

A broad range of antibacterial data were determined for
CioLE and C;,LE against TET with both Gram negative and
Gram positive organisms.” The data for membrane insertion
and channel function of CiLE and C,;LE*® made the choice of
N,N-di-n-decyl-4,13-diaza-18-crown-6 (C,,LE) the most favor-
able candidate for study.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Neutron reflectometry

As noted above, C;,LE complexed with TET in solution and the
MIC of TET was reduced (potency increased) when it was
present with low concentrations of C;,LE.”*** However, the
interaction of C;(LE, TET, or both with the membrane is
unclear. To test for specific interactions with membranes, we
subsequently added low and high concentrations of TET (5 uM
and 36 uM), C;,LE (12 uM and 58 uM), and pre-mixed C,,LE and
TET (12 uM C;,LE/5 uM TET and 87 uM C;,LE/36 uM TET) to
POPC membranes. C;,LE was combined with TET (C;(,LE:TET =
2.4) and the system/mixture was allowed to equilibrate over-
night before NR experiments. As-prepared POPC membranes
were structurally characterized before adding C;,LE or TET, and
final measurements after rinsing with pure water were per-
formed after each concentration series. Tabulated fit results
(Tables S2-S4t), NR curves (Fig. S9-S11, S15-S17, and S21-
S237), and best-fit nSLD profiles (Fig. S12-S14, S18-S20, and
S24-S267) can be found in the ESL.{

Tetracycline. We characterized the interaction of 5 uM and
36 pM tetracycline with a POPC bilayer using NR. The hydro-
carbon thickness of the as-prepared bilayer of 15.6 + 0.5 A per
leaflet and the bilayer completeness (1.00 £ 0.01) do not change
upon TET exposure. Bilayer completeness quantifies the
amount of material in the hydrocarbon region that is not water
or lipid headgroups assuming toroidal headgroup-lined
membrane defects. At both TET concentrations, a small
amount of TET, 1.0 & 0.5 A*> A= and 0.6 + 0.4 A*> A2 respec-
tively, associates with the lipid headgroups (Fig. 6A and B, and
Table S47), indicating that the POPC membrane reached its
saturation density of TET even at 5 pM. Although the amount of
membrane-associated TET is close to the resolution limit of the
method, an asymmetry of the distribution of material with
respect to the two lipid bilayer leaflets is noticeable. Elevated
amounts of material at the substrate-facing lipid leaflet indi-
cates either an interaction with the substrate or a confinement
effect. While a quantitative interpretation of this asymmetry is
difficult, it indicates that TET is able to penetrate the lipid
membrane without affecting its integrity (Table S47) resulting
in an equilibrium distribution located at both headgroup
regions but not the bilayer center. Rinsing the TET-exposed
lipid bilayer with pure water did not lead to a reduction of the
bilayer-associated density of TET (Fig. 6C). TET retained
a surface coverage of 1.3 & 0.5 A> A~2) which is statistically
equivalent to the amount during TET incubation. This suggests
that the association of TET with bilayer is mostly irreversible
under the experimental conditions.

Note that all reported volume occupancy profiles have some
degree of asymmetry. For a symmetric membrane one can
expect a symmetric distribution of C;,LE/TET material. In our
case, the presence of a solid substrate underneath the lipid
bilayer breaks this symmetry. A lower or higher amount of
C,oLE and TET at this side of the lipid bilayer can either be
attributed to an interaction of the small molecules with the
interface or an effect related to the confined space underneath
the bilayer. We are generally careful not to overinterpret such
differences between the two bilayer leaflets and focus instead on

RSC Adv, 2022, 12, 32046-32055 | 32049
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the relative position of the material with respect to the hydro-
carbon and headgroup regions in both leaflets. Any material
found towards the substrate side of the bilayer indicates that it
can easily penetrate the lipid bilayer. Studies with non-
penetrating compounds have shown the inner leaflet to be
void of additional material.**>®

N,N'-Didecyl-4,13-diaza-18-crown-6 control. The interaction
of 12 uM and 58 puM solutions of C;,LE with a POPC bilayer was
characterized using NR. The NR data analysis for C;,LE
combines identical measurements using protiated h;;-POPC
and deuterated d;;-POPC membranes, which are simulta-
neously analyzed to obtain a single structural model of the
CjoLE-membrane interaction. This approach is preferable to
analyzing the two data sets individually, as it has significantly
lower fit parameter confidence limits. The C;,LE tails (n-decyl)
and macrocycle headgroup were modeled separately according
to their nSLD values (—0.4 x 10 °® A2 and 1.34 x 10 ® A™?)
using a nSLD-sensitive Hermite spline.

At 12 uM, we observed that C;,LE is predominantly located at
the outer lipid headgroups of the bilayer with little penetration

Substrate and Lipid Bilayer
substrate

—— silicon oxide
—— hydrocarbons

0.7 headgroups
m CIOLE

—— 68% confidence
m Cio
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o
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Fig. 7 CyoLE during incubation at (A) 12 uM (B) 58 uM, and (C) after
water rinse. CyoLE refers to the lariat ether. Its component parts are
modeled as Cyq (decane) and LE (diaza-18-crown-6).
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into the hydrocarbon region and the inner headgroup region
adjacent to the solid substrate (Fig. 7A). At 58 puM, C;o,LE
penetrates the hydrocarbon region and most of the membrane-
associated LE headgroups associate with the inner lipid head-
groups. At 12 pM and 58 pM the amount of associated C;(LE is
3.0 £ 04 A* A% and 7.4 £ 0.4 A’ A%, and it coincides with
a significant decrease in hydrocarbon thickness by 0.7 + 0.2 A
and 1.7 + 0.2 A per leaflet, respectively (Fig. 7A and B). The
completeness of the lipid bilayer increases slightly from on
average 0.97 for the as-prepared h;;-POPC and djz;-POPC
membranes to on average 0.99 due to observed bilayer thinning
and the related increase in area per lipid (Table S3t). Upon
rinsing with 10 cell volumes of water, C;,LE remains associated
with the membrane and within uncertainties, the CVO profiles
of CioLE and the bilayer remain unchanged (Fig. 7C) The
median fit parameters of fitting are reported in the ESIL.}

C,oLE/tetracycline complex. The MIC studies performed on
C,0LE/TET suggested an improved bactericidal behavior of TET
in the presence of C;,LE. However, the mechanism of action or
positioning of the complex within membranes was unknown.
To test the specific interaction with membranes we prepared
a complex of C;oLE and TET at a molar ratio of 2.4 : 1 in solution
at two different concentrations of 12 uM C,;,LE/5 uM tetracy-
cline and 87 uM C;,LE/36 puM tetracycline. The solution was
allowed to equilibrate overnight to ensure complexation. We
investigated the interaction of the complex with a POPC bilayer
at both concentrations and after rinsing with pure water.

We performed experiments on both protiated and deuter-
ated POPC membranes and combined both data sets for
simultaneous analysis. The mixture of C;,LE and TET cannot be
unambiguously resolved individually. We therefore dissected
C;0LE into components. The sidearms, C10, were modeled as
decane and the macrocycle alone was modeled as 4,13-diaza-18-
crown-6. This separated contributions to the scattering from
decyl/Cyo (—0.4 x 107° A=2) on one side, and a mixture of LE
and TET (1.32 x 10 ° and 3.0 x 10~° A™2, respectively) on the
other side, thereby, grouping hydrophilic and hydrophobic
components.

At 12 uM C4LE/5 pM TET, an insignificant amount of
material was found associated with the lipid bilayer (Fig. 8A).
The data fitting indicated that at low concentration (12 uM
C10LE/5 uM TET), no significant association of C;,LE or TET was
observed with the bilayer. At 87 pM C;,LE/36 uM tetracycline,
C,0LE is located primarily within the hydrocarbon region of the
POPC membrane and C;oLE/tetracycline associates with the
lipid headgroups (Fig. 8B). The amount of C;,LE/TET complex
associated with bilayer increases from 0.1 4 0.1 A*> A2 at 12 uM
C,0LE/5 uM TET concentration to 5.6 &+ 0.6 A*> A~2 at 87 pM
C,0LE/36 uM TET concentration, and the lipid bilayer thins by
01 + 0.1 A and 0.5 + 0.3 A, respectively. The bilayer
completeness is not affected by incubation with the complex
(Table S21). The complex remains irreversibly bound after
rinsing with pure water (Fig. 8C). As with C,,LE by itself, there is
a preference of the complex to associate with the inner lipid
leaflet of the bilayer. The CVO profile of C;,LE/tetracycline is not
significantly different from that obtained from C;,LE by itself.
The complexation with tetracycline does not prevent C,,LE from

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03851j

Open Access Article. Published on 10 November 2022. Downloaded on 3/14/2026 9:58:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
1.0
0.9 A r/\ Sunsuu;and Lipid Bilayer
Strate
é‘ 0.8 | ~| —::nono:de
8 ,‘ | —— hydrocarbons
2 0.7 ’, l. —— headgroups
8 | @ cloe
g 0.6 [ | —— 68% confidence
@ C10
g 0.5+ , 1. \ B LE + tetracycline
| |/
2 0.4+ ,
3 |
§ 0.34 |
|
E 0.2 |
S |
0.14 /
0.0

Component volume occupancy
o
wv
1

Component volume occupancy
© 0 0 0 0 90 ©
N W s 0O N
1 1 1 1 1 1

Distance (A)

Fig. 8 Best-fit molecular distributions of the components of the lipid
bilayer and median and 68% confidence limits for the distributions of
(A) 12 uM CyoLE/5 pM TET (B) 87 uM CyLE/36 uM tetracycline, and (C)
after rinsing with water. C,oLE refers to the lariat ether. Its component
parts are C10 (decane) and LE (diaza-18-crown-6).

deeply penetrating the lipid membrane. The membrane thin-
ning by the C;,LE complex is less pronounced with —0.5 & 0.3 A
per leaflet on average. (The thinning of individual leaflets
cannot be resolved by the NR experiment so an average thinning
is modeled)

Molecular dynamics results

MD simulation results indicate that the tetracycline is typically
parallel to the bilayer surface, but this preference is spread out
due to the time it spends in the bulk solvent area where it is free
to reorient. Fig. 9 shows the orientation of the C;,LE molecule
when embedded in the POPC bilayer. The distributions shown
are the distributions of the four angles defined in the system.
These four angles are each composed of two vectors, the first of
these vectors is always the normal of the bilayer, and the second
is drawn from a nitrogen on the crown ring to one of the
carbons on the same side of the molecule. For instance, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Results from the same simulations looking at molecular
orientation with respect to the z axis of the bilayer (normal).
Convention for labeling carbon/number-on-arm/arm-id, Clb for
example is the first labeled carbon on the second arm (blue).

drawn angle in Fig. 9 is showing the vector from one of the ring
nitrogens to the carbon labeled C1a, this distribution is shown
in the color that corresponds to the color used to highlight the
carbon, in this case green. These distributions shown together
find that the C;,LE molecule when at equilibrium in the bilayer
seems to prefer pushing one ‘arm’ further into the bilayer (C1la
and C2a carbons), and one ‘arm’ prefers to lay parallel to the
surface of the bilayer (C1b, C2b).

Umbrella or non-equilibrium simulations

The PMFs (Fig. 10) follow the profiles of each species of inter-
est's partitioning into the POPC bilayer. The C;,LE macrocycle
shows the largest favorability for the center of the POPC lipid
bilayer (r = 0 nm), displaying an energy well larger than 2 kcal
mol ', Herein, the energy well is defined as the difference
between the lowest points on the potential mean force inside
the bilayer and maximum point at the surface of the bilayer.
This energy well is larger than both the complex (1 kcal mol ™),
and lone TET molecule (~0 kcal mol ™). The other free energy
value of note is the penalty for passing the hydrophilic heads (r
= ~1.8-2 nm). This is similar for each of the species (4-5 kcal
mol ") and would lead to slow penetration of molecules, even
those that sit favorably inside the lipid bilayer itself. The
complex being a larger structure than the other two lone species
has a slightly larger barrier for entry followed by TET, and then
CyoLE.

These results correlate in several ways to the NR results.
First, the C;oLE sitting comfortably near the center of the
membrane agrees with the density profiles, and secondly the
profile for the TET shows little penetration of the TET molecule
into the bilayer. The complex shows intermediate positioning
compared to lone TET and lone C;,LE molecules.

The neutron reflectance data show improved membrane
penetration for TET in the presence of C;,LE compared to its
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Fig. 10 Free energy of tetracycline, CioLE, and TET-C4oLE complex as
a function of bilayer depth profile. The black arrow shows the energy
well for CoLE molecule.

absence. It seems likely that some supramolecular interactions
contribute to this enhancement. To the extent that the amine
groups are protonated on either the lariat ether or the antibi-
otic, complementary interactions are possible there as well. The
CPK molecular models studied showed many contacts that
seemed productive, but there was no single orientation of the
two that suggested a particularly favorable complex.

Experimental details

Compounds studied. N,N-Di-n-decyl-4,13-diaza-18-crown-6
was prepared as previously reported.” Tetracycline hydrochlo-
ride and deuterated palmitoyloleoylphosphatidyl-choline were
purchased and used as received from Sigma Aldrich.

Preparation of bilayer lipid membranes for neutron
reflectometry

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) dis-
solved in chloroform was purchased from Avanti Polar Lipids,
Inc (Birmingham, AL, United States). Chloroform was removed
from the lipid solution via evaporation under vacuum for 12 h.
The dry lipid films were hydrated in a high-salt aqueous solu-
tion (2 M NaCl, pH 7) to a lipid concentration of 5 mg mL™~" and
then sonicated until clear. Wafers (3” diameter, 5 mm thick n-
type Si:P[100] wafers, El-Cat Inc., Ridgefield Park, NJ, United
States) were cleaned with 5% Hellmanex solution (Hellma
Analytics, Miillheim, Germany), sulfuric acid plus Nochromix
(Godax Laboratories, St. Louis, MO, United States) followed by
rinsing with ultrapure water (MilliporeSigma, Burlington, MA,
United States) and pure ethanol (EtOH, Sigma-Aldrich, Shelby-
ville, KY) and dried in a N, gas stream. A silicon wafer was
assembled in a NCNR fluids cell and incubated with vesicle
solution for ~1 h. Thereafter, the cell was rinsed with pure
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water, which completes the vesicle fusion and creates a single
solid-supported bilayer lipid membrane (BLM).?

Neutron reflectometry, NR. NR measurements were per-
formed by using the CGD-Magik reflectometer®® at the NIST
Center for Neutron Research (NCNR). Reflectivity curves were
recorded for momentum transfer values 0.01 < g, < 0.25 A~",
For each measurement, adequate counting statistics were ob-
tained after 5-7 h. The NCNR fluids cell allows for in situ solvent
exchange; therefore, subsequent measurements were per-
formed on the same sample area. The entire flow cell was
maintained at room temperature. Solvent exchange was
accomplished by rinsing ~10 mL of water through the cell
(volume ~ 1.3 mL) using a syringe.

For the measurements of C;(,LE and C,,LE/TET, two sets of
NR experiments were conducted, one with a hydrogenated h;;-
POPC bilayer and another otherwise identical set of experi-
ments with a deuterated d;,-POPC bilayer. The measurements
probing the membrane-interaction of TET on its own used only
a h;,-POPC bilayer. After measurement of the as-prepared
bilayers in H,O and D,O, C;,LE, TET, or C;,LE/TET were
added to the sample cell dissolved in H,O and D,O. NR
measurements were conducted while the bilayer was in contact
with either solution. Each compound was subsequently
measured at two concentrations. The samples were measured
again after rinsing with H,O and D,0, respectively. If measured,
data for d;;-POPC and h;;-POPC bilayers were co-refined
sharing conserved model parameters across data sets, in
particular those associated with the volume profile of C;,LE and
TET. The co-refinement of data from two lipid bilayers with
differently labelled hydrocarbon chains significantly boosts the
effective resolution of the measurement.

1D-Component volume occupancy (CVO) profiles along the
lipid bilayer normal were obtained as previously described.”
Bilayer fit parameters were the hydrocarbon thickness for each
bilayer subsection, the bilayer completeness, and the thickness
of the sub-membrane space. A single roughness parameter was
applied to all distributions. The thin layer of native silicon oxide
was modelled by a single distribution with individual roughness
and thickness parameters. Hermite splines defined by control
points that were on average 15 A apart were used to model the
CVO profiles of C;oLE and TET. The number of control points
was iteratively refined during model optimization for each CVO
profile.

Fit parameters associated with each control point were
a volume occupancy, a deviation from equidistant separation,
and (for the CVO profile of the complex) nSLD (neutron scat-
tering length density) value between those of C;(,LE and TET.
Such a variable nSLD per control point allowed us to separate
individual CVO profiles and amounts of associated material for
C,0 and LE/TET. The exchange of labile protons in isotopically
different buffers affects the nSLD of molecular components and
was taken into account during data analysis. Molecular volumes
and scattering lengths are listed in Table S1.7 Optimization of
model parameters was performed using the ga_refl and Refl1D
software packages developed at the NCNR. A Monte Carlo
Markov Chain-based global optimizer was used to determine fit
parameter confidence limits.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Molecular dynamics simulation. Molecular dynamic simu-
lations were performed to investigate the interactions of C,,LE
and tetracycline with a solvated POPC bilayer. The systems were
constructed by centering a pre-equilibrated POPC bilayer in an
8 nm periodic cube unit cell, inserting TET + C,(LE, and fully
solvating with water. This method gave a 4 nm thick bilayer and
a bulk water phase with a 2 nm thickness on either side. The
POPC, TET, and C;,LE molecules in these studies were repre-
sented by the OPLS-AA force field***® while the OPLS-AA adapted
TIP3P water model®*® was used to explicitly model the solvation.
The solute molecules in the systems were initialized on one side
of the cell, centered, and 1 nm from the bilayer surface. The
initial position(s) of the solutes were restrained during the
equilibration of the systems, and released during the produc-
tion simulations.

The constructed systems were equilibrated beginning with
a steep energy minimization, then coupled to NVT (Nose-
Hoover Thermostat: 300 K) and NPT (Parrinello-Rahman
barostat: 1 atm) ensembles successively.**** Production simu-
lations were collected under the NVT ensemble with a time step
of 2 femtoseconds and a t-coupling value of 0.1 picoseconds.
The Verlet cut-off scheme with a 0.9 nm short range cut-off was
used in conjunction with the particle mesh ewald method to
model the system's short and long range interactions. The
LINCS constraint algorithm was also used to constrain all
hydrogen bonds in the system.** The production simulations
were run for a total of 1 ms for each system, taking the final 200
ns for calculations of density and molecular orientation. All
molecular dynamics and analyses were done using the
GROMACS-2019.2 suite of programs.**~*’

Umbrella biased simulations were run to probe the energy
barrier of membrane penetration for the TET, C,,LE, and TET-
C,0LE systems. Initial positions were chosen to be 5 nm from
the bilayer center solvated in the bulk water phase, from there
pulling simulations moved the species of interest at a rate of
0.0025 nm ps ' in the negative z direction (towards the bilayer
center). Three hundred symmetrically spaced windows were
chosen from the pulling trajectories. These windows were then
equilibrated for 1 ns, before production simulations were run
for 10 ns collecting the positions and forces of the system. The
GROMACS WHAM module was used to partition the data into
the resulting potentials of mean force (PMF).

NMR. Tetracycline hydrochloride, ground into a fine
powder, was added to two vials in anticipation of preparing
5 mM solutions. Initially, CD,Cl, was used, but identical
results were obtained in CDCl;, which was used subsequently.
A 5 mM solution of C;,LE was prepared in CDCl;. Tetracycline
was slurried and warmed with CDCl;. A 1:1 solution of TET
and C;oLE (5 mM in each) was prepared in CDCl;. The solu-
tions were capped and covered with parafilm to prevent
evaporation and allowed to stand for 1 h at ambient temper-
ature with occasional swirling. After 1 h, each solution was
filtered through glass wool directly into an NMR tube. The
NMR spectrum of each solution was obtained at 300 MHz (data
shown in Fig. 2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions and key observations

The NR studies indicate that TET (control) associates at a low
level with the lipid headgroups of POPC bilayer. C;,LE (control),
on the other hand, associates with the lipid bilayer at the
measured solution concentration of 58 uM, occupying the
entire hydrocarbon region; however, the binding of C,,LE with
membrane is partially reversible.

Interestingly, the lack of any significant C;,LE/TET complex
at low concentrations suggests that a host-guest complex is
formed which doesn't interact with membrane at low concen-
trations. This means that dissolved C;(LE successfully
competes for binding to tetracycline and wins over the
membrane. Tetracycline is known to act within the cell (at the
ribosome) absent any adjuvant. C;o,LE acts at the membrane,
potentially forming pores or short-lived defects, but it can also
function as a cation carrier, at least in bulk phase.

Notably, the same complex (combining ratio of 2.4) at high
concentration of 87 uM C;,LE/36 uM TET binds with the POPC
membrane. A plausible explanation is as follows. At higher
concentrations (same ratio), and beyond a certain threshold
concentration there is significant interaction with the
membrane. This is detectable, but at lower concentrations the
complex is more polar than C;,LE alone, which leads to insuf-
ficient penetration within the membrane. The profiles of the
complex binding the membrane are different from the indi-
vidual components in that the molecules are mostly located in
the inner lipid leaflet and no longer span the entire hydro-
carbon region. Furthermore, the binding is irreversible which
shows a synergistically*® improved antibacterial activity of the
complex suggesting that the C;,LE holds TET longer (irrevers-
ible) and in deeper layers of membrane that leads to improved
efficacy.

Abbreviations

C4LE N,N'-Di-n-octyl-4,13-diaza-18-crown-6
Cio Decane

C1oLE N,N'-Di-n-decyl-4,13-diaza-18-crown-6 lariat ether
Cy4LE N,N'-Di-n-undecyl-4,13-diaza-18-crown-6
CvVo Component volume occupancy

HAP Hospital acquired pneumonia

LE 4,13-Diaza-18-crown-6

M Moles per liter

MD Molecular dynamics

MIC Minimal inhibitory concentration
NCNR NIST Center for Neutron Research

NR Neutron reflectance

nSLD Neutron scattering length density

PMF Potential mean force

POPC Palmitoyloleoylphosphatidylcholine
TET Tetracycline

VAP Ventilator associated pneumonia
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