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Abstract

Pyridine based small molecule drugs, vitamins, and cofactors are vital for many cellular processes,
but little is known about their interactions with membrane interfaces. These specific membrane
interactions of these small molecules or ions can assist in diffusion across membranes or reach a
membrane bound target This study explores how minor differences in small molecules (isoniazid,
benzhydrazide, isonicotinamide, nicotinamide, picolinamide, and benzamide) can affect their
interactions with model membranes. Langmuir monolayer studies of
dipalmitoylphosphatidylcholine (DPPC) or dipalmitoylphosphatidylethanolamine (DPPE), in the
presence of the molecules listed, show that isoniazid and isonicotinamide affect the DPPE
monolayer at lower concentrations than the DPPC monolayer, demonstrating a preference for one
phospholipid over the other. The Langmuir monolayer studies also suggest that nitrogen content
and stereochemistry of the small molecule can affect the phospholipid monolayers differently. To
determine the molecular interactions of the simple N-containing aromatic pyridines with a
membrane-like interface, 1H 1D NMR and 1H-1H 2D NMR techniques were utilized to obtain
information aboutposition and orientation of the molecules of interest within aerosol-OT (AQT)
reverse micelles. These studies show that all six of the molecules reside near the AOT sulfonate
headgroups and ester linkages in similar positions, but nicotinamide and picolinamide tilt at the
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water-AOT interface to varying degrees. Combined, these studies demonstrate that small structural
changes of small N-containing molecules can affect their specific interactions with membrane-like
interfaces, and specificity toward different membrane components.
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INTRODUCTION

Small molecules (<500 Daltons) have been the cornerstone for medical treatment,
supplements, and preservatives, with many diffusing through the cellular membrane to reach
their target.1:> One such example is a very successful first line anti-tuberculosis drug,
isoniazid (INH, Figure 1), which has been shown to diffuse across the membrane of
Mycobacterium tuberculosis, where INH is then able to reach the target, KatG.5” Similar to
INH, the method of entry into a cell for many small molecules has been studied in detail 812
but there is a lack of information pertaining to the specific interactions of small molecules
with the membrane interfaces. This lack of information is in large part due to the difficulty
of determining the specific interactions of molecules with the lipids that make up the
membranes, and the complexity of the biological membranes themselves.1315 The specific
small molecule-lipid interactions of a series of aromatic N-containing compounds were
studied here (Figurel) to understand how small molecules are taken into cells, how they
affect the membrane, and may elucidate aspects of the small molecule’s mode of action.

Many of these small molecules used to treat diseases such as tuberculosis, contain a pyridine
as their main structural component®:18 The presence and placement of nitrogen within the
pyridine ring has great effects on these small molecules and their inter- and intramolecular
interactions. For example, the amide group of picolinamide (PIC) is ortho to the pyridine
nitrogen allowing for intramolecular hydrogen bonding (Figure 1).1920 This increases the
molecule’s hydrophobicity and allows it to penetrate a membrane interface deep enough to
affect the packing of the phospholipid tails.21:22 This behavior is not observed for
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nicotinamide (NIC, meta) nor isonicotinamide (iNIC, para) since the amide and pyridine
nitrogen are not in proximity for intramolecular hydrogen bond formation.1920 Despite this
difference, Olsson et. al. were able to show that NIC tightly binds to plasma membrane
extracts of human leukemic K-562 cells (Kd between 3.2 and 12.7 uM).® Because such
small differences in structure have such profound effects on inter-and intramolecular
interactions, we hypothesize here that these molecules may interact with a membrane
interface differently despite having similar structures as shown in Figure 1.

To study how small structural differences can affect interactions with membrane interfaces,
this study aims to explore the interactions of the molecules in Figure 1 with two model
membrane interfaces (Figure 2). The first model membrane, Langmuir monolayer, has been
used to obtain free energies of mixing of hydrophobic molecules,23-25 explore phenomena
within the membrane,26-28 and to test how molecules affect a lipid interface.2%-32 While
compressing a phospholipid Langmuir monolayer in the presence of the molecules shown in
Figure 1, it is possible to determine if the molecules expand, reorganize, or affect the
compressibility of the phospholipid monolayer.33 A commonly used phospholipid,
dipalmitoylphosphatidylcholine (DPPC) can comprises up to 40% of lung phospholipid
content because of its superior ability to expand and spread at the lung alveolar air-liquid
interface.34-36 Similarly, dipalmitoylphosphatidylethanolamine (DPPE) is utilized to model
the inner leaflet of bacterial and eukaryotic membranes for drug and lipid interactions.37-38
These two lipids have become a very appealing model interface to study drug and lipid
interactions and therefore were used in this study as a model membrane interface to study
the interactions of the N-containing compounds in Figure 1.34-36:37-38 Tq determine the
molecular-detail interactions of small aromatic N-containing compound with an interface,
aerosol-OT (AOT) reverse micelles (RM) 3942 were examined.30- 43-47 RMs are self-
assembled microemulsion that form at low water concentration. In these systems the
placement and orientation could be identified by monitoring interactions with the AOT
headgroup and/or lipid tails using ID and 2D NMR spectroscopic techniques.3043-47 with
the combination of these two model membrane systems (Figure 2), information about how
the compounds in Figure 1 interact with membrane-like interfaces was obtained in this
study.

MATERIALS AND METHODS

General Materials.

Most materials were used without further purification. Benzamide (BA) (99%), PIC (98%),
NIC (98%), iNIC (99%), INH (299%), benzhydrazide (BHZ) (98%), isooctane (2,2,4
trimethylpentane, 99.8%), methanol (=99.9%), activated charcoal (99.5%), chloroform
(=99.5%), deuterium oxide (99.9%), 2,2-dimethyl-2-si-lapentane-5-sulfonate sodium salt
(DSS, 97%), monosodium phosphate (=99.0%), disodium phosphate (=99.0%), sodium
hydroxide (=98%), and hydrochloric acid (37%) were all purchased from Sigma-Aldrich.
DPPC (=99%) and DPPE (99%) were purchased from Avanti Polar Lipids. Sodium AOT
(aerosol-QT, bis(2-ethylhexyl)sulfosuccinate sodium salt, =99.0%) was purchased from
Sigma-Aldrich and was purified further as has been reported previously to remove any acidic
impurities.30 Briefly, 50.0 g AOT was dissolved into 150 mL of methanol to which 15 g
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activated charcoal was added. This suspension was stirred for 2 weeks. After mixing, the
suspension was filtered to remove the activated charcoal. The filtrate was then dried under
rotary evaporation at 50 °C until the water content was below 0.2 molecules of water per
AQOT as determined by 'H NMR spectroscopy. The pH was adjusted throughout this study
using varying concentrations of NaOH or HC1 dissolved/mixed in either D,O or H,0O
depending on experimental requirements. NaOH or HC1 dissolved in D50 is referred to as
NaOD or DC1 respectively.

Preparation of Phospholipid Langmuir Monolayers.

Phospholipid stock solutions were prepared by dissolving DPPC (0.018 g, 0.025 mmol) or
DPPE (0.017 g, 0.025 mmol) in 25 mL of 9:1 chloroforrmmethanol (v:v) for a final
concentration of 1 mM phospholipid. The aqueous subphase consisted of 50 mL of 20 mM
sodium phosphate buffer (pH 7.4) and varying concentrations of hydrazide of amide (10,
0.10, or 0 mM hydrazide or amide). Sodium phosphate buffer (20 mM, pH 7.4) instead of
double deionized H,O (DDI H,0) was used as the subphase for the compression isotherms
for better pH control (Figure S2).30 Before addition of the phospholipid monolayers, the
surface of the subphase was cleaned using vacuum aspiration and to make sure the surface
was clean, the surface pressure of a compression isotherm of just the subphase (no
phospholipid present) was measured (surface pressure was consist-entlyO.O +/- 0.5 mN/m
throughout compression). To prepare the phospholipid monolayer, 20 puL of phospholipid
stock solution (20 nmol of phospholipid, 112 A2/molecule) was added to the surface of the
subphase in a dropwise manner using a Hamilton syringe. The film was allowed to
equilibrate for 15 minutes. The resulting phospholipid monolayer was then used for the
compression isotherm experiments (see Figured 2A).

Compression isotherm surface pressure measurements of Langmuir monolayers.

The phospholipid mono-layer was compressed from 2 sides with a total speed of 10 mm/min
(5 mm/min from opposite sides, Figure 2A) using a Kibron pTroughXS equipped with a
Teflon ribbon (polytetrafluoroethylene, hydrophobic barrier). The temperature was
maintained at 25 °C using an external water bath. The surface tension of the subphase during
each compression was monitored using a wire probe as a Wilhemy plate. The surface
pressure was calculated from the surface tension using equation 1 where 7 is the surface
pressure, Yq is the surface tension of water (72.8 mN/m), and -y is the surface tension at a
given area per phospholipid after the film has been applied.

r=y,—v (1)

Each compression isotherm experiment consisted of at least 3 replicates and the averages
with standard deviations of the area per phospholipid at every 5 mN/m was calculated using
Microsoft Excel. The worked-up data were transferred to OriginPro Version 9.1 to be
graphed. From the averages of the compression isotherms, the percent difference from the
control of each sample at 5mN/m, 30 mN/m, and 35 mN/m were calculated. The
compression moduli were calculated using OriginPro Version 9.1 from the compression
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isotherm average results using equation 2, where Cs? is the compression modulus, A is the

surface area, and T is the surface pressure.

C7l'= —AWA [dr) (2)

N

Preparation of RMs for Dynamic Light Scattering (DLS).

RMs were prepared as has previously been reported.30 To prepare the 100 mM AOT stock
solution, 2.2 g of purified AOT (4.9 mmol) was dissolved into 50 mL isooctane. The 10 mM
aqueous stock solutions of amide orhydrazide were prepared by dissolving 50 pmol of amide
or hydrazide into 5 mL DDI H,0 and then the pH was adjusted to pH 7.0. To prepare the
RM solutions, specific volumes of the AOT stock solution and aqueous solution were added
for a total of 5 mL to form RM sizes of wg 8,12,16, and 20 where w,= [H,O]/[A0T], Upon
mixingthe AOT stock solution with aqueous solution, a white aggregate formed at the water-
isooctane interface. Then the mixture was vortexed until clear (—30 s), consistent with the
formation of RMs.30

Parameters for DLS Analysis.

Once the glass cuvettes (1 cm x 1 cm) had been washed with isooctane and RM sample (3
times each), the cuvettes were filled with 1 ml of sample, and analyzed using a Zetasizer
nano-ZS. The wavelength of light used was 632.8 nm and scattering was obtained at an
angle of 173°. Each sample was equilibrated for 700 s at 25 °C then run for 10 scans per
acquisition for 15 acquisitions. Each sample was run in triplicate, and the hydrodynamic
radii (Rh) and polydispersity index (PDI) were averaged with the standard deviations
reported in Table S1.

Preparation of Aqueous Stock Solutions of Amides and Hydrazides for RM Samples for 1H

NMR.

The aqueous stock solutions were prepared by dissolving 0.25 mmol (0.50 mmol for NIC) of
amide or hydrazide into 25 mL of D50 for a final concentration of 10 mM (20 mM for NIC).
The NIC concentration was increased to obtain a greater signal to noise ratio in the 1H NMR
spectra of the RMs. Each aqueous stock solution was then pipetted into 2 mL aliquots and
the pD (pD = pH + 0.4)3%-46 of each aliquot was adjusted using NaOD or DC1 solutions
(5.0,1.0, and 0.1 M). The pD will be referred to as pH for the rest of this manuscript as is
commonly done.3%-46 The pD of the aliquots was adjusted to a range between 1.2 and 9.0
for later use in determination the pKa in DO and in the w, 16 RMs.

Preparation of AOT-Isooctane stock solution and RMs for 1H NMR.

The 750 mM AQT stock solution was prepared by dissolving 8.34 g AOT (18.8 mmol) in 25
mL isooctane. This mixture was sonicated and vortexed until clear (approximately 15 min).
Once dissolved, the solution was equilibrated to ambient room temperature. RMs of wy
values of 8, 12, 16, and 20 were prepared by adding specific volumes of the stock AOT
solution and the pH 7.0 aqueous aliquot 215 pL of the other aqueous aliquots of pH’s
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ranging from 1.2 to 9.0 and 785 pL of the AOT stock solution were mixed to form w16
RMs at varying pH values. The indicated pH values of the RMs are assumed to be the same
from the measured aqueous samples. All the RM mixtures were vortexed until clear as was
done for DLS experiments.

1H NMR of D,O and RM Samples.

The TH NMR experiments were performed using a 400 MHz Varian NMR spectrometer
using standard parameters (1s relaxation time, 25 °C, and 45° pulse angle). The aqueous
samples were referenced to an external DSS sample at pH values of 1.2,1.5,2.0, 2.5, and 3.0.
Above pH 3.0 the DSS methyl silane peak was consistent and therefore the pH 3 DSS
standard was used as the standard for the aqueous samples at higher pH values. RM samples
were referenced to the isooctane methyl peak at 0.90 ppm as has been previously reported
and was originally referenced to tetramethyl silane (TMS).3043:46 The resulting spectra were
analyzed using MestReNova Version 10.0.1. The pKa values were determined by plotting
the chemical shifts of the samples at different pH values in D,O and in w16 RMs and then
taking the first derivative of the best fit curve using OriginPro Version 9.1 (see Figure $3).30

Preparation of RMs for 1H-1H 2D NOESY and ROESY NMR.

The 750 mM AQT stock solution was prepared by dissolving 0.34 g AOT (0.76 mmol) in 1
mL of isooctane. To form the RM (wo 12), 839 pL of AOT stock solution was added to 161
pL of D,O and vortexed until clear. This suspension was then mixed with 32 pmol of amide
or hydrazide for an average concentration of 200 mM amide or hydrazide within the RM
water pool (32.2 mM overall). The mixture was vortexed until the solid dissolved into the
RM microemulsion.

Parameters for Recording the 1H-1H 2D NOESY and ROESY NMR Spectra.

The 1H-1H 2D NOESY and ROESY experiments were conducted using a 400 MHz Varian
NMR at 26 °C with 16 scans per transient and 256 transient pairs in the fl dimension. The
1H-1H 2D NOESY spectrum was acquired using a standard pulse sequence with a mixing
time of 200 ms and a 1.5 s relaxation delay. The 1H-'H 2D ROESY spectra were acquired
using a standard pulse sequence with a 200,100, or 0 ms mixing time and a 1.5 s relaxation
delay. The resulting spectra were analyzed using Mestrenova Version 10.0.1 by subjecting
the spectra to a 90° sine? weighting function with a first point at 0.50. The spectra were then
phased and baselined using a third order Bernstein polynomial baseline. Each spectrum was
referenced to the isooctane methyl peak at 0.904 ppm in both dimensions.3°

RESULTS AND DISCUSSION

Interactions of Aromatic Hydrazides with Langmuir Monolayers.

Surface pressure compression isotherms of DPPC and DPPE were measured to model
phospholipids commonly found in eukaryotic and bacterial membranes.34-38 The minor
structural difference in the lipid headgroup results in significant differences in the properties
of the resulting lipid monolayer. DPPE has a conical shape and packs much more tightly
compared to DPPC which has a cylindrical shape. This is thought to be due to the hydrogen
bonding capability of DPPE (ethanolamine head group) that DPPC (choline headgroup) is
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lacking.#8-49 For these reasons, both DPPC and DPPE zwitterionic phospholipids were used
to form Langmuir monolayers to study the interactions of small molecules with
phospholipid interfaces.

Surface pressure compression isotherms of DPPC or DPPE were initially conducted in the
presence of INH or BHZ hydrazides (Figure 3A-D). The area per phospholipid of the DPPC
monolayer in the presence of 10 mM INH increased, until 20-25 mN/m. The area per
phospholipid of the DPPE monolayer in the presence of all concentrations of INH tested
increased until 25-30 mN/m. In the presence of 10 mM BHZ, the area per phospholipid of
the DPPC monolayer increased until 15-20 mN/m and the area per phospholipid of the
DPPE monolayer was unaffected. Briefly, INH affected the area per phospholipid of both
monolayers but at all concentrations only for the DPPE monolayer, while BHZ only affected
the area per phospholipid of the DPPC monolayer.

To determine if the compressibility of the monolayers was affected, the compression
modulus was calculated from the average compression isotherms (Figure S6). In the
presence of 10 mM INH, the compression modulus of the DPPC monolayer decreased and
all concentrations of INH tested, caused a decrease in the compression modulus of the DPPE
monolayer. The presence of 10 mM BHZ decreased the compression modulus of the DPPC
monolayer and increased the compression modulus in the presence of 10 mM BHZ. All
concentrations tested of BHZ present increased the compression modulus of the DPPE
monolayer. In summary, INH decreased the compression modulus of both DPPC and DPPE
monolayers, but only the DPPE monolayer was affected at all concentrations tested. BHZ
decreased the compression modulus of the DPPC monolayer and with 1 mM BHZ present;
the compression modulus of the DPPE monolayer increased.

Generally, an increase in area per phospholipid of a monolayer indicates an uptake of the
small molecule causing the monolayer to spread, and a decrease in area per phospholipid
indicates either solubilization of lipid or a reorganization to allow for tighter packing of the
phospholipid monolayer. A decrease in compression modulus has been commonly
interpreted as an increase in compressibility and vice versa.2220 INH did increase the area
per phospholipid of both the DPPC and DPPE monolayers indicating an uptake into the
phospholipid monolayers, but did so at lower concentrations present for DPPE. A similar
trend was observed with the decrease of compression moduli in the presence of INH. This
suggests that INH has a higher affinity for DPPE than DPPC, indicating that INH would
interact more favorably with the ethanolamine than the choline head group. This is
presumably due to hydrogen bonding with the ethanolamine head group which would
disrupt the intermolecular hydrogen bonding between individual DPPE molecules of the
DPPE monolayer.48:49 BHZ affected the area per phospholipid of only the DPPC monolayer
at 10 mM and decreased the compression modulus suggesting that at high concentration,
BHZ is taken into and allows for easier compression of the DPPC monolayer. At 1 mM for
DPPC and all concentrations tested for DPPE; BHZ does not affect the area per
phospholipid but increases the compression modulus showing that the BHZ did not spread
the phospholipids, but did cause the monolayer to be more difficult to compress than the
control monolayers. This suggests that BHZ is reorganizing the phospholipid tails, but more
information would be needed for confirmation. In summary, INH was shown to prefer the
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ethanolamine head group and allowed for easier compression than the control phospholipid
monolayers, while BHZ allowed for easier compression and spread the DPPC monolayer
when 10 mM was present in the subphase, but otherwise caused the phospholipid
monolayers to be less compressible without affecting the area per phospholipid.

of Aromatic Amides with Langmuir Monolayers.

To determine if the amides in Figure 1 interact with phospholipid interfaces differently, the
surface pressure compression isotherms of DPPC and DPPE were conducted in the presence
of BA, PIC, NIC, and iNIC, shown in Figure 4 and compression moduli are given in Figure
S11.

First, the compression isotherm experiments using BA were conducted as a nitrogen
deficient comparison. The presence of 10 mM BA, the DPPC monolayer exhibited an
increase in pressure below 15-20 mN/m and then above 15-20 mN/m, exhibited a slight
decrease in area per phospholipid. The DPPE monolayer increased in area per phospholipid
until 15-20 mN/m. The compression modulus (Figure S11) of the DPPC monolayer
decreased in the presence of 10 mM and 0.1 mM BA and increased when 1.0 mM was
present. Concentrations of 10 mM and 0.1 mM BA also decreased the compression modulus
of the DPPE monolayer. This data suggests that BA can spread the phospholipids of both
DPPC and DPPE until higher pressures, but it can still affect the compressibility of the
phospholipid monolayers showing that BA still does interact with the monolayer at higher
pressures.

In the presence of 10 mM PIC, the DPPC and DPPE monolayers exhibited an increase in
area per phospholipid as compared to the control monolayers until 35-40 mN/m. Also,
depending on the concentration of PIC within the subphase, the compression modulus either
decreased for DPPC (10 mM), increased (1 mM), or no effect was observed (0.1 mM). The
DPPE monolayer compression modulus was increased only by the presence of the 0.10 mM
PIC. The increase in area per phospholipid of DPPC and DPPE in the presence of PIC
suggests that PIC is spreading the lipids; but depending on the concentrations of PIC, the
compressibility of the phospholipid monolayers is affected (Figure S11). The dependence of
the compressibility on the concentration may be due to counteracting effects where a large
amount of PIC (10 mM) increases compressibility solely because PIC exists in excess within
the monolayer, so it is compressed out of the monolayer. At lower concentrations (1 mM for
DPPC and 0.10 mM for DPPE), PIC caused the monolayers to become more rigid and less
compressible. Briefly, PIC did increase the area per phospholipid of both phospholipid
monolayers, and had varying effects on the compression moduli of the phospholipid
monolayers.

The DPPC and DPPE monolayers in the presence of NIC both exhibited an increase in area
per phospholipid. All concentrations of NIC tested increased the area per phospholipid of
DPPC above 10 mN/m. The DPPE monolayer was affected in a concentration dependent
manner where 10 mM NIC increased the are per molecule the most. The presence of 10 mM
NIC caused an increase in area per phospholipid of DPPE across at all surface pressures
below collapse (55mN/m). There was not much of an effect of NIC on the compression
modulus on the DPPC monolayer (Figure S11); however, there was a decrease in the
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compression modulus for the DPPE monolayer at all concentrations of NIC tested. The
presence of NIC caused a spreading of both phospholipid monolayers but only affected the
compressibility of the DPPE monolayer allowing itto become more compressible than the
control monolayer.

Unlike the other molecules tested, iNIC had no effect on either the DPPC nor the DPPE
monolayer area per phospholipid. The presence of 10 and 1.0 mM iNIC did however
decrease the compression modulus of the DPPE monolayer but did not have much of an
effect on the compressibility of the DPPC monolayer (Figure SlI). This suggests that iNIC
has a higher affinity for DPPE than DPPC and allows the DPPE monolayer to be more easily
compressed without spreading the phospholipids.

By comparing the interactions of all the molecules of interest with DPPC and DPPE
monolayers, it is clear that not all of the aromatic N-substituted compounds interact with the
phospholipid monolayers in the same manner (Figure 4, Table 1). Out of the six compounds
tested, INH and iNIC exhibited more of an effect on the DPPE monolayer than the DPPC
monolayer suggesting a preference for the ethanolamine head group more so than the
choline head group. This is most likely due to the ethanolamine’s greater hydrogen bonding
capacity than choline, allowing for intermolecular interaction. When comparing PIC, NIC,
and the iNIC, the data is consistent with PIC and NIC affecting the phospholipid monolayers
similarly, but iNIC had the least effect on the phospholipid monolayers. As shown in Table
1, NIC and PIC were the only compounds to significantly increase the area per phospholipid
of the DPPC and DPPE monolayers at physiologically relevant surface pressures (30-35
mN/m),> whereas iNIC did not have much of an effect on the area per phospholipid. Of all
the compounds, BA was the only molecule to cause a decrease in area per phospholipid for
DPPC at higher surface pressures (above 15-20 mN/m, Table 1) suggesting that BA was the
only compound tested that either reorganized DPPC to condense further or assist in the
solvation of the DPPC. Interestingly, BHZ did not have the same effect as BA, but still
interacted with the phospholipid monolayers causing the phospholipids to spread. In
summary, INH and iNIC both exhibited a preference for DPPE over DPPC, PIC and NIC
affect the phospholipid monolayers similarly even at high pressures, BA reorganizes the
DPPC monolayer or helps solubilize the DPPC, and BHZ does interact with both
monolayers causing spreading of the phospholipids.

Placement of Small Aromatic Hydrazides and Amides Within the AOT RM.

Molecular information on the specific interaction and placement of the compounds with
respect to a membrane interface was sought using AOT RMs and NMR spectroscopy.
30.43-47,52 To this end, the 1H NMR spectrum of each N-containing compound was acquired
in D,0 and varying sizes of RM. By varying the sizes of the RM (wo), small changes in the
RM microenvironment occur. Comparing the chemical shifts of the N-containing
compounds caused by varying environmental differences, it is possible to place the
compounds within the RM.30:43-47.52 The following paragraphs describe the chemical
shifting and our placement of compounds as a result of the observed chemical shifting
patterns.
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The H NMR spectra of INH and iNIC are presented as stack plots of 1H NMR spectra in
D0 at the bottom and the RM microemulsions with the smallest RMs as the top spectrum
(wp8, Figure 5). In the INH spectra, the H, doublet peak shifts slightly downfield from the
D,0 spectrum at 8.67 to 8.71 ppm in the w20 spectrum and then gradually shifts upfield to
8.70 ppm in wy 8 spectrum. The doublet Hb peak for INH shifted gradually downfield from
7.69 ppm in D50 to 7.80 ppm in the W08 spectrum. A similar shifting pattern was observed
with iNIC. The peak corresponding to the doublet H, for iNIC barely shifts from 8.70 ppm
in D,0 to 8.74 ppm in the w20 spectrum and then a slight upfield shift to the w8
spectrum at 8.72 ppm. The doublet peak corresponding to Hb shifts gradually downfield
from 7.76 ppm in the D,O spectrum to 7.86 ppm in the w8 spectrum. The downfield
shifting of both H, and Hb peaks of INH and iNIC from the D50 spectrum to the w20
spectrum is consistentwith a more charged (deshielded) environment such as near the
sulfonates of the AOT.>3 The upfield shifting pattern of H, of both compounds is consistent
with the reduction of a charged environment as the RM sizes are reduced suggesting that H,
is more toward the hydrophobic region than Hb.53 Together this data suggests that both INH
and iNIC reside near the AOT headgroups with the pyridine nitrogen facing toward the AOT
tails and the amide/hydrazide toward the water pool similar to benzoate and phenyl
biguanide.30:46

Next, the interactions of the benzene based hydrazide and amide, BHZ and BA, with the
AOT RM interface are described by 1H NMR. The doublet corresponding to H, for BHZ
shifted from 7.74 ppm in the D,0O spectrum to 7.94 ppm gradually as the RM sizes were
reduced to the w8 spectrum. The triplets corresponding to Hb and H for BHZ are at 7.62
ppm and 7.52 ppm respectively in the D,O spectrum and then coalesce in the RM spectra
while gradually shifting upfield to 7.38 ppm in the w8 spectrum. The peak corresponding
to H, for BA shifts from 7.83 ppm in D,O gradually to 7.99 ppm in the w8 spectrum. The
peaks corresponding to Hb and H; of BA in the D,O spectrum are at 7.64 ppm and 7.53 ppm
respectively and then coalesce in the RM spectra and gradually shift upfield until 7.40 ppm
in the w8 spectrum. The downfield shifting pattern of H, of both BHZ and BA from D,0
spectrum to the w8 spectrum is consistent with the RM interface. The upfield shifting
pattern of Hb and He of both BHZ and BA is consistent with a deep placement within the
RM interface toward the AOT tails. Using this data, it is possible to place BHZ and BA
within the water-AOT interface with the benzene ring of both compounds placed a little
more toward the AOT tails than INH and iNIC, and with the amide/hydrazide toward the
water pool. This is similar to what has been previously found for benzoic acid.3°

The position and orientation of NIC within the RM was explored by itself unlike the
previous compounds. The doublet corresponding to H, for NIC shifted gradually downfield
from 8.94 ppm in the D50 spectrum to 9.10 ppm in the w8 spectrum. The Hb doublet
shifts from 8.72 ppm in the D,O spectrum to 8.74 ppm in the w20 spectrum, and then
shifts upfield to 8.71 ppm in the wj8 spectrum. The H. doublet shifts from 8.27 ppm in the
D,0 spectrum gradually to 8.34 ppm in the w) 8 spectrum, and the Hd peak is the only peak
for NIC to gradually shift upfield from 7.62 ppm in the D,0O spectrum to 7.52 ppm in the w;
8 spectrum. The downfield shifting for the Hd and H; peaks for NIC are consistent with
placement toward the water-AOT interface. The H peak initially shifted downfield and then
slightly upfield suggesting a placement near the water-AOT interface but more toward the
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AQT tails than Hd and H,. The Hb peak was the only peak that consistently shifted upfield
suggesting the deepest placement (toward AQT tails) of all the NIC protons. This data is
consistent with NIC residing near the water-AOT interface with NIC tilted at the interface.
This position would have Hj pointing toward the water pool and the amide tilted more
toward the AOT headgroups. A similar finding was determined for the ortho-fluorobenzoate
anion at the micellar interface.53

Finally, the placement and orientation of PIC within the RM samples was determined. The
Hg doublet for PIC shifts slightly upfield from the 8.63 ppm in the D,O spectrum to 8.60
ppm in the w8 spectrum. The peaks corresponding to Hb and H,. are overlapping in the
D,0 spectrum but then separate within the RM samples with Hb shifting downfield
gradually from 8.04 ppm in the D,0 spectrum to 8.24 ppm in the wj8 spectrum and H.
gradually shifts upfield from 8.02 ppm in the D50 spectrum to 7.98 ppm in in the w,8
spectrum. The Hy peak for PIC gradually shifts upfield from 7.64 ppm in the DO spectrum
to 7.45 ppm in the w8 spectrum. The upfield shifting pattern of Ha, Hc, and Hd peaks is
consistent with the protons being placed toward the AOT tails. The downfield shifting
pattern of Hb is consistent with it being placed more toward the AOT interface. This data is
consistent with PIC residing near the AOT head-groups, with only Hy, being near the AOT
headgroups and the other protons toward the AOT tails causing a tilt of the molecule within
the interface.

In summary, this data shows that these N-containing molecules interact differently with the
AQOT RM, but reside at similar positions within the water-AOT interface. INH and iNIC were
shown to reside within the AOT interface with the pyridine nitrogen facing toward the AOT
tails and the hydrazide/amide toward the AOT head groups. BHZ and BA were shown to
reside deeper toward the AOT tails than INH or iNIC but with the same orientation. PIC was
shown to reside at the AOT interface as INH and iNIC, but slightly tilted at the interface
with the nitrogen of the pyridine and the amide facing toward the AOT head group and water
pool. NIC was also shown to be tilted with the proton between the amide and pyridine
nitrogen facing the water pool. Generally, each molecule resided in similar positions, but the
pyridine nitrogen to amide orientation did affected the overall molecular orientation at the
water-AOT RM interface. This finding is similar to what has been shown for fluorobenzoate
derivatives with micelles.53

1H-1H 2D NMR of Hydrazides and Amides Within the AOT RM Interface.

More information was sought to confirm the placement and orientation based on 1H 1D
NMR experiments, therefore through space 1H-'H 2D NOESY and ROESY experiments
were conducted.30. 43-45 Both 1H-1H 2D NOESY and ROESY spectra with a 200 ms mixing
time and higher concentration of BA was acquired to explore which experiment would
provide the best signal to noise ratio (Figure S13). With the ROESY data producing a better
signal to noise ratio than the NOESY for these samples, other ROESY spectra were sought
using 100 or 0 ms mixing times. The 0 ms mixing time serves as a negative control to
confirm no magnetization transfer was observed between magnetically different protons.

A portion of the 'H-IH 2D ROESY NMR spectra for INH and iNIC within w12 RMs are
shown in Figure 6. The spectra of INH within the w12 RM microemulsion show a diagonal
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with two, negative, blue peaks corresponding to the Ha and Hb peaks of INH at 7.71 ppm
and 7.77 ppm respectively. The positive, red, off diagonal cross peaks corresponding to Ha
and Hb are observed in the spectra of 200 and 100 ms mixing time whereas no cross peaks
were observed in the 0 ms mixing time spectrum as would be expected. In the 200 ms
mixing time spectrum for INH, an off diagonal cross peak corresponding to Hb on INH and
the methyl peak of either AOT or isooctane at 0.90 ppm on the f2 axis. In the 100 ms mixing
time spectrum, off diagonal cross peaks for both Ha and Hb at 0.90 ppm on the f2 axis were
observed and correspond to the AOT or isooctane methyl peak. Considering that the
previous 'H 1D NMR experiments have shown that INH and iNIC reside within the water-
AQT interface, INH is most likely residing near the AOT ethyl CH3 protons with the CH3
protons tilted toward the interface (see Figure S12 for AOT assignments).

The spectra of the w12 RM microemulsion with iNIC also indicated an interaction with the
AQT interface similar to INH. Along the diagonal shown in Figure 6, two, negative, blue
peaks corresponding to iNIC protons Ha and Hb at 8.70 ppm and 7.80 ppm respectively.
Positive, red, off diagonal cross peaks between Ha and Hb in the 200 and 100 ms mixing
time spectra are observed. Finally, no cross peaks were observed in the 0 ms mixing time
spectrum. In the 200 ms mixing time spectrum, positive, red, off diagonal cross peaks with
H, and Hb of iNIC are observed at 1.30 ppm and 0.90 ppm on the f2 axis corresponding to
the AOT CH2 and an isooctane or AOT CH3 peak, respectively. These peaks were not
observed in either the 100 ms nor 0 ms mixing time spectra. Due to iNIC’s insolubility in
isooctane and its similar placement determined by the 1H ID NMR studies, these results
support the interpretation that iNIC interacts within the RM water-AOT resides at the
interface near the sulfonate headgroups of the AOT similar to the vanadium dipicolinate
complex.>*

The 1H-1H 2D ROESY spectra of RMs containing BHZ and BA (Figure S14) were very
similar. In the following these compounds will be discussed concurrently. As can be seen on
the diagonal of the spectra of BHZ, there are two negative, blue peaks at 7.97 ppm and 7.43
ppm corresponding to H, and Hb/H,. respectively. Within the 200 and 100 ms mixing time
spectra, positive, red, off diagonal cross peaks are observed between the H, and Hb/H peaks
whereas no cross peaks are observed for the 0 ms mixing time spectrum. In the 200 ms
mixing time spectrum positive, red, off diagonal cross peaks at 1.30 ppm and 0.90 ppm on
the fl axis corresponding to the AOT CH2 peak, the AOT CH3, or isooctane CH3 peak and
H, and Hb/H, can be observed. In the spectrum using 100 ms mixing time the same off
diagonal peaks are observed except for the off diagonal cross peak at 1.30 ppm on the fl axis
and 7.97 ppm on the f2 axis corresponding to the AOT CH2 and the H, protons respectively.
These cross peaks were also observed for BA where the only differences in the spectra were
from the placement of the BA negative, blue peaks on the diagonal at 7.92 ppm for H, and
7.39 ppm for Hb/H,. This data suggests that BHZ and BA are both positioned nearby the
AQT ethyl with the hydrazide/amide facing the water pool consistent with the 1H ID NMR
studies.

The 1H-1H 2D ROESY spectra of PIC, within RMs were acquired to confirm placement and
orientation within the RM water-AOT interface. Figure S15 shows the 1H-1H 2D ROESY
NMR spectra of PIC within w12 RM microemulsion acquired using 200,100, and 0 ms
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mixing times. Observed in each of these spectra are negative, blue peaks along the diagonal
corresponding to H, (8.60 ppm), Hb (8.19 ppm), H. (7.99 ppm), and Hd (7.47 ppm). In the
spectra acquired using 200 and 100 ms mixing times, there are positive, red, off diagonal
cross peaks between the peaks corresponding to the PIC peaks whereas no off diagonal cross
peaks are observed in the spectrum acquired using a 0 ms mixing time. In the 200 ms mixing
time spectrum, positive, red, off diagonal cross peaks at 0.90 in the fl dimension
corresponding to all the PIC peaks observed. The same positive, red, off diagonal cross
peaks are observed using 100 ms mixing time with the exception of the off diagonal cross
peak at 0.90 ppm in the fl dimension and 7.99 ppm in the f2 dimension corresponding to Hc
of PIC. This confirms that PIC resides within the AOT interface and does interact with the
CH3 of the ethyl of AOT.

The placement and orientation within RMs of NIC was explored using 1H-1H 2D ROESY
NMR in the wy 12 RM spectra shown in Figure S15. The peaks on the diagonal are negative,
blue peaks corresponding to H, (9.02 ppm), Hb (8.68 ppm), He (8.29 ppm), and Hd (7.50
ppm). Positive, red, off diagonal cross peaks between the NIC aromatic protons can be
observed in the spectra acquired using 200 ms and 100 ms mixing times but not for the 0 ms
mixing time spectrum. Positive, red, off diagonal cross peaks corresponding to AOT peaks
can be observed at 0.90 ppm in the fl dimension and at 9.02 ppm, 8.68 ppm, 8.29 ppm, and
7.50 ppm in the f2 dimension. These peaks suggest that all the aromatic protons of NIC
reside near a methyl. Three other positive, red, off diagonal cross peaks can be observed at
1.30 ppm in the fl dimension and at 8.68 ppm, 8.29 ppm, and 7.50 ppm in the f2 dimension
corresponding to the Ch, AOT peak and Hb, H¢, and Hg. This data is consistent with NIC
residing at the same position within the RM interface as the other probe molecules but Hy is
notin proximity to the CH2 of the AOT ethyl. By rotating the C-C bonds of the ethyl of
AQT, the CH3 of the ethyl can reach further than the CH2 suggesting that Hy is in a position
away from the CH2. This would suggest a tilt in the NIC at the water-AOT interface
supporting the interpretation of the XH 1D NMR spectra.

In summary, the 1H-1H 2D ROESY NMR spectra of w12 RMs containing the compounds
of interest did support the results from the H ID NMR spectra. The placement of each of
these molecules using data from both the 1D and 2D NMR experiments is illustrated in
Figure 7. First of which, INH and iNIC both can be positioned near the AOT ethyl. Since
iNIC exhibited interactions with the CH2 of the ethyl of AOT, iNIC is placed slightly deeper
toward the tails of the AOT than INH. BHZ and BA both can be placed at the same position
and slightly deeper than iNIC. The 2D NMR of PIC confirmed that it does reside within the
interface of the water pool and AOT while the ID NMR suggested a tilt at the water-AOT
interface. Briefly, all the molecules resided near the water-AOT interface however, PIC and
NIC exhibited a tilted orientation within the interface (see Figure 7).

pK4 Measurement of the Hydrazides and Amides Within the AOT RM.

To explore how the AOT interface affects the aromatic N-containing molecules, the pKa
values of the small aromatic molecules were determined. The pH within the RM water pool
is not just simply the-log[H*] as is normally used in the United States to calculate pKa in
aqueous solutions.® The pH value within the RM water pool is much more complicated.
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Depending on the charge of the head group surfactant used to form the RM microemulsion,
a proton gradient can form.56-57 The AOT RMs used in this study have a negative charge
and therefore can cause an increase in proton concentration atthe interface.>® The pKa of
molecules have also been known to change within varying environments, such as the
difference in pK, values of a specific amino acid depends on whether or notit is in the center
or on surface of a protein, therefore the RM may affect the small aromatic molecules’ pKa
value.%8

The pKj values of the aromatic N-containing molecules in D,O and in w16 RMs are
shown and compared to literature and calculated values in Table 2.5 The pIC, for BA was
not determined in this study, because of BA’s low pKa value. The pKj of each of the probe
molecules in D,0 are all very similar to both the predicted pKj, values and the
experimentally determined pIC, values.>® The small differences between the pK, values
found in this study and the experimental studies in aqueous solutions is most likely caused
by differences in ionic strength, temperature, and differences caused by H,O (reported pIC,
values) or D0 (this study). Within the RMs, the pK, of each molecule lowered beyond
measurement. This would support an interaction with the AOT itself or an effect of the high
ionic strength of the interface.30:39-40.55 Eijther possibility supports that the molecules reside
within the RM interface.

Containing Aromatic Hydrazides and Am-ides.

DLS was used to determine that RMs formed. In addition to confirming that the RMs form,
we also demonstrated that the sizes of the systems measured were consistent with that
reported in the literature (Table S1).# Furthermore, the measurements were done to
investigate whether the addition of the compound alter the overall structure of the RMs
studied. As shown in Table S1 no differences in sizes of RMs with and without the aromatic
hydrazides and aromatic amides were observed.*!

Evaluation and Implication of Findings in studies of Langmuir Monolayer and interfaces in
AQOT/isooctane RMs.

Studies in model systems are done to obtain information that may not be accessible in
studies of the biological membranes. The two model systems used in the studies here both
have advantages and limitations. Regardless, it is important to note that there are substantial
differences between the AOT interface and a phospholipid interface. The differences in
structure, curvature, surfactant/lipid density, and head group charge (negative vs.
zwitterionic respectively), may impact the interactions of the molecules under investigation
with regard to their interaction with interfaces.14. 39-40.51 Although these differences exist,
there are similarities between how the molecules of interest interact with the AOT interface
and the phospholipid interface. By comparing the findings of the RM experiments with
phospholipid Langmuir monolayer experiments, the combination can shed light on crucial
differences behind the interactions of molecules with the surfactant or lipid interfaces.30.45

Interestingly, all the molecules studied here were found to reside near the head group of the
AQT surfactant interface. The RM studies provide information about how small structural
changes in the aromatic amide or hydrazide can affect compound placement and orientation
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at a surfactant interface. This finding, albeit on a different type of interface, is consistent
with the results reported in computational studies of NIC and PIC with phosphatidylcholine
and phosphatidylethanolamine phospholipids?1-22 along with experimental studies with INH
interacting with a liposome consisting of phosphotidylcholine.6%-61 We found that the
distance of amide to the pyridine nitrogen and the molecular orientation of the amide can
impact the interactions with the water-AOT interface. Similarly using computational
methods in studies by Borba ef a/. and Martini et al. specific hydrogen bonding with NIC
and PIC were found using phosphatidylcholine and phosphatidylethanolamine
phospholipids.2122 Although the findings in our studies with the RMs do not directly
demonstrate the specific interactions with the phospholipid headgroups found in these
computational studies, but the locations identified in our studies of the small aromatics N-
containing molecules with the sulfonate head group of AOT were comparable, that is placing
the drug near the interface.

Conversely if the small aromatic N-containing compounds interacted primarily with the
phospholipid tails, then the head group would not have affected the overall interactions with
the phospholipids and the area per phospholipid would have been affected similarly between
DPPC and DPPE. Since this was shown to not be the case in the Langmuir monolayer
studies, the molecules of interest most likely also reside near the phospholipid head groups
as found in the AOT RM experiments. The difference in interaction with DPPC vs. DPPE
was especially evident with INH and iNIC (see Figure 3A-3B). The previous study by
Marques et al. was able to determine a dissociation constant (Kd) of INH with
dimyristoylphosphatidylcholine (DMPC) supported bilayers to be 0.031 umol by plasmon
waveguide resonance.89:62 With the observation that INH most likely prefers DPPE to
DPPC, the Kd of INH with DPPE would most likely be lower than that found by Marques et
al. More studies are needed to determine the exact values and whether the difference in tail
length would affect the Kd.

The Langmuir monolayer studies also support the interpretation that the orientation of the
amide to pyridine nitrogen affect the phospholipid interface. This result was apparent from
the differences in compression isotherm area per phospholipid caused by the presence of
iNIC compared to NIC and PIC. NIC and PIC affected the monolayers similarly, in contrast
to iNIC that affected the monolayers differently. INIC was more similar to INH where it
preferred DPPE, but iNIC did not spread the lipids like NIC and PIC did. The similar overall
effects on the phospholipid monolayers by PIC and NIC were most likely caused by
different molecular interactions that happen to have similar outcomes as supported by a
difference in tilting at the RM interface. To summarize, the specific structural characteristics
of these compounds can influence their interactions with phospholipid and surfactant
interfaces in a comparable manner.

When combining the information from these two model membrane systems, a few
conclusions about the placement and interactions of the molecules of interest with surfactant
and phospholipid interfaces can be made. The RM experiments show that despite a similar
placement of all the molecules of interest within the water-AQT interface, the orientation of
the pyridine nitrogen to the amide can affect the specific orientation of the whole molecule
of interest within an interface. This tilt of PIC and NIC suggests that within other interfaces,
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such as a phospholipid interface, the small difference between these molecules can allow for
differences in the interactions with a phospholipid monolayer. Although, those interactions
will likely not be the same as determined from the RM experiments.2! The phospholipid
Langmuir monolayer studies build on this idea by also supporting the expectation that the
specifics behind the interactions of the head group of the phospholipid with the molecule of
interest can affect binding such as what was observed with INH and iNIC. To summarize,
the hypothesis that small differences in structure can lead to differences in the interactions of
these small molecules with membrane interfaces, was supported by these observations.

Although this study focused exclusively on monolayers, the observations gathered can
cautiouslybe used to provide some projections about how these molecules might pass
through a bilayer membrane. With each molecule studied here, they all resided within the
water-AOT RM interface and interacted differently with phospholipids containing the same
tail but different head groups. Together, these observations would support a head group
based interaction of the drugs in contrast to interactions with the choline, phosphate, or
glycerol of phospholipids. Therefore these compounds may not passively diffuse through a
bilayer membrane like weak acid preservatives (ex. benzoic acid and fomic acid) or
protonophores (ex. carbonyl cyanide m-chlorophenyl hydrazine).8.10:30 |f the molecules are
able to traverse a membrane by passive diffusion, then it would be expected that the
molecules would reside deeper within the RM tails/organic solvent.39 The data obtained in
this study does not support passive transport of these small aromatic N-containing
compounds.

Other methods for crossing a bilayer has been extensively studied using different cations and
anions. In these method, cations or anions are transported through forming a complex with
phospholipids and then flip with the phospholipid across the bilayer, or through a
hydrophobic pore that may form allowing traversing of ions.3-67 Some of these
mechanisms have been studied through computational studies, and Borba et a/. was able to
show that the binding of PIC and NIC to the phosphatidylcholine or
phosphatidylethanolamine head groups can cause conformational differences in the
phospholipid tails.22 Considering that all of the molecules within this study interacted with
the headgroups of AOT and the phospholipids, it is feasible that at least some of these
molecules may affect the phospholipid tails as well. If these molecules affect the
phospholipid tails then such interaction might aid in the crossing of the drugs across the
phospholipid bilayer. Additional studies are needed to determine if these small molecules
passively diffuse across bilayers, but these studies provide the framework to build a more in
depth understanding of small molecule interactions with membrane interfaces.

CONCLUSIONS

We found that the interactions of INH, BHZ, BA, PIC, NIC, and iNIC, all interact with
phospholipid and surfactant interfaces with the phospholipid/surfactant head groups, but
have different effects on phospholipid interfaces. The phospholipid Langmuir monolayer
studies show a difference in interaction of the small molecules that were not only dependent
on the structure of the small molecules but also the phospholipids themselves. All the
molecules tested reside within the water AOT surfactant interface of RMs with the amide/
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hydrazide facing toward the water pool except of NIC and PIC. NIC and PIC resided at the
interface but were tilted with the amide of NIC facing more away from the water pool than
the amide of PIC. In summary, we show here that interactions of small aromatic N-
containing molecules with lipid surfactant interfaces are not straight forward and that
structural changes of the small aromatic compounds can alter their affinity for different
phospholipid interfaces, how they affect different phospholipid interfaces, and the specifics
behind the interactions with these interfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AOT

RM
DPPC
DPPE
DMPC
INH
BHZ
iNIC
NIC
PIC
BA
DLS
NMR
Rh
PDI
DSS
TMS

NOESY

aerosol-OT

Reverse Micelle

dipalmitoylphosphatidylcholine
dipalmitoylphosphatidylethanolamine
dimyristoylphosphatidylcholine

isoniazid

benzhydrazide

isonicotinamide

nicotinamide

picolinamide

benzamide

dynamic light scattering

nuclear magnetic resonance

hydrodynamic radius

polydispersity index
2,2-dimethyl-2-silapentane-5-sulfonate sodium salt
tetramethyl silane. ROESY, rotating-frame Overhauser spectroscopy

nuclear Overhauser effect spectroscopy; DDI H,O, double deionized water
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Figurel.

Structures of isoniazid (INH), benzhydrazide (BHZ), isonicotinamide (iNIC), benzamide
(BA), nicotinamide (NIC), and picolinamide (PIC), with protons labeled for 1H NMR peak
labeling. The protons in the IH NMR spectra has H, as the most downfield 1H NMR peak,
Hb the next one, efc. See Figure S1 for enlargement.
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Figure2.
The Langmuir monolayer (A) shows how a molecule can affect a phospholipid interface by

penetrating and condensing (red arrows) or spreading (blue arrows) the phospholipids during
a compression isotherm. The schematic depiction of a RM (B) outlines the area in which a
molecule may reside, such as the bulk water (a), interfacial Stern layer (b), AOT tail region
(c), and isooctane (d). The black oval demonstrates how a molecule can have varying depths
within the RM interface along with different orientations. Figure adapted from Peters et a/.3°
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Figure 3.

Compression isotherms of DPPC (left column) or DPPE (right column) in the presence of
INH (A and B) or BHZ (C and D). The solid black curves correspond to the control films
without any hydrazide present. The other curves correspond to 10mM hydrazide (red dashed
line), 1 mM (blue dotted line), and 0.1 mM (green dashed and dotted line) present in the 20
mM sodium phosphate buffered subphase (pH 7.4). Each curve is an average of at least 3
trials with standard deviations. The R group for each phospholipid includes the phosphate,

glycerol, and fully saturated C1g tails. See Figures S4 and S5 for enlarged versions.

Langmuir. Author manuscript; available in PMC 2018 August 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peters et al. Page 25

(A) DPPC (RN(CH,);") (B) DPPE (RNH;")
60+ . 60 -

50 50
40- 40
30 30
20 20
101 10 -
() (G <. (1 LS o =F PR R—
40 50 60 70 80 90 100110 40 50 60 70 80 90 100110
(C) (D)
60 .. 60 -
“~— 50 50 4
-.E.. 40 40
E 30 1 30
— 20 20-
@ 4o 10]
a o- Ll L L] T T Ll T o- L T L] Ll L] Ll Ll T
» 40 50 60 70 80 90 100110 40 50 60 70 80 90 100110
S (E) (F)
E Ly S
Q 50 4
g 404
't 30 N| =
8 20 . P
10
U Ll L] Ll T L] L] T D T Ll = -I L] L] Ll L] Ll
40 50 60 70 80 90 100110 40 50 60 70 80 90 100110
(G) (H)
60 - 60 -
50 - o 50 -
40 40
304 J N UNH; 30
20- Z 20
104 10 -
0 T L] T L T Ll L] o- L] Ll L] L L L] Ll T
40 50 60 70 80 90 100110 40 50 60 70 80 90 100110

Area per Phospholipid (A%/Phospholipid)

Figure 4:
The resulting surface pressure compression isotherms of DPPC (left column) and DPPE

(right column) in the presence of BA (A and B), PIC, (C and D), NIC (E and F), iNIC (G
and H) at concentrations of 0 mM (black solid line), 0.1 mM (green dashed and dotted line),
1.0 mM (blue dotted line), and 10 mM (red dashed line) in the 20 mM sodium phosphate
buffered subphase (pH 7.4). Each curve is an average of at least 3 trials with standard
deviations. The R group for each phospholipid includes the phosphate, glycerol, and fully
saturated Ci6 tails. See Figures S7-S10 for enlarged versions.
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Figureb.

1D 1H NMR spectra obtained using a 400 MHz Varian NMR of INH, iNIC, BHZ, BA, NIC,
and PIC in D,0 and varying sizes of RMs () given on the left of each stack of spectra. See
Figure 1 for labeled structures corresponding to peak labels.
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1H-1H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of INH (A1-A3)
and iNIC (B1-B3) using 200 ms, 100 ms, and 0 ms mixing time (1-3) and a relaxation delay
of 1.5 s. The diagonal is indicated by the diagonal line. The lines also highlight any off

diagonal cross peaks.
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Figure 7:
Pictorial representation of the placement of INH, iNIC, BHZ, BA, PIC, and NIC within the

RM as determined through ID and 2D *H NMR studies. It is important to note that this
system is highly dynamic and therefore these are average positions/orientation within the
AQT interface based on the ID and 2D NMR data presented in this study.
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Table 1.

Percent Difference of Monolayer Surface Area in the Presence of Aromatic N-Substituted Compounds.a

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

DPPC DPPE
Surface
N-substituted | Pressure ] ]
(mN/m) | % difference | % difference
from control | from control
INH 5 7.36 12.25
30 0.89 3.61
35 0.10 3.22
BHZ 5 38.84 1.06
30 1.86 2.02
35 1.14 1.95
BA 5 6.21 16.19
30 —220% -0.92
35 —219* 1.46
PIC 5 241 7.65
30 3327 3.65™
35 2477 3.44
NIC 5 3.42 13.33
30 3.01°" 4.08™"
35 2777 362"
iNIC 5 1.22 3.32
30 1.03 1.87
35 0.55 1.89

aSurface pressures were chosen based on initial curve (5 mN/m) and physiological relevance (30-35 mN/m).51 Significance of the percent

difference was determined using a Student’s T test with

*
p<0.10 and

Ak
p <0.05.
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pka, Values of the Hydrazides and Amides of Interest in Aqueous and RM Solutions

Compound | Predicted | Reported | pK4in | pKainwg
PKa pK > D,0 16 RM
INH 34,247 | 3519% [ 33 <1
BZH 28% 307 28" <1
BA -0.36 N.A. N.A. N.A.
PIC 22 21 24 <1
NIC 3.6 3.3 3.7 <1
iNIC 35 3.6 39 <1

Table 2.

Page 30

The table above outlines the pka, values determined using the method outlined in Figure S3. The pKgof the amine protons for INH and BZH are

given by.

The predicted pKg values are from http://www.chemicalize.org. The reported pKg values are from ref 59.59
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