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Abstract

2H, 31p, and 1H-magic-angle-spinning (MAS) solid-state NMR spectroscopic methods were used
to elucidate the interaction between sorbic acid, a widely used weak acid food preservative, and
1,2-dimyristoyl-srglycero-3-phosphocholine (DMPC) bilayers under both acidic and neutral pH
conditions. The linewidth broadening observed in the 31P NMR powder pattern spectra and the
changes in the 31P longitudinal relaxation time (77) indicate interaction with the phospholipid
headgroup upon titration of sorbic acid or decanoic acid into DMPC bhilayers over the pH range
from 3.0 to 7.4. The peak intensities of sorbic acid decrease upon addition of paramagnetic MnZ*
ions in DMPC bilayers as recorded in the ITH MAS NMR spectra, suggesting that sorbic acid
molecules are in close proximity with the membrane/aqueous surface. No significant 2H
quadrupolar splitting (A yg) changes are observed in the 2H NMR spectra of DMPC-dk4 upon
titration of sorbic acid, and the change of pH has a slight effect on A yQ, indicating that sorbic acid
has weak influence on the orientation order of the DMPC acyl chains in the fluid phase over the
pH range from 3.0 to 7.4. This finding is in contrast to the results of the decanoic acid/DMPC-dk,4
systems, where A yQ increases as the concentration of decanoic acid increases. Thus, in the
membrane association process, sorbic acids are most likely interacting with the headgroups and
shallowly embedded near the top of the phospholipid headgroups, rather than inserting deep into
the acyl chains. Thus, antimicrobial mode of action for sorbic acid may be different from that of
long-chain fatty acids.
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Introduction

Weak organic acids are widely used as preservatives in foods, cosmetics, and
pharmaceuticals. Sorbic acid [(2E, 4E)-hexadienoic acid, Fig. 1A], for example, has been
widely used in foods owing to its desirable physiological properties and its effectiveness
against a wide range of microorganisms.[!! In spite their extensive use and studies, the
working mechanism of weak acids is far from clarified. In conventional weak acid theory,
the undissociated acid molecules are believed to cross the cell membrane freely, dissociate in
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the cytoplasm, and inhibit growth through acidification of the cytoplasm.[2:3] The concept
that growth is inhibited only by undissociated acids was questioned and sorbic acid was
proposed to be acting as a membrane-active agent.[45] More recently, the signal pathways
set off by weak acids have been under investigation.[8] Overall, the antimicrobial activity of
weak acids has been proposed to be due to a number of actions such as inhibition of enzyme
activity,l”] accumulation of toxic anions,[! inhibition of essential metabolic reactions as
glycolysis,[®] membrane disruption,! induction of energetically unfavorable stress
response,[10 or intracellular acidification.[!1]

The available data suggest the importance of membranes in the inhibition of sorbic acid and
other weak organic acids. Microbial growth inhibition by sorbic acid is pH dependent, with
greater inhibition at lower pH.[2] It was shown that sorbic acid is not effective at neutral pH
where the dissociated form is the most populated state.[22] Similar to decanoic acid and
octanoic acid, the undissociated form of sorbic acid is believed to be the active form and is
thought to enter the cell by passive diffusion across the plasma membrane.[23.14] However,
other studies have also shown antimicrobial activity of sorbic acid at higher pH levels
(>6.5).[15] Transmission and scanning electron microscopy studies indicated outer
membrane damage and increased hydrophobicity of the cell wall in sorbate-treated cells at
pH 7.0, and dissociated sorbate was shown to have an inhibitory effect.[16] More generally
speaking, the pH hypothesis which states that only the uncharged form of ionogeric
molecules diffuse across a lipid bilayer17] was recently questioned,[18] as well as the
validity of Overton’s rule which states that the membrane permeability of a molecule
correlates with its hydrophobicity.[19.20]

Solid-state NMR (SS-NMR) spectroscopy is an excellent tool to study biological
membranes and the interactions of membranes with proteins as well as with small
molecules.[21:22] The two distinct moieties of phospholipids, the phosphate headgroups, and
the hydrocarbon acyl chain region, can be studied with different SS-NMR techniques. 2H
NMR lineshapes are very sensitive to molecular motions and the quadrupolar splittings
(AyQ) of selectively deuterated acyl chains of lipids directly reflect the motional order
parameters within the acyl chain region.[23.241 31p NMR spectroscopy provides another
sensitive ‘reporter’ to monitoring the events occurring in the headgroup region and has been
used widely to study the effects of various agents thought to act by perturbing the
membranes.[25.261 31p |ongitudinal relaxation time ( 77) is very sensitive to fast lipid
headgroup rotational motions and has been extensively described for phospholipids in
biological membranes.[27] Magic-angle-spinning (MAS) experiments yield high-

resolution TH NMR spectra to study small molecules as well as peptides in the

membranes. IH NMR MAS studies coupled with the use of paramagnetic ions can reveal the
location of the molecules with respect to the membrane.[28 - 30]

In our previous studies, fatty acids inserted into phospholipid bilayers were probed in model
membrane systems using SS-NMR as well as electron paramagnetic resonance (EPR)
spectroscopy.[31] In this study, the effects of sorbic acid on well-defined 1,2-dimyristoyl-sr+
glycero-3-phosphocholine (DMPC, Fig. 1C) model membranes were investigated at
different pH levels with 2H, 31p, and 1H-MAS NMR spectroscopic methods. Decanoic acid
(Fig. 1B) was also studied to compare the membrane interaction modes between sorbic acid
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and fatty acids of longer chains to provide mechanistic insight of these important
preservatives.

Experimental

Chemicals

DMPC and DMPC-ak,4 were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA)
and used without further purification. All phospholipids were dissolved in chloroform and
stored at —20 °C prior to use. Deuterium-depleted water and D,O were purchased from
Isotec™ (Miamisburg, OH, USA). Sorbic acid, potassium sorbate, decanoic acid,
tetrafluoroethanol (TFE), and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

NMR sample preparation

Multiamellar vesicles (MLVs) of DMPC/DMPC-dk4 mixtures (in 3 : 1 ratio) containing or
not containing the organic acid additives were prepared according to a previously reported
procedure.[32] A total amount of ~70 mg of DMPC/DMPC-dk,4 lipids was dissolved in
chloroform. Appropriate amounts of sorbic acid, potassium sorbate, or decanoic acid were
dissolved in a minimal amount of TFE, respectively, and were mixed with the lipid solutions
to obtain different additive : lipid ratios. The solvents (chloroform and TFE) were removed
slowly under a steady stream of N, gas and the samples were dried overnight in a vacuum
desiccator. The resulting mixtures were hydrated with 190-ul HEPES buffer (30-mM
HEPES, 20-mM NaCl, pH 6.0 or pH 7.4) or acetic acid buffer (20-mM NaCl, pH 3.0 or 4.4)
respectively. The hydrated samples went through 5-10 freeze-thawing cycles to increase the
homogeneity of the vesicles. The pellet (60-80 mg) was transferred to a 4-mm MAS rotor
for 2H and 3P NMR spectroscopic studies.

For 1H MAS NMR experiments, the samples were prepared by following the same protocol
except D,0 buffers were used instead of deuterium-depleted water to hydrate the lipids
vesicles.

NMR spectroscopy

All 2H and 3P NMR experiments were conducted on a Bruker Avance 500-MHz wide-bore
NMR spectrometer (Bruker Biospin, Rheinstetten, Germany) equipped with a 4-mm triple
resonance cross-polarization (CP)/MAS probe (Bruker Biospin). All experiments were
conducted at 35 °C (more than 10° above 24 °C, the phase transition temperature of DMPC).
Before NMR data acquisition, the sample was spun at 4 kHz in the MAS rotor at 35 °C for
15 min to allow for homogeneous sample distribution and temperature equilibration.

Powder pattern 2H NMR spectra were acquired at a 2H frequency of 76.773 MHz. A
quadrupolar echo pulse sequence (90° - t; — 180° - t, acquire)[33] was used, with a recycle
delay of 300 ms, echo delay 7 of 40 ps, 7 of 35 ps, 2H 90° pulse of 3.0 ps. The spectral
width was set to 100 kHz. As many as 20 k scans were averaged and the free induction
delays (FIDs) were processed with a linebroadening of 200 Hz with the Bruker software
Topspin 2.0.
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31p NMR spectra were collected at a 31P frequency of 202.456 MHz with the spin echo
pulse sequence (90° - 7; — 180° — 7, — acquire) with 1H decoupling, using a 31P 90° pulse
of 4.2 ps, a first echo delay 7; of 20 ps, a second echo delay 7, of 14ys, a decoupling power
of 88 kHz, and a recycle delay of 5 s. The spectral width was set to 250 ppm. For the 31P
NMR spectra, 256 scans were taken and the FIDs were processed using 100 Hz of line
broadening with Topspin 2.0.

31p Jongitudinal relaxation times ( 7;) were measured using a standard one-dimensional
direct phosphorous detection inversion-recovery pulse sequence (180° — 7 - 90°- acquire),
with a pre-acquisition delay of 6 s, and 14 7 values ranging from 0.1 ms to 6 s. The sample
was spinning at a frequency of 4 kHz at the magic angle. 7; values were calculated by fitting
the isotropic peak intensities into a single exponential function A = /0) + Px exp(-# T7)
by using Topspin 2.0.

1H MAS NMR experiments were conducted on a Bruker Avance 500 MHz standard bore
NMR spectrometer (Bruker Biospin) equipped with a 4-mm double-resonance HR-MAS
probe (Bruker Biospin) using a single-pulse sequence with a pre-acquisition delay of 5.0 s, a
90° pulse of 4.0 s. Sixty-four scans were averaged and the FIDs were processed using 0.3 Hz
of line broadening with Topspin 2.0. The samples were spinning at a frequency of 4 kHz at
the magic angle. The sample temperature was controlled at 26°C by using a BCU-05 unit
(Bruker Biospin).

Results and Discussion

Interaction of sorbic acid with the acyl chain region by 2H NMR

To investigate whether the sorbic acid molecule can penetrate deeply into the hydrophobic
acyl chain region of lipid bilayers, we first collected 2H NMR spectra of DMPC-dky, the
lipids fully deuterated on the two acyl chains, in the presence or absence of weak acids at
various pH levels.

Figure 2 shows the 2H NMR spectra for sorbic acid/DMPC-ds4 MLVs, along with the
spectra of decanoic acid/DMPC-ak, vesicles at different pH levels. All spectra reveal typical
‘Pake patterns’ as anticipated for lipid MLVs. The two peaks with the smallest absolute
separation are the signals originated from the terminal methyl group (-CD3) of the acyl
chains of DMPC-ak4. The maximal quadrupolar splitting (A1g) is given by the largest
distance between the two symmetric peaks in the powder-type spectra, which were generated
from the deuterons on the first two methylenes nearby the carbonyl groups of the s7-1 and
sn-2 acyl chains. The influence of organic acid additives is reflected in the size of the
quadrupolar splittings, which depends on both the molecular conformation and the extent of
molecular fluctuations of the labeled segments.

The maximal quadrupolar splittings of the 2H NMR spectra in Fig. 2 are summarized in
Table 1. In the absence of organic acids, the 2H quadrupolar splitting of DMPC-dk, is
approximately 24.0-24.9 kHz. The quadrupolar splitting decreases very slightly due to the
addition of sorbic acid at pH 3.0 or 4.4 (Figs 2A and C). At pH 6.0 and 7.4 (Figs 2B and D),
no changes in the quadrupolar splittings were detected when adding 5 mol% or even 10 mol
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% of potassium sorbate to the DMPC-d54 MLVs. The data clearly indicate that sorbic acid
does not penetrate deeply into the lipid hydrophobic core region within a pH range of 3.0—
7.4.

Conversely, the titration of decanoic acid at pH 4.4 (Fig. 2E) or pH 7.4 (Fig. 2F) increases
the quadrupolar splittings significantly. Addition of 5 and 10 mol% of decanoic acid
increases the quadrupolar splitting by 3.5 and 5.1 kHz at pH 4.4, and by 1.3 and 2.7 kHz
atpH 7.4, respectively (Table 1). The increasing quadrupolar splittings directly reflect a
decreasing efficiency of reorientational motion of the lipids upon interaction with decanoic
acid. The results demonstrate that decanoic acid interacts with the lipid acyl chains at both
pH 4.4 and pH 7.4. This result is consistent with our previous studies,[31] as well as the
results of fatty acids in lipid membranes reported by others.[34]

Interaction of sorbic acid with the headgroup region by 31P NMR

The interaction of sorbic acid and decanoic acid with the phospholipid headgroups of DMPC
bilayers was studied with 31P NMR spectroscopy under both acidic and neutral conditions.
Static 31P NMR spectra were collected on the same samples that used for the 2H NMR
experiments. The 3P NMR spectra at pH 3.0 and 4.4 show very similar patterns, as well as
those at pH 6.0 and 7.4. Only the 31P NMR spectra at pH 4.4 and 7.4 for DMPC MLVs
containing varying amounts of sorbic acid or decanoic acid are presented.

As shown in Fig. 3, the 31P NMR spectra of DMPC MLVs are dominated by a pseudo-
axially symmetric chemical shift tensor. The large chemical shift anisotropy (CSA) range
exhibits characteristic lamellar lineshapes with a high field maximum (o ;) peak at ~?-17
ppm and a low field shoulder (o) at ~29 ppm. The obtained CSA Ao( Ao= o) = o) is ~46
ppm, typical of DMPC lipid bilayers in the fluid phase.[34] In all cases, the 3P NMR spectra
of DMPC in the presence of sorbic acid or decanoic acid retain a similar motionally
averaged powder pattern lineshape, suggesting that the DMPC bilayers remain in the liquid-
crystalline L, phase even after the addition of 10 mol% organic acids. 3P NMR spectra
show considerable linewidth broadenings upon addition of sorbic acid or decanoic acid.
This 3P NMR linewidth broadening indicates that sorbic acid or decanoic acid are
interacting with the phosphorous headgroups of the lipids, either though a reduced local
motion or a change in the orientation experienced by the phosphate headgroups.[26]

We also examined the effects of organic acids on the headgroup dynamics by using 31P
MAS NMR longitudinal relaxation time of DMPC MLV samples. The changes in the 31P
isotropic 77 values provide measurements of the amplitude of motion fluctuations on the fast
(1079 s) time scale, indicating changes in individual lipid dynamics.[35] Our 3P 7; values of
pure DMPC MLV samples at 35 °C are in close agreement with a previously reported 7;
value of 660 ms at the phosphorous frequency of 60.7 MHz and at 30 °C.[3¢] As shown in
Fig. 4, at both pH 3.0 and 4.4, the 31P 77 values increase slightly upon adding 5 mol%
sorbic acid, indicating that the presence of sorbic acid reduces the rate of rapid motion of the
phosphate moiety. At pH 6.0 and 7.4, slight decreases in 7; were observed upon addition of
sorbate. While the nature of interaction needs to be further investigated, all the 3P NMR
results suggest that the phospholipid headgroups are undergoing perturbations upon
association with sorbic acid or decanoic acid under both acidic and neutral conditions.
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The location of sorbic acid by IH MAS NMR

Because of the double bonds of sorbic acid, the proton signals of sorbic acid in *H NMR
spectra are easily distinguishable from that of the lipids; thus, providing a direct approach to
track sorbic acid in the lipid membranes. The approximate location of sorbic acid in the
DMPC bilayers was further investigated with 1H MAS NMR spectroscopy of DMPC/sorbate
with and without Mn2*. Figure 5 shows the 1H MAS NMR spectra collected for DMPC in
the presence of varying concentrations of sorbic acid and Mn2*. The peak assignment of
sorbic acid was assisted by the previous report.[371 The intensities of 1H resonance peaks of
sorbate protons decreased upon addition of Mn2*ions by about 10% after adding 5% Mn?*,
as calculated from the peak intensities of sorbic acid, using the methyl group at the DMPC
acyl chain end at 0.86 ppm as an internal standard. Higher concentrations of Mn?*reduce the
peak intensities more significantly. The reduced peak intensities are consequences of
paramagnetic 7, relaxation enhancement resulting from the addition of Mn2*ions,
suggesting that the sorbate molecule is in the vicinity of Mn2* ions, which are in the
aqueous phase.[?1] The 1H-MAS NMR data in the presence of paramagnetic ions again
suggests that sorbate molecules are shallowly embedded on the surface of the DMPC
bilayers.

DMPC is a zwitterionic lipid, carrying a positive charge at the N atom and a negative charge
at the P-O bond. The DMPC MLVs used in this study were in fully hydrated aqueous
dispersions. Electrostatic interactions with headgroups contribute to the initial binding of
weak acids with the membranes. The association of the hydrophobic portion of weak acids
with the hydrophobic acyl chains of membranes may drive the weak acids’ insertion into the
core region of membranes. The exact location or distribution of weak acids in the membrane
can be described by a balanced interplay between the hydrophobic and electrostatic
interactions. Under acidic conditions, further stabilization may be achieved if hydrogen
bonds can be formed between weak acids (H-bond donor) and the phosphate group (H-bond
acceptor). The pKa value of sorbic acid is 4.8.12] About 98.5% of sorbic acid would be in the
undissociated forms at pH 3.0, as calculated from the Henderson—Hasselbalch equation.[38]
Similarly, about 71.5, 5.9, and 0.3% of sorbic acid would be the undissociated form at pH
4.4, 6.0, and 7.4, respectively. The pKa of decanoic acid is 6.8,[39 suggesting about 99.6 and
20.1% in the undissociated form at pH 4.4 and 7.4, respectively. The octanol-water partition
coefficients (109 Pyctanoliwater) OF Sorbic acid and decanoic acid are 1.33 and 4.09,
respectively. The observed changes in quadrupolar splittings correlate well with the length of
the chains of weak acids and the pH values, suggesting a key role of the hydrophobic acyl
portion in the weak monocarboxylate acids in their membrane insertion. From the 2H NMR
spectra at pH 3.0 and 4.4, it can be seen that only a very small percentage of the
undissociated forms of sorbic acid may insert into the membrane, resulting in a weak effect
on the quadrupolar splittings. The deuterium quadrupolar splittings offer direct evidence that
sorbic acid does not penetrate deeply into the hydrocarbon core region of the membranes in
the pH range from 3.0 to 7.4.

The 31p NMR and H MAS NMR spectra, on the other hand, clearly indicate the interfacial
interactions of the sorbic acid with the headgroups and sorbic acid is shallowly embedded in
the lipid bilayers. The 2H NMR studies also indicate two distinct types of membrane
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interactions: (i) sorbic acid binds to the polar lipid headgroups near the bilayer surface
(adsorption) and (ii) decanoic acid penetrates into the bilayer interface (absorption). This is
consistent with an early study, which suggests that decanoic acid has a mode of action
distinct from weak acid preservatives, where inhibition of yeast growth by decanoic acid was
attributed to a consequence of rapid membrane rupture and loss of cytoplasm.4]

The relative molecular size of the weak acids and the lipids can also help rationalizing the
observed difference in membrane interaction of sorbic acid and decanoic acid. Simple
molecular mechanics calculations using MM2[40] show that the length of sorbic acid
molecule (the distance between C1 and C6) is about 6.3 A, while the length of decanoic acid
is ~11.5 A in extended conformation. The headgroup region of lipid bilayers is about 8 A
long and the half hydrophobic thickness of ~12.5 A.[41] The polar carboxylate group of
sorbic acid is energetically favored to be located in the vicinity of the charged headgroups of
lipids; thus, the medium length carbon chain of sorbic acid is unable to reach the
hydrophobic core of the lipid bilayers. The two carbon—carbon double bonds at «, g, and y,
and & positions of sorbic acid molecule make it a very rigid molecule. This, along with the
medium length of the carbon chain, may make the sorbic acid molecule difficult to insert
deeply into the membrane and induce significant disturbing effects on the hydrophobic
regions of lipid membranes, which can be detected with the 2H NMR spectroscopy.

Plasma membranes have long been believed to be the targets of weak acid antimicrobial
agents.[?] It was hypothesized that membranes act as an allosteric regulator or a ‘receptor’
with which a substrate can interact with different binding sites in a pH-dependent
manner.[42] It has also been shown that perturbing the permeability of the cytoplasmic
membranes might not immediately be responsible for the biological activity of several
surfactants.[43] The present study indicates that inserting deep into the membranes may not
be a prerequisite for sorbic acid to act as an antimicrobial agent. Considering the weak
effects of sorbic acid exerting on the membrane at such high concentration (3/70 mg lipids)
in this study and the low concentration (4 mM, 0.6 mg/ml) where potassium sorbate shows
genotoxic action in human lymphocytes, 441 membrane disruption is not sufficient to justify,
alone, the enhanced antimicrobial activity of sorbic acid at low pH, and the membrane-
disruption mechanism is unlikely to be predominant mode of action of sorbic acid at these
concentrations. As more evidence comes out, we may speculate that rather than acting as a
nonspecific antimicrobial agent, sorbic acid might act on specific bacterial targets.

The data available so far do not exclude the possibility that sorbic acid might induce
membrane damage in a way dependent on the composition of the membranes. The
interaction of sorbic acid with cholesterol or other components in the membranes, for
instance, might amplify the weak effects sorbic acid exerted on the membrane. Thus, further
experiments are in progress to investigate the effects of sorbic acids on other lipid bilayers,
which may be good models representative of bacterial membranes.
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Figure 1.
The chemical structures of (A) sorbic acid, (B) decanoic acid, and (C) DMPC-dkg.
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Figure 2.

2H NMR spectra of DMPC-dk, MLV samples as a function of concentration and pH: (A)

DMPC-ak4 bilayer with 0, 5, and 10 mol % sorbic acid at pH 3.0, (B) pH 4.4, (C) pH 6.0,
(D) pH 7.4, (E) decanoic acid at pH 4.4, and (F) decanoic acid at pH 7.4, obtained using a
quadrupolar echo pulse sequence under static condition at 35 °C.
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Figure 3.

P chemical shift (ppm)

1H-decoupled 3P NMR powder spectra of DMPC MLV samples as a function of
concentration and pH: with sorbic acid at pH 4.4 (A) and 7.4 (B), with decanoic acid at pH
4.4 (C) and 7.4 (D), obtained using a Hahn-echo pulse sequence under static condition at

35 °C. The concentrations of the weak acids are 0 (in black), 5 (in red), and 10 (in blue) mol

%, respectively.
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M DMPC
Il DMPC + 5% sorbic acid
B DMPC +5% decanoic acid

pH 3.0 pH 4.4 pH 6.0 pH 7.4

The comparison of 31P longitudinal relaxation times 7; at 35 °C between control MLV and
MLVs with 5% mol % sorbic acid or decanoic acid measured at a 31P frequency of 202.456
MHz using inversion-recovery method, with 4 kHz magic-angle spinning.
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Figureb.
1H HR-MAS NMR spectra measured for pure DMPC (bottom), and DMPC/10 mol %

sorbate (middle), at pH 7.4 obtained at 35 °C using a single-pulse sequence with 4 kHz
sample spinning at the magic angle. The relative resonance intensities of sorbic acid were
plot against the Mn2* concentration (up).
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