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Abstract

Curcumin is the active ingredient of the turmeric powder, a natural spice used for generations in
traditional medicines. Curcumin’s broad spectrum of anti-oxidant, anti-carcinogenic, anti-
mutagenic, and anti-inflammatory properties makes it particularly interesting for the development
of pharmaceutical compounds. Due to curcumin’s various effects on the function of numerous
unrelated membrane proteins, it has been suggested that it affects the properties of the bilayer itself.
However, a detailed atomic-level study of the interaction of curcumin with membranes has not been
attempted. A combination of solid-state NMR and differential scanning calorimetry experiments
shows curcumin has a strong effect on membrane structure at low concentrations. Curcumin inserts
deep into the membrane in a transbilayer orientation, anchored by hydrogen bonding to the phosphate
group of lipids in a manner analogous to cholesterol. Like cholesterol, curcumin induces segmental
ordering in the membrane. Analysis of the concentration dependence of the order parameter profile
derived from NMR results suggests curcumin forms higher order oligomeric structures in the
membrane that span and likely thin the bilayer. Curcumin promotes the formation of the highly curved
inverted hexagonal phase which may influence exocytotic and membrane fusion processes within
the cell. The experiments outlined here show promise for understanding the action of other drugs
such as capsaicin in which drug-induced alterations of membrane structure have strong
pharmacological effects.

1duasnue Joyiny vd-HIN

Turmeric powder prepared from the turmeric plant has been in use for centuries in the
traditional medicine of China and India for treating wounds, infections, and other skin
problems.! The active component of turmeric powder, curcumin (Fig. 1 for the structure of
curcumin), has a surprising array of anti-oxidant, anti-cancer, anti-mutagenic, antibiotic, anti-
viral, anti-fungal, anti-amyloid, anti-diabetic, and anti-inflammatory properties.2—° Because
of its numerous pharmaceutical effects and its inherent non-toxicity, curcumin has been the
focus of many recent biochemical investigations, primarily reporting on its medicinal
properties and interactions with specific proteins. Despite intense interest in the physiological
effects of curcumin, a general mechanism for its action has not been identified.

Studies of curcumin have shown that it influences structurally unrelated membrane proteins
across several signaling pathways.10 For a small minority of these proteins, specific binding
of curcumin to the protein has been detected with a binding constant typically in the nanomolar
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range. However, for the majority of the proteins affected by curcumin, a curcumin binding site
has not been identified. Furthermore, curcumin has been shown to affect these proteins at
approximately similar concentrations (micromolar range) despite the lack of a consensus
binding motif.11 Since curcumin affects such a large array of unrelated membrane proteins at
approximately similar concentrations, it has been proposed that curcumin can regulate the
action of membrane proteins indirectly by changing the physical properties of the membrane
rather than by the direct binding of curcumin to the protein.11

Integral membrane proteins are embedded in the membrane with hydrophobic segments of the
protein in contact with the hydrophobic core of the membrane. A mismatch between the length
of the transmembrane segments of the protein and the hydrophobic thickness of the bilayer is
energetically unfavorable and can therefore have a strong influence on the conformational
equilibria of membrane proteins. Because the elastic moduli of proteins are generally much
higher than that of the membrane, the membrane tends to deform to match the hydrophobic
and anchoring interactions of the protein. Deformation of the membrane imposes an energetic
penalty that can be modified by the addition of lipophilic drugs that alter the physical properties
of the membrane such as the hydrophobic thickness of the membrane, the elastic modulus, the
lateral pressure profile or other physical parameters. Alterations of membrane protein’s activity
in this manner has been detected for several lipophilic drugs and is suspected as being
responsible for the unwanted nonspecific side effects for many others.12-16

Ingolfsson et al. tested this hypothesis by measuring the effects of curcumin on the activity of
gramicidin channels of varying lengths and amino acid sequences in DOPC
(dioleoylphosphatidylcholine) membranes.11 The formation of an active gramicidin channel
requires the dimerization of gramicidin in the membrane, which in turn is dependent on the
deformation of the bilayer to accommodate the gramicidin dimer. The results of this experiment
showed that the inclusion of curcumin increased both gramicidin channel lifetimes and
appearance rates, leading to the conclusion that curcumin decreased the energetic costs of the
bilayer deformations.1! Further work by the research group of Huang has shown that curcumin
can bind to the membrane in two modes: a surface associated mode at low curcumin
concentrations and a transmembrane mode at higher concentrations.1”: 18 While these studies
show that it is possible to alter a membrane protein’s activity by alterations in the physical
properties of the membrane, a detailed study of the physical changes in the membrane induced
by curcumin has not been performed. In this study, we use a combination of solid-state NMR
and differential scanning calorimetry (DSC) experiments to show curcumin induces dramatic
changes in the fluidity of the lipid bilayer, consistent with a role for the nonspecific membrane
binding of curcumin in the physiological activity of curcumin.

MATERIALS AND METHODS

Curcumin (>94%) was purchased from Sigma and used without further purification. Lipids
(DMPC (1,2-Dimyristoyl-sn-glycero-3-phosphocholine), DHPC (1,2-Dihexanoyl-sn-
glycero-3-phosphocholine), and DPPC (1,2-Dipalmitoyl-sn-glycero-3-phosphocholine)) were
purchased from Avanti Polar Lipids (Alabaster, AL). Curcumin was dissolved in methanol to
produce a 1.0 mg/mL stock solution and kept at —20°C in glass vials wrapped in aluminum
foil for protection from light-induced degradation.

UV-visible spectroscopy

To prepare large unilamellar vesicles for UV-Vis spectroscopy, the appropriate amount of a
stock solution of 20 mg DMPC/mL in chloroform was first dried under nitrogen gas to create
a lipid film. The lipid film was then held under vacuum overnight to remove any traces of
solvent. The dried lipid film was hydrated with phosphate buffer (pH 7.8) and the solution
vortexed until the lipid film was completely dissolved. The lipid solution was then extruded
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twenty times through a 100 nm membrane to create the lipid vesicles. For the measurement of
the breakdown of curcumin, the curcumin concentration for each trial was kept constant at 10
uM and the lipid concentration was varied to create the indicated mole ratios of curcumin. The
breakdown of curcumin was measured by the disappearance of the absorbance peak at 424 nm,
which is indicative of the fragmentation at the keto-enol group.® Between scans, the sample
cuvettes were removed from the spectrophotometer and placed under aluminum foil to protect
them from light degradation.

Differential scanning calorimetry

Samples for DSC experiments were prepared using appropriate ratios of lipid to curcumin from
stock solutions of curcumin in methanol and DMPC or DPPC in chloroform. The lipid
concentration was held constant at 2.95 mM while the curcumin concentration was varied.
Samples were vortexed and then dried under a stream of nitrogen gas. Residual solvent was
removed by placing the samples under high vacuum overnight, while the sample was protected
from light. After the drying process, sodium phosphate buffer (50 mM NaPi with 150 mM
NaCl at pH 7.3) was added to the dry lipid film, followed by vortexing and brief sonication.
The resultant multilamellar vesicles (MLVs) were then subjected to repeated freeze thaw cycles
and degassed before loading into the calorimeter.

A scanning rate of 1.0°C/min was used for both heating and cooling. Temperature ranges of
5-45°C and 20-60°C were used for DMPC and DPPC, respectively. A base line was recorded
with buffer in the reference cell and subtracted from the sample data. The peak maximum in
the plot of excess heat capacity vs. temperature was recorded at the phase transition temperature
Twm, and the transition enthalpy was derived from the area under the excess heat capacity vs.
temperature curve during the transition.

Preparation of bicelles for solid-state NMR experiments

Bicelles were prepared by mixing 100 mg total of DMPC and DHPC dissolved in chloroform
at a DMPC:DHPC molar ratio (q) of 4.5 with an appropriate amount of curcumin dissolved in
methanol. The bulk solvent was removed by slowly evaporating the lipid mixture under a
stream of nitrogen gas. Residual solvent was removed by placing the sample under high vacuum
overnight. The dried sample was then rehydrated by the addition of 200 uL of 45 mM pH 6.0
HEPES buffer containing 150 mM NaCl. The samples were then subjected to repeating heating
and cooling cycles above and below the bicelle formation temperature until clear transparent
solutions were formed.

Solid-state NMR

All of the experiments were performed on a Chemagnetics/Varian Infinity 400 MHz solid-state
NMR spectrometer. Each sample was equilibrated for at least 30 minutes before starting the
experiment. 31P NMR spectra were obtained using a spin-echo pulse sequence (90°-t—180°-
t-acquisition; T = 125 ps) with a 90° pulse length of 5 ps under a 30 kHz continuous-wave
proton decoupling. Chemical shifts were referenced by setting the isotropic chemical shift peak
of phosphoric acid to 0 ppm. 14N quadrupole coupling spectra were recorded using a
quadrupolar echo pulse sequence (90°-t—90°-t-Acquisition; T = 80 ps) without proton
decoupling.

Proton detected local field (PDLF) spectra were recorded as described elsewhere. 20:21 A

ramped-cross-polarization (ramp-CP) sequence with a 3 ms contact time, 70 t; increments, a
5 s recycling delay, and a 25 kHz FLOPSY -8 proton decoupling were used to obtain 2D PDLF
spectra. The observed dipolar couplings were converted into order parameters using the relation
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s - 2kD
N Dy(3cos2e — 1) (Eq. 1)

Obs

where Dy is the observed C-H dipolar coupling, Dy is the dipolar coupling in the absence of
motional averaging (~21.5 kHz), 6 is the angle between the membrane and the magnetic field
(90°), and k is a scaling factor whose value depend on the homonuclear decoupling sequence
employed during the t; period (0.42 for the BLEW-48 sequence). All measurements were

performed at 37°C. The samples were equilibrated for 30 minutes at 37°C before acquisition.

Measurement of curcumin degradation in DMPC liposomes by UV-visible spectroscopy

The rate of curcumin degradation in DMPC liposomes was measured using the loss of the
characteristic absorption maximum at 424 nm as a marker for curcumin degradation.1® DMPC
exhibits a significant stabilizing effect on curcumin at both pH 6.0 and 7.8 (Figure S1). After
2 days, approximately 95% of the curcumin/DMPC sample was intact, indicating curcumin is
stable in lipid bilayers at pH 6 on a time scale relevant to solid-state NMR experiments
(approximately 12 hours).

Measurement of main and La to H, phase transition temperatures by DSC

Changes in the phase behavior of membranes that occur with the addition of membrane-
affecting molecules can be measured with high accuracy using DSC. Alterations in the packing
of lipid molecules within the bilayer are reflected by changes in the thermodynamics of the
lipid phase transition. In the absence of curcumin, DMPC and DPPC undergo two phase
transitions in the range of temperatures studied. The first phase transition, usually termed the
pretransition, is a low enthalpy transition reflective of the membrane undergoing a change from
the gel phase to the rippled gel phase.22:23 The rippled gel phase is linked to the presence of
periodic ripples on the membrane surface, usually with periods in the range of 100-300 A
depending on the lipid.24

A reduction or elimination of the pretransition is common with most membrane ligands and
usually indicates the molecule in question is interacting with the lipid headgroups.2® Fig. 2
shows the apparent abolition of the pretransition with the increase of the curcumin
concentration in both DMPC and DPPC. This implies that curcumin interacts with the PC
headgroup of both lipids, regardless of the difference in acyl chain lengths.

The main phase transition is associated with the melting of the acyl chains in the hydrophobic
core of the membrane from the rigid gel phase to the more fluid liquid crystalline phase. As
the curcumin concentration increases, the transition temperature Ty, enthalpy, and entropy all
generally showed a mild decrease for both DMPC and DPPC as a result of curcumin (Fig. 2
and Table S1). The main phase transition peaks for both DMPC and DPPC were symmetrical,
strongly implying that the curcumin was evenly dispersed throughout the bilayers.

DSC was also used to determine the effects of curcumin on membrane curvature by monitoring
the phase transition temperature (T) of the liquid-crystalline (La) to inverted hexagonal
(Hy1) phase transition of DiPoPE vesicles.26:27:28 The H,, phase is characterized by a high
negative curvature. Ligands that either stabilize this curvature or increase the bending elasticity
will favor the Hy; phase and lower Ty, conversely those that promote positive curvature or
decrease the bending elasticity will increase Ty. Our experiments show that DiPoPE has a
Ty of 45.5°C in the absence of curcumin. The addition of a small amount of curcumin (0.1 mol
%) to DiPOPE decreases Ty to 41.8 °C, indicating curcumin promotes negative curvature in
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the bilayer even at low concentrations (Fig. 3). A higher percentage of curcumin (0.5 mol %)
decreases Th further to 41.2°C.

Nitrogen-14 NMR spectra of magnetically aligned bicelles

The nitrogen atom of the choline group in DMPC can serve as an effective probe for changes
in the electrostatic environment of the headgroup region of the membrane.32-33 The
quadrupolar splitting of the 14N nucleus is determined by the electric field gradient tensor at
the site of the nucleus and in most molecules is quite large. In lipids, however, it is considerably
reduced by the near tetrahedral symmetry of the choline headgroup. The electrostatic
interactions between the positively charged choline group and the negatively charged
phosphate groups reduce this tetrahedral symmetry for lipids in a membrane. Electrostatic
interactions of ligands with the phosphate group oppose this interaction and decrease the 14N
quadrupolar coupling. Direct electrostatic interactions with the choline group have the opposite
effect, inducing a torque on the headgroup that alters the direction of the P-N dipole and
increases the quadrupolar coupling. Measurement of 14N quadrupolar couplings is particularly
useful as it is generally independent of the order of the acyl chains in the hydrophobic core of
the membrane.

Figure 4 shows the ¥N-NMR quadrupole-coupling spectrum for curcumin in magnetically
aligned bicelles composed of DMPC and DHPC. The smaller inner peaks are associated with
DHPC and the outer peaks with DMPC. The quadrupole coupling associated with DMPC in
control bicelles without curcumin was 7.83 kHz. The addition of 0.5 mole % and 3 mole %
curcumin increases the 14N quadrupolar coupling to 8.57 and 8.59 kHz respectively. At 5 mole
%, the 14N quadrupolar coupling is slightly less (8.42 kHz) than the values at lower percentages
of curcumin but still higher than the control sample.

Determination of site-specific order parameters in bicelles

A 2D separated local field (SLF) type experiment was used for the determination of molecular
order parameters in a site-specific manner by the measurement of 13C-1H dipolar couplings.
The observed dipolar couplings in 2D SLF spectra are the motional average of the intrinsic C-
H dipolar coupling which is a direct function of the C-H bond length. Because the C-H bond
length is unlikely to be affected by ligand binding, changes in the dipolar couplings along the
lipid molecule upon ligand binding can be used to directly map changes in the mobilities of
the different regions of the phospholipid molecules. The proton-detected 2D SLF sequence
(called PDLF (Proton Detected Local Field)) used here has the advantage that the dipolar
couplings associated with each C and H nucleus are detected independently because the low
natural abundance of 13C ensures each proton is in the local field of only one 13C nucleus. This
is in contrast to other 2D SLF experiments in which the observed dipolar coupling is in the
local field of several protons, leading to a convolution and not a simple superposition of signals.

A representative 2D PDLF spectrum and representative C-H dipolar coupling slices are given
in Fig. 5 along with the molecular structure and labeling convention used for the DMPC
molecule. The calculated order parameter profile for DMPC molecules in bicelles containing
0.25-5 mole % curcumin is given in Fig. 6. The molecular order of the bilayer increased
throughout the length of the acyl chain of the lipid in the bilayer upon the incorporation of
curcumin. This effect persisted at all concentrations studied from 0.25 to 5 mole %. Increasing
the concentration of curcumin from 3 to 5 mol % did not have a significant effect on the order
parameter profile, most likely due to the membrane saturation with curcumin. The most
prominent ordering effect is in the region of the glycerol backbone from the g3 carbon to carbon
2 (Fig 6B). The mobile carbons at the two ends of the lipid molecule are less affected by the
presence of curcumin. Notably, while the B carbon in the headgroup region shows a strong
ordering effect upon curcumin binding, the neighboring a carbon does not show an effect upon
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curcumin binding at all concentrations studied. The acyl chains comprising the hydrophobic
core of the membrane are also ordered by curcumin but to somewhat lesser extent than the
glycerol region.

DISCUSSION

Numerous drugs that have specific action against target membrane proteins at pico- to
nanomolar concentrations also have a “secondary pharmacology” at higher concentrations,
where the same protein regulates other membrane proteins nonspecifically.1® Nonspecific
regulation of embedded membrane proteins can result from changes in the physical properties
of the membrane as membrane proteins are energetically coupled to the membrane bilayer.
16,29-31 The nonspecific action of lipophillic drugs on non-target membrane proteins has led
to significant problems with attrition in drug discovery as pharmacological studies frequently
utilize drug concentrations that can alter the properties of the phospholipid bilayer.16:29-31 For
this reason, drug leads with a high lipophillicity are frequently considered poor drug candidates
regardless of their effectiveness against the target protein.32 However, many natural products
maintain bioavailability and effectiveness despite violating classical rules of what determines
a drug-like molecule.33 The reasons for this discrepancy are poorly understood. A critical
problem in this area is the relatively poor understanding of drug-membrane interactions,
particularly at an atomic level.

The preferential cytotoxicity of curcumin to cancer cells is an example of where such an
understanding of drug-induced membrane interactions could be crucial. Cancer cells treated
with curcumin display some features typical of apoptotic cell death, such as increased
membrane permeability, decrease in mitochondrial membrane potential, and transient
phosphatidy! serine exposure among other effects.3* However, other features of curcumin
induced cytoxicity, such as the very early loss of membrane integrity and the partial
reversibility of some of the effects, are not typical of standard apoptosis and point to a direct
action of curcumin on the membrane as initial step in the cytotoxic effect of curcumin on cancer
cells.34:35 Such apoptosis-independent effects of curcumin on membrane structure have been
confirmed at the level of gross morphological changes in erythrocytes.3® Our experiments show
at an atomic-level that curcumin physically alters the membrane, restricting the motion of the
lipid acyl chains and inducing negative curvature in the membrane.

Curcumin is protected from aqueous degradation when bound to liposomes, suggesting a
mechanism for the enhanced clinical efficiency of liposomal curcumin

Curcumin breaks down readily in aqueous solution to ferulic acid, feruloylmethane, vanillin,
and acetone.36:37 The instability of curcumin in solution at physiological pH and poor
absorption have been implicated in the low bioavailability of curcumin when administered
orally.38 Studies have shown that maximum curcumin plasma levels are only in the range of
1.8-11 nM in patients, even when administered at the high level of several grams of curcumin
per day.38 The rapid degradation of curcumin in aqueous solution can be alleviated by the use
of polymeric or detergent micelles.19:3940 |t has also been reported that liposome-encapsulated
curcumin has greater bioavailability and in vivo efficiency.*1=47 Our results suggest that the
incorporation of curcumin into liposomes strongly enhances the stability of curcumin and may
have a strong impact on the demonstrated greater effectiveness of liposomal curcumin.*1=47

Curcumin is anchored to the bilayer by a hydrogen bond near the phosphate group in a
manner similar to cholesterol

The headgroup region of the lipid (a, B, and y carbons) was relatively unaffected by the presence
of curcumin, as is expected for a largely hydrophobic, electrically neutral molecule. Curcumin
did not have a significant effect on the y-carbons of the choline group, and only a minor effect
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was seen on the a-carbon (Fig. 6a). However, a significant increase in the observed dipolar
coupling was detected for the neighboring B-carbon. This increase is difficult to rationalize as
the dynamics of neighboring atoms should change in similar ways.2> However, a
conformational change in the phosphocholine headgroup, specifically a movement of the P-
N* dipole away from the water phase of the membrane induced by the O-H dipole of curcumin,
will cause a change in 6 in Eq. 1 and alter the observed dipole couplings.20: 48, 49

There are two possible interactions of curcumin with the lipid headgroup that can cause this
conformational change. The first possibility is an electrostatic interaction with either the polar
methoxy or hydroxyl groups of curcumin with the positively charged choline group. Such an
interaction will naturally pull the choline group towards the curcumin molecule and alter the
conformation of the lipid headgroup. However, the relatively modest increase in the 14N
quadrupolar splitting for the curcumin samples in Fig. 4 shows the tetrahedral symmetry of the
choline group is not severely disrupted by the presence of curcumin in the bilayer, indicating
curcumin is not in proximity to the choline group.

A hydrogen bond between the curcumin hydroxyl group and either the phosphate group or the
nearby carbonyls of DMPC would cause an analogous conformational change in the choline
headgoup. Similar increases in the apparent order parameter for the p-carbon upon the addition
of anionic amphiphiles as a result of headgroup tilt have been reported in the literature.48: 49
The increase in the 1N quadrupolar splitting upon addition of curcumin shown in Fig. 4 is in
accord with this model, as 14N quadrupolar splittings are known to increase upon the addition
of anionic amphiphiles as a result of the distortion of the near tetrahedral symmetry of the
choline group.#8 Because this mechanism does not involve a direct interaction with the choline
group of DMPC, the magnitude of the increase will be modest, in agreement with the
observed 14N spectra.

Such an interaction has been directly detected for cholesterol, another amphipathic molecule
with a terminal hydroxyl group and a rigid conjugated structure. Unlike curcumin, cholesterol
is asymmetric with a definite preference for the end of the molecule with the terminal hydroxyl
group to be near the water surface.>% Cholestane, another asymmetric steroid similar to
cholesterol except for the absence of the terminal hydroxyl group, lacks this orientational
preference.?9 Due to its structural similarity to cholesterol, the hydroxyl group of curcumin
may exert a similar anchoring effect.

Curcumin has an ordering effect on the lipid membrane and binds to DMPC in a transbilayer

orientation

Outside of the headgroup region, and particularly in the hydrophobic core of bilayers, the
influence of electrostatics is negligible. Therefore, the measured C-H dipolar splittings from
2D PDLF experiments can be directly correlated with changes in the dynamics of the bilayer
in the hydrophobic region.#8 Curcumin is a highly conjugated and therefore rigid planar
molecule with a length approximately equal to one leaflet of the lipid bilayer. The addition of
arigid molecule to a membrane can create either segmental order or disorder in the membrane
depending on the mode of binding Segments of the membrane in contact with the curcumin
molecule will possess a higher degree of order compared to a pure bilayer because the motion
of the lipid molecule is sterically hindered in this region by the curcumin molecule. Conversely,
a segment of the membrane that is not in contact with curcumin will be more likely to be
disordered as the displacement of the neighboring lipid molecule creates a void in the regions
of the membrane where curcumin is not in direct contact. The additional volume created by
this void would allow more motion in this area of the membrane, decreasing the observed order
parameter. In general, amphipathic molecules that bind at the surface of the membrane will
decrease the order parameters of the acyl chains, while amphipathic molecules inserted
perpendicular to the surface of the membrane usually increase acyl chain order.
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Curcumin does indeed have a strong effect on the dynamics of the lipid bilayer, altering the
acyl chain packing and imparting order to most of the lipid molecule. As expected, the ordering
effect induced by curcumin is not uniform throughout the lipid molecule but has several
interesting features that reveal the site-specific interactions of curcumin with the bilayer at
atomic-level resolution. At all concentrations tested, curcumin increased the overall order of
the membrane. The ordering effect was concentrated in the glycerol region of the membrane
(carbons g1, g2, g3) with the hydrophobic core of the membrane (carbons 2-14) affected to a
somewhat lesser degree. Within the hydrophobic core, the effect of curcumin on the membrane
was uneven, with the carbons close to the glycerol region affected more than the carbons
towards the middle of the membrane. Interestingly, this ordering effect is absent at the terminus
of the acyl chain (Fig. 6C). The ordering profile indicates curcumin inserts into the bilayer
deeply, most likely penetrating nearly to the end of the DMPC molecule. An exact depth of
penetration could not be obtained, as the resonances for carbons 4-11 are not resolved in the
PDLF spectra due to the high similarity of the chemical shifts in this area.

The ordering profile is consistent with a transhilayer orientation of curcumin. The length of an
individual curcumin model, based on a rigid planar conformation and standard bond lengths
and angles, can be estimated to be about 16 + 2 A.51: 52 This length is slightly less than half
of the phosphate-to-phosphate length of a DMPC bilayer (35.3 A),%3 but considerably less than
half of the total thickness of a DMPC bilayer (44.5 A),>* supporting the conclusion that
curcumin is anchored to the bilayer by a hydrogen bond to the phosphate group and not the
choline headgroup. In a transbilayer orientation, curcumin could therefore be expected to have
anordering effect to nearly the end of the acyl chains as shown in (Fig. 6). In a surface associated
orientation, curcumin would disorder most of the acyl chain region in disagreement with the
PDLF data.

The effect of curcumin on the phase transitions in both DMPC and DPPC is also in agreement
with significant interactions with the hydrophobic core of the membrane. Curcumin only
slightly depresses the temperature of the main gel to liquid crystalline phase transition (T,) of
DMPC and DPPC and has a minimal effect at low concentrations on the enthalpy of the phase
transition (Table 1). These characteristics are consistent with a ligand that maintains van der
Waal contacts with the acyl chains and does not strongly disrupt the packing of the gel phase.
55,56 The DSC profile is similar to cholesterol at equivalent concentrations, which is known
to bind in a transbilayer orientation.>’ In DPPC these changes are more significant, reflecting
the longer length of the acyl chains and the greater hydrophobic mismatch between curcumin
and DPPC.

Several other lines of evidence are also consistent with a transbilayer orientation. The deep
penetration of curcumin into the bilayer consistent with a transhilayer orientation is suggested
by the significant degree of protection of curcumin from aqueous degradation when bound to
the membrane (Fig. S1).19: 40 Curcumin is degraded in agueous solution by a reaction at the
keto-enol group.36: 58 The greatly decreased rate of degradation upon binding to the membrane
indicates the keto-enol group of curcumin is sufficiently protected from solvent. In a surface
associated state, the keto-enol group can be expected to be located in the glycerol region of the
lipid if it is anchored to the membrane at the phosphate group as mentioned above. The glycerol
region of the lipid is exposed to solvent, hence it can be expected that curcumin bound to the
membrane in a surface-associated state will be subject to rapid degradation. The large blue
shift in the fluorescence of micelle-bound curcumin also suggests a strongly hydrophobic
binding environment.>9: 60

Curcumin in DOPC bilayers can adopt both surface-associated and transbilayer orientations,
with the surface-associated state prevalent at lower concentrations (< 3%).1" 18 DOPC bilayers
are thicker than DMPC bilayers (a 36.9 A phosphate to phosphate distance for DOPC®1
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compared to 35.3 A for DMPC53) and the unfavorable energetics associated with the
hydrophobic mismatch between curcumin and DOPC may stabilize the surface-associated state
of curcumin. A comparison of the factors influencing the orientation of curcumin would be
interesting for further studies, as the orientation of curcumin within the membrane is likely to
have both an effect on its antioxidant activity and on the liposome’s protective effect from
curcumin degradation.52: 63

The interaction of curcumin with the membrane impacts its ability to protect the body from
harmful free radicals in several ways. First, the exact localization of curcumin in the membrane
will affect the availability of curcumin to oxidants and other antioxidants.52 In the transbilayer
orientation detected here for curcumin in DMPC bilayers, one phenoxy- group resides at the
membrane/water interface while the other phenoxy- group and the enol group is buried within
the hydrophobic core of the membrane.

Second, the rate of lipid peroxidation is influenced to a strong degree by the physical state of
the membrane in away that is not completely understood.84 Curcumin is shown here to increase
the order parameter of the lipid acyl chain, which is likely to have the effect of decreasing
lateral diffusion within the membrane. The decreased rates of diffusion will simultaneously
decrease the rate of both the propagation and termination steps of the peroxidation chain
reaction.5® While it is unfortunately not possible to definitively predict how rigidification of
the membrane by curcumin will impact a given free radical reaction due to the opposing nature
of these reactions, it is a factor that must be considered in understanding radical reactions within
the membrane.56

Finally, curcumin may counteract the destabilizing influence of peroxyl radicals on the
membrane, as has been proposed for vitamin E.57: 68 Acyl chain hydroperoxides formed during
free radical reactions are more hydrophilic than unmodified acyl chains and therefore migrate
to the surface.5® This motion cannot be easily accommodated in a tightly packed membrane
and will disrupt the integrity of the cellular membrane. By rigidifying the membrane, curcumin
may counteract this effect.

Curcumin likely forms transbilayer oligomers at higher concentrations

Overall, curcumin induces order in the DMPC bilayer. Surprisingly, the sample with lower
concentrations of curcumin (up to 1% curcumin) had a higher effect on the overall order of the
membrane (Fig. 6). Increasing the amount of curcumin concentration to 1% led to a significant
decrease in the ordering of the glycerol region and the beginning of the acyl chain (carbons 2
and 3, Fig. 6B).

This trend may be explained by the formation of transbilayer oligomers of curcumin. Both the
transbilayer and surface associated binding modes have unsatisfied hydrogen bonds that can
be satisfied by the formation of oligomeric curcumin complexes.59 The hydrophobic mismatch
between the curcumin oligomer and the lengthier DMPC bilayer would cause the bilayer to
thin to match the length of the rigid curcumin complex (Fig. 6D). Bilayer thinning would in
turn tend to disorder the acyl chain region and counteract the ordering effect induced by
curcumin, in agreement with the lower molecular order parameters observed at higher
curcumin concentrations. Cholesterol, whose structural similarity to curcumin in some respects
has been noted above, also forms transbilayer dimers, although the interaction is not driven by
the formation of hydrogen bonds.>7: 70, 71

Lateral phase separation to form curcumin-rich and curcumin-poor domains above a critical
curcumin concentration would also tend to reduce the ordering effect of curcumin on the
membrane, as each curcumin molecule would be in contact with fewer lipids. Domain
formation has been seen for the related tetrahydroxycurcumin molecule in DPPC membranes
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at high (>15%) tetrahydroxycurcumin concentrations.’? However, the phase transition of
DMPC is symmetric at the concentrations used in this study (Fig. 2), which is a very strong
indication of homogenous mixing of curcumin throughout the bilayer.

Curcumin stabilizes the formation of non-bilayer structures

Curcumin promotes the formation of the inverted hexagonal (Hy;) phase in DiPOPE (Fig. 3).
Phosphotidylethanolamine (PE) is wedge-shaped with a small headgroup compared to most
other lipids. The shape of PE lipids imposes a steric restriction on the packing of PE lipids in
the flat liquid crystalline (L) phase due to the void volume in the headgroup region. The poor
packing in the L, phase manifests itself as a negative (concave) curvature strain, which can be
relieved at higher temperatures by rolling the bilayer up into inverted cylinders with the lipid
tails facing outward (the inverted hexagonal (H,;) phase).”® Ligand binding alters the energetics
of the L, - Hy, phase transition in a manner largely dependent on steric considerations. Ligands
that insert deep into the bilayer increase the effective size of the acyl chain region and therefore
increase the negative strain, while binding to the headgroup region has the opposite effect.

Stabilization of the Hy; phase is indirect but strong evidence that curcumin-induced negative
curvature strain on the bilayer.” At first glance, this result may seem paradoxical in light of
curcumin’s known ability to promote gramicidin channel formation. As mentioned above, the
formation of gramicidin channel has an energetic penalty associated with deforming the bilayer
to accommodate the short gramicidin channels.!! The binding of ligands to the membrane can
change the energetics of this process by either altering the thickness of the bilayer, the curvature
of the membrane, or the bilayer elasticity.16: 7> This suggests the effects on gramicidin channel
function and other mechanosensitive channels with a positive hydrophobic mismatch are
dominated by curcumin-induced changes in the bilayer elasticity, as hypothesized by
Ingolfsson etal.11, and not by changes in bilayer curvature. A similar finding has been observed
for capsaicin,1# 76 which resembles half of the curcumin structure, and polyunsaturated fatty
acids.”’~79 It should also be noted that small concentrations of cholesterol increase bilayer
elasticity,®0 contrary to the well-known rigidifying effect seen at higher concentrations.

The promotion of non-lamellar phases can have strong effects on biochemical processes
involving lipids. Non-lamellar lipid phases with a high negative curvature are involved in
membrane fusion, exocytosis, and membrane blebbing.81: 82 The promotion of negative
curvature by curcumin may have a direct effect on apoptosis by increasing the permeabilizing
activity of the apoptotic protein tBid.83 This may also explain in part the effect of curcumin
analogues, such as dimethoxycurcumin, which exhibit significant pharmaceutical effects in
spite of decreased antioxidant activity compared to curcumin.84

CONCLUSIONS

Solid-state NMR on magnetically aligned bicelles shows curcumin alters membrane structure
at low concentrations in a manner analogous to cholesterol. Like cholesterol, curcumin binds
DMPC in a transbilayer orientation at low concentrations where its rigid molecular structure
induces segmental ordering of the lipid membrane. Unlike cholesterol, curcumin is able to form
hydrogen bonds at both ends of the molecule. At higher concentrations, curcumin forms
transbilayer oligomeric structures in a process most likely driven by hydrogen bond formation
between the two phenolic groups. Curcumin also promotes the formation of negatively curved
non-lamellar bilayer phases and may therefore have an effect on processes dependent on curved
non-lamellar bilayer intermediates such as membrane fusion. The results of this study show
the value of solid-state NMR and aligned bicelles for the exact atomic-level resolution of
membrane-drug interactions.
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Figure 1.
Keto-enol form of curcumin, the dominant tatuomer of curcumin. The keto-enol from is
stabilized by an intramolecular hydrogen bond, shown here by a dashed red line.
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Figure 2. Curcumin lowers the enthalpy and phase transition temperature of DMPC and DPPC
bilayers

DSC heating scans for (A) DMPC and (B) DPPC with varying concentrations of curcumin
show that it lowers the temperature of the DMPC bilayer phase transition (from gel to liquid
crystalline phase) and decreases the enthalpy of main phase transition, making the gel phase
more fluid and the liquid crystalline phase more rigid. All curcumin values are given as mole
percentages with a constant lipid concentration of 2.95 mM.
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Figure 3. Curcumin promotes the formation of the negatively curved inverted hexagonal (Hy)
phase
DSC heating scans of DiPoPE containing the listed molar percentage of curcumin.
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Figure 4. Changes in the 14N quadrupole coupling of magnetically aligned 9:2 DMPC:DHPC
bicelles containing the listed molar concentration of curcumin show that curcumin increases the
asymmetry around the 14N nucleus in the choline group

The inner peaks are associated with DHPC and the larger, outer peaks are associated with

DMPC. The vertical lines are for guide purposes only.
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Figure 5.

Top: A 1D 13C chemical shift and a 2D PDLF spectrum of magnetically aligned 9:2
DMPC:DHPC bicelles (pH 6.0) in the absence of curcumin. Right: Molecular structure of
DMPC showing the numbering convention used. Bottom: C-H dipolar coupling spectral slices
extracted from 2D PDLF spectra of magnetically aligned bicelles without (bottom left) and
with 5 mole % curcumin (bottom right).
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Figure 6. The molecular order parameters determined by 2D PDLF experminents show site-specific
ordering of DMPC in DMPC/DHPC bicelles by curcumin

Curcumin induced overall ordering of the bilayer at all concentrations tested. A. Order
parameter profile in the lipid headgroup region (carbons y -o)). The non-monotonic response
is indicative of a conformational change of the lipid headgroup in the presence of curcumin.
B. Order parameter profile in the lipid headgroup region (carbons g3-3). The ordering effect
is strongest in this region. C. Order parameter profile in the hydrophobic core of the membrane
(carbons 4-11). The terminal carbons are more disordered than the pure bicelle sample at the
lower concentrations of curcumin but are more ordered at higher concentrations (1-5%). D.
Cartoon schematic of the physical changes induced by curcumin in the membrane. Curcumin
at low molar concentrations is monomeric and oriented with its long axis along the membrane
normal. Curcumin is effective at these concentrations in ordering the membrane except for the
terminal carbons below the curcumin molecule. At higher concentrations, curcumin
oligomerizes in the membrane, reducing its thickness and molecular order relative to the
samples with lower concentrations of curcumin.
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