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ABSTRACT: A wide variety of phytochemicals are consumed for their
perceived health benefits. Many of these phytochemicals have been
found to alter numerous cell functions, but the mechanisms underlying
their biological activity tend to be poorly understood. Phenolic
phytochemicals are particularly promiscuous modifiers of membrane
protein function, suggesting that some of their actions may be due to a
common, membrane bilayer-mediated mechanism. To test whether
bilayer perturbation may underlie this diversity of actions, we examined
five bioactive phenols reported to have medicinal value: capsaicin from

chili peppers, curcumin from turmeric, EGCG from green tea, genistein

from soybeans, and resveratrol from grapes. We find that each of these widely consumed phytochemicals alters lipid bilayer
properties and the function of diverse membrane proteins. Molecular dynamics simulations show that these phytochemicals
modify bilayer properties by localizing to the bilayer/solution interface. Bilayer-modifying propensity was verified using a
gramicidin-based assay, and indiscriminate modulation of membrane protein function was demonstrated using four proteins:
membrane-anchored metalloproteases, mechanosensitive ion channels, and voltage-dependent potassium and sodium channels.
Each protein exhibited similar responses to multiple phytochemicals, consistent with a common, bilayer-mediated mechanism.
Our results suggest that many effects of amphiphilic phytochemicals are due to cell membrane perturbations, rather than specific

protein binding.

Biologically active plant phenols have a broad range of
pharmacological effects—including anticarcinogenic, antimicro-
bial, antioxidant, and anti-inflammatory activity.'~"" Despite
widespread popularity in Western medicine, and thousands of
scientific publications devoted to the activity of these
compounds each year, their molecular mechanisms of action
remain poorly understood. Phenolic phytochemicals modulate
numerous unrelated proteins and biological pathways but few
binding sites have been identified. In the case of membrane
proteins, a given protein may be modulated by structurally
unrelated plant phenols that can have synergistic effects'>~"*
suggestive of a common, nonsaturating mechanism. Con-
versely, a given phytochemical may modulate the function of
many different membrane proteins—at similar concentrations
(e.g., Table 1 and Supporting Information Table S1). While the
many actions of phytochemicals could result from direct
interactions with numerous different targets, the presence of
binding sites having similar affinities on such a wide variety of
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targets seems unlikely. We propose a more parsimonious
mechanism for the biological activity of many phytochemicals.

The common feature of membrane proteins—that they are
embedded in a lipid bilayer—leads to a unifying hypothesis for
many of the diverse effects of phenolic phytochemicals. These
phytochemicals tend to be amphiphilic; they can adsorb to lipid
bilayer/solution interfaces and thereby alter bilayer properties,
which can lead to changes in membrane protein function.'>'®
We therefore propose that, rather than acting through discrete
binding sites, physical alteration of membrane properties
underlies many of the diverse actions of phenolic phytochem-
icals.

To test whether the phytochemicals’ bilayer-modifying
effects constitute a general mechanism underlying their
alteration of membrane protein function, we examined the
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Table 1. Membrane Proteins Known to Be Affected by
Phytochemicals®

4+ Capsaicin
Curcumin
EGCG
Genistein
Resveratrol

Epidermal growth factor
receptor (EGFR / HER)
Platelet-derived growth factor
receptor (PDGF-R)

Vascular endothelial growth
factor (VEGF)

Cystic fibrosis transmembrane 4 4 4 4
conductance regulator (CFTR) -
ATP-sensitive K* channels *
(K/\TI’)

Ky1.x K' channels
hERG K" channels -- - -
Two-pore K channels (KCNK) - -
Large-conductance Ca”*
activated K' channels
(BK/Maxi-K)

Ca”" relase-activated Ca’*
channels (CRAC)

L-type Ca’" channels
Sarco/endoplasmic reticulum ~ «
Ca’" ATPase (SERCA)
Voltage-sensitive Na' channels = - - -
TRP channels ++ 4+ -
Mitochondrial permeability
transition pore (MPTP)
P-glycoprotein (Pgp) / ABC-
transporter
FoF,-ATPase/ATP synthase - - - -
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“(+) indicates activation or up-regulation, (—) indicates inhibition or
down-regulation, (*) indicates “interaction”, (+) indicates biphasic
dose response curve or both activation and inhibition reported. For a
more extensive listing and references see Table S1 in the Supporting
Information.

membrane localization and bilayer-modifying effects of five
extensively studied and structurally diverse phenolic phyto-
chemicals—capsaicin (chili peppers), curcumin (turmeric),
epigallocatechin gallate (EGCG; green tea), genistein (soy-
beans), and resveratrol (grapes). The chosen compounds
modulate numerous biological pathways and alter the functions
of hundreds of different proteins, including many membrane
proteins' ~'" (Table 1 and Supporting Information Table S1).
With a few notable exceptions, such as the binding of capsaicin
to TRPV1'7'® and the hi h affinity binding of EGCG to the
67-kDa laminin receptor,” there is little evidence for direct
binding to any of their numerous effector proteins.

We used a combination of molecular dynamics (MD)
simulations and a gramicidin-based assay to quantify the
compounds’ bilayer-modifying potency. The MD simulations
predict and gramicidin experiments verify that all the
compounds tested indeed are potent modifiers of bilayer
properties. This means that the phytochemicals have the
potential to indiscriminately modulate membrane protein
function, in the absence of direct binding, through their
bilayer-modifying effects. We explored the implications of this
membrane-perturbation by testing the compounds’ ability to
alter the function of four membrane proteins: the mechano-
sensitive channel of large conductance (MscL), Ky2.1
potassium channels, voltage-dependent sodium channels
(Nay), and the membrane-anchored metalloprotease
ADAM17. Our results show that membrane-perturbing
phytochemicals are indiscriminate modifiers of a wide range
of membrane proteins, thus providing a mechanism for their
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diverse actions—that they alter membrane protein function by
altering lipid bilayer properties.

B RESULTS AND DISCUSSION

Phytochemicals Alter Bilayer Properties. We cataloged
the phytochemicals’ effects on membranes—where they
localize in the bilayer and what properties they alter. The
tested phytochemicals have high octanol/water partition
coefficients (logP varies between 3.1 and 4.1%°), meaning that
they readily partition into and permeate through lipid bilayers.
A patchwork of previous studies involving MD simulations,
NMR, fluorescence spectroscopy, and calorimetry have shown
that some of these compounds partition into and cross bilayers
and change bilayer properties.”' >* These phenolic compounds
would be expected to reside in the bilayer/solution interface
and alter bilayer properties such as area per lipid, bilayer
thickness and lipid tail order. Polyphenolic compounds have
also been found to weaken bilayer integrity through their
increase in membrane area®>** and at high concentrations, they
can ;isis;gupt bilayers, rupture lipid vesicles, and induce cell
lysis.”™

To develop a consistent description of the phytochemicals’
membrane effects, we used coarse- gralned (CG) MD
simulations based on the Martini force field® to characterize
how the five phytochemicals modify the structure and dynamics
of CG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) bilayers, at a 1:10 phytochemical:POPC molar ratio
(Figure 1). The phytochemicals localize to the bilayer/solution
interface (lipid headgroup and backbone region) (Figure 1b);
EGCG with its numerous hydroxyl groups resides slightly
closer to the bulk aqueous phase, whereas capsaicin with its
hydrophobic tail reaches further into the bilayer hydrophobic
core. They have rather modest effects on the bulk bilayer
properties (less than 3% increases in the average area per lipid
or decreases in bilayer thickness) with little effect on average
lipid order or bilayer compressibility (Supporting Information
Figure S1 and Table S2). The location in the bilayer and the
changes in bulk bilayer properties were similar in atomistic
simulations (see Supporting Information Methods) with the
notable exception of EGCG, which became positioned deeper
in the membrane in the atomistic simulations (Supporting
Information Figure S3 and Table S2). All the phytochemicals
produced significant changes in the bilayer pressure profile
(Figure 1c and Supporting Informatlon Figure S1), which may
modulate protein function.”” The changes vary among the
compounds: EGCG, genistein, and resveratrol primarily
perturb the pressure profile in the interfacial region, whereas
curcumin and capsaicin shift the profile closer to the center of
the bilayer. From the calculated changes in bilayer properties,
including the lateral pressure profile, we estimated the bilayer
bending modulus, the lipid spontaneous curvature and bilayer
elastic ratio, see Supporting Information Methods. The
phytochemicals had rather modest effects on these parameters,
Supporting Information Table S2.

To further estimate how the compounds alter the energy
required to perturb the bilayer, we moved a 0.9 nm radius
spherical probe (with high affinity for the lipid head and linker
region and no preferential interaction with the phytochemicals)
across the bilayer and calculated the potential of mean force
(PMF) in the absence and presence of the phytochemicals
(Figure le and Supporting Information Figure S2). Based on
this estimate, the phytochemicals reduced the energy required
to perturb the bilayer (allowed the bead to pass through more

dx.doi.org/10.1021/cb500086e | ACS Chem. Biol. 2014, 9, 1788—1798



ACS Chemical Biology

N T

-150+

Lateral pressure / bar

== POPC

== capsaicin
= curcumin
== EGCG

== genistein
resveratrol

o

20

AG / kJ/mol

'S
o

T

0
Z-axis / nm

N
o

Figure 1. Phytochemicals partition into phospholipid bilayers and alter
their properties. The phytochemicals’ effects on 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) CG bilayers were explored
using Martini simulations at 1:10 phytochemical/lipid molar ratio. (a)
Simulation snapshot showing resveratrol (orange) in a CG POPC
bilayer (tails and backbone in gray and the head groups in cyan and
green). (b) Lateral density, indicated as density width at half-maximum
height of the distributions for water (W), POPC lipid head groups
(H), backbone (B), tails (T), and for the phytochemicals (see also
Supporting Information Figure Sle). (c) Lateral pressure profile. (d)
Symmetrized potential of mean force (PMF) for translocating a probe
of radius 0.9 nm through the bilayer. The bilayer normal is set to the
Z-axis with zero at the center of the bilayer.

easily) by lowering the transition barriers for crossing the
bilayer by 5—10 kJ mol™". This suggests that the phytochem-
icals reduce the energetic cost of bilayer adaptations
perpendicular to the plane of the bilayer. Therefore, they
would alter the conformational equilibria of membrane proteins
with conformational changes that are associated with a bilayer
perturbation. Integrating the PMF for moving the probe across
the bilayer yielded estimates of the work required for the
associated bilayer deformation. Relative to pure POPC,
curcumin and EGCG were the most potent (reducing the
work by 67 + 5% and 54 + 8%, respectively), followed by
capsaicin (38 + 3%), genistein (29 + 3%), and resveratrol (14
+ 4%).

Using a calibrated gramicidin-based assay, we found that
these bilayer-modifying effects are sufficient to alter membrane
protein function. Gramicidin (gA) is a small antibacterial
protein (15 amino acids long) that forms monovalent cation-
conducting channels by the transmembrane dimerization of
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nonconducting subunits residing in opposing bilayer leaflets.
Because the channel length is less than the bilayer thickness, the
bilayer has to perturb around the gA channel as it forms—
meaning that the gA monomer/dimer equilibrium is coupled to
the energetic cost of deforming the bilayer. Changes in gA
channel activity (quantified as changes in single channel lifetime
or time-averaged activity) thus serve as measures for changes in
lipid bilayer properties, as sensed by a bilayer-spanning
channel.'**®

To estimate what change in bilayer bulk properties would be
required to observe a significant change in gA channel activity,
we used the continuum elastic model of Nielsen, Goulian, and
Andersen®”*® to predict the changes in bilayer properties
(bilayer elasticity) that would result in a 10-fold increase in gA
function (~6 kJ mol™" reduction in the dimerization energy);
see Supporting Information Methods. An isolated reduction in
the hydrophobic thickness by ~1%, the bilayer spring constant
by ~4%, the area compressibility by ~5%, or the bilayer
bending modulus by ~10% would each result in a 6 kJ mol™*
reduction in the dimerization energy. Based on the changes in
lipid bilayer properties estimated from the MD simulations, at a
0.1 mol-fraction of each phytochemical, the gA free energy of
dimerization is predicted to decrease by ~12 kJ mol™', in
general agreement with our experimental results, see below.

We probed for bilayer-modifying effects in planar bilayers
(Figure 2a, b) using gA single-channel electrophysiology*' and
in large unilamellar vesicles (LUVs) (Figure 2c, d) using a
gramicidin-based fluorescence assay that monitors changes in
channel activity in LUVs.** These two assays are comple-
mentary: the single-channel electrophysiology assay allows for
determining single-channel appearance frequencies and life-
times, but planar bilayers contain organic solvent (in this case
n-decane); the gramicidin-based fluorescence assay allows for
determining changes in the average number of conducting
channels in the hydrocarbon-free LUV membrane. Focusing on
the concentration ranges where most in vitro experiments with
the chosen phytochemicals were done, cf. the studies cited in
Table 1 and Supporting Information Table S1, we found that all
five compounds increased channel activity—doubling gA single
channel lifetimes at 0.5—32 yM aqueous drug concentration
and the rate of quencher influx through gA channels (gA
activity) at 9—27 uM (Figure 2). EGCG and curcumin were the
most potent bilayer-modifying compounds followed closely by
capsaicin, genistein, and resveratrol. Maximum concentrations
in the gA experiments were limited by bilayer stability. Higher
concentrations resulted in frequent breakage of planar bilayers
and leak of quencher into vesicles. This is an expected
consequence of the nominal aqueous phase concentrations,
which translate into significant concentrations in the bilayer due
to the compounds high partition coeflicients into the
membrane. Using octanol/water partition coefficients to
estimate membrane/electrolyte partitioning suggests mem-
brane concentrations will be three-to-four orders of magnitude
higher than the aqueous concentrations. At the maximum
concentrations used in this study, the predicted mole-fractions
ranged from ~0.01 to ~0.05, close to the 0.1 mol-fraction used
in MD simulations. Consistent with previous studies and our
MD simulations, the phytochemicals reduce the energetic cost
of bilayer deformation associated with gA channel formation.
Even at low micromolar nominal concentrations, the
phytochemicals alter bilayer properties sufficiently to change
the function of gA channels in planar bilayers and lipid vesicles
(Figure 2b, d).

dx.doi.org/10.1021/cb500086e | ACS Chem. Biol. 2014, 9, 1788—1798
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Figure 2. Phytochemicals perturb phospholipid bilayers as sensed by gramicidin channels. (a, b) Phytochemical effect on gA channel lifetime
measured using single-channel electrophysiology in planar DOPC/n-decane bilayers. (a) Representative current traces. (b) Changes to gA lifetime
with the addition of phytochemicals. The solid lines are f([mod]) = 1 + [mod]/D fits to the results. The phytochemicals double the gA lifetime at
(concentrations in M) 20.7 + 1.3 capsaicin, 0.8 + 0.1 curcumin, 0.5 + 0.01 EGCG, 25.6 + 1.5 genistein, and 32.3 + 0.7 resveratrol. (c, d)
Phytochemical effect on gA channel activity measured with a gA permeable quencher rate of influx into fluorescent vesicles doped with gA. (d)
Changes to gA activity with the addition of phytochemicals. The solid lines are f([mod]) = 1 + [mod]/D fits to the results. The phytochemicals
double gA induced quencher influx rates at (concentrations in #M) 18.0 & 0.6 capsaicin, 8.6 + 1.0 curcumin, 11.2 + 0.2 EGCG, 26.7 + 1.4 genistein,
and 11.3 + 0.9 resveratrol. (e) Schematic depicting increased gA channel activity following the addition of phytochemicals that partition into the

bilayer/solution interface.

Phytochemicals Modify Membrane Protein Function.
Bilayer-mediated alterations of membrane protein function
arise because the proteins are coupled to the bilayer through
hydrophobic interactions.'® When membrane proteins undergo
conformational changes that involve the protein/bilayer
boundary, they perturb the adjacent bilayer, effectively coupling
changes in bilayer properties to changes in membrane protein
function (the energetics and kinetics of their conformational
equilibria). The direction and magnitude of changes in the
conformational equilibrium (protein function) depend on both
the protein (the change in conformation) in question and the
properties of the host bilayer.'>'®37*37* For example, for a
protein in which the hydrophobic length of the active state is
longer than that of the inactive state, the protein activity will
increase when the average bilayer thickness increases (within a
given range), and vice versa. Softening the bilayer (decreasing
bilayer elasticity) will shift the conformational equilibrium
toward the state with more hydrophobic mismatch. Hence,
bilayer softening could increase or decrease protein activity
depending on the specific protein—bilayer match. A quantita-
tive treatment is given in the Supporting Information
Membrane Protein—Lipid Bilayer Coupling section.

Our results suggest that many phenolic phytochemicals are
likely to modify membrane protein function by partitioning
into the bilayer/solution interface and thereby alter bilayer
properties, akin to their effects on gA (Figure 2e). To test this
hypothesis, we explored whether the five phytochemicals’
bilayer-modifying effects are sufficient to alter the function of
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four transmembrane proteins in different membrane environ-
ments: the bacterial mechanosensitive channel of large
conductance (MscL); the voltage-dependent potassium chan-
nel Ky2.1; neuronal voltage-dependent sodium channels (Nay);
and the ADAM17 disintegrin-type metalloproteinase.

MscL serves as a last resort emergency release valve in case of
severe osmotic shock*® and is a commonly used model for
mechanosensation. The channel activates with increasing
bilayer tension, opening a large (~3 nS), nonselective pore.
As MscL senses bilayer tension, it should be sensitive to
changes in bilayer properties. Indeed, MscL’s gating threshold
is affected by bilayer thicknesses and the asymmetric insertion
of amphiphiles or lysophosphatidylcholine (LPC) into the
bilayer.*”** The effects on MscL gating were determined in
asolectin lipid vesicles using a calcein fluorescence dequenching
assay.*” The G22C MscL mutant was incorporated in
fluorophore-filled vesicles and the channels were activated by
adding the positively charged sulfhydryl reagent [2-
(trimethylammonium)ethyl] methanethiosulfonate bromide
(MTSET), which reacts with Cys22 and thereby weakens the
gate—allowing for channel activation without applied ten-
sion.’® Channel activation was monitored by the increase in
fluorescence as calcein exited LUVs through open MscL
channels (Figure 3a, control). All the phytochemicals tested
modified MscL function, reducing MscL activity to 50% of
control (for both maximal release and efflux rate) at 2—130 uM
(nominal concentration) (Figure 3b, c), with curcumin being
the most potent. The phytochemicals inhibited channel

dx.doi.org/10.1021/cb500086e | ACS Chem. Biol. 2014, 9, 1788—1798
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Figure 3. Phytochemicals inhibit mechanosensitive channels. MscL
channels were reconstituted into calcein-loaded vesicles. Channel
activation was initiated by exposure to MTSET and the release of
calcein through open MscL channels is monitored as an increase in
fluorescence. (a) Representative calcein release curves. (b, c) Changes
in MscL activity after addition of phytochemicals, avg + standard
deviation (SD), n = 3. The solid lines are f([mod]) = f(control) —
[mod]/D fits to the results (excluding saturating concentration). (b)
The phytochemicals produce a 50% reduction in the max release at
(concentrations in uM) 127 + S capsaicin, 2.7 + 0.2 curcumin, 28 + 2
EGCG, 82 + 2 genistein, and 63 + 2 resveratrol #uM concentration and
half the efflux rate (c) at 92 + 12 capsaicin, 1.6 & 0.4 curcumin, 18 + §
EGCG, 46 + 9 genistein, and 40 + 9 resveratrol.

activation similarly, reducing both the initial rate and steady-
state fluorescence intensity (Figure 3).

Voltage-dependent potassium channels (Ky) are trans-
membrane proteins that are modulated by changes in lipid
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bilayer properties.®' ~>°> We explored the phytochemicals’ effects
on Ky2.1 channels heterologously expressed in the plasma
membrane of CHO-K1 cells using voltage-clamp electro-
physiology (Figure 4). Four of the five phytochemicals induced
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Figure 4. Phytochemicals inhibit voltage-dependent potassium
channels. (a) Representative Ky2.1 current traces from 100 ms steps
to +20 mV, returning to the holding potential of —100 mV. Black lines,
control. Colored lines, during application of indicated phytochemical.
Abscissa bar, 40 ms; ordinate, 1 nA. (b) Conductance—voltage
relation. Gray circles, Ky2.1 control; purple circles, 30 uM capsaicin.
Lines are fitted Boltzmann relations. (c—e) Phytochemical effects on
Ky2.1 currents. Same concentrations as panel a. Circles indicate mean,
bars standard error. Asterisks indicate significant difference from
DMSO vehicle treatments, P < 0.05 two-tailed, Mann—Whitney U-
test, n = 4—6. (c) Inhibition of peak Ky2.1 current at +20 mV. (d)
Ratio of Ky2.1 activation time constant at +20 mV in phytochemical
versus control. (e) Shift of conductance—voltage relation midpoint by

phytochemicals.

similar changes in Ky2.1 function. Capsaicin, curcumin, EGCG,
and genistein significantly inhibited peak Ky2.1 currents
(Figure 4c) with little effect on time course of activation or
the conductance—voltage relation (Figure 4d, e). This common
signature in their mode of action suggests that the active
compounds alter channel function via a common mechanism.

Voltage-dependent sodium channels (Nay) are also regulated
by changes in lipid bilayer properties.*®™>* Nay channels are
structurally related to Ky channels, yet share little sequence
homology or drug sensitivity. The phytochemical effects on
endogenous Nay were determined by whole-cell electro-
physiology in neuronal ND7/23 cells (Figure S). The
phytochemicals produced voltage-dependent inhibition of
peak Na® current (Iy,) (Figure Sc). Except for curcumin,
inhibition was greater when the test pulse was preceded by a
prepulse to Vi, (=69 + 3 mV), a voltage at which

dx.doi.org/10.1021/cb500086e | ACS Chem. Biol. 2014, 9, 1788—1798
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Figure S. Phytochemicals inhibit sodium channels. (a) Representative
Nay current traces from an experiment with an alternating two-pulse
protocol. A test pulse to 0 mV, to elicit peak Na* current (Iy,) was
preceded by a 300 ms prepulse to holding potentials of either Vj
(=130 mV) or V;, (see insert in panel (b) V;,, = —69 + 3 mV). Black
lines, control. Colored lines, results obtained during application of the
listed concentration of the indicated phytochemical. Abscissa bar, 1
ms; ordinate, 1 nA. (b) Inhibition of peak Iy, during wash-in and
wash-out of resveratrol. (c) Inhibition of peak Iy, after 120 s treatment
with the different compounds. (d, e) Shift in steady-state inactivation
tested using a double-pulse protocol in which a test pulse to 0 mV was
preceded by a 300 ms conditioning prepulse to potentials ranging from
—130 mV to —30 mV. (d) Shift in the voltage-dependence of steady-
state inactivation. The results from each experiment were fitted with a
standard Boltzmann equation to calculate the individual V), values.
(e) Shift in Vj,, caused by the phytochemicals. For all panels,
phytochemicals were tested at the concentrations shown in panel a
(avg + sem). Asterisks denote significant difference from control, p <
0.05 two-tailed, Student’s t-test, n = 4—6.

approximately half the channels were in the inactivated state.
Effects on Nay steady-state inactivation were tested using a
double-pulse protocol (Figure Sd, e). Capsaicin, genistein, and
resveratrol acted similarly, shifting the voltage-dependence of
steady-state inactivation toward more hyperpolarized potentials.

ADAM17 is a single transmembrane-helix membrane-
anchored disintegrin-type metalloproteinase that cleaves
membrane proteins to release peptides from cells in a process
known as ectodomain shedding.sg’60 It cleaves a variety of
membrane proteins, including the pro-tumor necrosis factor a
(TNFa) and the pro-transforming growth factor o (TGFa).%!
ADAM17-dependent ectodomain shedding is a regulated
process that can be rapidly activated by several intracellular
signaling pathways through a mechanism that requires its
transmembrane domain,*”®° raising the question of whether its
function might be sensitive to changes in bilayer properties. To
address this question, we tested whether treatment with the
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phytochemicals stimulated shedding of TGFa from mouse
fibroblasts expressing ADAMI17. At the low micromolar
concentrations tested in the preceding experiments, capsaicin,
EGCG and genistein had no effect on ADAM17-driven TGFa
shedding (Figure 6); curcumin and resveratrol could not be
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. }
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Figure 6. Phytochemicals’ effect on ADAM17-mediated shedding of
TGFa. ADAM17-mediated shedding of alkaline phosphatase (AP)-
tagged TGFa was measured and shown as an AP-ratio. TGFa
shedding was sensitive to capsaicin but not to EGCG or genistein at
concentrations between $ and 600 pM, as indicated. Phorbol-12-
myristate-13-acetate (PMA), 25 ng/mL, was used as a positive control
for activation of ADAMI7. Asterisks indicate significant difference
from control, p < 0.05 two-tailed, Student’s t-test, avg + sem, n = 1-5.

tested as they interfered with the colorimetric detection assay.
Higher concentrations of capsaicin induced the shedding of
TGFa, whereas EGCG and genistein did not, even at the
highest concentrations tested. Of all the membrane proteins
tested, ADAM17 was the least sensitive to the phytochemicals.

Discussion. We have shown that five widely consumed and
extensively studied phenolic phytochemicals (capsaicin, curcu-
min, EGCG, genistein, and resveratrol) modify membrane
protein function at nominal concentrations similar to those
where they alter lipid bilayer properties. The generality of the
phytochemicals’ effects against five membrane proteins (gA,
MscL, Ky2.1, Nay, and ADAM17) in six different membrane
environments (two synthetic lipid systems, an extract of native
lipids, and three cell types), leads us to conclude they modulate
membrane protein function through a common mechanism,
namely changes in lipid bilayer physical properties—and that
the regulation of membrane protein function by changes in
lipid bilayers properties provides a general mechanism for
altering membrane protein (and cell) function. The generality
of these bilayer-mediated effects does not exclude that these
compounds also may alter cellular (and membrane protein)
function by more conventional cell signaling pathways, as has
been observed for capsaicin in primary sensory neurons.®>”%*

A consistent physical model emerges when our results are
combined with prior studies:'>**%7%” molecules that alter
bilayer properties shift the energetics and kinetics of membrane
protein conformational equilibria, thereby altering protein
function. Our MD simulations show that the phytochemicals
localize to the bilayer/solution interface (Figure 1) and produce
changes in bilayer properties. Though the compounds have
rather modest effects on bilayer bulk properties (Supporting
Information Figure S1 and Table S2), they all altered the lateral
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pressure profile (Figure 1c) and made the bilayer easier to bend
and perturb (Figure 1d). Curcumin and EGCG were the most
potent, and the unique structure of each phytochemical
produced subtly different changes in bilayer properties (Figure
1 and Supporting Informatio Figures SI and S2) and protein
function. Not surprisingly, the absolute magnitude of the
bilayer-mediated changes in membrane protein function that
are produced by a given phytochemical varies with the specific
membrane protein in question, as well as the bilayer in which it
is embedded.

The phytochemicals modify gA channel activity at low
micromolar aqueous concentrations (the membrane concen-
tration will be three-to-four orders of magnitude higher than
the aqueous concentrations), with curcumin and EGCG being
somewhat more potent (based on the aqueous concentrations)
than the other compounds tested. These results confirm the
predictions from the MD simulations. Considering the rather
modest effects observed in the MD simulations, the changes in
gA channel function are striking—reflecting the sensitivity of
functional assays to changes in membrane properties. That is,
changes in protein function reflect the absolute changes in the
bilayer contribution to the free energy of the conformational
transition.”® Of the four other membrane proteins tested, the
three that are known to be sensitive to their bilayer
environment (MscL, Ky2.1, and Nay) were affected by the
phytochemicals at concentrations comparable to those where
they alter gA channel function. ADAM17, which is a single-span
membrane protein whose catalytic activity is not known to
depend on its bilayer environment, was affected only by
capsaicin at concentrations so high (0.3—0.6 mM) that bilayer
stability may be questioned.

The dose-dependence of the changes in MscL function is
consistent with predictions based on the MD simulations and
the gA results. There is considerable structural information
about MscL’s closed<>open transition. The bilayer-spanning
domain of the open state of MscL has a larger radius and a
smaller hydrophobic length than the closed state.**%® The
bilayer softening predicted by the MD simulations, and
observed in the gA experiments,”” would tend to reduce the
energetic cost of bilayer thinning, but the accumulation of
material at the bilayer/solution interface would tend to increase
the cost of the area expansion in the interface, as suggested by
the more shallow energy well in Figure 1d. These structural
changes suggest that amphiphiles at the bilayer/solution
interface will stabilize the closed conformation of the MscL
channel, an effect we observed experimentally for all five
phytochemicals.

As further evidence for the generality of the phytochemicals’
effects, each membrane protein’s response characteristics were
similar for multiple phytochemicals. In a wide variety of
membrane proteins, all the phenolic phytochemicals produced
the same qualitative change in function (Table 1 and
Supporting Information Table S1). For the proteins examined
here, several functional parameters were measured, and the
response to any one phytochemical was predictive of results
obtained with the others. All the phytochemicals increased gA
lifetimes and increased channel frequency without affecting the
maximum conductance. All the phytochemicals reduced MscL
activity, both reducing efflux rate and max release. Four of five
phytochemicals decreased peak Ky2.1 conductance, without
altering kinetics or the voltage dependence. Three of five
phytochemicals increased Nay steady-state inactivation, without
altering activation or inactivation kinetics, a demonstrated
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response to membrane softening by amphiphiles.****” The
unique signature of the phytochemicals on this host of targets is
explained parsimoniously by a common mechanism of action.
We suggest that the signature response of each protein to
multiple phytochemical represents its ‘amphiphile response,’
and that many other phenolic compounds would produce
similar responses.

The present study examined how a number of structurally
diverse amphiphiles alter the function of diverse membrane
proteins, and provides evidence for lipid bilayer regulation of
membrane protein function. Specifically, we showed that when
structurally diverse phenolic phytochemicals adsorb to the
bilayer/solution interface to an extent where they alter lipid
bilayer properties they also alter membrane protein function.
Even at quite low aqueous concentrations, significant
accumulation can occur at the bilayer/solution interface,
which is sufficient to produce measurable changes in lipid
bilayer properties that result in alterations of membrane protein
function. Though the changes in bilayer bulk properties are
subtle, they may cause considerable (>kzT) changes in the
energetics of membrane protein conformational rearrange-
ments and thus protein function.'®*® Our results suggest that
the phytochemicals tested here would alter the function of
many other membrane proteins, going beyond the proteins
summarized in Supporting Information Table S1. The imposed
changes in protein function, however, will depend on the
conformational transitions involved in the normal function of
the protein in question, as well as the specific lipid
environment. Fundamentally, these compounds alter the lipid
bilayer contribution to the free energy differences of conforma-
tional transitions. The existence of the lipid bilayer contribution
to the thermodynamics of protein conformational transitions
implies that a protein’s lipid environment is likely to be
adjusted to allow for optimal function; this in turn suggests that
even modest changes in bilayer properties will alter protein
function—as reported here with the different proteins tested in
varying membrane environments (synthetic model membranes,
native lipid extracts and different eukaryotic cell membranes).
This mechanism is general, which leads us to suggest that any
membrane protein functional change produced by an
amphiphilic molecule should be tested for sensitivity to
known bilayer-modifiers to determine whether the action is
due to general bilayer perturbation, cf. ref 16.

The tested phytochemicals are just a few specific examples of
amphiphiles that partition into the membrane and thereby
become promiscuous modifiers of membrane protein function.
In the absence of evidence for direct, specific interactions, it
thus becomes prudent to assume that amphiphiles’ effects on
membrane protein function could involve changes in lipid
bilayer properties. Bilayer effects should be ruled out before
specific binding interactions of an amphiphile with a membrane
protein are implicated.

B METHODS

Molecular Dynamics Simulations. Simulations were performed
using the Martini coarse-grain force field®’® and the GROMACS
simulation package”"”” with the standard Martini simulation setup.
Topologies of the phytochemicals and their derivation from atomistic
resolution simulations are described in Supporting Information and
Figure SS. The temperature (310 K) and pressure (1 atm) of the
systems were controlled using a weak-coupling algorithm.”
Phytochemical partitioning and perturbation of lipid bilayer properties
were extracted from simulations of CG 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) bilayers containing phytochemicals
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at a 1:10 phytochemical to POPC molar ratio. At least 0.5 us
equilibration was used prior to collecting the 2 ys trajectories used for
analysis. To quantify the phytochemicals’ effect to the bilayer
deformation energy the potential of mean force (PMF) of dragging
a large object (radius 0.9 nm) across a CG POPC bilayer was
determined (see details in Supporting Information).

Selected Phenolic Phytochemicals. The phytochemicals cap-
saicin, curcumin, EGCG, genistein, and resveratrol were purchased
from Sigma at the highest available purity and stocks diluted in DMSO
unless otherwise stated. All concentrations reported are nominal. The
hydrophobic phytochemicals readily partition into bilayers and onto
plastics. Consequently, because of the finite aqueous to lipid phase
volume ratios and differences in the assays, the actual aqueous
concentrations will be lower than the added (or nominal)
concentrations and will vary among the assays.*>”* Phytochemical
concentrations used for the MscL, Ky2.1, Nay, and ADAMI17
experiments were chosen to be sufficient to modify membrane
properties; all concentrations exceeded that required for a doubling of
gA activity in the fluorescence assays. Concentrations used are
generally similar to those reported to alter function of many
membrane proteins (Table 1 and Supporting Table S1). Higher
concentrations are used in many cellular studies (e.g., in Supporting
Table S1) but had frank bilayer-destabilizing effects in our
experimental preparations, and for that reason, they were not studied
further.

gA Single-Channel Electrophysiology. Lipid bilayers were
formed using 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 2%
(w/v) in n-decane. Synthesized 5gA analogues were prepared and
purified as described previously.” Single-channel experiments were
performed using the bilayer punch method”® at 25 + 1 °C using a
Dagan 3900A Integrating patch clamp, with 200 mV applied potential
in 1 M NaCl, 10 mM HEPES, pH 7.0. The current signal was low-pass
Bessel filtered at 2—5 kHz, digitized at 20 kHz and digitally filtered at
500 Hz. Single-channel current transition amplitudes and lifetimes
were determined as described previously’®”” and the average channel
lifetimes were determined by fitting a single exponential distribution to
the lifetime histograms.”” Detailed descriptions of the phytochemicals’
effects at the singe-channel level can be found regarding capsaicin,®
curcumin,”* EGCG”*”° genistein,80 and resveratrol (Supporting
Information Figure S4).

gA Based Fluorescence Assay. The phytochemicals’ bilayer-
modifying potency was determined using a gramicidin-based
fluorescence assay as described previously.*”®' Fluorophore-loaded
large unilamellar lipid vesicles (LUVs) were made of 1,2-dierucoyl-sn-
glycero-3-phosphocholine (DC,,;PC) using a mixture of hydration,
sonication, freeze—thawing, and extrusion. We use long-chain lipids to
increase the bilayer thickness sufficiently to shift the gramicidin
monomer<«>dimer equilibrium toward the nonconducting monomers,
which is necessary in order to detect changes in the monomer«<dimer
equilibrium. The LUVs were doped with 260 nM gramicidin (gA)
from Bacillus brevis 24 h before use and incubated at 12 °C in the dark.
The phytochemicals were incubated for 10 min at 25 °C with the LUV
suspension. The vesicle-entrapped fluorophore, 8-aminonaphthalene-
1,3,6-trisulfonic acid (ANTS), is quenched by a gramicidin permeable
quencher (TI"). The time course of fluorescence quenching was
measured using a SX.20 Stopped-Flow Spectrometer from Applied
Photophysics, excitation was set at 352 nm and the fluorescence
emission above 455 nm was recorded. The quencher fluorescence was
normalized to the initial buffer value and a stretched exponential®* was
fit to the first 2—100 ms and the rate at 2 ms was calculated. Each
phytochemical was measured in four to six experiments from at least
two different vesicle preparations.

MscL Fluorescence Assay. The phytochemicals’ effect on MscL
function was measured using a calcein fluorescence assay.*” When
entrapped in vesicles at high concentration calcein self-quenches, such
that the fluorescence increases when calcein is released from the
vesicles. Calcein-loaded asolectin LUVs were made by extrusion, E. coli
G22C MscL mutant at 1:50 protein to lipid (w/w) ratio was
incorporated and external calcein was removed using a Sephadex GS0
size-exclusion column. Calcein fluorescence was monitored using a
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Varian Cary Eclipse fluorometer excitation at 495 nm and emission
recorded at 515 nm. Phytochemicals were added to the vesicle
suspension and incubated for 3—5 min. [2-(Trimethylammonium)-
ethyl] methanethiosulfonate bromide (MTSET; 1 mM) was then
added to activate the G22C mutant MscL and release calcein from the
vesicles. At the end of the experiment 0.5% (v/v) Triton X-100
(Triton) was added to dissolve all vesicles and measure the maximal
fluorescence. All data were normalized using initial fluorescence as 0%
calcein release and fluorescence after Triton addition as 100% release.
Maximum release was recorded right before Triton addition. Control
vesicles without MscL were prepared and only nominal calcein release
was observed (at the relevant time scales) both with and without
added phytochemicals, except for the very highest phytochemical
concentrations tested which was presumably due to the phytochem-
icals” destabilization of the vesicles (data not shown).

Ky2.1 Electrophysiology. A CHO-KI1 cell line stably transfected
with rat Ky2.1 in a tetracycline-inducible vector®® was maintained in
Ham’s F12 media containing 10% fetal bovine serum, 1% penicillin-
streptomycin, 1 pg/mL blasticidin, and 25 pg/mL zeocin at 37 °C in a
5% CO, atmosphere. To induce Ky2.1 expression for electro-
physiological recording, 1 ug/mL tetracycline was added to the
maintenance media for 1 h. Cells were harvested by scraping in a
phosphate buffered saline solution containing EDTA, pelleted at 1000
g for 2 min, resuspended in CHO-SFMII media (Invitrogen) and
rotated at room temperature (RT) until use. Standard whole cell patch
clamp recordings were used to measure currents from Ky2.1 channels
(Ix). Aliquots of the CHO cell suspension were added to a recording
chamber and rinsed with external solution before sealing. The external
(bath) solution contained (in mM): 50 HEPES, 20 KOH, 155 NaCl, 2
CaCl,, 2 MgCl,, 0.1 MgEDTA, pH 7.3. After sealing, the external
solution was replaced with one containing S uM tetrodotoxin, 0.1%
DMSO = phytochemicals. The internal (pipet) solution contained (in
mM): 50 KF, 70 KCl, 35 KOH, § EGTA, 50 HEPES, and adjusted to
pH 7.3 with HCL. Pipettes were pulled from thin wall borosilicate glass
(Sutter), coated with Sylgard (Dow), heat-cured and fire polished.
Pipette tip resistances with these solutions were <3 MQ. Recordings
were at RT (22—24 °C). Voltage clamp was achieved with an
Axon200B amplifier and digitized with a HEKA ITC-18 controlled by
Patchmaster software. Recordings were low-pass Bessel filtered at 10
kHz by the amplifier and smoothed with a 1 kHz Gaussian filter for
presentation. Series resistance compensation was used to constrain
maximal voltage error to less than 10 mV. Holding potential was —100
mV. Ky2.1 currents were activated by step depolarization to potentials
illustrated in the figures. P/S leak subtraction was used from —100 mV.
Solution exchange was accomplished by flowing at least 200 uL of
desired solution through a recording chamber containing less than 100
uL solution. Experiments varying external K" concentrations while
measuring I reversal indicated >90% solution exchange. Data analysis
was conducted using IgorPro (Wavemetrics), which uses a
Levenberg—Marquardt algorithm for least-squares fitting. Conductan-
ces were determined from peak currents using a calculated K* reversal
potential of —52 mV. Boltzmann and time constant fitting procedures
are as described previously.** Inactivation rates varied widely and were
influenced by solution flow. They were not analyzed in detail.

Nay Electrophysiology. Endogenous TTX-sensitive Na* currents
were recorded from the mammalian neuronal cell line ND7/23 as
previously described.*® In brief, cells were grown on 12 mm coverslips
and whole cell voltage-clamp recordings were performed at RT (22—
24 °C) using a patch-clamp amplifier (Molecular Devices) with a
sampling rate of 50 kHz and a 10 kHz low-pass filter. External bath
solution contained (in mM): 130 NaCl, 10 HEPES, 3.25 KCl, 2
MgCl,, 2 CaCl,, 20 TEAC], and S p-glucose, adjusted to pH 7.4 (with
NaOH), and 310 mOsm/kg H,O (with sucrose). Recording pipettes
were pulled from borosilicate glass capillaries (Sutter Instruments,
Novato, CA) using a P-97 puller (Sutter Instruments). Pipettes had a
tip resistance of 1.5—2.5 MQ when filled with following pipet solution
(in mM): 120 CsF, 10 NaCl, 10 HEPES, 10 EGTA, 10 TEAC], 1
CaCl,, and 1 MgCl,, adjusted to pH 7.3 (with CsOH), and 310
mOsm/kg H,O (with sucrose). Access resistance was further
decreased using 70—80% series resistance compensation. Liquid—

dx.doi.org/10.1021/cb500086e | ACS Chem. Biol. 2014, 9, 1788—1798



ACS Chemical Biology

junction potentials were not corrected; capacitative current transients
were electronically canceled with the internal amplifier circuitry. Stock
solutions of phytochemicals were prepared in DMSO and further
diluted to the final working concentration with external bath solution
prior to the experiment. Control solutions had the same amount of
DMSO as the drug solutions and did not exceed 0.14%. Cells were
superfused using a pressurized perfusion system (ALA Scientific
Instruments) with a 200 pm-diameter perfusion pipet positioned in
close proximity of the cell.

Ectodomain Shedding Assay. Shedding of alkaline phosphatase
(AP)-tagged transforming growth factor @ (TGFa) was monitored as
described previously.®> Briefly immortalized WT-mouse embryonic
fibroblasts (mEFs) on six-well plates were transiently transfected with
AP-tagged TGFa and treated with or without capsaicin, EGCG,
genistein, or the positive control phorbol-12-myristate-13-acetate
(PMA) the day after transfection at the indicated concentrations. AP
activity in the supernatant (conditioned for 45 min) and cell lysates
was measured by colorimetry. Three identical wells were prepared, and
the ratio between the AP activity in the supernatant and the cell lysate
plus supernatant was calculated for normalization. Curcumin and
resveratrol could not be tested as they interfered with the colorimetric
detection assay.

B ASSOCIATED CONTENT

© Supporting Information

Additional methods for the MD simulations, providing details
on both the force field and the simulation protocols; extended
listing with references of membrane proteins shown to be
affected by the five phytochemicals; the phytochemicals effects
on membrane properties, as measured with CG and atomistic
MD simulation; further details on how the phytochemicals
reduce the energy required to perturb the bilayer; details on the
effects of resveratrol on gA channel activity; CG mapping
schema for the phytochemicals. This material is available free of
charge via the Internet at http://pubs.acs.org.
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