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Partitioning of caffeine in lipid bilayers reduces
membrane fluidity and increases membrane
thickness

Adree Khondker,i% Alexander Dhaliwal,1° Richard J. Alsop,® Jennifer Tang,?
Matilda Backholm,?® An-Chang Shi® and Maikel C. Rheinstadter*®

Caffeine is a small amphiphilic molecule, which is widely consumed as a stimulant to prevent fatigue,
but is also used as a common drug adjuvant in modern medicine. Here, we show that caffeine interacts
with unsaturated lipid membranes made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC).
By combining X-ray diffraction and molecular dynamics simulations, we present evidence that caffeine
partitions in lipid membranes and locates at the head group—tail group interface of the bilayers. By
attracting water molecules from neighboring lipid molecules, it leads to the formation of “water

Received 28th November 2016, pockets”, i.e., a local increase of water density at this interface. Through this mechanism, caffeine leads

Accepted 10th February 2017 to an overall decrease of the gauche defect density in the membranes and an increase of membrane

DOI: 10.1039/c6cp08104e thickness, indicating a loss of membrane fluidity. These non-specific membrane interactions may

increase the efficacy of analgesic drugs through changes in the bioavailability and rate of metabolism of
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1 Introduction

Caffeine (1,3,7-trimethylxanthine) is well known for being one
of the world’s most widely used and safest psychoactive drugs,
promoting wakefulness and attentiveness."™* Additionally,
caffeine and other methylxanthine compounds are present in
a large number of medications as an adjuvant™® to improve
their therapeutic benefit.””® Caffeine is also known for acting as
a diuretic, causing short-term urine output and impacting the
fluid balance in the body.’

Caffeine is a small amphiphilic molecule. It is often used as
an additive to enhance analgesics, such as aspirin, ibuprofen,
and acetominophen, though the exact mechanism is still a
matter of debate. Three different mechanisms are currently being
discussed: (1) caffeine is speculated to have analgesic properties
itself. There is evidence that caffeine has anti-nociceptive activity
through the inhibition of cyclo-oxygenase-2 (COX) enzyme
synthesis.'®!" (2) Caffeine could lead to increased efficacy
of analgesic drugs by inhibiting oxidation of the drug in the
liver. Caffeine has been found to modulate the activity of the
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cytochrome P450 family of metabolic enzymes in the liver."*"®

(3) Low to moderate caffeine doses are considered to have a
positive impact on general mood and performance, by inhibiting
the binding of both adenosine and benzodiazepine receptor
ligands to neuronal membrane-bound receptors."’

In addition to its specific interactions, caffeine was also
found to interact reversibly with membranes. By determining the
refractive index of membranes in Langmuir-Blodgett experiments,
caffeine was found to partition in lipid membranes.'® However,
little is known about the molecular interaction of caffeine with
membranes. Such an interaction is important to understand its
pharmacological properties and impact on drug distribution,
transport, accumulation, partitioning, and metabolism.'® From
Molecular Dynamics (MD) simulations, Paloncyova et al. reported
that caffeine partitions in lipid bilayers made of POPG and DOPC
and accumulates in the membrane, with the majority localized
just below the head group region, at 16 A away from the bilayer
center.’*?!

By combining X-ray diffraction and MD simulations, we
show that caffeine partitions in lipid membranes and locates
in the head group-tail group interface. Caffeine has a signifi-
cant effect on membrane hydration: by attracting water mole-
cules, it leads to the formation of water pockets at its location in
the hydrophilic to hydrophobic interface. However, as the
corresponding hydration water molecules are drawn from neigh-
boring lipid molecules, caffeine was found to lead to an overall
dehydration and thickening of the membranes.
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2 Results

Highly oriented, multi-lamellar membrane stacks were prepared
for the X-ray diffraction experiments and analogous systems were
constructed for MD simulations, such that the results between
experiments and simulations could be directly compared. Caffeine
was added at a concentration of 3 mol%. In order to investigate its
effect on membrane hydration in detail, bilayers were hydrated at
different relative humidities (RH) of 85%, 93%, and 97% in
experiments and simulations. All membranes were scanned and
simulated at a temperature of T = 28 °C.

2.1 X-ray diffraction

Multi-lamellar membrane stacks were prepared on silicon wafers, as
detailed in the Materials and methods section, and their molecular
structure was studied using high resolution X-ray diffraction. By
using highly oriented bilayers, the in-plane (g,) and out-of-plane (g)
structural features could be observed separately.

Out-of-plane diffraction data for pure POPC and POPC +
3 mol% caffeine are shown in Fig. 1(a) for 93% RH as an example.
A series of well developed Braggs peaks along ¢, indicates of
well organized lamellar bilayers. The lamellar spacing, 4, ie.,
the average distance between two bilayers within the stack, is
calculated from the distance between the peaks as d, = 2n/Aq,.

Electron density profiles, p(z), were calculated from the Fourier
decomposition of the Bragg peaks, as shown in Fig. 1(b). The central
minimum represents the terminal methyl groups of the lipid acyl
chains, while the maximum at z ~ 20 A represents the electron-rich
phosphate region within the head group of the lipids. The electron
density was found to be increased at z values of |z| ~ 17 A in the
presence of 3 mol% caffeine. The difference curve is shown in part
(c) and was used to determine the average position of caffeine in the
POPC bilayers.

Out-of-plane scans were measured as function of time for
relative humidities of 85, 93 and 97%. The membranes were kept at
a very low humidity of 10% for two days prior to the measurements
to dehydrate the membranes and provide reproducible experi-
mental conditions between different samples for the swelling
experiments. Swelling of the bilayers was then observed by
measuring quick diffraction scans. Fast reflectivity curves (~13 min)
were obtained for pure POPC membranes and POPC + 3 mol%
caffeine over a period of ~24 h. The lamellar spacing, d,, was
calculated from the first three Bragg peaks and is plotted in
Fig. 2(a). As d, is the sum of membrane thickness and hydration
water layer thickness, electron densities were calculated from
each reflectivity curve, and the membrane thickness, dyy, and
the thickness of the water layer, d,, were determined. The
results are plotted in Fig. 2(b) and (c).

While POPC and POPC + 3 mol% caffeine membranes were
found to swell at 97% and 93%, no swelling was observed when
membranes were exposed to 85% RH. Caffeine was found to
reduce membrane swelling significantly at 93% and 97% RH,
as shown in the d, curves in Fig. 2(a).

The mechanism of membrane swelling becomes more
obvious when studying d,, and dyg. At 97% RH, membrane
swelling in pure POPC is almost entirely caused by an increase
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Fig. 1 (a) Out-of-plane scattering for POPC and POPC + 3 mol% caffeine,

measured at 93% RH. A series of well developed Bragg peaks along q; is
observed, indicative of well organized lamellar membranes. The lamellar
spacing, d,, is determined from the distance between two Bragg peaks.
The inset shows the T-function, which was used to assess the phases.
(b) Electron density profiles for membranes with (red) and without (black)
caffeine were generated through Fourier synthesis of the out-of-plane
diffraction peaks. The increase of electron density is due to the presence of
caffeine molecules in the bilayers. (c) Difference curve from (b) between
POPC and POPC + 3 mol% caffeine. The peak at |z| ~ 17 A marks the
position of caffeine in the bilayers. The experimentally determined position
is in good agreement with the position determined from MD simulations.

in the hydration water thickness, as indicated by the strong
increase in dy, while dyy stays almost constant. Membrane
swelling in the presence of caffeine, however, was mainly the
result of an increase in membrane width, dyy. While the
lamellar spacing, d., is significantly reduced in the presence of
caffeine, the membrane thickness is increased, as compared to
pure POPC bilayers. These observations indicate that caffeine
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Fig. 2 Lamellar spacings as function time. (a) Time evolution of d, for
POPC f(filled symbols) and POPC + 3 mol% caffeine (open symbols) for
membranes hydrated in 97, 93 and 85% relative humidity. The solid line is
an exponential fit (A(L — e¥%), which well described the data at times
greater than 300 min. Hydration water layer thickness, d,, (b) and
membrane thickness, dyy, (c) as functions of time. d,, and dyy were
determined from the electron density profiles in Fig. 1. While POPC and
POPC + 3 mol% both swell at 97% RH, the increase in d, in pure POPC is
mainly due to the increase in hydration water layer thickness, while the
main mechanism for swelling in the presence of caffeine is an increase in
membrane thickness. (d) Relaxation times t (in seconds) as function of
In(p/po). The fit In(z) = In(zg) +aln(p/po) produces a straight line indicating
that the effect of the relative humidity on hydration water diffusion is
independent of the presence of caffeine.

has a distinct effect on the interaction and distribution of
hydration water in lipid membranes.
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A relative humidity p/p, creates an osmotic pressure 1o =
(kgT/vyw)In(po/p), where v,, is the partial molar volume of a water
molecule.?” In membranes, this osmotic pressure leads to an
attractive potential, which is proportional to the thickness of
the hydration water later, V(d,,) = Il ,smdw-

The observed membrane swelling, i.e., the absorption of
hydration water molecules from the surrounding water vapor,
is the result of water molecules migrating into the membrane
stack and leading to an increase in hydration water layer thickness
against the attractive forces between neighboring bilayers in the
stack. As the chemical potential of water molecules is reduced by
Auy, = kgTIn(p/p,), this process is slowed down or completely
inhibited at reduced humidity levels. It could be argued that
this change in chemical potential results in an energy barrier
for the water molecules to diffuse into the bilayer, AE oc Apy, =
keTIn(p/po).

The curves in Fig. 2(a) were fit to exponential functions, and
the corresponding time constants, 7, were extracted and are
listed in Table 1. Using Arrhenius’ equation, t = 7, exp(AE/kgT),
the relaxation time depends on the energy barrier AE. If
the extra energy barrier due to the relative humidity is given
by AE = akgTIn(p/p), a plot of In(z) would be a straight line as a
function of the relative humidity In(p/p,), i.e. In(z) = In(z,) +
oIn(p/p,). As shown in Fig. 2(d), such a plot indeed produces a
straight line. Furthermore, the two straight lines for POPC with
and without caffeine are approximately parallel to each other,
suggesting that the effect of the relative humidity on the water
diffusion is independent of the presence of caffeine.

2.2 Molecular dynamics simulations

Eight systems were prepared for the MD simulations and run
for 200 ns each, as listed in Table 2. The number of water
molecules added to the bilayers was determined by the experiments,
such that experiments and simulations could be directly compared.
12 and 11.9 water molecules per lipid molecule were used for
POPC and POPC + 3 mol% caffeine systems at 85%, 12.7 and 18
for 93%, and 20 and 23.1 for 97%, respectively, in agreement
with the experiments.

Snapshots of the different systems are shown in Fig. 3.
Simulations for pure POPC in Fig. 3 show a uniform distribution
of hydration water, whereas systems containing caffeine exhibit
more deviation at the water-lipid interface. When caffeine was
added to the simulations, it spontaneously partitioned into the
bilayers and positioned itself at the head group-tail group interface,
in excellent agreement with the X-ray results and results from prior
MD simulations.”®*' As shown in Fig. 3, the caffeine molecules
attracted additional hydration water molecules, thereby increasing
the water density in the hydrophilic to hydrophobic interface.

Table 1 Time constants, 7, from exponential fits to the curves in Fig. 2(a)
for different relative humidities RH and chemical potentials, Au,

RH (0/0) A[lw (kBT) TpopC (S) Tcaffeine (S)
97 —0.03 53069 39040
93 —0.07 14507 20399
85 —0.16 2517 1445
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Table 2 Overview of the systems prepared for the MD simulations. All
simulations were run for 200 ns and the last 50 ns were used for analysis.
Number of hydration water molecules at the different humidities was
determined experimentally using eqn (3) and membranes were hydrated
using these numbers in the MD simulations. The average area of 60.7 A? for
POPC under full hydration is in very good agreement with the literature
value of 60.5 A? using the Gromos54a7 force field>®

Water/
#POPC  Caffeine # Water lipid Area per RH (exp) Water/
molecules mol%  molecules (sim) lipid (A%) (%) lipid (exp)
128 — 1521 11.9 61.0 85 11.9
128 — 2304 18 60.9 93 18
128 — 2960 23.1 60.0 97 23.1
128 — 3840 30 60.7 100 —
128 3 1536 12 60.8 85 12
128 3 1625 12.7 60.9 93 12.7
128 3 2560 20 61.0 97 20
128 3 3840 30 60.6 100 —
93% RH
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The final 50 ns of each simulation were used for the analysis
and determination of structural and dynamical parameters.
Electron density profiles of the various system components were
generated via number density calculations along the z-coordinate,
and scaled using the appropriate weighting based upon the
number of electrons within each component.

The calculated electron density profile for POPC + 3 mol%
caffeine is shown in Fig. 4(a). This data can be decomposed into
different components, such as contributions from POPC, water
molecules, and caffeine. Based on this analysis, the caffeine
molecules are found in the head group-tail group interface of
the POPC bilayers, at |z|-values of ~15 A. A direct comparison
between the experimental and calculated findings is shown in
Fig. 1(c). The difference between experimental and simulated
caffeine position of 2-3 A is likely the result of bilayer undulations
present in the bilayer stacks that are not accurately replicated
using the short timescale and small patch size of the simulations.
The undulation fluctuations in membranes were previously

Fig. 3 MD snapshots from the simulations of POPC and POPC + 3 mol% caffeine at hydration levels of 93% and 97% RH. Simulations were run for
200 ns. The caffeine molecules were initially placed in the water layer and partitioned spontaneously into the bilayers and were found at the head
group-tail group interface of the bilayers. Water density was found to be increased around the caffeine molecules.
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Fig. 4 Overview of the results from molecular dynamics simulations. (a) Calculated electron density profile along the bilayer normal for various
electron-containing groups. Caffeine density is localized to the head group—tail group interfacial region. (b) Comparison of bilayer spacing (d,) between
experiments and simulations. Errors are in the order of 1072 and smaller than symbol size. (c) Proportion of gauche dihedrals on lipid tail carbon atoms as
a function of lipid distance from caffeine molecules for the three simulated hydration levels. While the number of gauche defects is significantly increased
at the position of the caffeine molecules, the overall number of gauche defects is decreased, indicative of a dehydration of the membranes. Average
proportions for POPC and POPC + 3 mol% caffeine at 100% RH were calculated to be 0.264 (+£0.001) and 0.263 (+£0.001), respectively. Pure POPC at 97,
93, and 85% RH had an average gauche proportion of 0.259 + 0.001. (d) Average lateral diffusion constant of all lipid molecules with and without caffeine.
Lateral lipid diffusion was found to be reduced for all hydration levels in the presence of caffeine. (e) Number of water molecules per lipid molecule
located in the head group—tail group interface. Caffeine was found to increase water density in this region.

measured using the neutron spin-echo technique.”*>* The
corresponding undulation amplitudes can be estimated from
the underlying theory of a solid supported stack of membranes
by Romanov and Ulyanov®® to about 3 A, in good agreement
with the observed deviation. A similar effect has been observed
before when comparing diffraction experiment and MD simulations
in the case of the interaction between cortisone and membranes.*®
The additional signals in the difference in electron density in
Fig. 1(c) in the hydrophobic membrane core are likely the result
of tail rearrangements in the presence of caffeine.

The width of the fully swollen bilayers for all systems is compared
in Fig. 4(b). While there is a small difference in absolute d, values,
the trend as function of hydration for experimental values and
simulations is in very good agreement.

To better understand the effect of caffeine on membrane
fluidity, the number of gauche defects in the lipid tails, ie.,
kinks in the lipid alkyl chains, was calculated as a function of
the lateral distance from the caffeine molecules. The results are
shown in Fig. 4(c). The proportion of gauche dihedrals was
analyzed using a dynamic selection of lipid molecules located
within a specified radius around the caffeine molecules. The
dihedral angles of the carbon within these lipid chains were
analyzed and averaged across both chains. The two dihedral
angles between carbons closest to the glycerol moiety did not

This journal is © the Owner Societies 2017

vary significantly between systems, and thus were excluded from
analysis. While the number of gauche defects was significantly
increased in close proximity to the caffeine molecules, gauche
defects were found to be overall reduced at larger distances in the
presence of caffeine when compared to this proportion in pure
POPC systems. The local increase in fluidity is more pronounced
at reduced levels of hydration, where caffeine seems to have a
higher affinity for the hydration water molecules.

Fig. 4(c) also depicts the average proportion of gauche
defects of pure POPC for all hydration levels and POPC + 3 mol%
caffeine membranes at full hydration (30 water molecules per lipid
molecule) for comparison. Pure POPC at 97, 93 and 85% RH had an
average proportion of 0.259 £ 0.001. Average proportions for POPC
and POPC + 3 mol% caffeine at 100% hydration were calculated to
0.264 (£0.001) and 0.263 (+0.001), respectively. The proportion of
gauche dihedrals is indeed highest in fully hydrated POPC bilayers
and there is a significant difference between POPC at 100% RH and
at 97% RH. We, therefore, argue that the gauche defect density is a
good and robust measure of membrane fluidity. The comparison
between POPC and POPC + 3 mol% caffeine in particular shows
that caffeine reduces membrane fluidity even at full hydration of
the membranes.

Lateral lipid diffusion coefficients were generated by calculating
the mean squared displacement of phosphorous atoms within

Phys. Chem. Chem. Phys., 2017, 19, 7101-7111 | 7105
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the lipid head groups and fitting a linear model. Results for all
hydration levels are shown in Fig. 4(d). Lipid diffusion was
found to be decreased in the presence of caffeine, which is
compatible with a dehydration and de-fluidification of the
bilayers on a global scale.

The number of hydration water molecules in the head
group-tail group interface of the bilayers was determined by
integrating the water signal from the electron density profiles
in Fig. 4(a) between the peaks of the head groups and the peaks
of the tail groups. As the position of these peaks varied slightly
from simulation to simulation, the boundaries for integration
also varied, with the head and tail peaks achieving an average
position of 20.34 A and 16.71 A for caffeine-containing bilayers,
and 19.63 A and 16.04 A for pure POPC bilayers, respectively.
The results are shown in Fig. 4(e). The data indicate that the
average number of hydration water molecules in that interface
is increased in the presence of caffeine at all hydration levels.
The difference in additional water molecules was found to be
more pronounced at lower levels of hydration.

3 Discussion

While the typical caffeine content in a 12 oz can of soda is ~40 mg,
a cup of coffee contains about 100 mg of caffeine. With common
caffeine uptakes of ~2400 mg per week, blood concentrations
on the order of 3 mg L™ were found,” corresponding to a
concentration of ~15 mM when using the molar mass of
caffeine of 194.19 ¢ mol ™. A single 130 mg oral dose was reported
to produce peak plasma concentrations of 2.5-6.8 mg L™ within
20-40 min.”® Over-the-counter supplements typically contain
100-200 mg of caffeine per tablet and doses of 32-200 mg are
included in a variety of prescription drug mixtures.”® We note that
lethal doses of caffeine with blood concentrations of 200 mg L™*
and 600 mg L~ * have been reported.?® The caffeine concentration
that we used in experiment and simulations of 3 mol% corre-
sponds to a concentration of ~1 mM (when 4 x 10”7 mol of
caffeine are typically added to 0.48 mL) and is, thus, absolutely
comparable to typical physiological concentrations.

The interaction of caffeine with model POPC bilayers was
studied using X-ray diffraction and MD simulations. Similar
systems were used in both techniques, such that the results
could directly be compared. 3 mol% caffeine was included in
the POPC bilayers in experiment and simulations. To study the
role of hydration water in the observed phenomena in detail,
the membranes were studied at 85%, 93% and 97% relative
humidity. The number of water molecules at the different
humidities was first determined in the diffraction experiment
and the same number of water molecules per lipid molecule
was used in the MD simulations. Experiments and simulations
were both conducted at a temperature of 28 °C.

We present experimental and computational evidence that
the caffeine molecules spontaneously partition in lipid bilayers
and are located in the head group-tail group interface at |z|-values
of 17 A in the experiment and 15 A in the simulations. We consider
this a good agreement. Small deviations between experiments and
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simulations have been reported before and are likely a result of
undulation fluctuations, which are not accessible in the simulations
due to the size of the simulation box and the accessible time scales.
This membrane bound state was observed to occur spontaneously
and, although some caffeine molecules entered and exited the
bilayer throughout the simulation, for 99.5% of the runtime, all
caffeine molecules were bound. Our findings are in excellent
agreement with results from previous MD simulations,'*°
which reported caffeine at |z|-positions of 16 A.

The experimental results present evidence that POPC and
POPC + 3 mol% caffeine membranes swell in different ways: the
increase in lamellar spacing was smaller in the presence of
caffeine on all hydration levels. While swelling in pure POPC
was found to be mainly due to swelling of the hydration water
layer, the thickness of the hydrophobic membrane was found to
increase in the presence of caffeine. MD simulations show that
the hydration water molecules are mainly located at the head
group-tail group interface of the bilayers. Despite the increase
of water molecules in the membranes, the bilayers were thicker
in the presence of caffeine. Together with the fact that lipid
diffusion is slower, these findings are compatible with a global
dehydration of the bilayers.

In order to address this question in more detail, the number
of gauche dihedrals was analyzed. This quantity is often used to
directly indicate fluidity.*** The proportion of gauche dihedrals
on carbons on the tails of POPC molecules was highest in close
proximity to the caffeine molecules. However, it decreased to a
lower level when compared to pure POPC at further distances
from the solute. This suggests that caffeine increases fluidity in
its immediate vicinity, but that it has a global ordering effect with
increased distance. Membranes at lower levels of hydration were
more susceptible to the membrane-modulating effects of caffeine.
The bilayers are less uniform in dehydrated systems, likely due to
the fact that lipid rearrangement is slowed down significantly in the
absence of water. We note, however, that the number of gauche
defects was decreased in the presence of caffeine as compared in
pure POPC, even at the highest hydration level of 97% RH.

The concept of water pockets can be used to cumulatively
describe the experimental and simulated observations, as
summarized in Fig. 5. The water density in the head group-
tail group interface is significantly increased in membranes
containing caffeine. This is the result of caffeine attracting
water molecules to its location in the bilayer, creating local
deviations in the bilayer surface with increased water density.
As these water molecules are drawn from neighboring lipid
molecules, caffeine leads to a dehydration of the neighboring
membrane. As a result, the membranes containing caffeine
exhibit an overall decreased fluidity and thickening across the
entire bilayer when compared to membranes without caffeine.

Although caffeine is often used directly within drug regimens for
its effects as a stimulant, its adjuvant properties alongside analgesic
drugs like aspirin and ibuprofen are less well understood.**** We
observed that caffeine partitions in lipid membranes and changes
membrane properties. It has two distinct effects on membranes:
it thickens the bilayers and makes them less fluid, i.e., it leads to
a decrease in the number of gauche defects. While the analgesic and
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Fig. 5 Summary of the experimental and computational findings: the
caffeine molecules were found to partition spontaneously in lipid bilayers
and locate at the head group-tail group interface. By attracting hydration
water molecules from neighboring lipid molecules, the caffeine molecules
form “water pockets” in that interface. While the water density and density
of lipid tail gauche defects was significantly increased in close proximity
around the caffeine molecules, caffeine was found to lead to an overall
dehydration and thickening of the membranes.

mood and performance increasing effect of caffeine are specific
interactions, the non-specific effects of caffeine on membranes may
alter the metabolism of these drugs via enzyme modulation.

The cytochrome P450 3A4 (CYP3A4) enzyme family is membrane-
associated and inactivates exogenous and endogenous compounds,
preparing them for their removal from the body. Metabolites, such
as caffeine, are hypothesized to modulate the activity of cytochrome
P450 enzymes in the liver."*® The association of CYP3A4 with
the membrane is mediated by thickening of the membrane at the
contact regions close to its F/G and K/L alpha helical loops.'® The
activity of CYP3A4 depends upon the rate at which its substrates
can enter its access channels, of which there are several that open
into different regions of the lipid bilayer. Specific channels then
select for drugs that partition to the same position across the
lipid bilayer as the channel opening is located. Berka et al.'® and
Alsop et al.*® have shown that ibuprofen partitions within the
hydrophobic core of lipid bilayers, and its theorized access
channel on CYP3A4 is also located within the core. The ability
of caffeine to thicken membranes may raise CYP3A4’s relative

This journal is © the Owner Societies 2017
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position when associated with the membrane, making its entrance
channels less accessible to drugs, such as ibuprofen. We note that
the effect of caffeine is drug dependent, as it was found to increase
the depletion of acetaminophen.'>™*>

The ability of caffeine to alter the thickness of membranes
may, therefore, influence the stability of metabolizing complexes and
provide a potential mechanism for an interaction with analgesics by
altering their bioavailability and rate of metabolism.

4 Conclusion

We studied the interaction between caffeine and unsaturated
model lipid bilayers made of POPC. By combining X-ray diffraction
and MD simulations, we find that caffeine molecules spontaneously
partition into the head group-tail group interface of the membranes
and draw additional water molecules into this interface. While pure
POPC membranes typically swell through an increase in hydration
water layer thickness, membranes were found to have an increased
bilayer thickness and a reduced number of gauche defects in the
presence of caffeine. Our findings suggest that caffeine decreases
membrane fluidity globally through the formation of local water
pockets at the hydrophilic to hydrophobic interface. Caffeine’s
effects on membrane thickness and fluidity may in particular play
a role for its use as a drug adjuvant and diuretic action by affecting
protein function and permeability.

5 Materials and methods

5.1 Preparation of the highly-oriented multi-lamellar
membrane complexes

Highly-oriented multi lamellar membranes were prepared on
single-side polished silicon wafers (1 x 1 cm?). 1-Palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine, (POPC, Avanti Polar Lipids)
and caffeine (1,3,7-trimethylxanthine, Sigma) were mixed at
the desired molecular ratio and dissolved in a 1:1 mixture of
chloroform (Caledon)/2,2,2-trifluoroethanol (TFE) (Sigma). The
final solution concentration was 20 mg mL™".

The wafers were placed in 1,2-dichloromethane (Caledon)
within a closed Pyrex dish and cleaned by sonication for 25 minutes,
which produced a hydrophobic silicon surface. The wafers were
removed and rinsed three times thoroughly with alternating
methanol and 18.2 MQ cm water. The wafers were then dried
with dry nitrogen gas and placed on a tilting incubator set to
40 °C. A syringe was used to deposit ~75 uL of the POPC/caffeine
solution on the wafer while the tilt (speed 15, tilt angle 1°) provided
circular flow and even distribution of the solution on the wafers.
The membranes were allowed to dry for 15 minutes on the tilting
incubator.

This procedure resulted in highly oriented, multi-lamellar
membrane stacks and a uniform coverage of the silicon wafers.
About 3000 highly oriented stacked membranes with a total
thickness of ~10 pm are produced using this protocol. The
high sample quality and high degree of order is a prerequisite
to determining in-plane and out-of-plane structure of the
membranes separately.
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Membrane samples were handled using the following protocol:
membranes were placed in vacuum for 16-20 h after application to
remove all traces of solvents. Membranes were then placed in a
sealed container containing an open beaker of saturated ultra
pure water saturated with K,SO, (97%), and incubated for 48 h
at 30 °C. The samples were then transferred to a glove box and
kept at 10% RH (LiCl) for 24-48 h to dehydrate the samples
prior to scanning, therefore providing reproducible starting
conditions for the hydration experiments. The samples were
then transferred into the humidity chamber for scanning.
Samples were allowed to equilibrate in the chamber for 1 hours
prior to scanning.

5.2 X-Ray diffraction experiment

Out-of-plane X-ray scattering data was obtained using the
Biological Large Angle Diffraction Experiment (BLADE) in the
Laboratory for Membrane and Protein Dynamics at McMaster
University. BLADE uses a 9 kW (45 kV, 200 mA) CuK-o Rigaku
Smartlab rotating anode at a wavelength of 1.5418 A. Both
source and detector are mounted on moveable arms such that
the membranes stay horizontal during measurements. Focussing,
multi layer optics provide a high intensity parallel beam with
monochromatic X-ray intensities up to 10'° counts per (s mm?).
This beam geometry provides optimal illumination of the
membrane samples to maximize the scattered signal. By using
highly-oriented stacks, the in-plane (g|;) and out-of-plane (g,)
structure of the membranes could be determined independently.
Out-of-plane diffraction scans permit the reconstruction of electron
density profiles, which were used to determine the detailed
structure of the lipid bilayer perpendicular to the membrane
plane.’”

Membrane samples were placed in a humidity chamber during
the X-ray experiments. Humidity was controlled by saturated
salt solutions of K,SO,, K,NO,, and KCIl at 28 °C to achieve
relative humidities of 97%, 93%, and 85%, respectively, during
the scans. For the time dependent measurements, 125 scans at
13.33 min per scan for a period of ~24 h were measured. For
the determination of electron densities, membranes then were
re-aligned and long, 3 h reflectivity scans with good statistics
were measured.

The accuracy in the determination of the different lamellar
spacings and the number of hydration water molecules can be
estimated from the time-dependent hydration curves. The
increase in hydration water layer for pure POPC at 97% RH
was well fitted by an exponentlal increase (bg + A(1 — exp[ (t—
to)/7])) with parameters A = 31.9 A, t = 53040 s, bg = —8.8 A, and
to = 85020 s. We note that the time ¢, roughly agrees with the
time the bilayers were incubated before the experiment so the
membranes seem to ‘remember’ that they have been hydrated
before, similar to aging and memory experiments.**?° The
difference in theoretical hydration water thickness after waiting
and hydrating for 1 day (86 400 s) and at 97 200 s, the time after
the 3 h reflectivity scan was completed, is in both cases
calculated to 23.07 A, in excellent agreement with the experi-
mentally determined equilibrated value of 23.1 A.
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5.3 Out-of-plane structure and electron densities

The out-of-plane membrane electron density,
approximated by a 1-dimensional Fourier analysis:

p(z), can be
40,41

PR
p(z) = EZF(%)VH c08(qnz)
Z =1

2 Y 2nnz
ZE;\/EWCOS( 7 )

N is the highest order of the Bragg peaks observed in the
experiment. The integrated peak intensities, I,,, are multiplied
by g, to generate the form factors, F(g,). The bilayer form factor,
which is in general a complex quantity, is real-valued when the
structure is centro-symmetric. The phase problem of crystallography,
therefore, simplifies to the sign problem Hg,) = £|Fg,)|, and the
phases, v, can only take the values £1. The phases, v, are needed to
reconstruct the electron density profile from the scattering data
following eqn (1). When the membrane form factor Fg) is measured
at several g, values in a continuous fashion, 7(g,), which is
proportional to F(q,), can be fit to the data:

Zﬂ( deg — ) ©)

In order to determine the phases quantitatively, the form
factor has to be measured at different g,-values using the so-called
swelling technique or by measuring the bilayer at different contrast
conditions when using neutron diffraction. In this paper, the
phases, v, were assessed by fitting the experimental peak intensities
and comparing them to the analytical expression for 7(g.) in eqn (2).
An array of phases [-1 —1 1 —1 —1] was used for all samples. An
example is shown as inset in Fig. 1(a).

The calculated electron densities, p(z), which are initially on
an arbitrary scale, were transformed to an absolute scale. For
membranes at 85% and 93% relative humidity, the curves were
vertically shifted to fulfil the condition p(0) = 0.22 e~ A™® (the
electron density of a CH; group) in the center of a bilayer. The
curves were then scaled until the total number of electrons

-4 f
total number of electrons of a POPC molecule with n,, water
molecules and the contribution of the caffeine molecule. An
area of A;, = 64.3 A? was used for the membranes at 93%.%%%

The number of hydration water molecules, n,, at the different
hydrations was calculated using:

z)dz across a membrane leaflet agrees with the

3)

where d, = d, — dyn. dun is the head-head spacing, determined
by the peak in the electron density profile. The number of
hydration water molecules at the different relative humidities is
listed in Table 2.

For membranes at 97% relative humidity, it cannot be
assumed that the density at the center of the bilayer is constant.
Therefore, a different scaling scheme was applied. Using a
model proposed by Petrache et al.,** the profiles are placed
on an absolute scale by assuming the POPC head group is
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similar in dimension to a DMPC head group, and using high
precision measurements of DMPC in the gel phase. Petrache
et al. derive:

Apopc — Vporc — VDmpc )
D.pmpc + 0.5(Dunporc — Drnpmpc)’

where Apopc is the area of the POPC head group. Vpopc is the
volume of a POPC molecule, which is taken to be 1300 A3,*® and
Dun,prorc the head group-head group spacing, as measured by
the experiment. Vpypc is the volume, taken to be 893 A%, Dy is
the head group-head group distance (21 A), and D,pmpc the
chain length (16 A) of gel phase DMPC as measured by Alsop
et al.*® Using this estimate for Apopc, the number of water
molecules can be calculated using eqn (3).

The electron densities can then be placed on an absolute
scale assuming an integration of the head group density, minus
water, corresponds to the number of electrons in the head group:

D./2
(p(2) = py)dz = 164 + necarr.  (5)

Ne headgroup = ALJ
D¢

Caffeine’s position in the bilayers was determined at a
humidity of 93% where the membranes were found to be stable
over time. We note that the reflectivity curves in Fig. 1(a) were
measured after the membranes were hydrated for 24 h such
that changes of d, over time could be considered negligible.

5.4 Molecular dynamics simulations

All simulations were run in-house on MacSim, a GPU accelerated
workstation with 20 physical Intel XeonCPU cores and two GeForce
GTX 1080 high power graphics cards resulting in 5120 CUDA Cores.
This system produces about 180 ns of MD simulations in standard
128 lipid membrane patches in GROMACS per day (~24 h).

A system of 128 POPC lipids (64 per leaflet) was taken from
Tieleman et al.*’” Caffeine topology was constructed using the
Automated Force Field Topology Builder (ATB), computing partial
charges using quantum mechanical optimization at the B3LYP/6-
31G* level of theory.”®*® The SPC water model was used for
system solvation.”® All MD simulations were performed using
the GROMACS 5.1.2 software package,” implementing the GROMOS
54a7 force field®® modified with Berger lipid parameters.>® All
simulations used a 2 fs time step, a periodic boundary condition
applied to all directions, the particle-mesh Ewald to solve for
long-range electrostatics,>* a short-range van der Waals cutoff
of 1.2 nm, and the LINCS algorithm to determine bond
constraints.>® Temperature coupling was controlled using a
Nosé-Hoover thermostat at 28 °C (t = 0.5 ps),>® and pressure
was kept at 1.0 bar using Parrinello-Rahman semi-isotropic
weak coupling (r = 1 ps).”” An overview of all systems prepared
for the MD simulations is shown in Table 2.

The area per lipid was calculated for all systems and is
included in the table. The average area of 60.7 A” for POPC under
full hydration is in very good agreement with the literature values
of 60.5 A% using the Gromos54a7 force field.”® This area is
comparable but slightly smaller than the area reported from
experiments by Kucerka et al. of 64.3 A>.*> We note that there was
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no statistically significant difference in the calculated areas
between different samples, which is likely a consequence of the
force field used. We, therefore, decided to use the gauche defect
density as a local and more sensitive parameter for fluidity.

A total of six distinct simulations were conducted. Systems
containing pure POPC and POPC + 3 mol% caffeine were run at
85% RH, 93% RH, and 97% RH for 200 ns each, and the final
50 ns were used for analysis. For the systems containing
caffeine, the solute molecules were placed within the aqueous water
layer, and the simulation was run until spontaneous insertion into
the bilayer was observed. This occurred for all systems within
~20 ns. To avoid the effects of a mismatch, several systems were
prepared and pre-equilibrated and only systems with a symmetric
distribution of caffeine molecules were selected and eventually
simulated for 200 ns. The relative humidity conditions in the
experiments were replicated in the MD simulations by controlling
the total number of water molecules using the experimentally
determined equilibrated hydration values as inputs.

All analyses were performed with the final 50 ns of the
simulations using GROMACS algorithms and simple scripts.>®
The electron density profiles were calculated for different
constituents of the system, similar to other studies using lipid
bilayers.>*®® The function used calculates the relative distance
along the bilayer normal of each atom within the specified
index group, assigns a weighting based upon the number of
electrons in each atom, and delivers an electron density as
averaged over the specified time range. Because a united-atom
model of POPC was used, methylene carbons in the phospholipid
tails were assigned a weight of 8 electrons, and the terminal
methyl of each tail was given a weight of 9 electrons. The result is
shown in Fig. 4(a) using the 93% RH data as example.

The proportion of gauche dihedrals within a lipid system
is commonly used as a measure of bilayer fluidity.>'”** The
proportion of gauche dihedrals as a function of increasing
distance from caffeine was determined using dynamic scripting
and GROMACS algorithms. A script was constructed to generate
an index file containing only carbon chains belonging to lipids
within the specified radius from the center of mass of any
caffeine molecule within the system every 50 frames. This index
file specified the POPC molecules whose carbons were to be used in
calculation of the Ryckaert-Bellemans dihedral angles over that
time interval. This was repeated over the final 50 ns of the
simulation and averaged for each carbon position. Averaging across
the SN1 and SN2 tails was then performed to generate the value
shown in Fig. 4(c), and the script was run successively to consider
each new distance from caffeine. Testing with the script showed
that windows shorter than 50 frames did not produce statistically
different results, so this frame length was used to decrease compu-
tational time. Error bars for this data were generated using the
standard error of the data, calculated by taking the standard
deviation of the values for the dihedral fraction and dividing by
the square root of the number of data points used.

As another measure of fluidity and membrane activity,
the lateral movement of lipids within the bilayer systems was
characterized using a diffusion constant, D(xy).*> This was
calculated by evaluating the mean square displacement of the
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phosphorous atoms within the lipid head groups in the plane
perpendicular to the bilayer normal and averaging:

lim ({|ri(1) - ri(0)||?) = 4Dst, (6)

where the Einstein relation generalized to two-dimensions was
used to solve for D,,.°" Linear regression over a time interval of
20 to 180 ns was used to calculate the diffusion constant, as all
curves were most linear within this range.
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