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ABSTRACT The structure and biophysical properties of lipid biomembranes are important for normal function of plasma
and organelle membranes, which is essential for proper functioning of living cells. In Alzheimer’s disease (AD) the structure of
neuronal membranes becomes compromised by the toxic effect of amyloid-β (Aβ) protein which accumulates at neuron synapses,
resulting in membrane perforation and dysfunction, oxidative stress and cell death. Melatonin is an important pineal gland
hormone that has been shown to be protective against Aβ toxicity in cellular and animal studies, but the molecular mechanism
of this protection is not well understood. It has been shown that melatonin can interact with model lipid membranes and alter
the membrane biophysical properties, such as membrane molecular order and dynamics. This effect of melatonin has been
previously studied in simple model bilayers with one or two lipid components, we consider a more complex ternary lipid mixture
as our membrane model. In this study, we used 2H-NMR to investigate the effect of melatonin on lipid phase behaviour of
a three-component model lipid membranes composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol. We used deuterium labelled palmitoyl-d31 in POPC-d31 and
DPPC-d62 separately, to probe the changes in hydrocarbon chain order as a function of temperature and varying concentrations
of melatonin. We found that melatonin concentration influences phase separation in these ternary mixtures somewhat differently
depending on whether POPC-d31 or DPPC-d62was used. At 5 mol% melatonin we observed phase separation in samples with
POPC-d31, but not with DPPC-d62. However, at 10 mol% melatonin phase separation was observed in both samples with either
POPC-d31 or DPPC-d62. These results indicate that melatonin can have a strong effect on membrane structure and physical
properties, which may provide some clues to understanding how melatonin protects against Aβ.

SIGNIFICANCE Melatonin has been shown to be protective against Aβ pathology in animal and cellular studies. Although
the mechanism of this protection is not well-understood, melatonin’s membrane-active properties may be important in this
regard. In this work solid-state deuterium nuclear magnetic resonance was used to study the effect of melatonin on the
POPC/DPPC/cholesterol model membranes. Specifically, we showed that melatonin modifies lipid hydrocarbon chain order
to promote phase separation. This knowledge helps to explain the role of melatonin in lipid domain formation and may
provide a deeper understanding of the mechanism of melatonin neuroprotection in AD.

INTRODUCTION
The plasma membrane is an essential cellular structure and its structure and function is sensitive to lipid composition which
affects biophysical properties of the lipid bilayer and can modulate membrane protein function. Due to the complexity of
natural cellular membranes, which are composed of hundreds of different lipids including phospholipids and cholesterol,
simpler model lipid membranes composed of synthetic lipids are widely used to mimic the plasma membrane in order to study
membrane properties (1–3). Changes in the properties of the biomembrane have important implications in health and disease.
An important example is Alzheimer’s disease (AD), where it has been shown that the brain lipid composition changes with
age (4, 5) and that these changes may lead to an increase of amyloid-β (Aβ) toxicity and damage to the membrane (2, 6).
With age, the accumulation and aggregation of Aβ deposits on the membranes in the brain leads to cell membrane damage,
increased membrane permeability, disruption of membrane potential, oxidative stress and ultimately cell death (7, 8). Thus, it is
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important to understand the relationship between membrane composition, membrane properties and damage to membrane
integrity. Specifically to AD, detailed understanding of the role of these membrane changes may help to identify ways to protect
the membrane from Aβ-induced damage. Melatonin is a small membrane-active molecule that has been shown to protect
against Aβ; however, the molecular mechanism of this protection is not well understood. Understaing the protective role of
melatonin in AD may guide new preventive strategies in AD.

Melatonin is a tryptophan-derived pineal gland hormone that is important for regulating circadian rhythm but it is known
that its levels decrease with age (9). Moreover, melatonin levels and circadian rhythms have been found to be disrupted in
Alzheimer’s disease (AD) patients, as compared to age-matched controls (10, 11). Melatonin has been shown to alleviate these
symptoms in some clinical studies (12), though results are mixed (13). In animal studies of AD it has been demonstrated
that melatonin is a potent anti-oxidant and is neuroprotective against Aβ toxicity at the cellular level (14–18). Interestingly,
the protective effect of melatonin was found to be receptor independent (19), yet the complete molecular mechanisms are
not well-understood. The direct incorporation of melatonin into the neuronal membranes may be an important part of these
protective mechanisms. Melatonin is a membrane-active molecule and its role on the membrane properties has ben studied in
model lipid membranes using a variety of different approaches including X-ray and neutron scattering (1, 20), Fourier transform
infrared (FT-IR) spectroscopy (21), Langmuir-Blodgett trough (22), molecular dynamics (MD) simulations (1, 22), and nuclear
magnetic resonance (NMR) spectroscopy (21, 23), showing that melatonin has pronounced biophysical effects on simple lipid
systems, composed of single or dual lipids,. In this work, we used a ternary lipid membrane model to better mimic the natural
cellular membranes and to further understand melatonin’s effects on the membrane structure and properties.

Unevenly distributed molecular constituents produce heterogenous surface topology in cellular membranes; the resulting
variable domains are likely an essential factor that impacts membrane function (24). Phase separation refers to the behaviour of
heterogeneous lipid mixtures that contain both highly ordered domains, enriched in cholesterol and containing predominantly
saturated long acyl chain lipids, and more fluid domains with a higher proportion of unsaturated lipids. These different
membrane domains have been proposed to compartmentalize different cellular processes, as suggested by the membrane raft
hypothesis (25). The coexistence of liquid-ordered (`o) and liquid-disordered (`d) phases and lipid domains has been observed
extensively in model lipid systems using a variety of biophysical techniques (for example, nuclear magnetic resonance, neutron
scattering, fluorescence microscopy, and atomic force microscopy) and there is increasing evidence of nanodomains in living
systems (1, 26–28). In general, domains rich in cholesterol and long-chain saturated lipids have a higher degree of molecular
order compared to the whole membrane system (3). Cholesterol has a particularly interesting bidirectional effect on lipid
membranes depending on its amount: at sufficiently high concentration it preserves the `o phase at high temperature while
suppressing the `o to solid phase transition at low temperature (3, 29, 30).

Solid state 2H NMR has been widely employed to study these phase equilibria phenomena in lipid membrane systems
(3, 30, 31). In this work we use 2H NMR to study the influence of melatonin on the phase equilibria of complex mixtures
containing POPC, DPPC and cholesterol. By substituting POPC or DPPC with corresponding deuterated lipids POPC-d31 or
DPPC-d62 , we show that phase separation induced by melatonin at low concentration is apparent when POPC is labelled but
not DPPC, suggesting a stronger interaction of melatonin with the more disordered lipid membrane regions containing higher
abundance of POPC. This result may also demonstrate an effect caused by the choice of chain perdeuteration which highlights
the importance of isotopic labelling in lipid membrane studies. Overall, the influence of melatonin on the phase equilibrium
phenomena in this tertiary model lipid system suggests it may induce phase separation and that melatonin has a preference for
more intrinsically disordered lipids that have a larger area per molecule within the membrane.

MATERIALS AND METHODS
Sample Preparation
All lipids were purchased from Sigma-Aldrich and used without further purification. Lipid stock solutions were prepared
using chloroform at a concentration of 10 mg/ml. A lipid model system composed of POPC, DPPC, and cholesterol at a
molar ratio of 3:3:2 was used throughout. Two types of deuterium labelled lipid mixtures, POPC-d31/DPPC/cholesterol and
POPC/DPPC-d62/cholesterol, were prepared. Melatonin was added to each type of lipid mixture at a molar ratios of 0, 5 and
10% to obtain a sequence of samples. Also, pure POPC-d31 and pure DPPC-d62 samples were tested to determine the effect of
perdeuteration to the lipid melting temperature.

To prepare the lipid samples, standard solutions were mixed in a round bottom flask, according to the ratio desired while
insuring the deuterated lipid in each mixture was at least 5 mg. Because the quadrupolar splittings of 2H NMR are very sensitive
to the concentration of cholesterol in the liquid-crystalline phase, a heterogeneous distribution of cholesterol will lead to a
broad distribution of splittings (30). Ethanol has been shown to reduce heterogeneity of lipid mixtures when compared with
chloroform (3, 30). Thus, after lyophilization from chloroform overnight, ethanol was used to redissolve the lipid mixtures . The
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Figure 1: Model system studied in this report: lipid bilayer consisting of POPC, DPPC, cholesterol and melatonin. The
coexistance of liquid ordered and liquid disordered phases is represented. Liquid ordered phases have tails that are aligned and
more rigid than disordered tails. The orientation of cholesterol and melatonin predicted from MD simulations is shown, with
melatonin decreasing the number of lipids per membrane area and cholesterol having opposing effects.

Figure 2: Molecular Structure of A. cholesterol, B. melatonin, C. DPPC and D. POPC

sample was then freeze-dried overnight from ethanol and scraped out from the bottom of the flask. Each sample was transferred
into a snap-cap centrifuge tube and resuspended in 50 mM phosphate buffer (pH 7.0), at weight ratio of lipid to buffer of 4:3.
The sample was mixed with a thin glass rod and the whole mixture was centrifuged into the bottom of the tube. This process
was repeated 2-3 time to create a uniformly-distributed multi-lamellar mixture (30). The whole mixture was transferred into a 3
mm diameter NMR tube by centrifugation through a small hole that was cut on the bottom of the snap-cap tube. The NMR
sample tube was sealed with silicone and was given at least 2 hours for the silicone cap to dry out. The entire sample tube was
then weighed before and after each use to monitor any possible loss of water during the experiment.

2H NMR
At the beginning of each series of NMR measurements the sample was heated to an initial set point of 324 K in order to assess
the sample homogeneity from the 2H NMR spectrum itself. Spectra were then taken as a function of temperature, cooling the
set point in 1 K steps from 324 down to 268 K. At each cooling step the temperature was allowed to come to equilibrium at the
new set point temperature after which the sample was allowed an additional 10 minutes to equilibrate before the spectrum was
taken. Each spectrum consisted of the accumulation of 4096 scans obtained using the quadrupolar echo sequence (32). At the
end of each temperature series the samples were then reheated to a set point of 300 K and subsequently to 324 K where spectra
were again taken to verify the reproducibility of the spectra and the stability of the sample. Since the sample temperature is not
alway exactly equal to the set point temperature, the NMR probe temperature was calibrated using the temperature dependent
frequency shift of Pb(NO3)2 (33, 34). The melting points of DPPC/water and DMPC/water were used as references for the
calibration. The temperatures shown in the figure captions and on the figures are the corrected sample temperatures. After all
NMR experiments were completed on a given sample the sample was weighed for comparison with the initial weight. In this
fashion we were able to insure that no water was lost during any of the measurements.

All NMR experiments were performed on a Bruker Avance II Plus 500 MHz spectrometer operating at a 2H NMR resonance
frequency of 76.72 MHz. The quadrupolar echo sequence consists of two 90o pulses, each 2.9 µs long, separated by an echo
forming delay τ of 25 µs. In order to refocus the precession due to the quadrupolar interaction during τ the second pulse is
phase shifted relative to the first by 90o (32). The relaxation delay between scans was 0.5 s.
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Because 2H is a spin 1 nucleus, the 2H NMR spectrum is dominated by the quadrupolar interaction between the electric
quadrupolar moment of the nucleus, eQ, and the electric field gradient at the nucleus, eq (27). This interaction results in two
peaks to the spectrum of a single 2H, which are separated by the quadrupolar splitting. The value of the quadrupolar splitting
depends on the orientation of the principal axis of the electric field gradient (aligned along the C-2H bond in lipids) and the
external magnetic field

∆vQ =
3
4

e2qQ
h
[(3 cos2 β − 1) + η cos 2α sin2 β] (1)

Where the angles α and β are Euler angles specifying the orientation of the principal axis system of the electric field
gradient tensor relative to the external magnetic field B0. This expression is significantly simplified for 2H in C-2H bonds
because the asymmetry parameter, η, is very small and can be taken to be 0. The maximum quadrupolar splitting for 2H occurs
when there is no molecular reorientation relative to the magnetic field and is found when the C-2H bond is aligned parallel to
the field. In that case the observed splitting would be 252 kHz. In fluid lipid bilayers there is a lot of molecular motion so that
the quadrupolar splittings observed are greatly reduced. The experimental value of the quadrupolar splitting for a 2H nucleus in
a C-2H bond provides a useful measure of the degree of molecular motion experienced by that segment of the molecule. It can
range from a value of 0, observed for rapid isotropic molecular reorientation, to the rigid lattice limit of 252 kHz (27).

Lipid hydrocarbon chain order is much higher for lipids within a liquid ordered, `o, phase domain than for lipids in a liquid
disordered, `d , phase domain. For samples made with deuterium labelled lipids (such as DPPC which is deuterium labelled at a
single chain position), at temperatures and compositions that are within a two phase, `o:`d, region we would expect to see
two very distinct quadrupolar splittings. If the lipid chains are labelled at all positions then, because of the variation of C-2H
bond order with chain position (27), there will be a superposition of many quadrupolar splittings in the spectra but those lipids
which are in the more ordered `o phase will have much larger quadrupolar splittings than those lipids which are in the relatively
disordered `d phase.

Quadrupolar Splitting Analysis
The multiple overlapping quadrupolar splittings from the chain methylene groups are frequently difficult to resolve. In order
to compare chain order at different temperatures and different sample compositions, we would typically calculate the first
moment, M1, of the 2H spectrum since it is proportional to the average quadrupolar splitting (31). However, the chain terminal
methyl group splittings are always distinguishable from the methylenes so we also use their quadrupolar splittings in sample
comparisons. The methyl group splittings were measured directly as the frequency difference between the peaks in the methyl
group powder patterns found near the center of each spectrum.

RESULTS AND DISCUSSION
The magnitudes of the 2H quadrupolar splittings observed in 2H NMR spectra of deuterium labelled lipid acyl chains are
determined by the rapid motions which partially average the quadrupolar Hamiltonian. The character and time scales of these
motions depend on sample temperature and composition. Because of this the 2H NMR spectra can be used to study the phase
equilibria of lipid mixtures (3, 35). Figure 3a(i) shows the temperature dependence of the 2H NMR spectra observed in fully
hydrated POPC-d31 bilayers. These spectra are characteristic of chain perdeuterated phospholipid lamellar dispersions in the
‘fluid’ or liquid disordered phase (`d) typically found in bilayers with little or no cholesterol. For POPC-d31 the sample remains
in the fluid phase to quite low temperatures because the chain melting transition occurs at around -4 ◦C for non-deuterated
POPC (36). We find that the transition for this sample of POPC-d31 occurs at about 263.5 K or approximately -9.5 ◦C.

Figure 3a(ii) shows the temperature dependence of the spectra of DPPC-d62. Above about 310 K (37.75 ◦C (30)) the sample
is in the fluid phase but below that temperature it enters the gel phase where the 2H NMR spectra are much broader due to the
suppression of acyl chain gauche-trans isomerization resulting from the tighter chain packing in the gel phase (31, 37). The
perdeuteration of DPPC lowers its melting temperature by about 4 degrees from 314 K to 310 K (36). Below this chain melting
transition the chain motions are greatly restricted and their time scales are considerably longer. Thus, the 2H NMR quadrupolar
splittings are larger (less motional averaging) and the individual peaks in the spectrum are much broader (due to the slower
motions). The spectral line shapes illustrated in Figure 3a(ii) are typical of fully hydrated phospholipid lamellar dispersions in
the fluid and gel phases.

In the presence of cholesterol the quadrupolar splittings in the fluid phase increase approximately linearly with increasing
cholesterol concentration (38). At sufficiently high cholesterol concentration a phase separation into an `d:`o two phase region
can occur (3, 30). The 2H spectra of chain perdeuterated lipids in the liquid ordered `o phase are similar to those of the `d phase
except that the quadrupolar splittings are much larger (> 50 kHz compared to ≈ 22 kHz).

The spectra in Figure 3b(i) are for a sample of POPC-d31/DPPC/cholesterol with molar proportions of 37.5/37.5/25 while
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(a) Pure POPC-d31 and DPPC-d62

(b) POPC/DPPC/cholesterol with 0 mol% melatonin

(c) POPC/DPPC/cholesterol with 5 mol% melatonin

(d) POPC/DPPC/cholesterol with 10 mol% melatonin

Figure 3: 2H-NMR spectra of samples with (i) POPC-d31 or (ii) DPPC-d62 deuterated lipids. Each individual plot shows the
spectra at five different temperatures: (a) 329.2 K, (b) 316.8 K, (c) 303.3 K, (d) 298.4 K, (e) 291.3 K.
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(a) (b)

(c) (d)

Figure 4: Lipid methyl group quadrupolar splittings of pure POPC-d31 and DPPC-d62 (a), and POPC/DPPC/cholesterol with (b)
0 mol%, (c) 5 mol% and (d) 10 mol% melatonin. Black squares represent samples with DPPC-d62, and red circles represent the
samples with POPC-d31. Lower splittings correlate with less order of the lipid tails, while higher splittings indicate the opposite.

those in Figure 3b(ii) are for POPC/DPPC-d62/cholesterol with the same molar proportions. For both samples the edges of the
spectra have splittings ranging from about 35 to over 55 kHz depending on temperature. These splittings are representative of a
fluid lipid bilayer at high cholesterol concentration (38). In a ternary mixture containing a long saturated chain phospholipid,
an unsaturated chain phospholipid and a high concentration of cholesterol one might have expected to find `d : `o phase
coexistence (as for DOPC/DPPC/cholesterol mixtures (3)). Careful inspection of the methyl group part of the spectra in Fig.
3b(ii) reveals the inequivalence of the two hydrocarbon chains for DPPC-d62 which is a signature of a highly ordered phase
(30, 38). Since only one chain is deuterated for POPC-d31 this feature is absent from the spectra in Fig. 3b(i). However, over the
temperature range studied (from -5 to +55 ◦C), there is no evidence of coexistence of macroscopic `d and `o phases. This
agrees with other reports that do not detect microscale domains of similar POPC/DPPC/cholesterol mixtures (39–42); this is in
contrast to ternary systems containing DOPC, with two unsaturated fatty acyl chains, where microscale domains are observed
(3, 28). DOPC having two unsaturated hydrocarbon chains, has a lower melting temperature, lower average hydrocarbon chain
order parameter, and looser chain packing than POPC (36, 43) which has only a single unsaturated chain. In the presence
of high concentrations of cholesterol, these factors seem to be sufficient to lead to macroscopic `d : `o phase separation in
DOPC/DPPC/cholesterol but not in POPC/DPPC/cholesterol mixtures.

The addition of 5mol%melatonin (of total lipid, i.e., POPC+DPPC+cholesterolwas 95mol%) to the POPC/DPPC/cholesterol
mixtures with the same proportions used for Figure 3c had an interesting effect on the spectra. The sample with POPC-d31
showed a clear phase separation below about 301.5 ◦C, as shown in Figure 3c(i). On the other hand, the sample with DPPC-d62,
Figure 3c(ii), showed no evidence of phase separation over the temperature range studied. Repeating the experiments with a
second set of samples having the same compositions gave identical results. Due to the looser chain packing of unsaturated
lipids such as POPC, there is more room at the interfacial region (near the phospholipid headgroup) for melatonin to insert
itself than in the more tightly packed regions rich in DPPC and cholesterol. The preferential partitioning of melatonin into
regions rich in unsaturated lipids tends to reduce the molecular order even further, enhancing the difference between areas
rich in POPC and those rich in DPPC, especially since cholesterol interacts preferentially with saturated chain lipids and
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dramatically increases their hydrocarbon chain order. This competitive process between cholesterol and melatonin for the two
different lipid species is supported by FT-IR and 1H-NMR spectroscopy experiments of inverted lecithin micelles containing
melatonin and cholesterol that indicate an overlap in the stretching modes of melatonin’s -NH with the -OH of cholesterol
and that chemical shifts of the NH protons of melatonin are sensitive to cholesterol content (23). As noted above, chain
perdeuteration shifts the phase transition temperature of either POPC-d31 or DPPC-d62 downward by about 4 ◦C. This has the
effect of increasing the difference between the transition temperatures (and degrees of hydrocabon chain order) of the two lipids
in the case of POPC-d31/DPPC/chol mixtures relative to POPC/DPPC/chol but it decreases those differences for the case of
POPC/DPPC-d62/chol. The simple addition of melatonin at 5 mol% is enough to promote microscale domain formation in one
case but not in the other.

At 10 mol% melatonin both samples, whether labelled with POPC-d31 or DPPC-d62, show a broad region of `d:`o two
phase coexistence as shown in Figure 3d. As might be expected, these spectra show that at a given temperature within the two
phase region there is more of the unsaturated POPC in the `d phase and more of the saturated DPPC in the `o phase.

Because of the large number of overlapping 2H NMR powder patterns observed when using chain perdeuterated samples it
can be difficult to measure and to follow the changes in individual methylene group quadrupolar splittings. However, it is quite
easy to measure the splittings of the chain terminal methyl groups as they are considerably smaller than those of the methylenes
and their peak intensity is larger.

Figure 4a shows the temperature dependence of the methyl group splittings for samples of pure POPC-d31 and of pure
DPPC-d62. For POPC-d31 there is only a gradual monotonic increase in the splitting of the single deuterated methyl group as
the temperature is lowered from 332.9 K to 277.8 K. For DPPC-d62 on the other hand there are a couple of interesting changes.
Just below 310 K there is a sharp increase in the splittings of both chain methyl groups as the sample is lowered through the
chain melting transition from the fluid into the gel phase. This chain melting transition temperature is about 4 ◦C lower than the
non-deuterated DPPC melting temperature at 314 K (36). In the gel phase the two methyl groups are inequivalent, one having a
considerably larger splitting than the other. This is because the sn-1 chain extends farther into the hydrophobic core than the
sn-2 chain which is bent where it attaches to the phospholipid glycerol backbone. Even in the gel phase there is significantly
more chain mobility at the very center of the bilayer. In addition, at all temperatures the methyl group splitting of POPC-d31 is
smaller than those of DPPC-d62.

The methyl group splittings for the three component mixtures are shown in Figure 4b. Here, at high temperatures, the
POPC-d31 and DPPC-d62 methyl splittings are very similar with both gradually increasing as temperature is lowered. At about
300 K we can see the development of the inequivalence of the two DPPC-d62 chains. This characteristic behaviour is observed
whenever the lipid chains are sufficiently highly ordered (38). We do not see any evidence of `d:`o phase separation, presumably
due to the small size of the domains in the absence of melatonin (42).

For samples with 5 mol% melatonin Figure 4c shows that at higher temperatures the POPC-d31 and DPPC-d62 methyl
splittings are again very similar. For the DPPC-d62 sample, however, below about 301 K we see the return of the inequivalence
of the two DPPC-d62 methyl groups but see no evidence of two phase coexistence. On the other hand, we see the appearance
of two POPC-d31 methyl group splittings. These are due to the formation of the `d:`o two phase region observed in the full
spectra in Fig. 3c(i). An important signature of `d:`o two phase coexistence is the fact that in the `o phase domains the methyl
group quadrupolar splitting (in the present case arising only from POPC-d31) increases as the temperature is lowered due to
two factors: the reduced motional averaging at lower temperatures and the increased cholesterol content of the `o phase as the
temperature is lowered. On the other hand, the methyl splitting of the `d phase decreases as the temperature is lowered due to
the decreasing cholesterol content of the `d phase domains. This behaviour is conclusive evidence for the changing composition
of the two phases with temperature.

Finally, in Figure 4d, we show the methyl group splittings for the samples containing 10 mol% melatonin. At high
temperatures the methyl splittings for POPC-d31 are slightly smaller than those of DPPC-d62 due both to the increased chain
disorder of unsaturated lipids relative to saturated lipids and to the higher affinity of melatonin for unsaturated lipids. Comparing
the methyl group splittings with 5 mol% melatonin (Figure 4c) to those at 10 mol% melatonin, we also see that the increased
melatonin concentration has reduced the hydrocarbon chain order and the methyl splittings.

At and below 304 K, with 10 mol% melatonin, the POPC-d31 methyl splitting has two components indicating that the phase
separation has begun. On the other hand, for the sample with DPPC-d62 the methyl splittings show that phase separation occurs
only for temperatures below about 299 K. Recall, however, that at 5 mol% melatonin no phase separation was observed for
the DPPC-d62 sample over the temperature range studied. As discussed above, chain perdeuteration of POPC-d31 increases
the difference between POPC-d31 and DPPC chain melting transition temperatures, while chain perdeuteration of DPPC-d62
reduces the difference between DPPC-d62 and POPC. Evidently the POPC/DPPC/cholesterol ternary mixture is so close to
fluid-fluid phase separation that, in the presence of 5 mol% melatonin, chain perdeuteration of POPC is sufficient to induce
phase separation. Perdeuteration of the DPPC chains pushes the system farther from the phase coexistence regime so that higher
concentrations of melatonin (in this case 10 mol%) are required to promote phase separation.

Manuscript submitted to Biophysical Journal 7

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 4, 2020. ; https://doi.org/10.1101/2020.04.03.015966doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.03.015966
http://creativecommons.org/licenses/by-nd/4.0/


Nanqin Mei and Morgan Robinson

CONCLUSION
In this work we used 2H-NMR to study phase separation of POPC/DPPC/cholesterol model lipid membranes to understand the
effects of melatonin on phospholipid bilayers. Melatonin induces `o : `d phase coexistence in the POPC/DPPC/cholesterol
mixtures, in both POPC-d31 and DPPC-d62 containing samples, though the effect on POPC-d31 was observed 5 mol% of
melatonin, which may imply that melatonin preferentially interacts with the unsaturated lipid (POPC). Based on our results and
other relevant literature we suggest that a competition between melatonin and cholesterol in binding to lipid molecules results in
the displacement of cholesterol by melatonin in the more disordered phase, which acts to increase the disorder in that phase,
while driving more cholesterol into DPPC ordered phase and thus promoting the separation of `o : `d phases. POPC has a
larger area per molecule than DPPC, therefore there is more free space in the headgroup region which allows more melatonin to
incorporate into POPC enriched domains. In addition, the perdeuteration of lipid chains lowers the melting temperature of
the corresponding lipid, which increases the difference between POPC-d31 and DPPC, and reduces the difference between
DPPC-d62 and POPC. In this simple POPC/DPPC/cholesterol model membrane system, melatonin clearly acts to promote
membrane fluid phase heterogeneity. Considering the importance of membrane nanodomains in amyloid toxicity reported in
the earlier work by Drolle et al. (2, 29), this data will be important to guide future studies on melatonin’s protective role on a
membrane level.
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