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N-Acylserotonins (NASTs), present in the mammalian gastro-intestinal tract and central nervous tissues,
exhibit significant biological and pharmacological activities. In the present study, a homologous series of
NASTs have been synthesized and characterized. Differential scanning calorimetric studies show that in
the dry and hydrated states the transition temperatures, enthalpies, and entropies of NASTs exhibit odd–
even alternation. Both odd and even chain length NASTs independently display linear dependence of the
transition enthalpies and entropies on the chain length under dry as well as hydrated conditions, suggesting
that the molecular packing and intermolecular interactions in each series (odd or even) are likely to be sim-
ilar for NASTs with different acyl chain lengths in the dry state as well as in the hydrated state. Powder X-ray
diffraction studies indicated that the incremental increase in the d-spacing per CH2 group is 1.023 Å, sug-
gesting that the lipid acyl chains aremost likely packed in an interdigitated fashion. Results of computation-
al studies are consistent with this and suggest that the acyl chains of the NASTs are tilted with respect to the
bilayer normal. Incorporation of N-myristoylserotonin (NMST) into dimyristoylphosphatidylcholine
(DMPC) membranes did not significantly affect the phase transition properties at low mole fractions
(1–5 mol%), although distinct decrease in the chain-melting transition temperature and increase in the
pretransition temperature were observed at higher contents (7.5–30 mol%), suggesting that NMST in-
creases the stability of the tilted gel phase (Lβ′) but destabilizes the ripple phase (Pβ′). These observations
provide a thermodynamic basis for understanding the functional role of NASTs in their parent tissues.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Although lipids—the main constituents of biomembranes—are
simple amphiphilic molecules and do not adopt complex structures
like proteins and nucleic acids, they form various supramolecular self
assemblies in excesswater. The type and size of such assemblies depend
both on the structures of the lipids and other factors such as tempera-
ture, pH, and ionic strength. Although for long lipids have been consid-
ered as dull molecules as compared to proteins, which perform a variety
of functions, e.g., catalysis, transport across membranes and immune
recognition, and nucleic acids, which carry genetic information, in
recent years, the conventional view of lipids has changed significantly
and their role as second messengers in cell signaling, function, and
health have been emphasized [1,2]. Recent reports suggest that
perturbations in lipid pathways or lipid metabolism can lead to alter-
ations in the numerous physiological and cellular processes, causing
neurodegenerative disorders like Alzheimer's disease and cancer [3,4].
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In keeping with the increased awareness of the functional roles of
lipids in health and diseases, a new initiative, namely lipid metabolites
and pathways strategy (LIPID MAPS) has been taken up to identify
and quantify all the lipid species present in mammalian tissues. The
goal of this is to quantify the changes in various species in response to
perturbation and to characterize their biochemical and biophysical
roles. One important class of lipids is fatty acid amides, which have
been further categorized into various subclasses including N-acyl
primary amines and N-acylethanolamines [5–7]. Fatty amides are
present widely in the nature and act as signaling molecules in various
physiological processes [8]. Among these, N-acylethanolamines
(NAEs),which have been studied extensively so far due to their putative
role in combating stress and interesting biological and medicinal
properties [9–11].

More recently, much attention has been focused by the biomedical
researchers on N-acyl conjugates of amino acids and neurotransmitters
(NAANs) due to their potential roles in nervous system, vasculature, and
the immune system [12]. Among NAANs, N-acylserotonins (NASTs),
which are amides of long chain fatty acids with serotonin have been
found to be present in the gut of mammals [13]. Serotonin, an endoge-
nous molecule that acts as a neurotransmitter, is widely distributed in
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Scheme 1. Synthesis of N-acylserotonins.
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the central and peripheral nervous system, as well as other parts of the
body [14]. Serotonin exerts its diverse actions by binding to specific cell
surface receptors such as the serotonin1A receptor, an extensively
studied member of G-protein coupled receptor family, which plays a
key role in serotonergic signaling [15,16]. Due to the high abundance
of serotonin in the intestine, and central nervous system (CNS)
[17–20], it may be speculated that N-acylserotonins would be formed
in the gastrointestinal tissues and in the CNS. Recently, the presence of
several different N-acylserotonins bearing saturated as well as unsatu-
rated fatty acyl chains was reported in the gastrointestinal tract of pig
and mice [13] and it may be expected that similar investigations on
neuronal tissues of mammals would lead to the identification of
NASTs in the CNS as well.

Among the NASTs, N-arachidonylserotonin (NArST) has been
reported to function as a dual blocker of endocannabinoid-inactivating
enzyme, fatty acid amide hydrolase (FAAH) and a transient receptor
potential vanilloid type 1 (TRPV1) receptor antagonist [21,22]. NArST
was also shown to decrease anxiety-like behavior of mice in the elevat-
ed plus maze (EPM) when administered systemically. Furthermore,
NArST alone is highly effective at reducing anxiety than selective
blockers of FAAH or TRPV1 channels [23]. NArST also increases anxio-
lytic behavior in the EPM of basolateral amygdala, a major limbic-
related region of the brain [24]. Since analysis of lipid extracts from
different parts of the gastrointestinal tract of pig and mice has also
shown the presence of saturated N-acylserotonins [13], it is likely
that N-acylserotonins bearing saturated acyl chains would be pres-
ent in the gastrointestinal tracts of other animals as well in other
parts of the body.

From the foregoing, it is clear thatN-acylserotonins are a new group
of endogenous molecules, with interesting biochemical and pharmaco-
logical activities. In view of this, it is important to investigate their
physicochemical characteristics and membrane interactions. In the
present study we synthesized and characterized a homologous
series of saturated N-acylserotonins with varying acyl chain lengths
(n = 11–20) by differential scanning calorimetry (DSC), powder X-ray
diffraction (PXRD) and computational modeling and investigated the in-
teraction of N-myristoylserotonin with dimyristoylphosphatidylcholine
by DSC.

2. Materials and methods

2.1. Materials

Fatty acids were purchased from Sigma-Aldrich (Milwaukee,WI).
Serotonin hydrochloride was purchased from Tokyo Chemical
Industry (Tokyo, Japan). 1-Hydroxybenzotriazole (HOBT), 1-ethyl-
3(3-dimethylaminopropyl)carbodiimide (EDC) and triethylamine
were obtained from Merck (Germany). Dimyristoyl phosphatidyl-
choline (DMPC) was purchased from Avanti Polar Lipids (Alabaster,
AL) Solvents and other chemicals used were of analytical grade and
purchased locally. Milli-Q water was used in all experiments.

2.2. Synthesis of N-acylserotonins

N-Acylserotonins were synthesized by a simple condensation
reaction between fatty acids and serotonin using a reported proce-
dure [25] with minor modifications (Scheme 1). Briefly, to a stirred
solution of fatty acid (1 eq.) at 0 °C in DMF, HOBT (1 eq.) and EDC
(1 eq.) were added and stirred for 15 min at 0 °C, brought to room
temperature and allowed to stand for 1 h. Serotonin hydrochloride
(1.2 eq.) and triethylamine (1.5 eq.)were added to the reactionmixture
and the reaction vessel was kept under stirring overnight at room tem-
perature. The mixture was then washed with brine and extracted with
ethyl acetate. The organic solution was washed successively with 2 N
HCl, saturated sodium bicarbonate, brine, and twice with Milli-Q
water, dried over anhydrous sodium sulfate and evaporated using
rotary evaporator under reduced pressure. The crude product was
purified on a silica gel column by using increasing concentrations of
ethyl acetate in dichloromethane (DCM) and recrystallized twice from
DCM at −20 °C. Overall yields of NASTs thus obtained were around
60–65%. The purified compounds were characterized by TLC, melting
point, FTIR, 1H- and 13C-NMR spectroscopy, and high resolution mass
spectrometry.

Capillary melting points of the NASTs were recorded on a Superfit
(Mumbai, India)melting point apparatus [26]. IR spectrawere recorded
using KBr pellet on a Thermo Scientific NICOLET 380 FT-IR spectrometer
and 1H-NMR spectra were recorded in CDCl3 on a Bruker Avance NMR
spectrometer at 400 MHz, whereas 13C-NMR spectra were recorded at
room temperature in CD3OD at 100 MHz on the same spectrometer.
Mass spectra of NASTs were obtained in the positive ion mode on a
Bruker Maxis high-resolution mass spectrometer equipped with
electrospray ionization system.

2.3. Differential scanning calorimetry

The thermotropic phase transitions of dry NASTs were investigated
by differential scanning calorimetry on a Perkin-Elmer PYRIS Diamond
differential scanning calorimeter. Dry powdered samples of individual
NASTs (1–2 mg) were weighed accurately into aluminium sample
pans, covered with an aluminium lid and sealed by crimping. Reference
pans were prepared similarly but without any sample in them. Heating
and cooling scans were performed from room temperature (ca. 25 °C)
to about 140 °C at a scan rate of 1.5°/min and each sample was subject-
ed to three heating scans and two cooling scans. Transition enthalpies
were determined by integrating the area under the transition
curves. Transition entropies were calculated from the transition
enthalpies assuming a first order phase transition according to the
expression [27]:

ΔHt ¼ T tΔSt ð1Þ

where Tt is the transition temperature and ΔHt values corresponding to
the transition at this temperature were used to calculate the corre-
sponding ΔSt values.

DSC studies on hydratedNASTswere carried out on a VP-DSCmicro-
calorimeter from MicroCal (Northampton, MA). Accurately weighed
NASTs (3–4 mg) in clean, dried glass test tubes were dissolved in
about 300 μL of dichloromethane containing a few drops of methanol.



Fig. 1. DSC heating thermograms of dry NASTs with (A) odd and (B) even acyl chain
lengths. The number of C-atoms in the acyl chain is indicated against each thermogram.
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A thin film of the lipid was obtained on the inner walls of the tube by
passing a gentle stream of dry nitrogen gas. Final traces of solvent
were removed by applying high vacuum desiccation for 3–4 h. Then
the sample was hydrated by adding 1.0 mL double distilled water to
the thin film, followed by vigorous vortexing and then heating to
about 50 °C in a hot water bath. The hydrated lipid suspension was
then subjected to about 5 cycles of freeze–thawing with intermittent
vortexing. The resulting homogeneous dispersion was used for the
DSC studies. All the samples were subjected to three heating and two
cooling scans from 10 °C to 125 °C at a scan rate of 1 °/min. In each
case, only the first heating scan was considered for the further analysis.
Transition enthalpies were calculated by integrating the area under the
transition curve after blank (water) subtraction, normalization and
baseline correction. Transition entropies were determined from the
transition enthalpies by using Eq. (1).

2.4. Powder X-ray diffraction

Powder X-ray diffraction patterns of N-acylserotonins were recorded
on a SMART Bruker D8 Advance X-ray diffractometer (Bruker-AXS,
Karlsruhe, Germany) using Cu–Kα radiation (λ = 1.5406 Å) at 40 kV
and 30 mA at 25 °C. Samples were placed and pressed on a circular
rotating disk of the sample holder. The diffracted beam from the sample
was detected by a LynxEye PSD data collector. Diffraction patterns were
collected for all the NASTs at room temperature over a 2θ range of 2–50°
with a step size of 0.0198°, with a measuring time of 10 s for each step.
The compounds were ground with the help of a pestle and mortar, and
the homogenous powder obtained was used for PXRD measurements.

2.5. Computational studies

The geometry of N-acylserotonins was optimized in their ground
state using DFT based B3LYP (Beckye Lee Yang-Paar) functional and
6-311G basis set using Gaussian g03 software [28]. The stationary
state is confirmed by doing vibrational mode frequency calculations.
All the vibrational frequencies obtained from all the calculations are
real. The polymorphs of these molecules were obtained by using
Materials Studio 6.0 program package [29].

3. Results and discussion

3.1. Synthesis and characterization of N-acylserotonins

A homologous series of N-acylserotonins have been synthesized in
the present study by a simple condensation of serotonin with fatty
acids containing saturated acyl chains (n = 11–20 C atoms). The
structure and purity of the synthesized NASTs were characterized by
TLC and FTIR, 1H NMR, and 13C NMR spectroscopy as well as by high
resolution mass spectrometry. Representative FTIR and 1H NMR spectra
ofN-lauroylserotonin (NLST) are given in Fig. S1 and Fig. S2, respectively.
FTIR spectra (KBr pellet) of freshly prepared NASTs showed absorption
bands due to amide linkage at 1644–1632 cm−1 (amide-I) and
1545–1534 cm−1 (amide-II), whereas the amide N–H stretching band
was seen at 3315–3298 cm−1. The O–H, N–H, and C–H stretching
bands of the 5-hydroxy indole moiety were observed around
3501–3496 cm−1, 3414–3408 cm−1, and 3063–3057 cm−1, respectively.
The stretching, bending, and rockingmodes of thepolymethyleneportion
of the hydrophobic acyl chain were seen at 2926–2838 cm−1,
1479–1462 cm−1, and 723–707 cm−1, respectively. The FTIR data for
all the NASTs are summarized in Table S1. The 1H NMR spectra of
NASTs showed resonances at 2.30–2.14 δ (2H, t) and 1.62–1.55 δ (2H,
m) for themethylene groups atα andβ positions to the carbonylmoiety,
at 6.68–5.73 δ (1H, bs) for the amide N–H, at 3.61–3.49 δ (2H, q) for the
methylene group at the α position to the amide N–H, and at 3.04–2.84
δ (2H, t) for the methylene group connected to the aromatic ring. The
hydroxy group gave a broad singlet at 8.15–7.92 δ (1H, bs), whereas
the aromatic proton resonances were seen between 7.27 and 6.77 δ.
The resonances of terminal methyl was seen at 0.94–0.89 δ (3H, t),
whereas the polymethylene part of the acyl chain yielded an intense
signal at 1.29–1.22 δ (14–32H, m). These 1H NMR data for all the NASTs
are listed in Table S2.

A representative 13C NMR spectrum of NLST is given in Fig. S3. The
terminal methyl resonance is seen at 13.08 δ and resonances
corresponding to the methylene groups of the acyl chain as well as the
serotonin moiety are seen at 22.35, 24.96, 25.69, 31.69, 35.84, and
39.85 δ and as well as 5 peaks between 28.90 and 29.35 δ (the peak at
29.35 δ being more intense than the others). Eight peaks observed
between 102.22 and 149.80 δ correspond to the aromatic carbons. The
carbonyl resonance is seen at 174.99 δ. These values are consistent
with the structure of N-lauroylserotonin. The 13C-NMR spectra of all
other NASTs were very similar, except that the intensity of the peak at
~29.35 δ increased with increase in the acyl chain length.

A high-resolution ESI mass spectrum of NLST is shown in Fig. S4. The
most intense peak seen at 359.2699 matches well with the molecular
ion of the compound ([M + H]+, calc. mass 359.2698). In addition,
prominent peaks are also seen at 381.2519 ([M + Na]+, calc. mass
381.2518), 717.5316 ([M2 + H]+, calc. mass 717.5319), 739.5139
([M2 + Na]+, calc. mass 739.5138), 1075.7863 ([M3 + H]+, calc.
mass 1075.7939) and 1097.7693 ([M3 + Na]+, calc. mass 1097.7758),
which correspond to proton and sodium adducts of monomer, dimer
and trimer of NLST as indicated in the parentheses. For both proton
adducts and sodium ion adducts, the intensity of the peaks decreases
with increasing size of the adducts. While for the monomer the proton
adduct is more intense, the sodium ion adduct was found to be more
intense than the proton adduct for the dimer and trimer. Other NASTs
also yielded essentially similar mass spectra. These data are given in
Table S4.

The above results from FTIR, 1H- and 13C-NMR spectroscopy as
well as ESI mass spectrometry are fully consistent with the structures
of N-acylserotonins and indicate that they are of high purity.

3.2. Differential scanning calorimetry

Heating thermograms corresponding to dry NASTs of odd acyl chain
lengths are presented in Fig. 1A and those corresponding to the even
chain length series are shown in Fig. 1B. The thermograms show that
each NAST exhibits a major endothermic transition, which corresponds
to the capillary melting point of the compound (Table 1 & Table S5).
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Table 1
Average values of transition temperatures (Tt), transition enthalpies (ΔHt), and transition entropies (ΔSt) of NASTs in dry and hydrated states.

Acyl chain length Dry NASTs Hydrated NASTs

T (°C) ΔHt

(kcal/mol)
ΔSt
(cal/mol/K)

T (°C) ΔHt

(kcal/mol)
ΔSt
(cal/mol/K)

11 93.9 ± 0.1 08.90 ± 0.03 24.3 ± 0.1 80.8 ± 0.1 3.13 ± 0.29 8.85 ± 0.8
12 102.6 ± 0.1 10.67 ± 0.05 28.4 ± 0.1 90.4 ± 0.1 6.92 ± 0.82 19.04 ± 2.3
13 104.4 ± 0.1 10.84 ± 0.01 28.7 ± 0.1 92.3 ± 0.1 5.39 ± 0.84 14.75 ± 2.3
14 110.2 ± 0.1 12.33 ± 0.02 32.2 ± 0.1 98.9 ± 0.1 8.46 ± 1.04 22.75 ± 2.9
15 110.9 ± 0.1 12.38 ± 0.01 32.3 ± 0.1 99.8 ± 0.1 7.78 ± 0.68 20.87 ± 1.9
16 115.1 ± 0.2 14.08 ± 0.11 36.3 ± 0.3 104.3 ± 0.1 10.64 ± 1.74 28.20 ± 3.8
17 115.7 ± 0.1 14.17 ± 0.11 36.5 ± 0.3 105.3 ± 0.1 09.34 ± 0.75 24.69 ± 1.9
18 118.4 ± 0.1 15.39 ± 0.02 39.3 ± 0.1 108.4 ± 0.1 11.81 ± 2.65 30.97 ± 5.7
19 118.9 ± 0.1 15.88 ± 0.20 40.5 ± 0.5 108.9 ± 0.1 10.96 ± 2.49 28.69 ± 3.3
20 121.1 ± 0.1 17.42 ± 0.14 44.2 ± 0.4 111.3 ± 0.1 13.63 ± 1.99 35.47 ± 4.4
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When the samples were subjected to a second heating scan, in some
cases the thermograms became more complex, involving multiple
transitions (Fig. S5), which at least in some cases, could be due to partial
degradation of the samples when subjected to heating to high
temperatures. It is also possible, especially for the shorter chain length
NASTs—which did not show reversal of the heating transition upon
cooling (not shown)—that they go into a metastable, liquid crystalline
state. Therefore in all the cases only the first heating scan was
considered for further analysis and the transition temperatures,
enthalpies and entropies obtained are presented in Table 1.

Heating thermograms of hydrated NASTs with odd and even
chain lengths are shown in Fig. 2A and B, respectively. Each thermo-
gram exhibits a single, sharp phase transition. When the samples
were subjected to a second heating scan, a minor (exothermic)
transition was observed at a lower temperature as compared to the
main phase transition (Fig. S6). Additionally, enthalpy of the main
transition decreased slightly in the second and subsequent scans.
Interestingly, the hydrated NASTs were highly turbid before loading
in the DSC sample cell, whereas after the heating and cooling scans,
the sample solutions recovered from the DSC cell were optically
clear, and remained so for several days. The phase transition
temperatures (Tt), transition enthalpies (ΔHt), and transition
entropies (ΔSt) determined from the DSC thermograms are listed in
Table 1.
Fig. 2.DSC heating thermograms of hydrated NASTs with (A) odd and (B) even acyl chain
lengths. The number of C-atoms in the acyl chain is indicated against each thermogram.
3.3. Chain length dependence and odd–even alternation in transition
enthalpy and transition entropy

Chain length dependences of transition enthalpy and transition
entropy for the chain-melting phase transitions of dry NASTs are given
in Fig. 3A and B, respectively. In both cases, NASTs with odd and even
acyl chains independently exhibit linear dependence of ΔHt and ΔSt
on the acyl chain length. However, when the data obtained with odd
and even acyl chain lengths are viewed together, a zig-zag pattern is
seen with the values of enthalpy and entropy for the odd acyl chain
lengths being slightly lower than those of even acyl chain lengths.
That is, the calorimetric parameters exhibit odd–even alternation
(discussed in more detail below). The transition enthalpies and
entropies of dry NASTs with odd and even acyl chain lengths could
independently be fit well to the following linear expressions [30]:

ΔHt ¼ ΔHo þ n−2ð ÞHinc ð2Þ

ΔSt ¼ ΔSo þ n−2ð ÞΔSinc ð3Þ

where n is the number of C-atoms in the acyl chain andΔHo andΔSo are
the end contributions to ΔHt and ΔSt, respectively, arising from the
terminal methyl group and polar region of N-acylserotonin molecule.
Fig. 3.Chain length dependence of transition enthalpies (A) and transition entropies (B) of
dry NASTs. Values of ΔHt and ΔSt were plotted against the number of methylene (CH2)
units (n − 2) in the acyl chains. Solid and dotted lines represent linear least squares fit
of the data for even- and odd-chain length series, respectively.
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Table 2
Incremental values (ΔHinc, ΔSinc) of chain length dependence and end contributions (ΔHo, ΔSo) to phase transition enthalpy and entropy of NASTs. Average values of transition enthalpy
and transition entropy given in Table 1 have been used for the linear fitting of the data. Errors shown in parentheses are fitting errors obtained from the linear least squares analysis.

Sample ΔHinc

(kcal/mol)
ΔHo

(kcal/mol)
ΔSinc
(cal/mol/K)

ΔSo
(cal/mol/K)

Dry NASTs (odd) 0.86 (±0.02) −0.53 (±0.23) 2.01 (±0.03) 2.27 (±0.53)
Dry NASTs (even) 0.83 (±0.03) 0.74 (±0.43) 1.93 (±0.07) 5.13 (±1.15)
Hydrated NASTs (odd) 0.98 (±0.06) −7.39 (±0.84) 2.48 (±0.16) −17.65 (±2.42)
Hydrated NASTs (even) 0.84 (±0.04) −3.12 (±0.61) 2.05 (±0.10) −5.578 (±1.63)
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ΔHinc and ΔSinc are the average incremental values contributed by each
CH2 group to ΔHt and ΔSt, respectively. From the least squares analysis,
the values ofΔHinc andΔSinc for NASTswith odd acyl chain lengthswere
obtained as 0.86 ± 0.02 kcal/mol and 2.01 ± 0.03 cal/mol/K,
respectively, whereas the corresponding values for NASTs with even
acyl chain lengths were obtained as 0.83 ± 0.03 kcal/mol and 1.93 ±
0.07 cal/mol/K, respectively. These values are given in Table 2. The
linearity of chain length dependence of the thermodynamic properties
associated with the phase transition, observed here, indicates that
structures of the NASTs of different even chain lengths are very similar
in the solid state. Similarly, the data also suggest that the structures of
NASTs with odd acyl chain lengths would be very similar.

Chain length dependences of transition enthalpy and transition
entropy for the thermotropic phase transitions of hydrated NASTs are
shown in Fig. 4A and B, respectively. Similar to the dry NASTs, hydrated
samples also show an odd–even alternation and the values of ΔHt and
ΔSt for NASTs with odd and even acyl chain length series could be fitted
individually to straight lines. From the linear least squares analysis, the
incremental values and end contributions of transition enthalpy and
entropy were obtained. These values are also listed in Table 2. It was
observed that similar to dry NASTs, the structures of odd and even
chain length NASTs within each series are very similar in the hydrated
state. The values of ΔHinc and ΔSinc for odd and even chain length
NASTs are 0.98 ± 0.06 kcal/mol and 2.48 ± 0.16 cal/mol/K, and
0.84 ± 0.04 kcal/mol and 2.05 ± 0.10 cal/mol/K, respectively.

3.4. Odd–even alternation in the thermodynamic properties

The odd–even alternation seen in the transition enthalpies,
transition entropies and transition temperatures of NASTs is similar to
Fig. 4.Chain length dependence of transition enthalpies (A) and transition entropies (B) of
hydrated NASTs. Values of ΔHt and ΔSt were plotted against the number of methylene
(CH2) units (n− 2) in the acyl chains. Solid and dotted lines represent linear least squares
fit of the data for even- and odd-chain length series, respectively.
the alternation observed previously in the thermodynamic properties
of a number of other amphiphilic molecules such as long-chain hydro-
carbons, fatty acids, N-acylethanolamines, N-, O-diacylethanolamines
with matched as well as mixed chains, and N-acyldopamines in the
solid state [26,30–34]. This could be explained on the basis of differ-
ences in the packing of hydrocarbon chains. For example, in long
chain fatty acids, differences in the packing properties between the
terminal methyl groups between the even and odd acyl chain lengths
were used to explain the differences in the physical properties [30].
Such differences do not arise in the methyl group packing if the chains
are perpendicular to themethyl group plane. However, if the hydrocar-
bon chains are tilted with respect to the plane of the methyl groups,
their packing modes can differ, leading to alternation in the physical
properties [30]. The above observations suggested that differences in
the acyl chain packing and tiltmight be responsible for the odd–even al-
ternation in the thermodynamic properties of dry as well as hydrated
NASTs.
3.5. Incremental values and end contributions of transition enthalpy and
entropy

As indicated above, linear least squares analysis of transition
enthalpies and entropies of dry and hydrated NASTs yielded values of
ΔHo andΔSo (end contributions) aswell asΔHinc andΔSinc (incremental
values) for the two cases. From Table 2, it is observed that ΔHinc in the
dry state for odd acyl chain lengths is distinctly lower than the ΔHinc

in the hydrated state. Since ΔHinc gives a measure of cohesiveness of
the acyl chain packing, these data indicate that the acyl chains in
NASTs with odd chain lengths are packed more tightly in the hydrated
state than in the dry state. Similar observations were made in the case
of N-acyldopamines (NADAs) [26]. However, for NASTs with even acyl
chain lengths the ΔHinc values are comparable for both dry and
hydrated samples, indicating similar chain packing under both condi-
tions. The significantly higher value of ΔHinc in the hydrated state of
N-acyldopamines (NADAs) was explained on the basis of hydrophobic
effect and π-stacking interactions. Higher ΔHinc in NASTs with odd
acyl chain lengths in the hydrated state as compared to the dry samples
possibly arises from the hydrophobic effect and π-stacking of the
aromatic rings of the indole moiety. Although the crystal structure of
N-lauroyldopamine (NLDA) showed that the catechol moieties in
adjacent layers are laterally displaced, resulting in a lack of π-stacking
interaction of the aromatic rings in the solid state, it was suggested
that in the hydrated state the NLDA molecules may be oriented in a
differentmannerwhich allows π-stacking interactions [26]. The present
results suggest that similar explanation may account for the higher
value of ΔHinc in the hydrated state for NASTs with odd acyl chain
lengths. The end contribution of entropy, ΔSo is also more negative for
hydrated samples, especially for the odd chain length series, as
compared to the dry state. The negative ΔSo is also indicative of the
hydrophobic effect playing a role in the acyl chain packing of NASTs,
which could arise due to the ordering of water molecules around the
indole moiety of the head group [35]. Together, these observations sug-
gest that the hydrophobic effect and possibly π-stacking in the hydrated
state bring the odd chain length NASTs closer, which results in a more
compact packing of the acyl chains.
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3.6. Chain length dependence of transition temperatures

From the DSC thermograms presented in Figs. 1 and 2 it can be seen
that the transition temperatures of both dry and hydrated NASTs with
even as well as odd acyl chains increase with increasing chain length.
However, in both cases magnitude of the change decreases with
increase in the chain length. Interestingly, for both dry and hydrated
NASTs an alternation is seen between the odd-chain length and even-
chain length series, with the even chain length series exhibiting slightly
higher transition temperatures than the odd chain length compounds
(Fig. 5A and B). With the dry and hydrated samples, for both odd and
even chain length series, the Tt values increase in a smooth progression
but with decreasing increments as the chain length is increased. As the
acyl chain length increases, the total contribution from the
polymethylene portion towards the total enthalpy and entropy of the
phase transition will become sufficiently large, and the end
contributions would be negligible in comparison. Therefore, at infinite
acyl chain length, Eqs. (2) and (3) can be reduced to [30]:

ΔHt ¼ n−2ð ÞΔHinc ð4Þ

ΔSt ¼ n−2ð ÞΔSinc ð5Þ

Then the transition temperature for infinite chain length, Tt∞, will be
given by:

T t
∞ ¼ ΔHinc=ΔSinc ð6Þ
From the data presented in Table 2, the Tt
∞ values for NASTs of odd

and even acyl chain lengths in the dry state have been estimated
using Eq. (6) as 427.9 and 430.1 K, respectively. Similarly in the
hydrated state the Tt

∞ values for odd and even chain-length NASTs
were estimated as 395.2 and 409.8 K, respectively.

For a number of diacyl lipids as well as single chain amphiphiles,
which exhibit linear dependence of transition enthalpy and transition
entropy on chain length, it has been shown that the data can be fit to
the following equation [31,32,36]:

T t ¼ ΔHt=ΔSt ¼ T t
∞ 1– no−n0

o

� �
= n−n0

o

� �� � ð7Þ

where no(=−ΔHo/ΔHinc) and n′o(=−ΔSo/ΔSinc) are the values of n at
which the transition enthalpy and transition entropy extrapolate to
zero. It can be seen from Fig. 5A and B that the transition temperatures
of dry and hydrated NASTswith odd aswell as even number of C-atoms
in the acyl chains independently fit quite well with Eq. (7). Additionally,
the fitting parameters also yielded the Tt∞ values for odd and even chain
lengthNASTs in the dry state as 413.7 K and 411.8 K, and in the hydrated
state as 408.1 K and 404.7 K, respectively. These values are in reasonable
agreement with the Tt

∞ values estimated using Eq. (6).

3.7. Powder X-ray diffraction studies

Since our efforts to grow single crystals of the different NASTs did
not succeed, in order to derive information on the structure adopted
by them, we carried out powder X-ray diffraction studies. PXRD data
obtained at room temperature (ca. 25 °C) for the various NASTs are
shown in Fig. 6A and B. All the NASTs yielded diffraction patterns that
are consistent with lamellar packing. For shorter chain length NASTs
(n=11–15), diffraction peakswere seen for n=1–4 (Fig. 6A), whereas
for longer chain length compounds diffraction peaks corresponding to
n = 2–5 could be assigned (Fig. 6B). The d-spacings were estimated
for each and the average values obtained are given in Table 3. The d-
spacings exhibit a linear chain length dependence (Fig. 6C), suggesting
that all the NASTs in the chain length range 11–20 are organized in a la-
mellar structure and have similar packing arrangement. The slope of the
linear fit yielded an incremental value of 1.023 Å per methylene unit. It
may be noted that increasing the chain length by one CH2 unit would
be expected to increase the d-spacing by about 2.54 Å for a regular la-
mellar bilayer structure as the projected length of the C–C single bond is
1.27 Å for untilted packing of lipid chains [37]. This value will be some-
what lower if the chains are tilted. However, the value of 1.023 Å obtain-
ed here for the incremental increase in the d-spacing corresponding to
each additional methylene group in the acyl chain is significantly
lower and hence suggests that the acyl chains are packed in an interdig-
itated fashion. If the interdigitated chains are in perfect register, then
the incremental increase in d-spacing would be 1.27 Å, which will
decrease if the chains are both interdigitated and tilted. From the
value of 1.023 Å for the increase in d-spacing per CH2 group, the angle
of tilt of the chains with respect to the bilayer normal was estimated
as 36.3°.

3.8. Computational studies on the molecular packing of NASTs

Since no crystal structure of NAST molecules was available in the
literature, in order to investigate the structure and molecular packing
of NASTs in crystalline state, we developed a molecular model for
the NASTs using the reported crystal structure of N-lauroyldopamine
[26], which bears considerable similarity to the structure of
N-lauroylserotonin. NLDA was modified to N-acylserotonins with
varying acyl chain lengths (n = 11 to 14) and the corresponding
structures were obtained from the Gaussian energy minimization
method as described above. The polymorphism for these molecules
was calculated using Material Studio 6 (MS 6) to generate plausible
packing arrangements for NASTs in the crystalline state. In order to
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Fig. 6. Powder X-ray diffraction patterns of NASTs. Data are shown for compounds with acyl chains containing: (A) 11 to 15 C-atoms and (B) 16 to 20 C-atoms. The number of C-atoms in
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investigate the packing arrangements in NASTs with different acyl
chains we carried out computational studies on the bilayer packing of
four NAST molecules (n = 11 to 14).

In the minimum energy structures of NASTs obtained by computa-
tional modeling, all the methylene groups in the hydrophobic region
are in trans conformation, with all the torsion angles corresponding to
the acyl region being in the neighborhood of 180°. In addition, all the
atoms in the serotonin moiety of the head group are in the same
plane. The angle between serotonin moiety and acyl chain was found
to vary in the range of 102–129° for different NASTs, resulting in a
bend in the molecule. Interestingly, the carbonyl oxygen and amide
N–H are in cis geometry for all the four NASTs. A packing diagram of
NLST obtained from the computational studies is shown in Fig. 7, as a
representative example. From this figure it is clear that in the crystalline
state, NLSTmolecules aremost likely packed in an interdigitated bilayer
fashion. The thickness of the (interdigitated) bilayer shown in Fig. 7was
25.9 Å, which is in good agreement with the value of 22.8 (±0.4) Å
estimated from the PXRDmeasurements. Similar packing arrangement
was also seen in the minimum energy structures of the other NASTs
whosemolecular packing arrangementswere investigated by computa-
tional modeling. Importantly, for all the four NASTs the interdigitated
Table 3
Lamellar d-spacings of NASTs with different acyl chain lengths
(n = 11–20), derived from the powder X-ray diffraction data.

Chain length
(n)

Average d-spacing
(davg)

11 22.5 ± 0.4
12 22.8 ± 0.4
13 23.8 ± 0.4
14 25.1 ± 0.6
15 26.3 ± 0.5
16 26.7 ± 0.2
17 27.9 ± 0.3
18 28.8 ± 0.3
19 30.9 ± 0.4
20 31.2 ± 0.3
bilayer arrangement was consistently observed in the computational
models with higher energies also at least up to the 4th lowest energy
model. This strongly supports the interpretation drawn from the PXRD
studies that the NASTs pack in an interdigitated fashion in the solid
state.

Although the above results suggested that all the four NASTs inves-
tigated by computational modeling form interdigitated structures in
the solid state, considerable variation was seen in the orientation of
the serotonin moiety in the head group region as well as in the acyl
chain tilt among the various NASTs and also between the different low
energy structures of each NAST. Therefore, we would like to limit our
interpretation of the modeling results only to indicate that the acyl
chain packing in the NASTs is interdigitated.

3.9. Interaction of N-myristoylserotonin with DMPC

N-Acylserotonins are endogenous fatty amides present in the
gastrointestinal tract of mammals. Since cell membranes contain a
variety of lipids such as phospholipids, sphingolipids and sterols, it is
of interest to investigate the interaction of NASTs with other membrane
lipids. In view of this, in the present study, we have investigated the
effect of incorporating N-myristoylserotonin (NMST) in DMPC mem-
branes by DSC. Fig. 8A shows DSC thermograms of hydrated DMPC
membranes in the absence and in the presence of differentmol fractions
of NMST. The thermogram of DMPC alone shows a pretransition at
13.3 °C and a main transition at 23.8 °C, which are consistent with
literature values [27]. The pretransition corresponds to the transforma-
tion of tilted gel phase to ripple gel phase (Lβ′ → Pβ′) whereas the main
transition corresponds to the gel–liquid crystalline phase transition
(Pβ′ → Lα) [38]. At low mole fractions (up to 5 mol%), addition of
NMST did not significantly alter either the pretransition or the main
chain-melting phase transition of DMPC. At higher mol fractions (up
to 30 mol%) of NMST, the pretransition peak becomes sharper with
increase in the phase transition temperature, whereas the main
transition shifts to lower temperatures (Fig. 8B). While the enthalpy of
the pretransition does not exhibit much variance and remains nearly



Fig. 7.Molecular packing of NLST viewed down the b-axis. Hydrogen atoms were omitted for clarity. Color code: red, oxygen; blue, nitrogen; grey, carbon.
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constant up to 40mol% NMST, enthalpy of themain transition exhibits a
distinct increase when the content of NMST in the mixture is increased
up to 5 mol%, but decreases steadily thereafter (Fig. 8C). Values of
transition temperatures, enthalpies and entropies obtained from the
DSC thermograms shown in Fig. 8 are given in Table S6. These results
suggest that incorporation of NMST stabilizes the tilted gel phase (Lβ′)
of DMPC but destabilizes the ripple phase (Pβ′) above 5 mol%. Hydrogen
bonding between the hydroxyl group of the serotonin moiety with
either the ester carbonyls or the phosphodiester group could possibly
play a role in the stabilization of the gel phase. Based on X-ray and
neutron diffraction studies on lecithin–cholesterol bilayers and changes
induced by cholesterol in the 13C NMR chemical shift of the phospholipid
carbonyl resonance, such hydrogen bonding was proposed to exist
between the 3-β hydroxyl of cholesterol and the sn-2 carbonyl group
of phosphatidylcholines [39,40].

An important consequence of incorporating NASTs into phosphati-
dylcholine membranes would be its influence on the permeability of
the vesicles. For example, it has been shown that incorporation of
cholesterol into DMPC vesicles progressively reduces the leakage of car-
boxyfluorescein (CF) up to 30 mol% sterol [41], whereas N-dodecanoyl
derivatives of amino acids such as glycine, valine, leucine and phenylal-
anine did not alter the permeability at low concentrations but led to
complete leakage at concentrations close to their critical micellar con-
centrations [42]. The effect of incorporating NASTs on the permeability
Fig. 8.DSC studies on the interaction of NMSTwith DMPCmembranes. A) Thermogramsof DMP
and C) enthalpies of main transition (O) and pretransition (●).
of phosphatidylcholine membranes can be assessed by monitoring the
kinetics of the leakage of fluorescent probes such as CF or riboflavin
that is loaded inside the vesicles [43,44]. Such studies are currently
underway in our laboratory.

4. Conclusions

In the present study a homologous series of saturatedN-acylserotonins
with varying acyl chain lengths (n=11–20) have been synthesized and
their physicochemical properties were investigated by biophysical
approaches. Differential scanning calorimetric studies showed that in
the dry and hydrated states the transition temperatures, transition
enthalpies and transition entropies of NASTs exhibit odd–even alterna-
tionwith the values of the even chain length series being slightly higher.
In both dry and hydrated states NASTswith odd and even chain lengths
independently display linear dependence of the transition enthalpies
and transition entropies on the chain length. These results suggest
that the packing and intermolecular interactions between NAST
molecules are likely to be very similar in the entire chain length series.
Results of powder X-ray diffraction and computational modeling
studies suggest that the acyl chains in NASTs are packed in an interdig-
itated fashion. DSC studies indicate that N-myristoylserotonin mixes
reasonably well up to 30 mol% in dimyristoylphosphatidylcholine and
stabilizes the tilted gel phase of the latter. These results provide a
C/NMSTmixtures, B) Transition temperatures ofmain transition (O) and pretransition (●),
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thermodynamic basis for understanding the functional roles of NASTs in
their parent tissues.
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