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Nicotinamide and Picolinamide in Phospholipid

Monolayers

Maria Florencia Martini,®® Edgardo Anibal Disalvo,™™ and Ménica Pickholz

Molecular dynamics simulations have been performed to
investigate the interactions between nicotinamide (NA) and
picolinamide (PA) with Langmuir monolayers of zwitterionic
lipids:  dimyristoylphosphatidylcholine  (DMPC) and  di-
myristoylphosphatidylethanolamine (DMPE). Our results for the
DMPC monolayers show that both NA and PA molecules are
essentially found at the lipid/water interface and present
orientational disorder of the molecules. In the case of DMPE
monolayers, the pyridine nitrogen seems to be located deeper
inside the monolayer than the amide group, for both isomers,
being the effect higher for PA. We have computed

Introduction

Nicotinamide (3-pyridinecarboxamide, niacinamide, Vitamin B3,
NA) and picolinamide (2-pyridinecarboxamide, PA) (Fig. 1) show
important biological activity with a coenzyme called nicotina-
mide adenine dinucleotide.™ This coenzyme plays important
roles in more than 200 amino acid and carbohydrate metabolic
reactions.”” The two regioisomers of pyridine-carboxamide are a
class of medicinal agents with activity that includes the reduc-
tion of iron-induced renal damage, the treatment of diabetes
type 1,1 pellagra," and radio/chemosensitization.™

The elucidation at the molecular level of the interactions of
bioactive species with phospholipid constituents of biological
membranes has a fundamental importance to understand their
mechanisms of action. The interaction of bioactive molecules
with biomembranes depends on their nature (more polar mol-
ecules interact essentially with the lipid heads while hydropho-
bic molecules penetrate deeper into de lipid tail region).*”! As
NA and PA are hydrophilic molecules, a way to get an insight
on their interaction with lipids is to study the effects on the
membranes when bioactive species bind to groups that
remain exposed to water. These groups are preferentially car-
bonyls in the glycero-acyl ester union and phosphates in the
phospholipids head groups.®!

Experimental evidences showed that the interaction of NA
and PA with lipid membranes depend on the type of lipid head
groups. Based on dipolar potential results on lipid monolayers,
Borba et al® suggest a stronger interaction of NA molecules
with lipids bearing phosphatidylcholine (PC) other than phos-
phatidylethanolamine (PE) head groups. Furthermore, these
authors found no significant difference in the interaction of PA
with both types of lipids.

Despite many advances in the study of lipid monolayers/
bilayers, there exists an intrinsic limitation in the interpretation
of experimental results, which is generally based on continuum
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electrostatic surface potentials and found qualitatively good
agreement with experimental results. The different orientation
and specific interactions of each molecule determine changes
in the head orientation of the phospholipids, as the case of PA
in DMPE monolayers, or in the orientation of the water
dipoles, as it is the case of PA in DMPC monolayers. Through
these analyses, we were able to capture the main
contributions to the electrostatic potential in each system.
© 2012 Wiley Periodicals, Inc.
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theories. Thus, many important features of these systems—at
molecular level—become hardly accessible. In that sense, atom-
istic simulations provide a powerful tool for studying the inter-
actions of small molecules with phospholipid monolayers, allow-
ing explore—in a nanoscopic detail—statistical mechanical
properties, structure, and dynamics of these systems, establish-
ing a close connection with experimental data.l'”’

In an attempt to explain the results in atomistic scale, Borba
et al”® carried out quantum chemistry calculations on the
interactions of NA and PA with a single lipid. Through these
calculations, they identified key specific interactions between
nitrogen compounds and a single lipid molecule. It should be
noted that these models do not take into account collective
effects or lipid packaging, which are fundamental to under-
stand this kind of systems.

To make some progress in this direction, we use molecular
dynamics (MD) simulations to study the interaction of NA and
PA with dimyristoylphosphatidylcholine (DMPC) and dimyristoyl-
phosphatidylethanolamine (DMPE). Through these simulations,
we aim to answer several questions that remain open about
these systems. For example: location and orientation of PA and
NA in the monolayer, lipid tails organization in the presence of
the compounds, lipid head groups orientation, and specific
interactions between bioactive lipids, among others.
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Figure 1. Molecular structure of NA and PA with the correspondent atomic
charges. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

In the next section, we describe the simulated systems and
the computational details. The main results and concluding
remarks are presented in Simulation Results and Concluding
Remarks sections, respectively.

Methods and Computational Details

We have performed atomic-scale MD simulations of single-
component lipid monolayers comprised of zwitterionic DMPC
and DMPE lipids in aqueous solution of NA or PA in each case.
The simulated systems, in the case of DMPC, consist of a peri-
odically replicated cell containing 128 lipids, divided into two
monolayers with 64 lipids each and 40 molecules of NA or PA,
depending on the case. The monolayers are separated by a
slab containing 8100 water molecules. The system is effectively
periodic in 3D and no interactions are expected across the z
direction (normal to the interfaces) because of the large vac-
uum region, as depicted in Figure 2. In the case of DMPE sys-
tems, the scheme is quite similar: a periodically replicated cell
containing 132 lipids, divided into two monolayers with 66 lip-
ids each and 40 molecules of NA or PA. The monolayers are
separated by a slab containing 8500 water molecules. The sim-
ulation geometry is similar to that proposed by Feller et al.””!
and has been used in many studies.”" "= The size of the simu-
lation cell was kept constant. The in-plane box dimension, Lx
and Ly, were chosen to accommodate the lipids on each inter-
face at the appropriate area per lipid (62 A2 for DMPC and 60
A? for DMPE monolayers'>™'7). The Lz was kept at 255 A in all
cases, to ensure that interactions across the z axis were negli-
gible for each surface density considered.

In all the cases, the corresponding bioactive molecule con-
centration is ~250 mM and the molecule:lipid ratio is ~1:3, in
agreement with the experimental information that we find in
bibliography.”’ The same types of systems in the absence of
NA or PA were performed as controls of the behavior of neat
lipid monolayers.

The MD simulations were performed by GROMACS 4.0 soft-
ware package.'"®2% The GROMOS-96 53a6 force field'?? was
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used for the four type of molecules (NA, PA, DMPC, and DMPE).
Methylene and methyl groups of lipid molecules were treated as
united atom type. Water was modeled using the simple point
charge model.”® The electrostatic interactions were handled
with the smooth particle mesh ewald (SPME) version of the
Ewald sums.?*?*! The settings for the SPME method were a real
space cutoff of 1.5 nm, a grid spacing of 0.24 nm, and a cubic
interpolation. In all the simulations, the van der Waals interac-
tions were cutoff at 1.5 nm. The simulations were carried out in
the NVT ensemble using the Berendsen thermostat.?®' The
whole system was coupled to a temperature bath with a refer-
ence temperature of 300 K and a relaxation constant of 0.1 ps.
No constraints were used for the bonds. The time step for the
integration of the equation of motion was 1 fs. The nonbonded
list was updated every 10 steps. To release steric clashes we per-
formed 1,000,000 steepest descent cycles and 1,000,000 steps of
conjugated gradient algorithm. Prior to the production run, a
series of six equilibration steps of 5 ns each were performed
upgrading the temperature progressively.

The ground-state geometry of NA and PA was optimized
within the density functional theory with use of the B3LYP™”!
functional and 6-31G* basis set. The molecular structure of
these molecules is shown in Figure 1. The partial atomic
charges were obtained through a single point HF/6-31G*using
Gaussian®® and the Merz-Singh-Kollman protocol.”®! The
force constants and intermolecular parameters were chosen in
analogy to similar molecules already described by GROMOS.

The simulated systems were built in a cubic box, using the
Packmol package®®” sampling the bioactive molecules near the

Figure 2. Scheme of the simulation unit cell on the beginning of the
simulation.
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monolayers, but not inside them (e.g., see Fig. 2). The system’s
dimensions were carefully chosen to ensure an aqueous layer of
at least 50 A between the headgroups of the two opposing
monolayers, therefore ensuring negligible interactions between
lipid surfaces®™. MD simulations were carried out up to 100 ns
production run after the equilibration of the system. The images
were made with visual molecular dynamics (VMD)®" and Grace
(xmgrace)? software.

Simulation Results
Electron density profiles

The interfacial ordering of the system is evaluated here by
means of the electron density profile (EDP) normal to the
monolayer. The profiles were calculated by time averaging the
net charge per 0.1 A thick slabs, assuming a Gaussian distribu-
tion centered at the atomic positions with a width of approxi-
mately 2 A. Figure 3 shows EDPs for the six systems under
investigation, with the electron density being plotted against
the z coordinate, where z = 0 corresponds to the system center
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Figure 3. EDP of the main system constituents: water (dotted lines), NA
(dot-dash-dashed lines; amplified two times for comparison propose), PA
(dash-dot-dotted lines; amplified two times for comparison propose), the
monolayers of DMPC (black solid lines), and DMPE (black dashed lines). (A)
Neat DMPC; (B) NA in DMPC monolayers; (C) PA in DMPC monolayers; (D)
neat DMPE; (E) NA in DMPE monolayers; and (F) PA in DMPE monolayers.

located in the middle of the aqueous phase. Contributions to
the electron density are shown for water, NA, or PA (both mole-
cules were amplified by a factor 2 for comparison purposes)
and for monolayers of DMPC or DMPE, depending on the case.

A comparison of the profiles in panels (A) through (C) indi-
cates that in the case of DMPC monolayer both bioactive mol-
ecules are predominantly found in the region of the polar
head groups of the monolayers. On the other hand, in the
case of DMPE monolayer (panels (D) through (F)), the mole-
cules enter deeper into the hydrophobic core of the mono-
layer tails. This effect is more pronounced for the case of PA
molecules (dash-dot-dotted lines).

Further details about NA and PA orientation can be
obtained by analyzing the distribution of its main groups,

@WILEY i@ ONLINE LIBRARY

Figure 4. Total and partial contributions to EDPs of NA and PA in DMPC
(left) and DMPE (right) monolayers. The total EDP of NA is shown in black
solid lines, PA in black dashed lines, the N of the pyridine ring and N of
the amide group contributions are depicted in gray and dot-dashed solid
lines, respectively. Both partial contributions were amplified five times for
comparison proposes.

depicted in Figure 4 for NA (top panels) and PA (bottom pan-
els) molecules. The left panels represent the molecules in the
DMPC monolayer, while the right panels represent the mole-
cules in the DMPE monolayer. Separate group contributions to
the EDPs are given for the nitrogen of the pyridine ring struc-
ture (gray solid lines) and the nitrogen of the amide group
(dot-dashed lines). The overall lineshape of the distribution
(not the mean location) of NA and PA appears to be affected
by the monolayer composition, DMPC or DMPE. In the case of
DMPC monolayers, both types of molecules present a broad
distribution for both ring and amide nitrogen atoms, with dis-
tribution maxima near each other suggesting an orientational
disorder of the molecule. In contrast, in DMPE monolayers, the
pyridine nitrogen seems to be deeper inside the monolayer
than the amide group. Mainly PA shows a different preferential
region for each group: the ring makes deeper incursions into
the hydrocarbon core than does the amide group, suggesting
that specific interactions between this last group and the polar
head groups of DMPE may be taking place.

Specific interactions

To get deeper insights on the possible orientation of the dif-
ferent molecules in the lipid monolayer, we study the specific
interactions between the principal donors and acceptors of
hydrogen bonding groups. Figure 5A shows the radial distribu-
tion function, g(r), between the oxygens of phosphate group
and the hydrogens of the amide group of NA (gray) and PA
(black) with  DMPC (solid lines) and DMPE (dashed lines),
respectively. The first peak, for the four cases, located at ~1.98
A, is characteristic of a hydrogen (H)-bonding.®* It is more
pronounced in DMPE for both molecules. Besides, PA mole-
cules show stronger interactions between these groups than
NA with both kinds of lipids.

Figure 5B shows, using the same colors and type of lines
than in Figure 5A, the g(r) between carbonylic oxygens of the
phospholipids and hydrogens of the amide group of the

International Journal of Quantum Chemistry 2012, DOI: 10.1002/qua.24124
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Figure 5. Radial distribution function between: (A) the hydrogens of the
amine groups of NA (gray) and PA (black) and the phosphate oxygens for
DMPC (solid lines) and DMPE (dashed lines), (B) carbonilic oxygens of
DMPC (solid lines) and DMPE (dashed lines) and hydrogens of the amide
group of NA (gray) and PA (black), (C) amide oxygen group of NA (gray) or
PA (black) and the hydrogens of the ethanolamine group of DMPE.

molecules. Again, the first peak for the four cases located at
~1.85 A, suggesting the existence of an (H)-bonding. In this
case, the peak is more pronounced for NA in DMPC mono-
layers, as we discuss in terms of the EDPs (Fig. 4), where a
maxima in the middle of the interfacial region was found. This
result suggests a pivotal position of NA with the amide group
interacting with the carbonyl and two possible orientations to
the pyridine ring, pointing to the monolayer interior or to the
aqueous region, respectively.

In Figure 5C, we evaluate the interaction of the amide oxygen
group of NA or PA and the hydrogens of the ethanolamine
group. This kind of interaction is possible only in the case of
DMPE, because the choline group present methylenes instead of
hydrogens. A sharp peak in ~1.80 A corresponds again to a spe-
cific interaction between these two groups. The fact that this
interaction is stronger for NA is in good agreement with a pref-
erential location of this molecule (closer to the aqueous phase
in the monolayer). The distribution of the different polar groups
in the interphase of DMPE is, essentially, going from aqueous
region to hydrocarbon tails: ethanolamine, phosphate, and car-
bonyls groups (data not shown). In this sense, a higher interac-
tion of NA with hydrogens of ethanolamine group suggests a
preference position closer to the aqueous phase than PA.

Lipid tail ordering

The lipid tail order parameter is a standard quantity to evalu-
ate the structural order of acyl chains in lipid bilayers, which

International Journal of Quantum Chemistry 2012, DOI: 10.1002/qua.24124
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can be obtained from deuterium NMR measurements. The ex-
perimental order parameter, Scp = —1/2S5mol, is derived from
the measured residual quadrupole splitting Av = (3/4)(e’qQ/h)
Scp.2% In MD simulations, it can be determined by:

Serol :%<3c0529n —1),
where 0, is the angle between the normal to the bilayer and
the normal to the plane defined by two carbon—deuterium
(C—D) bonds in a deuterated n-methylene group of the lipid
acyl chain. If a united atom forcefield is used (without hydro-
gen or deuterium atoms), the C—D bond vector needs to be
reconstructed. In this way, the C(i — 1) - C(i + 1) vector is usu-
ally taken to be the z-axis. The x- and y-axis are defined per-
pendicular to the z-axis and to each other, with the y-axis in
the C(i - 1) - C(i) — C(i + 1) plane. Using this definition, S =
(2/3)Sxx 4(1/3)Syy and can be compared directly to H NMR
data.?>3¢

The order parameter is related to the tilt angle of the chains
and to trans-gauche distribution of chain dihedrals, but the
relationship is indirect""@ Figure 6 shows the -Scp order
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Figure 6. Order parameters (-Scp) as a function of the position of the car-
bon atoms along the hydrocarbon chain of DMPC sn-1 (A), sn-2 (B) and
DMPE sn-1 (C), sn-2 (D). Neat (solid lines), with NA (dashed lines) and with
PA (dotted lines).

parameters for all lipid methylene groups for sn-1 and sn-2
DMPC hydrocarbon tails (in order: panels A and B) and the
same for DMPE (panels C and D), with and without NA or PA.
The CH, groups are numbered consecutively from 2 to 13. The
carbonyl and CH3 carbons are labeled 1 and 14, respectively.
Overall, the results are typical of phospholipid monolayers
showing higher orientational order (larger -Scp) for the methyl-
ene groups located in the middle of the lipid tails.

PA introduces important changes in the tail ordering. The
effects are significantly more noticeable in DMPE mono-
layers. This is consistent with PA entering deeper in this
type of monolayer, thus contributing to a reduction of the
effective surface area per lipid.?>*”) By the other hand, the
presence of the NA molecules also promotes ordering effect
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on the monolayers; however, their effect is weaker than
PA case.

Electrostatic potential across the interface

The electrostatic potential () across the interface, arising from
the nonuniform distribution of dipoles, can be computed from
a trajectory by evaluating the double integral of the charge
density p(2):

W(2) — Y(~o0) = - / m dZ / m p(@")dz" /20

where the position z = —oc is far enough in the bulk phase
that the field is zero, and p(2) is the time averaged charge. The
double integral of the charge density gives the electrostatic
potential.

The results are shown in Figure 7, where the potential at
the air region has been set to zero. For a pure DMPC mono-
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Figure 7. Electrostatic potential for DMPC (panel A) and DMPE (panel B),
for neat (solid lines), with NA (dashed lines) and PA (dotted lines).

layer (panel A, black solid line), we obtain —386 mV, which is
in agreement with previous MD simulation studies.**=*% Ex-
perimental data for phospholipid membranes range from
—200 to —600 mV.*~47

As we can see in Figure 7, the changes due to the presence
of PA (dotted lines) are ~200 mV in DMPC and ~176 mV in
DMPE monolayers. These results are in very good agreement
with the changes on the dipole potential obtained experimen-
tally for Borba et al'”. These authors obtained changes of
~200 mV for PA in both types of lipids, at the same concentra-
tion of bioactive molecule.

The results show that NA effects on the electrostatic poten-
tial are weaker than the PA ones for both types of lipids. We
obtain changes of ~45 mV in DMPC and ~30 mV in DMPE.
This is in good qualitatively, with the experimental results
(where values of ~100 and 40 mV are reported for DMPC and
DMPE, respectively).'”

It is important to remark that the electrostatic potential
arise from the nonuniform distribution of dipoles. In this way,
dipole contributions, in these systems, arise from the orienta-
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tions of the lipid heads, of the guest molecules and the distri-
bution of water dipoles toward the interphase. In many cases,
dipoles of the different groups are cancelled, showing no neat
effect in the electrostatic potential.

To exploit the possibilities that offer the computer simula-
tions, in next subsections we look at the changes of the lipid
heads and their contributions to the electrostatic potential.
Considering that one of the main dipole contributions to the
potential is the P~ — N vector, we study its contribution for
the different systems.

Analysis of the headgroups

The effects from NA and PA on the lipid headgroups of the
monolayers can be analyzed in more detail by inspecting the
orientation probability distribution of the charged groups P
and N of the zwitterionic lipid heads. Let 0 as the angle
between the P~ — N vector and the monolayer normal vec-
tor. An angle of 0° corresponds to a vector aligned with the
axis of reference pointing toward the aqueous phase, and an
angle of 180° corresponds to a vector pointing toward the
monolayer hydrocarbon tails.*® The orientation probability
distributions, P(0)/P*°(0), calculated by averaging over all lipids
and all configurations are depicted in Figure 8 for each type of
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Figure 8. Orientational distribution, P(0)/P*°(0), of the 0 angle between
the headgroup PN vector and the bilayer normal for DMPC (top panel) and
DMPE (bottom panel) monolayers. Neat (solid lines), with NA (dashed lines)
and with PA (dotted lines).

lipid. In the case of DMPC the preferential orientation is
around 0 ~65°, and the interaction with the bioactive mole-
cules do not change significantly this situation. On the other
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hand, the DMPE headgroup present two populations of angles
in ~70° and ~140°. This is in good agreement with the capa-
bility of PE to form intermolecular (H)-bonding. Thus, there are
two preferential orientations of the amine group: one near the
interface (distribution <90°) and one near the lipid oxygen
atoms of the phosphate groups indicating that the amine
groups are favorably interacting with them (distribution
>90°).181 The interaction with NA does not modify this pat-
tern. However, the interaction with PA changes the proportion
of the populations significantly and shifts the population of
70-80°. The population angle of 140° shows a remarkable
decrease in the presence of PA, suggesting a decrease in the
intermolecular (H)-bonding of DMPE, in good agreement with
the higher affinity of PA to the phosphate group of this lipid
(Fig. 5). This change considerably affects the electrostatic
potential of the monolayer (Fig. 7). In this sense, the change in
the overall lineshape of PA interacting with DMPE is not only
due to the PA itself but also due to the reorientation of the
DMPE headgroups.

The changes in the electrostatic potential of DMPE due to
the presence of NA and PA guest molecules should be under-
stood due to the difference in the orientation of the PN vector
and the water dipoles reorientation following this change.
However, the picture is completely different in the DMPC
where no noticeable changes were found in the PN vector ori-
entation. Considering the contributions of dipoles to the elec-
trostatic potential, water dipoles play an important role in that
sense. It seems to be appropriate a discussion in this direction.

Water dipoles distribution

We computed the orientation of water molecules with respect
to the vector normal to the monolayer, and we determined
the average cosine of the angle between the dipole moment
of water and the z axis.*® The box is divided in slices and the
average orientation per slice is printed. Each water molecule is
assigned to a slice, per time frame, based on the position of
the oxygen.

As we can see from Figure 9, the average direction of the
water dipoles in the neat DMPC (solid line) monolayer-water
interface region changes considerably in its interaction with
PA (dotted line). This change is related with the “hump” effect
close to the interface, which is due to a subtle imbalance
between the orientation of the water molecules and lipid
headgroups.”® This effect does not occur in the case of NA
(dashed line) interacting with DMPC. Therefore, the changes in
the electrostatic potential in the case of DMPC monolayers
would be explained because of a change in the water dipoles
orientation, instead of a predominantly effect of a reorienta-
tion of the lipid headgroups as it is the case in DMPE.

Concluding Remarks

MD simulations were used to investigate the effects of the
interaction of biomolecules as NA and PA on its location, rela-
tive orientation, and distribution and effects in zwitterionic
DMPC and DMPE monolayers.
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Figure 9. Projection of the water dipole unit vector ﬁ onto the interfacial
normal —, yielding P(z) = (u(z)- —) = (cos ¢) for neat DMPC (solid
line), DMPC-NA (dashed line), and DMPC-PA (dotted line).

We can determine a distinct orientation of the molecules,
mainly determined by the type of lipid composition of the
monolayers. Both isomers present considerable specific interac-
tions with the phosphate and the amine groups of DMPE. In
the case of DMPC monolayers, NA presents an important spe-
cific interaction with the carbonyl oxygens.

The different orientation and specific interactions of each
molecule determine changes in the PN vector of the phospho-
lipids, as the case of PA in DMPE monolayers, or in the orienta-
tion of the water dipoles, as it is the case of PA in DMPC
monolayers. This effects impact in the electrostatic potential of
the system and modify it.
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