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Abstract Sodium dodecyl sulfate (SDS) is a well-known
anionic detergent widely used in both experimental and theo-
retical investigations. Many molecular dynamics (MD) simu-
lation have been performed on the SDS molecule at coarse-
grained (CQG), united-atom (UA), and all-atom (AA) resolu-
tions. However, these simulations are usually based on general
parameters determined from large sets of molecules, and as a
result, peculiar molecular specificities are often poorly repre-
sented. In addition, the parameters (ideal bond lengths, angles,
dihedrals and charge distribution) differ according to the res-
olution, highlighting a lack of coherence. We therefore pro-
pose a new set of parameters for CG, UA, and AA resolutions
based on a high quantum mechanics (QM) level optimization
of the detergent structure and the charge distribution. For the
first time, QM-optimized parameters were directly applied to
build the AA, UA, and CG model of the SDS molecule,
leading to a more coherent description. As a test case, MD
simulations were then performed on SDS preformed micelles
as previous experimental and theoretical investigations allow
direct comparison with our new sets of parameters. While all
three models yield similar macromolecular properties (size,
shape, and accessible surface) perfectly matching previous
results, the attribution of more coherent parameters to SDS
enables the description of the specific interactions inside and
outside the micelle. These more consistent parameters can
now be used to accurately describe new multi-scale systems
involving the SDS molecule.
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Introduction

Sodium dodecyl sulfate (SDS) is a well-known anionic deter-
gent widely used in both experimental and theoretical inves-
tigations such as SDS-protein interactions [1-5] or detergent
micellization itself. Indeed, many experimental studies have
been performed to determine the size and shape of SDS
micelles, as well as their aggregation number [6—10], the
dynamics of the hydrocarbon chains [11-13], or the solvent
penetration within the hydrophobic inner core [14, 15]. How-
ever, the interpretation of experimental results is often model-
dependent, making theoretical studies of micelles a crucial
stage to obtain relevant molecular pictures. Molecular dynam-
ics (MD) simulations on SDS micelles have therefore been
performed at the coarse-grained (CG) [16—19], united-atom
(UA) [20-24], and all-atom (AA) [25-27] resolutions. How-
ever, the limitations of the method are related to the descrip-
tion of the molecule at each resolution (ideal bond lengths,
angles, dihedrals, and partial charges distribution) [28] that
usually remains based on general parameter sets covering
wide areas of biochemistry [29] and therefore missing the
specificity of the newly investigated systems. Moreover,
multiscale simulations [30-32] are currently performed using
parameters sets that differ according to the resolution. Indeed,
while the charge is exclusively carried by the polar headgroup
for the CG representation [16], the UA model displays a non-
negligible charge on the first methyl group (C1; Table 1;
reference) of the hydrocarbon tail [20], and this charge is
distributed along the whole molecule for the AA model [25].
As a consequence, a more coherent set of parameters for the
SDS molecule at CG, UA, and AA resolutions is needed to
circumvent this major MD drawback.

We here propose to describe (partial charges, ideal bond
lengths, angles, and dihedrals) the SDS molecule for each
resolution starting from a QM-optimized model. Doing so,
and for the first time, the corresponding parameters will be in
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Table 1 Partial charges (e) for the SDS molecule at all-atom (AA),
united-atom (UA), and coarse-grained (CG) resolutions

Coherent models Reference
AA UA CG AA[20] UAT[15] CGII1]

oM -0.618 —0.618 —1.203 —0.633 -0.654 —1.000
oM -0.618 —0.618 —-0.633 -0.654

oM’ -0.601 —0.601 —-0.633 -0.654

S +1.105 +1.105 +1.256 +1.284

OA -0471 -0471 -0.528 -0459

C1 +0.259 +0.245 +0.233 +0.370 +0.137 0.000
HI.1 -0.007 —0.035

H1.2 —0.007 —-0.035

C2 +0.061 +0.039 +0.116 0.000

H2.1 —0.011 -0.031

H2.2 —0.011 -0.031

C3 -0.064 —0.092 -0.095 0.000

H3.1 -0.014 -0.019

H3.2 -0.014 -0.019

Cc4 +0.139  +0.041 +0.251 0.000

H4.1 -0.049 -0.078

H4.2 —0.049 -0.078

C5 +0.101  +0.029 +0.030 +0.055 0.000 0.000
H5.1 -0.036 -0.036

H5.2 +0.036 —-0.036

Cc6 -0.053 —0.071 +0.031 0.000

Hé6.1 —-0.009 -0.033

H6.2 —-0.009 -0.033

C7 +0.076  +0.018 +0.053 0.000

H7.1 -0.029 -0.034

H7.2 -0.029 -0.034

C8 -0.132  +0.054 +0.217 0.000

H8.1 -0.039 —-0.065

H8.2 -0.039 —-0.065

C9 —0.084 —0.085 —0.060 —0.088 0.000 0.000
H9.1 —0.001 -0.011

H9.2 —0.001 -0.011

C10 +0.038  +0.006 +0.099 0.000

H10.1 -0.046 -0.036

H10.2 -0.046 —0.036

Cl11 +0.233  +0.131 +0.224 0.000

H11.1 -0.016 -0.054

H11.2 -0.016 -0.054

Cl12 -0.281 —0.112 -0.224 0.000

HI2.1 +0.055 +0.043

HI22 +0.055 +0.043

H123 +0.059 +0.047

line for the three resolutions: (i) the AA model taking into
account the 42 atoms of the molecule (Fig. 1a); (i) an UA
model reducing the number of degrees of freedom by merging
each methyl group pertaining to the hydrocarbon tail into a
unique particle (Fig. 1b); (iii) a CG model further simplifying
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the description of the molecules by integrating a large number
of degrees of freedom into a handful of entities: a hydrophilic
group (including all the atoms of the headgroup) bearing a
negative charge, and three hydrophobic beads (each
representing four methylene groups [16]) (Fig. 1c).

Thanks to the previous experimental and theoretical inves-
tigations, we were able to check the relevance and accuracy of
these three original models in describing the dynamic behav-
ior of preformed micelles in water. These coherent sets of AA,
UA, and CG parameters could now be used to investigate the
SDS-protein interactions at multiscale resolutions.

Methods
QM-based SDS parameters

The geometry of a single SDS molecule was optimized with
the Gaussian 09 package at the B3LYP/6-311++G(2d,2p)
level which has proved to yield reliable structural parameters
[33-35], and the atom charges were computed using the
electrostatic potential charges (ESP) that have been very effi-
cient and successfully applied for a variety of systems [33,
36]. For the AA model, the existing atom types and force
constants reported for the gromos53a5 forcefield [29] were
used, and the QM obtained partial charges were attributed to
each atom as listed in Table 1. Equilibrium bond lengths,
angles, and dihedrals were derived from the optimized struc-
ture. As for AA model, the UA detergent molecule was built
by using existing united-atom types and force constant from
the gromos53a5 forcefield. United-atom charges were obtain-
ed by summarizing the charges from all atoms of the methyl
group into a single point as shown in Table 1. Finally, the CG
structure was obtained using the MARTINI forcefield [37]
with the corresponding parameters for SDS set as previously
described [16] except for the partial charges, obtained by
summing the charges derived from the QM-optimized model
into the relevant coarse-grained groups [38] (see Table 1).

Simulated systems

The SDS micelles were built using Packmol [39] by assem-
bling 60 SDS molecules to match an experimental aggregation
number in the range of 55-70 [6-8] as well as the number of
monomers previously described in other theoretical investiga-
tions [16, 20, 24]. The terminal carbon beads (CG) or atoms
(AT and AA) were placed inside a virtual sphere of 3.5 A
while the hydrophilic bead (CG) or the sulfur atom (UA and
AA) was located outside a second virtual sphere with a radius
of 16 A. All the preformed micelles were then placed in a
cubic simulation box which was subsequently filled with
20,000 single-point-charge (SPC) water molecules, for a final
SDS concentration of 150 mM. To ensure the charge
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Fig. 1 Structure of sodium
dodecyl sulfate at the all-atom
(AA), united-atom (UA), and
coarse-grained (CG) resolutions.
Carbon atoms are numbered
according to their position within
the hydrophobic tail

neutrality, 60 Na" ions were introduced by randomly replacing
water molecules.

Details of the simulations

All simulations were completed using the GROMACS 4.5.5
version [40]. The energy of the initial configuration was
minimized with the steepest descent method, which is known
to give adequate configurations for similar systems [20, 41].
Next, all simulations were performed in the NPT ensemble.
For all AA, UA, and CG models, SDS and water molecules
were separately coupled to a Berendsen thermostat [42] at
293.15 K and the barostat set was at 1 bar to match the
experimental conditions. A timestep of 2 fs was applied for
both AA and UA models, and 40 fs for the CG model.
Analyses were performed by using the GROMACS tools,
while VMD [43] and Pymol (The PyMOL Molecular
Graphics System, Version 1.5.0.4 Schrodinger, LLC.) were
used for visualization.

Results and discussion

After comparing the QM-derived parameters of SDS with
those commonly used for MD simulations, we present the
modelled SDS micelle according to three properties: (i) the
general outer SDS structure corresponding to the size and the
shape of the micelle; (ii) the inner SDS structure involving the
distribution of chemical groups along the micelle axis and the
interactions of hydrophobic tails with water molecules; and
(iii) the specific interactions occurring at the surface of the
micelle.

Electronic and structural parameters of SDS molecule

The partial charge distributions and the structural parameters
derived from the QM-optimized molecule at the three resolu-
tions are listed in Tables 1 and 2 respectively. Slight differ-
ences are observed on the charge distribution between our AA
model and the previously proposed model [25], most probably
due to the selected QM optimization level selected (B3LYP/6-
311++G(2d,2p) versus B3LYP/6-31+G(d) [25]). However,
even if the net charge over the alkyl tail (from C2 to C12) is
weak for both models (—0.042 e according to our optimization
and —0.040 for Yan et al.), there are non-negligible values at
the end of the hydrophobic tail. For instance, in both models,
C11 and C12 carry charges of +0.233 and —0.281 e (+0.224
and —0.244 previously), respectively (Table 1), that could
slightly affect the interactions with other molecules.

We then set up new UA and CG models derived from the
AA model by summing the charges from all atoms of one or
four methyl group(s) into a single point for the UA or CG
molecules respectively. In comparison to the three reference
models (Table 1, right), our newly described SDS molecule
shows different charge values and a more coherent distribu-
tion of them between the three different resolutions (Table 1,
left). Indeed, while partial charges of each methyl group are
set to zero in the UA and CG reference models, our UA and
CG molecules display a value corresponding to the sum of the
charges on each atom constituting the particle, leading to a
more coherent description of the system.

The micelle outer structure

For each model, the preassembled micelle (60 SDS mole-
cules) remains stable throughout the course of the entire
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Table 2 Bond lengths, angles, and dihedrals parameters for SDS mole-
cule at all-atom (AA) and united-atom (UA) resolution

QM-based models References

AA UA AA[25] UA[21]
a. Bond length (nm)
OM-S 0.147 0.147 0.145 0.150
OM’-S 0.146 0.146 0.144 0.150
S-0A 0.170 0.170 0.163 0.136
OA-C1 0.142 0.142 0.140 0.143
Cl1-C2 0.152 0.152 0.152 0.152
C-C 0.153 0.153 0.153 0.152
C-H 0.109 N.A. 0.109 N.A.
b. Angles (deg)
OM-S-OM 115.6 115.6 113.6 119.0
OM-S-OM’ 114.0 114.0 115.1 119.0
OM-S-OA 104.3 104.3 104.5 105.0
OM’-S-OA 100.6 100.6 102.1 105.0
S-0OA-C 1144 114.4 117.1 120.0
OA-C-C 108.2 108.2 107.8 115.0
C(H2)-C(H2)-C(H2) 1138 113.8 113.4 111.0
C(H2)-C(H2)-C(H3) 1134 113.4 113.1 111.0
OA-C-H 109.9 N.A. 109.6 N.A.
H-C(H2)-H 105.9 N.A. 106.2 N.A.
H-C(H3)-H 107.6 N.A. 107.6 N.A.
H-C(H2)-C(H2) 109.0 N.A. 109.3 N.A.
H-C(H3)-H 111.3 N.A. 111.3 N.A.
c. dihedrals (deg)
OM’-S-OA-C 180.0 180.0 180.0 180.0
OM-S-0OA-C 59.9 59.9 59.9 60.0
S-OA-C-C 180.0 180.0 180.0 180.0
OA-C-C-C 180.0 180.0 180.0 180.0
S-OA-C-H 59.3 N.A. 59.4 N.A.
OA-C-C-H 579 N.A. 57.9 N.A.
C-C-C(H2)-H 577 N.A. 57.8 N.A.
C-C-C(H3)-H 59.8 N.A. 59.9 N.A.

20 ns run, and snapshots of the AA, UA, and CG micelles at
the end of the production runs are presented in Fig. 2.

As a typical descriptor, the average radius of gyration (Rg)
is used to characterize the micelles, and we obtained values of
16.8+0.6, 16.8+0.5, and 15.5+0.2 A for the AA, UA, and CG
models, respectively. The effective micelle radius (Rs), which
can be compared to experimental results, were determined by
using the equation based on the relationship between the
radius of a sphere of uniform density and its R, as previously
described [44]. The R, values correspond to 21.7+0.8, 21.7+
0.7, and 20.0+0.2 A for the three models (Table 3). All of
them give values in good agreement with the experimental
results obtained by neutron scattering (19.5+1.4 A [8]), dy-
namic light scattering (22.1+1.1 A [10]), and X-ray scattering
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Fig. 2 Final all-atom (AA), united-atom (UA), coarse-grained (CG)
micelles at the end of the production run. Headgroups are in red or orange
while hydrophobic tails are in cyan

(22.3£1.2 A [12]), and they also match previous MD simula-
tions [16, 20, 21, 45]. Remarkably, explicitly taking hydrogen
atoms into account does not significantly redimension the
structure, as AA and UA micelles have similar sizes.

To describe the evolution of the micelle shape starting from
a perfect sphere, the principal moments of inertia (I;, I,, and
I5) and the eccentricity (e) were computed (Table 3). For each
micelle, the eccentricity evolves from zero for a perfect sphere
to 1 for a “rod-like” object [46]. The values of 0.17+0.06,
0.18+0.08, and 0.17+0.06 for AA, UA, and CG models
indicate that, whatever the model, the micelles show a prolate
ellipsoidal shape matching previous theoretical and experi-
mental investigations [11, 16, 23, 24, 26, 47].

Finally, the solvent accessible surface area (SAS) allows a
characterization of the interactions between the micelle and
the surroundings. The total SAS of the relaxed micelles are
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Table 3 Characterization of the outer structure of the all-atom (AA), united-atom (UA), and coarse-grained (CG) micelle. R,: radius of gyration. Ry:
micelle radius. I;: moment of inertia. e: eccentricity. SAS: solvent accessible surface area

Rg(A) RsA) [ L I; e SAS (A?) hydrocarbon tails SAS (A?) headgroups SAS (A?) total
AA 168+0.6 21.6£0.8 1.00+0.05 123+0.07 0.39+0.07 0.17£0.06 4533+245 6637+191 11170+371
UA 168405 21.7+0.7 1.00£0.06 126+0.08 140+0.09 0.18+0.08 4245+230 6516+131 10761+355
CG 15502 20.0£02 1.00£0.05 123+0.06 1.39+0.07 0.17£0.06 3489+206 6797+204 10286+327

11,170+371, 10,761+355, and 10,286+327 A? for the AA,
UA, and CG models (Table 3) corresponding to 186.2+6.2,
179.4+5.9, and 171.4+5.5 A% of SAS per monomer,
respectively.

In summary, whatever the resolution, the SDS micelle’s
macromolecular properties are well in line with previous
experimental and theoretical results, validating our systemat-
ically QM-derived sets of parameters.

The micelle inner structure

The inner micelle structure can be analyzed in terms of radial
distribution of the different groups constituting the system, i.e.,
the hydrocarbon tails, the headgroups, the sodium ions, and the

0 5 10 5 20 25 30 35 40
Distance to COM (A)

Fig.3 Radial distribution in terms of the distance from the micelle center

of mass (COM) of the hydrocarbon tails (black), headgroups (red),

sodium ions (green), and water molecules (blue) at all-atom (AA), unit-
ed-atom (UA), and coarse-grained (CG) resolutions

water molecules (Fig. 3). For all three resolutions, the distribu-
tions show similar overall trends. As expected, the hydrocarbon
tails (black curve) are maintained inside the micelle, constituting
the so-called hydrophobic core. Similarly, the maximum for the
tails distribution is distant by 10 A from the center of mass
(COM; black dashed line). The headgroups (red line) are dis-
tributed around the hydrophobic core with a peak at 18 A,
followed by the sodium counterions at 20 A (green curve),
consistent with previous results [8, 12, 16, 22, 26].

There are no water molecules (blue line) within 12 A to the
COM indicating that up to this limit the inside of the micelle is
totally water-free (see scheme on Fig. 6). As a result, there is a
significant overlap region (from 12 to 23 A to the COM) in
which the aliphatic tail and water molecules can be in contact.
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Fig. 4 Number of water molecules neighboring the carbon atoms con-

stituting the hydrophobic tail in the all-atom (AA), united-atom (UA), and

coarse-grained (CG) models. Carbon number refers to the position in the

tail as depicted in Fig. 1
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Fig. 5 Radial distribution functions between the sulfate headgroups and
water molecules (dashed line) or sodium ions (bold line) for the all-atom
(AA), united-atom (UA), and coarse-grained (CG) models

Again, this is in line with previously published data 8, 11, 13,
20, 21, 24, 48].

The ability of the hydrocarbon subunits to be surrounded
by water molecules has subsequently been evaluated. For each

Fig. 6 United-atom micelle cross

carbon constituting the detergent tail (from C1 to C12; see
carbon numbering on Fig. 1), the number of water molecules
neighboring each carbon atom by less than 3.5 A is reported in
Fig. 4. It decreases when going from C1 to C5 and reaches
values close to zero for C6—C11. The non-negligible values
for the four first carbon atoms indicate that headgroups do not
completely cover the micelle surface (as observed on Fig. 2),
allowing some water-hydrocarbon contacts, as also observed
from the calculated hydrocarbon tails SAS (Table 3). From
C6, the hydrophobic tail is fully embedded inside the micelle
and is consequently protected from water molecules. Howev-
er, few water molecules are observed around the terminus
carbon atom (Fig. 4, C12; not observed on the CG model
due to the low resolution) indicating some exposure of the
C12 methyl group outside the water-free region (see Fig. 6,
arrows) as previously mentioned from MD simulations [26]
and experiments [15].

In agreement with previous experimental and theoretical
studies, the three levels of approximation lead to the consistent
organization of the inner part of the micelle.

The micelle-bulk interface

Finally, we investigated the micelle-bulk interface by cal-
culating the radial distribution function of the headgroup-
salt or headgroup-water association (Fig. 5). The CG model
clearly differs from the UA and AA’s, as it results in an
overlap of the water molecules distribution with the sodium
ions. For both AA and UA models, a first peak is observed
around 1.9 A corresponding to a first hydration shell
(dashed line) exclusively consisting of water molecules
solvating the non-charged oxygen of the detergent, as pre-
viously mentioned [21, 26]. Then, two major peaks

R,=21.7 A

A

section at the end of the
production run. Atoms are
represented by the following
colors: cyan = carbon; red =
oxygen; yellow = sulfur; white =
hydrogen; blue = sodium ion
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corresponding to the sodium ions distribution (black line, a
and b) are both located between two hydration shells
(dashed line, 1 and 2 or 3 and 4). Again, this is in
agreement with previous MD simulations [15, 21] where
the counterions could be coordinated (i) either in a tetrahe-
dral pocket formed by the non-charged oxygen (OA) and
two oxygen’s of the headgroup (OM), (ii) or by the three
negatively charged oxygen atoms of the sulfate headgroups.

The CG model agrees with the AA and UA models by
showing four shells of hydration (Fig. 5c, bold line) and three
shells of ions (dashed line) around the headgroup. However,
contrary to the AA and UA models where each atom from the
headgroup is explicitly characterized, the CG representation
merges them all in a unique particle avoiding specific interac-
tions between water molecules and ester-type (OA) or sulfo-
nate (OM) oxygen atoms.

Conclusions

SDS is a well-known anionic detergent widely used in both
experimental and theoretical investigations. However, the pre-
viously published SDS MD simulations are limited due to the
description of the SDS molecule based on general parameter
sets that are different according to the resolutions.

In that context, we here proposed more coherent sets of
parameters for the SDS molecules at CG, UA, and AA
resolutions based on a QM-optimized structure. Firstly, we
attributed ideal bond lengths, angles, dihedrals, and partial
charges obtained from the QM-optimized molecule to the
three models. By then comparing our newly described
parameters to reference SDS models widely used in simu-
lations, we observed that our new set lead to a more
consistent description of the molecule at the different reso-
lutions. Then, SDS micelles were accurately built and MD
simulations were performed at three different resolutions in
order to compare the respective ability of QM-optimized
AA, UA, and CG SDS parameters to properly describe the
dynamic behavior of the preformed micelle in water. While
all three models present the same macromolecular proper-
ties (size, shape, and accessible surface) perfectly matching
previous experimental and theoretical results, the attribution
of more representative parameters for SDS leads to the
reproduction of the specific interactions of the detergent
inside and outside the micelle. Indeed, whatever the reso-
lution, the SDS micellar properties are well in line with
previous experimental and theoretical results, validating our
systematically QM-derived set of parameters.

These coherent sets of parameters describing the AA, UA,
and CG SDS molecule could now be used to investigate the
SDS-protein interactions at multiscale resolutions.
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