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Temperature-Dependent Atomic Models of Detergent Micelles
Refined against Small-Angle X-Ray Scattering Data
Milos T. Ivanovi¢, Linda K. Bruetzel, Jan Lipfert,* and Jochen S. Hub*

Abstract: Surfactants have found a wide range of industrial
and scientific applications. In particular, detergent micelles are
used as lipid membrane mimics to solubilize membrane
proteins for functional and structural characterization. How-
ever, an atomic-level understanding of surfactants remains
limited because many experiments provide only low-resolution
structural information on surfactant aggregates. In this work,
small-angle X-ray scattering is combined with molecular
dynamics simulations to derive fully atomic models of two
maltoside micelles at temperatures between 10°C and 70°C.
The micelles take the shape of general tri-axial ellipsoids and
decrease in size and aggregation number with increasing
temperature. Density profiles of hydrophobic groups and water
along the three principal axes reveal that the minor micelle axis
closely mimics lipid membranes. The results suggest that
coupling atomic simulations with low-resolution data allows
the structural characterization of surfactant aggregates.

As fundamental building blocks of soft-matter systems,
surfactants (surface-active agents) have found a wide range of
industrial, scientific, and consumer applications.[“] For
instance, surfactants and their micellar aggregates may
accelerate or inhibit chemical reactions as compared to an
aqueous medium.** Since surfactants may alter their struc-
ture in response to external stimuli,””! they have been used as
a carrier for therapeutic molecules, to build confined reaction
platforms for sustainable chemistry, and for modifying the
characteristics of food products.**! Surfactants are routinely
applied in cosmetics, personal care, and cleaning products,
and the world market of surfactants was valued at about
30 billion US dollars in 2015.”) Beside such applications,
surfactants serve as model systems in soft matter research, as
their self-organization into structures such as micelles or
bilayers is still not fully understood.”!’ A functional under-
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standing of such soft matter systems remains limited, which is
partly due to the lack of reliable atomic models.

Detergents are the most widely used type of surfactants.
Above the critical micelle concentration (CMC), detergent
monomers in solution self-assemble and form micelles of
various shapes such as spheres, ellipsoids or cylinders. The
formation of micelles involves a delicate balance of free-
energy contributions from enthalpy and both solute and
solvent entropy.'>!") Consequently, many fundamental prop-
erties of micelles, such as the CMC, the aggregation number
N, and their size and shape are temperature-dependent.'?

Since the cross-section of certain detergent micelles
resembles lipid membranes, micelles are frequently used as
membrane mimics to solubilize membrane proteins for
biochemical and structural characterization.'”! In experi-
ments, protein—detergent complexes are often exposed to
varying temperatures, for instance in NMR studies to accel-
erate diffusion and hence to improve the quality of spectra, or
to dissect thermodynamic equilibria involving conformational
changes or ligand binding.""*'>! Choosing a suitable detergent
for membrane protein solubilization is often accomplished by
trial and error; however, recent work suggests that matching
of the hydrophobic thickness between the micelle and the
membrane protein of interest can provide a route towards
rational selection and design of detergent micelles.'*!”!
Hence, accurate information on the shape and size of
detergent micelles, also as function of temperature, represents
a starting point to improve the stability of protein—detergent
complexes.

Detergent micelles have been studied using a range of
methods, including small-angle X-ray and neutron scattering
(SAXS/SANS) 1521 NMR  self-diffusion,” and several
others.”*! The information content of such data is often
insufficient to derive atomic models of micelles. Comple-
mentary, molecular dynamics (MD) simulations have been
used to gain atomic insight into micelles;*?") however, it
remains unclear to which extent force field imperfections bias
the structure and shape of the simulated micelle.””! Hence,
methods that integrate experimental data into MD simula-
tions are needed to obtain reliable atomic models of micelles.

Herein, we derived atomic models of two maltoside
micelles, n-dodecyl-f-pD-maltoside (DDM) and n-decyl-B-p-
maltoside (DM Figure 1) at temperatures between 10°C and
70°C, by combining experimental SAXS data with all-atom
MD simulations. The data were collected at beam line 121D of
the Advanced Photon SourceP!! (Supporting Information,
Methods). We incorporated the SAXS data as an energetic
restraint into MD simulations, allowing us to refine micellar
models against scattering data. Because all SAXS predictions
were based on explicit-solvent models, the calculations
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Figure 1. Atomic models of a) DDM and b) DM micelles at 25°C,
refined against experimental SAXS data. Red spheres: head groups;
orange spheres: tails; blue surface: explicit water included into the
calculations of SAXS profiles. Green arrows indicate principal axes
(length 4 nm).

involve accurate physical models for the hydration layer and
the excluded solvent, thereby avoiding any solvent-related
fitting parameters and, in turn, enabling highly predictive
structural modeling.*

We determined the aggregation number N,,, (that is, the
number of detergent monomers per micelle) as function of
temperature from the experimental SAXS data using two
independent methods. First, we determined N,, from the
extrapolated forward scattering intensity /), obtained by
Guinier analysis of the data in the low g-region (Supporting
Information, Figure S1), together with the expected scatter-
ing intensity from a detergent monomer. This approach is
model-free in the sense that it does not rely on a particular
representation of micelle structure, and it has been success-
fully applied to a range of different detergent micelles at room
temperature.”*?! Here, we measured and explicitly took into
account the temperature dependencies of the buffer and
detergent densities (Supporting Information, Methods and
Figures S2-S4). The data show that N,, decreases with
increasing temperature (Figure 2, red triangles), by about
20% going from 10°C to 70°C.

Second, we estimated the experimental N,,, using a series
of free MD simulations with increasing N,,, at each temper-
ature. From each simulation, we computed the scattering
profile and compared the position of the pronounced mini-
mum at ¢~ 1 nm ' to the experimental data to determine the
best fitting simulations and thus the estimated experimental
N,,, (Figure 2, black circles; Supporting Information, Meth-
ods and Figures S5, S6).

The two approaches to determining N,, give good
agreement both for the absolute values and for the temper-
ature dependencies; for DM, the agreement is even excellent
and within experimental error. For DDM, some deviations
are apparent, in particular at the highest temperature. These
deviations might stem from the fact that the lower density for
DDM compared to DM makes the analysis more sensitive to
uncertainties in the temperature dependence of the detergent
density, both for estimates from /, and from MD simulations.
Notably, our N,,, estimates for 25°C agree with previous
reports,1%20:21]

Having determined the temperature dependence of N,
enables us to test the analytic model for micellar aggregation
proposed by Chandler and co-workers.""! Using plausible

Figure 2. Aggregation number of DDM and DM micelles versus
temperature, derived from SAXS data in a model-free procedure (red),
from SAXS and MD simulations (black), and from an analytical
model."! Error bars denote 1 SEM. Error bars on red symbols were
obtained from repeated measurements and taking into account a 5%
uncertainty in the intensity calibration. Error bars on black symbols
were obtained from error propagation (see the Supporting Informa-
tion, Methods).

values for the alkyl chain-length parameter (Supporting
Information, Methods), the Chandler model (Figure 2, blue
line and symbols) provides a good description of the
experimental data. The remaining discrepancy can be
explained by the fact that Chandler’s theory assumes
a spherical micelle, whereas DDM micelles and, to a lower
degree, DM micelles take an ellipsoidal shape (see below).

The scattering profiles computed from 50 ns of free MD
simulations of DM and DDM micelles at the temperatures
between 10°C and 70°C conducted at the estimated N,
(Figure 2) give reasonable, but not perfect agreement with
the experimental data (Figure3, blue and red curves,
respectively). The experimental data suggest that the micelles
under our conditions are monodisperse (see the Supporting
Information, text), making it unlikely that heterogeneous
ensembles over different NV,,,, that is, polydispersity in micelle
size, accounts for the remaining residuals. Furthermore, we
found that modeling polydispersity in N,,, hardly improved
the agreement (Supporting Information, Figure S9), indicat-
ing that not a distribution over N,,, but instead incorrect
micellar shapes account for the residuals between simulation
and experiment. Specifically, the overpronounced minima (g
~1nm') and maxima (g~2 nm ) in the calculated profiles
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Figure 3. Experimental SAXS curves (red, representative errors obtained from repeated measurements)
computed from free (blue) and refined simulations (black) of DDM (top row) and DM (bottom row) micelles

at different temperatures as indicated in the subplots.

suggest that micelles in free simulations were slightly too
spherical, which is likely a consequence of small imperfec-
tions of the CHARMM36 force field® used in our simu-
lations.

To refine the micelles against the experimental SAXS
data, we introduced the experimental curves as an energetic
restraint into the simulations.?! Ultraweak restraints of 2—
3kImol ! for the entire system (Supporting Information,
Figure S7) were sufficient to restrain the micelles to shapes in
quantitative agreement with the data (Figure 3, red and black
curves). We found that the SAXS-derived restraints hardly
influenced the distribution of tail length as compared to free
simulations (Supporting Information, Figures S10, S11), but
the restraints modified the shape of the micelle, as apparent
from the distributions of radii of gyration around the three
principal axes (Supporting Information, Figure S14). Repre-
sentative snapshots of refined DDM and DM micelles at 25°C
shown in Figure 1 reveal slightly elongated ellipsoidal shapes.

To characterize the refined micellar shapes more quanti-
tatively, we computed the density profiles along the three
principal axes, decomposed into contributions from the
hydrophobic tails, head groups, and water (Figure 4b-g).
The density profiles were computed from 300 ns of SAXS-
restraint simulations at 25°C, and from 40-60 ns for all other
temperatures, suggesting that conformational fluctuations of
the micelles, to the extent allowed by the SAXS restraints, are
included in the density profiles. As evident from the three
distinct semi-axes, the micelles did not take the shape of
a spheroid (an ellipsoid with two identical semi-axes), but
instead took the shape of a general tri-axial ellipsoid.
Figure 4h/i summarizes the semi-axes for temperatures
between 10°C and 70°C, taken from the density of tails and
head groups. The micelles shrink with increasing temper-
atures along the major and middle axes, as expected from the
decreasing N,,,. The overall micelle dimensions shrink by
reducing the thickness of the hydrophobic region and not by
reducing the thickness of the head group region (Supporting
Information, Figures S12 and S13). In contrast, the extension
along the minor axis is nearly temperature-invariant, likely

because the shortest axis is
constrained by the exten-
sions of the detergent tails,
which are almost independ-
ent of temperature (Sup-
porting Information, Fig-
ure S12). Further, along all
three axes, the water density
decays  gradually  over
a range of about 1.5nm
between the bulk and hydro-
phobic tail regions (Fig-
ure 4b-g, cyan), similar to
the water density detected
by neutron reflectometry for
phosphatidylcholine mem-
branes.!

For both DDM and DM
at most temperatures, the
micelles are mainly charac-
terized by one long and two approximately equal shorter
semi-axes (Figure 4h,i; Supporting Information, Figures S12,
S14), that is, the micelles rather resemble prolate than oblate
ellipsoids; DDM micelles at 55°C and 70°C even take on
close to ideal prolate shapes. This finding seems to contrast
previous fits of an implicit two-component micelle model to
SAXS data, deserving further explanation. Previously, micel-
lar shapes were extracted from SAXS data by fitting
symmetrized geometric models, namely prolate or oblate
ellipsoids with only two independent semi-axes (Figure 4a
with a=b and t,=1,=1).2*?"" Such fits, however, may
become bistable, thereby yielding prolate and oblate models
with similar agreement with the data. In case of bistable fits,
the physically relevant solution was chosen such that the short
semi-axis is shorter than the detergent chain, thereby avoiding
a vacuum cavity in the micelle.'”’ For DDM and DM, this
procedure has led to the proposition of oblate micellar
shapes.””! By contrast, for the present study, we avoided any
assumptions about the symmetry, but we let the simulation
decide which micellar shape is most plausible in the light of
the data and the force field. Thereby, we obtained qualita-
tively different, namely more elongated prolate-like micellar
shapes.

Recent work suggested that the stability of a protein-
detergent complex improves if the hydrophobic thickness
matches between micelle and protein.'"*"”! To test if the
refined DDM and DM micelles provide an accurate mimic for
lipid membranes, we compared the hydrophobic and the polar
profiles along the three principal axes with the profiles of two
typical model membranes, composed of either palmitoyl
oleoyl phosphatidylcholine (POPC) or of dimyristoyl phos-
phatidylcholine (DMPC). For the density of water as well as
for the hydrophobic tails, we found an excellent match
between the minor axis of the micelles and the lipid
membranes, in particular between DDM and POPC on the
one hand, and between DM and DMPC on the other hand
(Figure Se,f). In contrast, the profiles along the middle and
major axes are too wide to match the lipid membranes
(Figure 5a-d). This suggests that membrane proteins are
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Figure 4. a) Representation of a micelle as a two-component tri-axial
ellipsoid. Orange: detergent tails; red: head groups. b)—g) Density
profiles along the major, middle, and minor principal axes of refined
DDM (b, d, f) and DM (c, e, g) micelles at 25°C. h), i) Semi-axes of
DDM and DM micelles versus temperature, defined as FWHM of the
densities (Supporting Information, Methods). Hydrophobic semi-axes
a, b, ¢ (Supporting Information, Figure S12) and head group thick-
nesses t,, 1, t. are illustrated in (a). Error bars denote 1 SEM obtained
from block averaging.

predominantly embedded into DDM and DM micelles such
that the membrane-normal axis of the protein is aligned along
the minor micelle axis. Furthermore, since maltosides have
been frequently used to solubilize membrane proteins, our
analysis supports the view that a match between the minor
micelle axis and the lipid membrane is the key determinant
for successful protein solubilization.®

To conclude, we have derived fluctuating atomic models
of two maltoside micelles by combining experimental SAXS
data with MD simulations and explicit-solvent SAXS pre-

dictions. Free simulations revealed reasonable, but not
quantitative agreement with experimental SAXS curves;
hence a weak experiment-derived energetic bias was required
to obtain simulations that accurately agree with experimental
conditions. We found that DDM and DM micelles take the
shape of a general tri-axial ellipsoid, where major and middle
axes decreased with increasing temperature, whereas the
minor axis was approximately constant between 10°C and
70°C. Density profiles along the principal axes showed that
the cross-section along the minor axis of the micelles closely
mimics lipid membranes, with implications on the rational
design of stable protein—detergent complexes. We found the
aggregation number N, to decrease moderately with
increasing temperature, predominantly by shrinking the
major and middle axis of the micelle.

The study highlights that a direct coupling between
experiment and simulation provides more spatially detailed
and more reliable structures of soft matter systems, as
compared to each of the methods alone. Specifically, SAXS
provides information on the overall shape and size, but does
not provide information at the atomic level. MD simulations
provide atomic details with reasonably accurate potential
energy functions (force fields), and they naturally account for
thermal fluctuations; however, MD simulations have difficul-
ties with obtaining large-scale features a priori. As such,
SAXS and MD provide highly complementary physicochem-
ical information. Our work may provide a starting point for
a rational selection of detergents for solubilizing membrane
proteins, and for further improvements of detergent force
fields. The fact that the minor axes are approximately
independent of temperature (Figure 4) implies that a match
between the length of the hydrophobic part of the protein and
the micelle thickness would be maintained over a significant
temperature range and, consequently, that the maltosides
investigated here can be used for solubilization over a range
of temperatures. Future work will have to test to what extent
these trends also hold for other detergents. While the
refinement of DM and DDM micelles was simplified by
their monodispersity in size, the refinement of highly
polydisperse micelle solutions will likely require the explicit
treatment of heterogeneous ensembles. Furthermore, we are
currently extending the procedure for incorporating comple-
mentary SANS data, providing a framework for integrative
structural modeling of soft-matter systems.
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