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It has been known for a time, both from experiments' and theory,?
that confining a peptide chain within a geometrically restricted
environment increases the relative stability of the folded state against
unfolded states. This finding is of biological relevance as (in vitro)
intrinsically disordered proteins have shown to be structured or
folded in their native cellular environment where excluded volume
effects are important. A convenient means to confine a protein
within a certain region of space is through encapsulation in reverse
micelles’ (RM). In this communication, we provide theoretical
evidence that the folded structure of a simple peptide, alanine
zwitterionic octapeptide, or Ag, unstable in solution, becomes stable
in an RM of appropriate size. Our molecular dynamics simulations
were carried out for realistic models of sodium 2-ethylhexylsulfo-
succinate (AOT) RM in isooctane, simulated for an extended period
of time. For the RM of the smaller size, we find that a helical
structure is stable for the whole length of the simulation. On the
contrary, the peptide very quickly takes an extended structure in
larger micelles.

In a previous study, we developed a realistic molecular model
for AOT reverse micelles in isooctane and reported on the structural
properties of the micelles and their water core* as a function of the
water-to-surfactant molar ratio (W, = [H,O]/[AOT]). Here, we
focus on the quaternary system Ag/AOT/water/isooctane. Studies
using both experiments® and simulations® have shown that in water
at room temperature an octaalanine is unstable in its canonical
o-helix conformation. According to MD investigations,’ the peptide
prepared as an a-helix evolves to extended structures within a few
hundred or thousand picoseconds of simulation, depending on the
force field. This behavior makes octaalanine an ideally simple but
physically relevant system to study confinement effects for protein
secondary structure.

In this work,” all simulations were performed in an isobaric—
isothermal (NPT) ensemble at 7 = 300 K and P = 0.1 MPa, as
described in ref 8. In a first series of MD runs (see ref 4), two
reverse micelles with 64 and 82 molecules of AOT and 320 and
574 molecules of water (named RM64 and RMS82 and correspond-
ing to W, = 5 and 7, respectively) were simulated. For the current
study, an additional series of runs, for a total of 26 ns (for both
systems we ran two simulations of 3 and 10 ns),” was performed
by inserting a canonical a-helical octaalanine in the center of the
RM64 and RM82 water core. In doing so, water molecules in
contact with the peptide were removed, thus leaving 306 and 557
waters in the hydrophilic cores of RM64 and RM82, respectively.
The new systems, named RM64+Ag and RM82+Ag, had water-
to-surfactant molar ratios of W, = 4.78 and 6.79, respectively. The
small reduction of the number of water molecules (less than 5 and
3% between identical micelles) allows a direct comparison with
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the peptide-free RM. For all AOT RMs studied here, the solvent
concentration was chosen to be compatible with the L, phase of
AOT/water/isooctane.’

We first notice!® that RMs with and without the peptide are of
ellipsoidal shape. As discussed in ref 4, there is experimental
evidence that AOT RMs are nonspherical (see, for instance, ref
11). The ratio between the major and the minor semi-axis, (a/c),
for each micelle is within 1.66 (RM64+Ag) and 1.77 (RM82+Ag)
units. Inserting Ag modifies this semi-axis ratio for both micelles
and their water cores. For RM64, (a/c) increases, whereas it
decreases for RM82. The radius of gyration R,, an estimate of the
RM dimensions, is less affected by the peptide as it changes only
a few percent. The largest variation is seen for RM82 — RM82+Ag,
where R, of the water core goes from 14.6 to 16.6 A. This is
probably related to the structural modifications of the confined
peptide (see below).

The radial density profiles computed for all components of our
systems also show that for the peptide-containing RMs the AOT
aliphatic chains protect the water core from the oil and that a large
interfacial zone exists occupied by the AOT headgroups and Na*
ions. We also observe that octaalanine is well-confined within
RM64+Ag and RM82+Ag micelles, since no surface contacts'?
between the peptide and the solvent are detected during the
simulation time. Calculations of the pair density correlation
functions, p(r), show that insertion of the peptide does not modify
the hydration of the AOT headgroups. Indeed, we find that the
number of water molecules bound to the AOT sulfonate groups
remains very close to that found in peptide-free micelles with
changes of only 0.4 units (see Table 1 in the Supporting Informa-
tion). We also notice that Ag produces small changes on the
residence times, 7y, of the waters bound to the AOT headgroups
of RM82, whereas its effect is larger for RM64. If 7, and 7>
are the water residence times of the system under consideration
and of the bulk, the retardation ratio is defined as 7./7""%. We
find that the retardation of 2.7 in RMS82 changes very little, to 3.3,
in RM82+Ag. On the contrary, the retardation of 3.1 for RM64 is
almost doubled, to 5.5, by the peptide. This means that water is
slowed considerably in RM64+Ag. This likely prevents the peptide
to break its intramolecular H-bonds and might have crucial
implications for the kinetic stability of the peptide folded structure.

In Figure 1, we show typical conformations of A8 in the RM64
and RM82 micelles. We first notice that the peptide o-helical
secondary structure is conserved for RM64+AS8, whereas for
RM&82+AS8 the intramolecular hydrogen bonds (IHB) are disrupted.
To quantify this behavior, we counted the IHB between the carbonyl
and the amide groups separated by three residues, using geometrical
and energy criterions'? (see Supporting Information). In bulk water,
no IHB persisted after only a few tens of picoseconds, confirming
previous results in ref 6. Conversely, in the RM64+A8 simulation
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Figure 1. Views of the reverse micelles RM64+Ag (a) and RM82+Ag
(b) at the end of the NPT simulations. These are views of the simulation
box clipped by an orthogonal plane to the X-axis. The peptide is drawn as
a cartoon in blue color. The atoms of AOT are represented by spheres,
whereas the water atoms are represented by sticks. For visual clarity, the
Na™ jons and the isooctane molecules are not shown. The pictures were
drawn with PyMOL.!#

three out of four IHBs were maintained during the full length of
the simulation, with some fast, less than 300-ps long, hydrogen
bond exchanges with water. In RM82+A8, during the 3-ns run
two of the bonds were lost after 10 ps, whereas the remaining two,
CO(1) — NH(5) and CO(2) — NH(6), lasted for 0.5 and 1.5 ns,
respectively. In the 10-ns run, the IHB kinetic was slower and only
the CO(2) — NH(6) IHB persisted continuously for the entire
trajectory. At the same time, deviations from the initial o-helical
structure remained below 1.8 A for both RM64+A8 simulations
but reached as high as 4.2 A for the shorter and 3 A for the longer
RMS82+A8 simulation.

We find that a possible explanation for the stability of the Ag
a-helix in RM64 resides in the competition for hydration water
between the AOT headgroup and the peptide. In the RM64 system,
the quantity of water not bound to the sulfonate group is very
limited, preventing the full hydration of Ag. This was confirmed
by two extra simulations we carried out on Ag in the modified
environments: (1) a RM64 system where the sulfonate group in
AOT and the Na't ions were removed, for a system electrically
neutral, designated as RM64+Ag* and (2) A droplet of 306 water
molecules, the same number as in RM64, in isooctane, named
DROP. The two new systems were run in the same conditions of
temperature and pressure as the other systems for 3 and 2.5 ns,
respectively. In both cases, we observe the unfolding of the peptide
and then its migration to the interface between water and the
modified detergent/oil phases. In the case of RM64+Ag*, the waters
represent about 9% of the total surface of the solute in direct contact
with the oil, and 20 modified detergent molecules are found in the
solvent region at the end of the simulation run. The peptide needs
0.5 ns to unfold to an extended structure and 1.8 ns to get in stable
contact with solvent and detergent molecules. For the DROP system,
the unfolding to an extended structure is faster, 0.2 ns, and its
migration to the oil/water interface occurs in 0.25 ns.

This communication has shown that the major force affecting
the stability of octaalanine in small size RM of AOT is hydration.
In our simulations, the detergent and the peptide polar groups have
competing affinities with water: Hydration is stronger for the AOT
sulfonate groups and the Na™ ions than for Ag. The properties of
micellar water are known experimentally to differ significantly from
those of the bulk!> and affect the confined peptides/proteins
structures.? In our simulations, we find that in the smallest RM,

the dynamic of water is considerably slowed with respect to the
bulk, 5.5 times, whereas not enough water is available to solvate
the carbonyl and amide groups of the peptide. To conclude, our
results provide a strong evidence of the crucial role played by
hydration on the structure of peptides in confined hydrophilic
environments. Hence, both hydration and excluded volume effects?
need to be taken into account to study the secondary structure
stability of proteins in restricted spaces such as RM, nanoporous
silica, and the drug nanocarriers as well as the interior of ribosomes,
or regions of steric occlusion inside the cell.
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