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Abstract

Encapsulation of within reverse micelles dissolved in low viscosity fluids offers a potential
solution to the slow tumbling problem presented by large soluble macromolecules to solution
NMR spectroscopy. The reduction in effective macromolecular tumbling is directly dependent
upon the viscosity of the solvent. Liquid ethane is of sufficiently low viscosity at pressures below
5,000 p.s.i. to offer a significant advantage. Unfortunately, the viscosity of liquid ethane shows
appreciable pressure dependence. Reverse micelle encapsulation in liquid ethane often requires
significantly higher pressures, which obviates the potential advantages offered by liquid ethane
over liquid propane. Addition of co-surfactants or co-solvents can be used to manipulate the
minimum pressure required to obtain stable, well-behaved solutions of reverse micelles prepared
in liquid ethane. A library of potential additives is examined and several candidates suitable for
use with encapsulated proteins are described.

Introduction

In addition to the characterization of soluble proteins [1], the encapsulation of proteins in
reverse micelles has the potential to make possible the study by solution NMR of many of
the more challenging classes of macromolecules of interest to the structural biologist and
biophysicist. These include unstable proteins stabilized by forced folding [2], membrane
proteins of various types [3, 4] and even nucleic acids [5]. A key parameter in these studies
is the effective rotational correlation time of the macromolecule of interest, which tends to
follow the hydrodynamic behavior of the reverse micelle particle itself [1]. The molecular
rotational correlation time largely dictates the NMR relaxation behavior of nuclei at all but
the internally mobile sites. Encapsulation of macromolecules within the protective water
pool of the reverse micelle introduces a large penalty in this respect by the addition of
significant volume that influences the rotational correlation time significantly. Though of
relatively less importance for larger proteins, the viscosity of the fluid with which the
reverse micelle solution is prepared must overcome this volume penalty. This central
restraint reduces to a handful the number of fluids that are of sufficiently low viscosity to be
of utility: liquid or supercritical carbon dioxide [6] and xenon [7] and the liquid short chain
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alkanes [1]. Unfortunately, carbon dioxide and xenon are less than ideal reverse micelle
solvents. The interaction of the former with the water core makes the stability of the
encapsulated protein problematic while there is a limited library of surfactants available for
the latter. Of the short chain alkanes, propane and ethane provide the greatest potential for
reducing the effective reorientation time of dissolved reverse micelle particles through a
viscosity effect [1, 8]. The preparation proteins encapsulated within reverse micelles
dissolved in liquid ethane requires the application of significant pressure to maintain high
quality solutions with respect to homogeneity, small size and long-term stability [8].
Unfortunately, the bulk viscosity of liquid ethane is strongly pressure dependent [9], which
potentially compromises its utility.

Two surfactant systems commonly used for NMR spectroscopy of encapsulated proteins in
the low viscosity short chain alkanes are bis(2-ethylhexyl)-sulfosuccinate (AOT) [1] and
hexadecyltrimethylammonium bromide(CTAB) [10]. AOT will form reverse micelles by
itself in liquid alkanes without the addition of co-surfactants or co-solvents. CTAB however
requires a co-surfactant such as hexanol in order for reverse micelles to form. The role of
hexanol in this system is not fully understood, but it is thought that hexanol penetrates the
surfactant membrane to help stabilize it in the inverted form. Proteins can be successfully
encapsulated in AOT and CTAB in liquid ethane and subsequently studied by high
resolution NMR [8]. Ethane, being a gas at standard temperature and pressure, obviously
requires liquefaction but the pressures required are modest (~610 psi or 42 bar). However, to
generate a stable homogeneous solution of encapsulated proteins in AOT with a molar water
to surfactant ratio of 10 (water loading or W) required pressures on the order of 8,000 psi
(550 bar) [8]. When only water is used, a pressure of 9,000 psi (620 bar) is required for the
stable formation of AOT reverse micelles in ethane at equivalent water loading [11]. These
results serve as a point of reference for the data contained in Table 1 and the effectiveness of
a particular dielectric modifier. Unfortunately, at these pressures, the viscosity of liquid
ethane is comparable to liquid propane defeating the advantage offered by the former
solvent. To alleviate this limitation a co-solvent that reduces the encapsulation pressure can
be added [8]. With the use of the co-solvent additive even a small encapsulated protein such
as ubiquitin could be made to tumble faster than in water [8].

This behavior appears related to the dielectric constant of the bulk solution. For example, in
order for AOT to form a reverse micelle solution with a Wy of 10, the high frequency
dielectric constant of the solution must be at least 1.66 [11]. At its liquefaction pressure at
298 K, liquid ethane has a dielectric constant of approximately 1.5 [12]. To raise the
dielectric constant of liquid ethane either the pressure must be increased, to increase the
molecular density, or a co-solvent added to raise the dielectric of the bulk solution. It is the
high frequency dielectric that is most important in this regard. This is especially true for
polar compounds. For example, water is reported having a dielectric around 80 when
measured in the microwave region, but measurement in the visible range place it at 1.33
[11]. Alkanes, on the other hand, have a nearly frequency independent dielectric.

The key to the studies reported here is the observation by Sen et al. [12] that the addition of
10% (v/v) ethyl acetate to hexane increases the bulk dielectric constant by about 0.2-0.3. An
even more pronounced increase could be obtained using acetone. For binary mixtures
comprised of nonpolar solvents the change in the dielectric is well represented by the
Clausius-Mossotti relationship [12-15]:

(En = D/(En+2)=) AnvipiN, ai/3M;
i (1)
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where gp, is the predicted dielectric of the mixture, v; is the volume fraction, p;, a; and M;
are, respectively, the mass density, electric polarizability and molecular weight of the ith
component. For mixtures where the minor component is polar, an extended version of the
more complex Onsager treatment is often employed [12-15].

(ni+2)ai/(Qem+n?)+Q2eu+1)

=1 m:4 0iN, IM; 2 2 2
(em = /e nZw M) | 42y 00 T Gomnd) o

where n; is the refractive index at 589nm, and y; is the permanent electric dipole moment of
the ith component, T is the temperature in Kelvin and kg is Boltzmann’s constant. All other
symbols were defined previously.

Though a reverse micelle solution is a much more complex mixture than either the Clausius-
Mossotti or extended Onsager relationships are designed to accommodate, they serve as a
useful indicator that modulation of the dielectric of reverse micelle solutions can potentially
be achieved with addition of small amounts of suitable co-solvents or co-surfactants that
would maintain the integrity of the encapsulated protein. This study explores the utility of a
range of additives to “standard” reverse micelle solutions based on AOT and CTAB/alcohol
systems prepared in liquid ethane with the goal of discovering those that can lead to a
significant reduction in the pressure required for optimal encapsulation.

Various physical parameters of potential modifiers of encapsulation pressure for the anionic
surfactant AOT that were examined are summarized in Table 1. Also included are the
relevant parameters for the Clausius-Mossotti and Onsager relationships and the predicted
dielectric constant for the corresponding simple solution, where available. Potential
modifiers were generally selected based on their dielectric constant and viscosity. The latter
parameter is especially important since any additive is expected to change the viscosity of
the bulk solvent, usually increasing it, so the reduction in encapsulation pressure must also
be sufficient to overcome this change. Most are soluble in pentane but were typically only
sparingly soluble in water. The indicated encapsulation pressures are for 10% (v/v) modifier
added. The viscosity of the mixture can be approximated by the summation of the viscosity
scaled by the mole fraction of each component at the encapsulation pressure. It is assumed
that the viscosity of the liquid additives is not dependent on pressure. This approach works
well provided the additive is acting fully as a co-solvent. The encapsulation pressure is
expected to increase with surfactant concentration so for these experiments the maximum
practical concentration of AOT for NMR spectroscopic performance was selected as a
worst-case condition.

Several classes of potential co-solvents were examined. Halogenated compounds can be
particularly effective in reducing the pressure required for encapsulation in AOT reverse
micelles prepared in liquid ethane. Though the testing was far from exhaustive, chlorinated
compounds suppress the encapsulation pressure more than their brominated and fluorinated
counterparts. In addition, the fewer the number of carbons, the greater the reduction in
encapsulation pressure. Di-substituted compounds are more effective than either mono- or
tri-substituted analogs.

Alcohols also reduce the encapsulation pressure for AOT reverse micelles prepared in liquid
ethane. The most effective compound tested for AOT reverse micelles was hexanol, which
gave an encapsulation pressure of 2,500 psi. Linear alcohols appear to be more effective
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than branched alcohols and this presumably reflects the requirements of packing of the
alcohol within the AOT surfactant shell.

Carbon disulfide and carbon dioxide show an interesting example of how similar reagents
can be dramatically different in both the effectiveness and utility in reducing the
encapsulation pressure. Carbon dioxide is itself a commonly used compound for preparation
of reverse micelles in supercritical fluids. It has a very low viscosity as a liquid, and would
seemingly be an ideal compound to use. One limitation of carbon dioxide is that as the
pressure is increased the solubility of carbon dioxide in water also increases leading to a host
of undesirable effects such as pH shifts and possible protein reactivity leading sample
degradation (e.g. hydrolysis). The encapsulation pressure recorded is unchanged from a
sample prepared without carbon dioxide. In contrast, carbon disulfide does not lead to
sample degradation or protein modification and yields an encapsulation pressure that is
nearly 50% less than standard conditions.

We also tested a number of non-polar compounds with dielectric constants only slightly
higher than liquid ethane. Nonpolar compounds were initially attractive since the Clausius-
Mossotti relation suggested significant advantages. Unfortunately, the experiment indicated
that nonpolar compounds are generally less effective at reducing the encapsulation pressure.
Results for two noble gases are included in Table 1. It has been shown that the low viscosity
liquid xenon by itself can be used to form AOT reverse micelles[7]. Unfortunately, xenon is
not even as effective as propane at reducing the encapsulation pressure of AOT reverse
micelles prepared in liquid ethane, and another noble gas candidate (argon) actually raised
the encapsulation pressure for AOT reverse micelles.

As a class, refrigerants are an attractive option for reduction of encapsulation pressure due to
their generally low viscosity. Results with difluoromethane, 1,1-difluoroethane and
trichlorofluoromethane were disappointing (Table 1). In contrast, chlorodifluoromethane led
to excellent encapsulation pressure reduction but when used to encapsulate the model
protein ubiquitin it appeared to interact very unfavorably with the protein causing rapid
sample degradation and loss of signal (data not shown). Two refrigerants not listed in Table
1, trifluoromethane and tetrafluoromethane, failed to allow encapsulation within the pressure
limits of the apparatus.

A corresponding search for modifiers of encapsulation pressure for reverse micelles based
on the cationic surfactant CTAB was also carried out (Table 2). Unlike AOT, the cationic
CTAB requires a co-surfactant, hexanol is commonly used, to form reverse micelles. A co-
surfactant differs from a co-solvent in that the co-surfactant forms an integral part of the
reverse micelle. A key observation is that CTAB reverse micelles in liquid ethane require at
least 6.5% hexanol (520 mM) to make a 100 mM CTAB reverse micelle solution and
required higher pressure than even an AOT reverse micelle (Table 2). Increasing the
concentration of hexanol to 8% lowered the encapsulation pressure to 3,100 psi. This
mixture in liquid ethane has excellent hydrodynamic performance [8] indicating that most of
the hexanol is integrated within the reverse micelle wall and the slight excess of hexanol
(8% compared to 6.5% [v/v] hexanol) does not contribute significantly to the bulk viscosity
of the solution. This behavior makes approximating the bulk solution viscosity more
difficult since it is less clear the quantity of alcohol that is acting as either the co-surfactant
or dielectric modifier. Therefore care should be taken when using excess high viscosity
alcohols such as hexanol the purpose of reducing the encapsulation pressure since it may
still result in poor hydrodynamic performance.

With these results in mind several other alcohols and combinations of alcohols were
examined. Pentanol (9,500psi) does not perform well while octanol is moderately superior to
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hexanol and gave the lowest encapsulation pressure of 2,100 psi (12% (v/v) octanol). It is
not known if the latter condition led to improved hydrodynamic performance over the
equivalent sample made with hexanol. Using longer chain alcohols does not appear to offer
further decreases in encapsulation pressure. At 12% (v/v) decanol, the encapsulation
pressure is 200 psi higher than for octanol. One other alcohol, 3-cyclopentyl-1-propanol was
also tested to see if a bulkier chain could improve the performance by requiring less of the
reagent. In pentane, only 5.6% (v/v) 3-cyclopentyl-1-propanol was required to form 100mM
CTAB reverse micelles compared to 6.5% (v/v) for hexanol. However, in ethane, even at
8% (v/v) concentration, the encapsulation pressure was elevated to 6,100 psi.

The advantages of optimal downward adjustment of the pressure through use of co-
surfactant additives used in preparations of encapsulated proteins dissolved in liquid ethane
are illustrated in Figure 1. The 42 kDa monomeric maltose binding protein is optimally
encapsulated in CTAB (75 mM) and hexanol (5.6 % v/v; 450 mM) with a suitable
encapsulation pressure of 4500 p.s.i (175 bar) in liquid ethane. The protein effectively
tumbles sufficiently fast to allow high quality long-range side chain carbon TOCSY
correlations resolved on the adjacent amide NH to be obtained [16, 17]. Typically, this
experiment is only suitable for small proteins or larger proteins if perdeuterated. The
extensive correlations evident in the 1°N slices shown in Figure 1 illustrate that the favorable
relaxation properties provided by the faster effective molecular reorientation allow
experiments typically associated with small protein triple resonance spectroscopy to be
carried out on proteins of significant size without the benefit and limitations imposed by use
of the TROSY-effect or extensive deuteration.

Discussion

We have shown that various small molecular additives can be used to significantly reduce
the pressure required for the formation of reverse micelles in liquid ethane. This is desirable
owing to the large pressure dependence of the bulk viscosity of liquid ethane. More optimal
NMR performance is achieved at lower viscosities due to the corresponding decrease in
rotational correlation time and concomitant increase in characteristic spin-spin relaxation
time constants [1]. Though not quantitatively predictive in this context, commonly used
theoretical estimates of the change in dielectric constant due to the introduction of such
modifiers in simple solutions can be used to rationally guide the choice of additive. Several
useful modifiers have been identified and thereby provide significant flexibility in the
preparation and optimization of solutions of encapsulated proteins in liquid ethane. Many
potential modifiers have been found to be ineffective. Hopefully, this nascent database will
also assist in a search for other additives with the ability to significantly reduce the
encapsulation pressure necessary to optimize the NMR performance of reverse micelles
prepared in the ultra-low viscosity liquid ethane.

The encapsulation pressures listed in Tables 1 & 2 were obtained using aqueous buffer
without protein, and are meant to serve only as a reference point for assessing dielectric
modifiers. We have already noted an example where the addition of the protein ubiquitin
resulted in an encapsulation pressure in AOT below that for water only. When ubiquitin is
encapsulated in AOT in ethane with 10% carbon disulfide (v/v) present the encapsultion
pressure is reported to be 3,900 psi [8]. In Table 1 the encapsulation pressure is noted as
4,200 psi. The difference is more pronounced since for technical reasons the ubiquitin
sample was transferred to the NMR cell at 300 psi above the encapsulation pressure
resulting in a net decrease in 600 psi over simple buffer results in Table 1. For the protein
flavodoxin the encapsulation shift is opposite that for AOT and ubiquitin. Flavodoxin is
reported to encapsulate in 100 mM CTAB, 8% hexanol and W = 12.5 at 4,100 psi [8]. This
sample was also transferred at 300 psi above the encapsulation pressure. However, the
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reported encapsulation pressure in Table 2 for the same conditions was 3,100 psi, for a net
increase in encapsulation pressure of 700 psi presumably due to the presence of flavodoxin.
It should be expected that other protein and buffer systems may also influence the

en

capsulation pressure.

Highlights

« Dissolution of encapsulated proteins in low viscosity fluids reduces the tumbling
time

e The tumbling of the reverse micelle particle is governed by solvent viscosity
e Liquid ethane is a promising solvent but its viscosity is pressure dependent

e Additive molecules that reduce the encapsulation pressure are identified
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in 75 mM CTAB with 450 mM hexanol at a water loading (W) of 15. The pressure was
4,500 psi. (H)C(CC)(CO) TOCSY spectrum obtained with 64 transients per FID and 32 and
40 complex points in the 1°N and 13C increment time domains respectively. A 12 ms DIPSI

mixing sequence was used. Right Panel: 150 uM MBP in 75 mM CTAB with 450 mM
hexanol at a W of 15. (H)C(CC)(CO) TOCSY spectrum obtained with 176 transients per
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FID and 32 and 40 complex points in the 1°N and 13C increment time domains respectively.
The pressure was 4,500 psi. A 20 ms DIPSI mixing sequence was used.
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Table 2

Modification of minimum encapsulation pressure for solutions of CTAB reverse micelles in liquid ethane?

Co-surfactant (v/v) Encapsulation
Pressure (psi)

12% octanol 2100

12% decanol 2300

12% hexanol 2400

6.5% octanol, 3.5% decanol 2500

10% octanol 2700

10% hexanol 2700

8% octanol 2900

8% hexanol 3100

8% 3-cyclopentyl-1-propanol 6100
8% pentanol 9500
6.5% hexanol >14000

aFor solutions prepared with 100 mM CTAB and 1.25 M H20 (W = 12.5). Samples prepared and tested as described in Table 1.

J Magn Reson. Author manuscript; available in PMC 2012 September 1.



