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ABSTRACT The majority of known proteins are too large
to be comprehensively examined by solution NMR methods,
primarily because they tumble too slowly in solution. Here we
introduce an approach to making the NMR relaxation prop-
erties of large proteins amenable to modern solution NMR
techniques. The encapsulation of a protein in a reverse micelle
dissolved in a low-viscosity f luid allows it to tumble as fast as
a much smaller protein. The approach is demonstrated and
validated with the protein ubiquitin encapsulated in reverse
micelles prepared in a variety of alkane solvents.

Nuclear magnetic resonance (NMR) spectroscopy plays a
central role in the characterization of the structure and
dynamics of proteins, nucleic acids, and their complexes. Over
the past 15 years developments in NMR techniques (1–3),
especially triple resonance spectroscopy (4), and supporting
technologies have made the comprehensive structural charac-
terization of 20-kDa proteins routine. NMR spectroscopy can
provide a detailed view of the solution structure of macro-
molecules such as proteins and allows unparalleled access to
dynamic phenomena. NMR also provides a unique avenue to
monitor the full structural and dynamic effects of changes in
temperature, pressure, and other solution conditions, includ-
ing the binding of small and large ligands. With the develop-
ment of multinuclear and multidimensional NMR, the struc-
tures of proteins of significant size and spectral complexity now
can be efficiently determined. However, increasing molecular
size imposes several important limitations. Increasing molec-
ular size leads to slower tumbling and correspondingly shorter
spin-spin relaxation times (T2) and also leads to increasingly
complex spectra. Short T2 values severely limit the power and
flexibility of multiple-pulse NMR experiments in at least two
ways. The signal-to-noise ratio of a Lorentzian line degrades
with decreasing T2, and the effectiveness of the currently
available library of multidimensional and multinuclear NMR
experiments is exponentially sensitive to T2. Accordingly, the
standard triple resonance experiments become unreliable at
room temperature for proteins larger than 30 kDa and largely
fail for proteins above 35 kDa in the absence of elevated
temperature andyor extensive deuteration.

A variety of approaches have been developed to combat the
limitations caused by T2. One uses extensive deuteration to
reduce the dipolar field so that deuterium-decoupled triple
resonance experiments are feasible (5–7). Though deuteration
limits the structural information available from the nuclear
Overhauser effect, selective incorporation of 1H spins holds
the promise of rapidly obtaining protein topologies by solution
NMR methods (8, 9). Other advances include the selection of
the narrow multiplet component arising from the mutual
cancellation of dipole-dipole coupling and chemical shift an-

isotropy in 1H-15N correlation experiments (10). The recent
development of the use of residual dipolar splittings in partially
aligned proteins (11) and cross-correlation effects in high-
resolution triple resonance spectra (12) now provides access to
an array of structural restraints that can promote the study of
large biopolymers. Nevertheless, the difficulty of dealing com-
prehensively with large proteins significantly limits the appli-
cation of solution NMR methods to the rapidly growing list of
proteins being discovered by the molecular biology commu-
nity. We have explored an approach that can directly increase
T2 by reducing the tumbling correlation time (tm) of the
protein.

MATERIALS AND METHODS

Recombinant 15N-labeled human ubiquitin was prepared as
described (13). Protein in reverse micelles was prepared by first
creating a solution of sodium bis(2-ethylhexyl)sulfosuccinate
(AOT) reverse micelles in the desired solvent, under pressure,
if necessary. This solution was transferred to the NMR cell
containing lyophilized protein solvated with the volume of
aqueous buffer required to give a final molar ratio of AOT to
water of '10. The aqueous buffer was 50 mM sodium acetate,
pH 5, containing 250 mM NaCl. Effective concentrations of
protein in the various samples were between 0.2 and 0.4 mM.

Assignment of the main chain resonances of ubiquitin
encapsulated in AOT reverse micelles in pentane was achieved
by using HNCACB (14) and HNCA (15) triple resonance
spectra supplemented with 15N-resolved total correlation (16)
and nuclear Overhauser effect (17) spectra. Nitrogen spin-spin
relaxation times were determined by using a standard inverse
detected two-dimensional sampling method that used 15N 180°
pulses spaced by 900 ms and 1H 180° pulses centered in the
CPMG block to remove effects from dipolarychemical shift
anisotropy cross-correlation (18). Recycle delays were typi-
cally '1.1 s. Sensitivity-enhanced gradient selection of 15N
coherence was used (19). Samples prepared in n-butane,
n-pentane, n-hexane, and iso-octane used commercially avail-
able NMR tubes, while those prepared in propane used a
custom HPLC NMR tube constructed from zirconium oxide.
All NMR data were collected at 25°C on a Varian Inova
spectrometer operating at 750 MHz (1H) with an 8-mm triple
resonance z gradient Nalorac probe. Spectra were processed
and analyzed by using the program FELIX (Molecular Simula-
tions, Waltham, MA).

RESULTS AND DISCUSSION

The basic idea is to arrange for the protein to tumble more
rapidly. The global tumbling correlation time of an isotropi-
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cally reorienting (spherical) molecule relates to the bulk
solvent viscosity through the Stokes-Einstein relation:

tm 5
1

6Drot
5

hVh

kT
,

where Drot is the rotational diffusion constant for a sphere, h
is the viscosity, Vh is the volume of the sphere, k is the
Boltzman constant, and T is the absolute temperature. The
correlation time for tumbling linearly relates tm to the viscosity
of the solvent. If internal motion is restricted, T2 approximately
varies inversely with tm. A spherical protein with molecular
mass of 50 kDa and typical characteristics (partial specific
volume '0.75 mlyg, fyfo ' 1.2) has a radius of '26 Å and
tumbles in water (h ' 850 mPazs at 300 K) with a correlation
time of '15 ns. A much smaller 10-kDa protein tumbles with
a correlation time of 3–4 ns.

Short chain alkanes and other solvents whose intermolecular
interactions are restricted to London forces show viscosities in
the range necessary. For example, ethane, propane, and bu-
tane are gases at standard temperature and pressure but are
liquefied by modest pressures at room temperature. To ‘‘dis-
solve’’ a protein in a hydrophobic solvent such as liquid
propane we use a technology that was extensively investigated
in the 1980s involving encapsulation of molecules such as
proteins within the water cavity formed by reverse micelles.
Reverse micelles are thermodynamically stable assemblies of
surfactant molecules organized around a water core and will
form spontaneously as transparent solutions in a low polarity
liquid. Reverse micelles have been considered for a range of
applications, including molecular separations and reaction
processes (20–24). Recently, perfluoropolyether microemul-
sions have been studied as potential hosts for various chemical
reactions in solvents with low environmental impact such as
supercritical carbon dioxide (25).

AOT is commonly used as a reverse micelle surfactant and
has been extensively studied in a variety of organic solvents.
Stable reverse micelles of AOT large enough to accommodate

aqueous solutions of proteins of significant size have been
demonstrated to form in a variety of liquid alkanes (26–29).
Dozens of proteins, many exceeding 50 kDa in size, have been
successfully solubilized by reverse micelles in organic solvents
(20–25).

The radius of a reverse micelle is determined by the width
of the surfactant shell ('15 Å for AOT) and the volume of the
water pool and protein enclosed within. Careful choice of
absolute surfactant concentration and relative water content
provides for a micelle radius corresponding to the simple sum
of the hydrated protein’s effective radius and the chain length
of the surfactant (8). For example, encapsulation of a spherical
50-kDa protein will result in a minimal reverse micelle with
radius '41 Å. Using bulk viscosities (30, 31), the correspond-
ing reorientation correlation times would be '60 ns in water,
'11 ns in butane, '7 ns in propane, and '2.5 ns in ethane. The
resulting increase in T2 would make available high-resolution
solution NMR techniques directly applicable, the larger the
protein the more pronounced the advantage. For example,
encapsulation of a 100-kDa protein (spherical hydrated radius
of 33 Å) would have a corresponding reverse micelle radius of
'48 Å and would have a molecular tumbling correlation time
of '95 ns in water, '18 ns in butane, '11 ns in propane, and
'4 ns in ethane. These values compare favorably with corre-
lation times of 15 ns and 31 ns for the 50- and 100-kDa proteins
dissolved directly in water, respectively. Conversely, a small
'9-kDa protein, such as ubiquitin, would have a molecular

FIG. 1. 15N- heteronuclear single quantum correlation spectrum of
15N-labeled recombinant human ubiquitin encapsulated in AOT re-
verse micelles dissolved in liquid propane. The protein concentration
was 0.3 mM. The spectrum was acquired at 750 MHz (1H) by using an
8-mm probe in '30 min at 25°C and 12 bar. One hundred and fifty
complex points were collected in the incremented nitrogen time
domain.

FIG. 2. Correlation of amide 1H and 15N chemical shifts of
recombinant human ubiquitin in aqueous buffer with those of the
protein encapsulated in a reverse micelle dissolved in pentane. In both
cases the protein was solvated by aqueous buffer containing 50 mM
sodium acetate, pH 5, and 250 mM NaCl. 15N- heteronuclear single
quantum correlation spectra were obtained at 25°C at 750 MHz (1H).
(Upper) The comparison of amide 1H chemical shifts. (Lower) The
comparison of 15N chemical shifts.
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tumbling correlation time of '3 ns in water and the corre-
sponding reverse micelle would tumble with an equivalent
correlation time in propane.

To test the approach, we prepared AOT reverse micelles (70
mM) in a variety of alkane solvents. Recombinant isotopically
enriched human ubiquitin was lyophilized, hydrated by a
defined volume of aqueous 50 mM acetate buffer (pH 5), and
then transferred to the organic phase by a passive phase
transfer method. The final concentration of protein in solution
was '0.3 mM, which appears to be the limit of solubility. The
effective water loading corresponded to a molar ratio of
surfactant to water of '10. Pulsed field gradient diffusion
studies of the hydrodynamic behavior of these preparations in
liquid pentane, for example, indicate that each reverse micelle
has the radius expected for the encapsulation of a single
minimally hydrated protein per reverse micelle.

Fig. 1 shows the 15N heteronuclear single quantum corre-
lation spectrum of ubiquitin encapsulated in AOT reverse
micelles dissolved in liquid propane. No unusual spectral
artifacts are introduced by the use of the high-pressure NMR
cell. The spectrum is typical of a unique folded structure and
is closely similar to that obtained for ubiquitin in aqueous
buffer. Standard triple resonance experiments were used to
assign the main chain resonances of 13C,15N-ubiquitin solubi-
lized by reverse micelles in pentane. Comparison of the
chemical shifts of amide 1H and 15N in the AOT reverse micelle
and those in water reveals minimal differences (Fig. 2).
Including all data, the SDs between amide 1H and 15N chemical
shifts of ubiquitin in the two states are 0.17 and 1.6 ppm,
respectively. Two localized regions display perturbations.
These include the C-terminal residues R72 and R74 and
residues 45–48 that form a tight turn. The 15N-resolved nuclear

Overhauser effect spectrum of ubiquitin in AOTypentane
shows the same pattern of nuclear Overhauser effects among
main chain hydrogens as observed when the protein is dis-
solved directly in water (32). These observations confirm
earlier optical and fluorescence studies indicating that proteins
can be encapsulated in a reverse micelle environment without
significant distortion of their native structure.

To study line narrowing we encapsulated 15N-ubiquitin in
AOT reverse micelles prepared in iso-octane, n-heptane,
n-hexane, n-pentane, n-butane, and propane. For butane and
propane, NMR spectroscopy was most safely achieved by using
a custom HPLC NMR cell based on a design to be described
in detail elsewhere. Amide nitrogen spin-spin relaxation rates
(1yT2) were measured by using standard pulse sequences (18).
The main chain dynamics of ubiquitin in water have been
characterized previously by NMR methods (33) and allow
identification regions of the protein where T2 is largely dom-
inated by the influence of global tumbling. The expected
roughly inverse dependence of T2 on solvent viscosity is clearly
revealed (Fig. 3). As predicted above, the spin-spin nitrogen
relaxation times of ubiquitin in water are largely recovered
when ubiquitin encapsulated in AOT reverse micelles is dis-
solved in liquid propane. In this range of viscosity, the reverse
micelles remain in the slow tumbling limit (vtm . 1). Extrap-
olation from this roughly linear region to zero viscosity ideally
should yield a limiting (1yT2) value of ' 2 sec21, about half of
that obtained. This deviation presumably reflects differences
between the effective microviscosity experienced by the re-
verse micelle and the viscosity of the bulk solvent as well as
changes in the volume of the reverse micelle with solvent
(27–29).

FIG. 3. Reduction of amide 15N spin-spin relaxation rate in recombinant human ubiquitin encapsulated in a reverse micelle. Spin-spin relaxation
rates (1yT2) are plotted against the bulk solvent viscosity (30, 31). Data points, in order of decreasing viscosity, are for iso-octane, n-heptane,
n-hexane, n-pentane, n-butane, and propane. All data were collected at 25°C. The butane and propane samples were prepared at pressures of 7
and 12 bar, respectively. All other samples were prepared at ambient pressure.
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These results indicate that proteins can be encapsulated in
reverse micelles dissolved in low-viscosity f luids without sig-
nificant structural distortion. The preparations are reasonably
stable (.1 week) and give spectroscopic results consistent with
the anticipated performance. We have demonstrated the
approach by using liquid propane. Even greater benefits are
anticipated by using critical ethane, though significantly higher
pressures will be required, perhaps up to 200 bar (34). Nev-
ertheless, given the long history of encapsulating proteins of
significant size in reverse micelle systems (20–24), this ap-
proach holds the promise of extending NMR-based structural
analysis to soluble proteins of 50 kDa and beyond. The
approach is also applicable to other biopolymers such as
nucleic acids, carbohydrates, and, perhaps most important,
membrane proteins. In addition, this approach may bring small
molecule NMR methods into the arena of proteins of mod-
erate size. Finally, it can be noted that the use of low-viscosity
f luids with low freezing point temperatures could extend the
study of temperature-dependent phenomena of proteins to
very low temperatures.
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