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It is becoming increasingly clear that a significant fraction of
the proteins encoded by the human and other genomes are likely
to be significantly unfolded in vitro and, often, in vivo.1 This will
undoubtedly hamper attempts to characterize their structure by
classical crystallographic or solution NMR methods. There are
at least two possible reasons for this relative instability of the
folded state. On one hand, some proteins are “intrinsically unfolded”
in the absence of target ligands, i.e. their biologically relevant
structure need not be the lowest free energy state of the protein in
the absence of ligand. Indeed, there is at least one example of
“synergistic folding” where two effectively unstructured co-
activators of transcription bind and cooperatively form a structured
heterodimer.2 On the other hand, some proteins must simply be
considered unstable in the absence of stabilizing excluded volume
effects arising from the dense packing conditions of the cellular
milieu.3 In that case, the folded native state may indeed be the
lowest-energy structure in solution, but it is not sufficiently removed
in free energy from nonnative structures to be the dominant species
in vitro.

In an effort to develop a means of stabilizing the folded compact
state of a marginally stable protein, we have employed an approach
based on the effects of a confined space on the ensemble of states
occupied by a polypeptide chain. It has long been known, on
theoretical grounds, that confining a linked chain within a restrictive
volume will favor compact states over more extended states.4 A
variety of means based on a confined space concept have been
employed to stabilize folded proteins. These include confine-
ment within acrylamide gels,5 reverse micelles,6 and other nano-
structures.7

Here we take advantage of reverse micelle encapsulation8 to
provide a restricted environment of defined geometry to force the
folding of a metastable protein that is largely unfolded in free
solution. This is achieved by the encapsulation of the protein in
the protective environment of the water core of a reverse micelle8

and dissolving the entire assembly in a low-viscosity fluid.9,10 Of
particular interest here is the use of the regular and simple spherical
shape of the reverse micelle to force fold unstable proteins in a
predictable way that makes direct contact with polymer theory while
allowing high-resolution NMR studies to be carried out (Figure
1). Importantly, as we show below, this approach also has the
potential to contribute to the current debate about the nature of the
unfolded state.11,12

To illustrate the approach we have employed an extensively
modified version of a three-helix bundle protein of de novo design.
The original version, termedR3W, is a small monomeric single-
chain protein of 67 residues that forms a stable three-helix bundle.13

In an effort to explore the relative contributions of helix-stabilizing
interactions and tertiary contacts to the global stability of the bundle,

many of the helical residues not participating in tertiary contacts
were changed to residues of significantly lower helical propensity.14

Using the AGADIR algorithm,15 the resulting sequence is predicted
to have a substantially lower helical content relative to that of the
original R3W sequence. At concentrations necessary for traditional
NMR experiments (>0.5 mM) the protein aggregates and precipi-
tates.

Freshly prepared samples yield a15N HSQC spectrum with few
resolved cross-peaks indicative of an unfolded protein without a
dominant folded conformation (Figure 2A).

The inherent instability of this sequence is overcome when the
polypeptide chain is encapsulated in an AOT reverse micelle
prepared in hexane under restricted water conditions. At high water
loading (W0), the molar ratio of water to surfactant, the15N HSQC
spectrum of the encapsulated protein is indicative of an unfolded
protein but lacks features arising from nonspecific aggregation
(Figure 2B). In the case shown, the water loading is 40.

Figure 1. Use of a restricted volume of a reverse micelle to force fold
protein molecules of marginal stability. Shown is the predicted free energy
of stabilization of the folded state of a 67-residue protein as a function of
the ratio of the inner diameter of the spherical cage (drm) to the diameter of
the fully folded protein (dp). The unfolded states of the protein are
represented by a random flight Gaussian linked chain and its fully folded
state by a sphere.4e The inset shows a schematic of the parent three-helix
bundle proteinR3W encapsulated in an AOT reverse micelle and is drawn
roughly to scale.
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As the internal diameter of the reverse micelle approaches that
of the dimensions of the nativeR3W structure, the NMR spectrum
reverts to that indicative of a single dominant species with a
chemical shift dispersion consistent with a three-helix bundle
(Figure 2C). This particular spectrum was obtained with a sample
having a water loading of∼4. BecauseR3W is a relatively small
protein, and the unfolded states are therefore not so extensive, low
W0 values are required to provide sufficient stabilization of the
compact state of the protein.

The folded and unfolded states are in fast exchange on the NMR
chemical shift time scale. This allows the fraction of the protein in
the folded state to be determined. The∆∆G of unfolding provided
by the confined space effect was thereby determined to be∼11
kJ/mol. The dependence the∆∆G of unfolding on the inner volume
of the micelle can also be examined and a particular model for
unfolding tested. The random flight Gaussian linked-chain model
has one adjustable parameter, the effective distance between links
in the chain.4 Using an effective protein radius of 12 Å, fitting
of the experimental data resulted in relatively poor fits and
an effective distance between links of 3.3 Å. This suggests
that the unfolded states of the modifiedR3W are not well described
by a Gaussian chain model of random flight about the N-CR (φ)
and CR-C′ (ψ) bonds. Several contributions to the poor cor-
respondence are likely. These include the nonspherical shape of
the folded state, steric effects limiting free sampling of main
chain torsion angles,11 and the possible presence of significant
residual structure.12 Further experiments are required to clarify this
issue.

In summary, we have shown that encapsulation of a metastable
protein within the restricted volume of a reverse micelle can be
used to force fold the protein and allow its characterization by
modern methods of NMR spectroscopy. This may have significant
utility in the context of structural proteomics. In addition, this
method may allow the distinction between “intrinsically unfolded”
proteins and proteins simply having marginal stability. Finally,
variation of the inner volume of the reverse micelle can be used to
probe the character of the manifold of unfolded states.

Acknowledgment. We thank Robert Baigelman for preparation
of labeled protein. This work was supported by NIH Research Grant
GM 62874 and an NSF MRSEC Award (DMR00-79909) (A.J.W.)
and the Swedish Research Council (C.T.).

References

(1) (a) Dunker, K.; Obradovic, Z.Human Genome News2002, 12, 13-14.
(b) Wright, P. E.; Dyson, H. J.J. Mol. Biol. 1999, 293, 321-331. (c)
Garner, E.; Cannon, P.; Romero, P.; Obradovic, Z.; Dunker, A. K.Genome
Info. 1998, 9, 202-214. (d) Dyson, H. J.; Wright, P. E.Curr. Opin. Struct.
Biol. 2002, 12, 54-60. (e) Uversky, V. N.; Gillespie, J. R.; Fink, A. L.
Proteins2000, 41, 415-427.

(2) Demarest, S. J.; Martinez-Yamout, M.; Chung, J.; Chen, H. W.; Xu, W.;
Dyson, H. J.; Evans, R. M.; Wright, P. E.Nature2002, 415, 549-553.

(3) Dedmon, M. M.; Patel, C. N.; Young, G. B.; Pielak, G. J.Proc. Natl.
Acad. Sci. U.S.A.2002, 99, 12681-12684.

(4) (a) Minton, A. P.; Wilf, J.Biochemistry1981, 20, 4821-4826. (b) Minton,
A. P. Biophys. J.1992, 63, 1090-1100. (c) Zimmerman, S. B.; Trach, S.
O. J. Mol. Biol. 1991, 222, 599-620. (d) Minton, A. P.J. Biol. Chem.
2001, 276, 10577-10580. (e) Zhou, H. X.; Dill, K. A.Biochemistry2001,
40, 11289-11293.

(5) Bolis, D.; Politou, A. S.; Kelly, G.; Pastore, A.; Temussi, P. A.J. Mol.
Biol. 2004, 336, 203-212.

(6) Shastry, M. C. R.; Eftink, M. R.Biochemistry1996, 35, 4094-4101.
(7) (a) Wei, Y.; Xu, J.; Feng, Q.; Dong, H.; Lin, M.Mater. Lett.2000, 44,

6-11. (b) Kumar, C. V.; Chaudhari, A. J. Am. Chem. Soc.2000, 122,
830-837. (c) Eggers, D. K.; Valentine, J. S.Protein Sci.2001, 10, 250-
261. (d) Chenghong, L.; Yongsoon, S.; Jun, L.; Ackerman, E. J.J. Am.
Chem. Soc.2002, 124, 11242-11243.

(8) (a) Ekwall, P.J. Colloid Interface Sci.1969, 29, 16-26. (b) Luisi, P. L.;
Bonner, F. J.; Pellegrini, A.; Wiget, P.; Wolf, R.HelV. Chim. Acta1979,
62, 740-753. (c) Barbaric, S.; Luisi, P. L.J. Am. Chem. Soc.1981, 103,
4239-4244. (d) Randolph, T. W.; Blanch, H. W.; Prausnitz, J. M.; Wilke,
C. R.Biotechnol. Lett.1985, 7, 325-328. (e) Randolph, T. W.; Clark, D.
S.; Blanch, H. W.; Prausnitz, J. M.Science1988, 239, 387-390. (f)
Johnston, K. P.; Harrison, K. L.; Clarke, M. J.; Howdle, S. M.; Heitz, M.
P.; Bright, F. V.; Carlier, C.; Randolph, T. W.Science1996, 271, 624-
626.

(9) Wand, A. J.; Ehrhardt, M. R.; Flynn, P. F.Proc. Natl. Acad. Sci. U.S.A.
1998, 95, 15299-15302.

(10) Flynn, P. F.; Wand, A. J. InMethods in Enzymology; James, T. L., Dotsch,
V., Schmitz, U., Eds.; Academic Press: New York, 2001, Vol. 339, Part
B, pp 54-70.

(11) (a) Ramachandran, G. N.; Sasisekharan, V.AdV. Protein Chem.1968,
23, 283-287. (b) Srinivasan, R.; Rose, G. D.Proteins1995, 22, 81-99.
(c) Pappu, R. V.; Srinivasan, R.; Rose, G. D.Proc. Natl. Acad. Sci. U.S.A.
2000, 97, 12565-12570.

(12) (a) Shi, Z.; Olson, C. A.; Rose, G. D.; Baldwin, R. L.; Kallenbach, N. R.
Proc. Natl. Acad. Sci. U.S.A.2002, 99, 9190-9195. (b) Pappu, R. V.;
Rose, G. D.Protein Sci.2002, 11, 2437-2455.

(13) (a) Tommos, C.; Skalicky, J. J.; Pilloud, D. L.; Wand, A. J.; Dutton, P.
L. Biochemistry1999, 38, 9495-9507. (b) Dai, Q.-H.; Tommos, C.;
Fuentes, E. J.; Blomberg, M. R. A.; Dutton, P. L.; Wand, A. J.J. Am.
Chem. Soc.2002, 124, 10952-10953.

(14) The sequence of the modifiedR3W used in these studies is:
GSRVANLETRVTQLESRVTALGGGGRIEALKNRWESLKNRIES-
LGGGGDVTSVEADVANLDTDITSL. The protein was recombinantly
expressed as a fusion with thioredoxin, a histidine-tag and a thrombin
site, purified using a nickel column, and cleaved with thrombin; theR3W
derivative was isolated via a second nickel column step.

(15) Munoz, V.; Serrano, L.Nat. Struct. Biol.1994, 1, 399-409.

JA047900Q

Figure 2. Forced folding of a destabilized variant ofR3W. (Panel A)15N HSQC spectrum of the modifiedR3W protein freshly prepared in free aqueous
solution. (Panel B)15N HSQC spectrum of the modifiedR3W protein encapsulated within an AOT reverse micelle with a water loading of 40. (Panel C)15N
HSQC spectrum of the modifiedR3W protein encapsulated within an AOT reverse micelle with a water loading of 3.6. Spectra were obtained at 303 K.
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