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The early kinetic events of protein folding are an important
part of the folding pathway, yet our understanding towards the
process is limited. Information from the study of these early events
can allow us to distinguish between the various models that have
been proposed to describe the folding of a protein in real time.
Unlike “typical” chemical kinetics with well-defined initial and
final states, the initial state of a denatured protein is relatively
ill-defined. This uncertainty introduces ambiguity in the inter-
pretation of the experimental data on the early events in protein
folding. Toward developing a unified theory of protein folding,
it is necessary to begin the observation of the refolding process
from a well-defined initial state, trigger folding as rapidly as
possible, and to follow the protein in real time as it samples its
conformational space over its highly complex free-energy land-
scape.

Traditional stopped-flow methods have been employed to
follow the kinetic course of protein-folding reactions. However,
such experiments are limited in time resolution and in that external
denaturants are used to achieve a non-native state. It is not known
exactly how denaturants interact with a protein and how they
affect the kinetic pathways. In addition, substantial refolding
occurs during the dead time of mixing in these stopped-flow
experiments. To circumvent the time domain limitation, several
groups have recently developed strategies based on temperature,1

pH2 or pressure jumps,3 flash photolysis of heme ligands,4

photoreduction of metalloproteins,5 and the photolysis of engi-
neered disulfides6 (for a recent review see refs 7, 8). Although
the above techniques have provided insight into protein folding,
few studies have been done in the absence of denaturant. A
general method to study the early events of folding in greater
detail requires irreversibility, applicability to non-metalloproteins,
fast triggering, and the elimination of external denaturants.

Our strategy for the initiation of protein folding is based on
the picosecond flash photolysis of an organic cross-linker. Such
a phototrigger may be placed within a cyclic form of a protein of
interest. If chosen correctly, the resulting loop conformation will
prohibit proper folding of the protein (Figure 1). Thus, instead
of manipulating the external conditions, such as temperature, pH,

or denaturant concentration, the covalent structure of the protein
is altered to yield a conformationally constrained unfolded state.
During the triggering event the linker is irreversibly cleaved to
yield the “linear” protein that is free to fold.

In 1971 Sheehan et al. showed that esters of 3′,5′-dimethoxy-
benzoin undergo efficient and clean photolysis under near-UV
illumination9 and can thus serve as photolabile protecting groups,
otherwise known as caging compounds. The products of this
photolysis are the phenylbenzofuran and the “free” form of the
caged molecule, often a carboxylic acid. This protecting group
has been converted into a linker by derivatization of the benzoin
ring to give 3′-(carboxymethoxy)benzoin (CMB, Scheme 1,1).10

Benzoinyl cages have the following properties which make them
well-suited for these studies: high quantum yields (0.6-0.7), inert
photoproducts, good water solubility, and fast photolysis rates
(predicted∼1010 s-1, observed>109 s-1).9,11

The strategy described here involves forming a small loop from
the N terminus of a protein to an internal amino acid side chain
using CMB as a linker. To achieve selective linker attachment
and subsequent cyclization of the peptide, the general synthetic
strategy outlined in Scheme 1 was used. The first step in this
method was to derivatize protected CMB (1) with bromoacetic
acid to give compound2 (BrAc-CMB).12 Next, the fully side chain
protected polypeptide was synthesized by standard solid-phase
peptide synthesis, with the cysteine selectively protected by a
weak acid-labile protecting group. Once the full-length peptide
was synthesized and the terminal Fmoc group was removed, the
BrAc-CMB linker was attached to the N terminus of the synthetic
peptide through standard condensation coupling (3). The acid-
labile Cys-protecting group was then removed selectively. Finally,
cyclization through thioether formation was achieved using a non-
nucleophilic amine base in an organic solvent. Upon completion,
the resin was rinsed and neutralized. The peptide was cleaved
from the solid support and purified by reverse-phase HPLC to
yield the cyclized peptide4.

To demonstrate this general approach, we have used the small
R-helical villin headpiece subdomain (Figure 2, inset).13 This
autonomous monomeric folding unit consists of 35 residues, is
highly thermostable (Tm ≈ 70 °C), and forms a compact primarily
R-helical structure. This villin subdomain is expected to fold
rapidly, and as such has been used as a model protein in a
microsecond molecular dynamics simulation.14 Residue Met 12
was chosen for mutation to Cys due to its close proximity in
sequence to the N terminus and its apparent high solvent exposure
as shown by the NMR structure.15 Accordingly the peptide VHP-
34 M12C was prepared with theN-terminal bromoacetylated
CMB group attached. Cyclization and cleavage of the peptide
and protecting groups as described above, yielded the cyclic form

* Corresponding author. Telephone: (626) 395-6508. Fax: (626) 578-0471.
Email: chans@its.caltech.edu.

† Department of Chemistry, University of Hawaii at Manoa, Honolulu, HI
96822.

(1) Ballew, R. M.; Sabelko, J.; Gruebele, M.Proc. Natl. Acad. Sci. U.S.A.
1996, 93, 5759.

(2) Abbruzzetti, S.; Crema, E.; Masino L.; Vecli, A.; Viappiani, C.; Small,
J. R.; Libertini, L. J.; Small, E. W.Biophys. J.2000, 78, 405.

(3) Jacob, M.; Holtermann, G.; Perl, D.; Reinstein, J.; Schindler, T.; Geeves,
M. A.; Schmid, F. X.Biochemistry1999, 38, 2882.

(4) Jones, C. M.; Henry, E. R.; Hu, Y.; Chan, C. K.; Luck, S. D.; Bhuyan,
A.; Roder, H.; Hofrichter, J.; Eaton, W. A.Proc. Natl. Acad. Sci. U.S.A.1993,
90, 11860.

(5) Pascher, T.; Chesick, J. P.; Winkler, J. R.; Gray, H. B.Science1996,
271, 1558.

(6) Lu, H. S. M.; Volk, M.; Kholodenko, Y.; Gooding. E.; Hochstrasser,
R. M.; Degrado, W. F.J. Am. Chem. Soc.1997, 119, 7173.

(7) Callender, R. H.; Dyer, R. B.; Gilmanshin, R.; Woodruff, W. H.Annu.
ReV. Phys. Chem.1998, 49, 173.

(8) Roder, H.; Shastry, M. R.Curr. Opin. Struct. Biol.1999, 9, 620.

(9) Sheehan, J. C.; Wilson, R. M.; Oxford, A. W.J. Am. Chem. Soc.1971,
93, 7222.

(10) Rock, R. S.; Chan, S. I.J. Org. Chem.1996, 61, 1526.
(11) (a) Shi, Y.; Corrie, E. T.; Wan, P.J. Org. Chem.1997, 62, 8278. (b)

Rock, R. S.; Chan, S. I.J. Am. Chem. Soc.1998, 120, 10766. (c) Hansen, K.
C.; Schultz, B. E.; Wang, G.; Chan, S. I.Biochim. Biophys. Acta2000, 1456,
121. (d) Conrad, P. G.; Givens, R. S.; Hellrung, B.; Rajesh, C. S.; Ramseier,
M.; Wirz J. J. Am. Chem. Soc.2000, 122, 9346.

(12) See Supporting Information for details of the synthesis.
(13) McKnight, C. J.; Doering, D. S.; Matsudaira, P. T.; Kim, P. S.J. Mol.

Biol. 1996, 260, 126.
(14) Duan, Y.; Kollman, P. A.Science1998, 282, 740.
(15) McKnight, C. J.; Matsudaira, P. T.; Kim, P. S.Nat. Struct. Biol.1997,

4, 180.

Figure 1. The head-to-side chain cyclization scheme.
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of the peptide (cVHP-34 M12C-CMB, see Supporting Information
for sequence). Upon photolysis, the cyclized peptide was cleaved
to yield the “linear” form containing a carboxymethylcysteine at
residue 12 (5), a solvent-exposed position where a charged residue
should be tolerated.

To evaluate the secondary structure of the cVHP, steady-state
photolysis was carried out and UV/vis and CD spectra were
recorded. Irradiation of the cVHP-34 revealed a spectra indicative
of a clean conversion of the benzoin to benzofuran, an event that
corresponds to the conversion of the cyclized peptide to the
“linear” form. This conclusion is corroborated by the molecular
mass of the peptide before and after the photolysis, which were
found to be 4191.9 and 4191.2 amu, respectively. The CD spectra
(Figure 2) before photolysis (B) and after (E) show the expected
formation ofR-helical secondary structure concomitant with the
photolysis event. The change in helix content was approximately
50% for this 12-residue loop form of the villin headpiece.16

Examination of a cVHP-34 M12C-CMB model reveals that it is
possible to maintain a hydrophobic core in the cyclized form of
this very stable small protein. It is likely that the cyclization
disrupts the helix contained in the first 12 residues and only
partially disrupts the other two helices.

To ascertain the time course of the structural response of the
peptide following linker cleavage, we have utilized time-resolved
photoacoustic calorimetry (PAC) and photothermal beam deflec-
tion (PBD), two methods that are sensitive to photochemically
induced volume changes.17 Deconvolution of the experimental
PAC data revealed two kinetic phases with time constants of

approximately 100 and 400 ns (raw data presented in Supporting
Information). PBD measurements revealed that the folding process
was essentially complete within the dead time of our experimental
setup (∼10 µs). It is likely that fast helix formation was
responsible for at least one of the phases in the observed PAC
signal.

The observed rates of folding are in accord with existing theory
and experiment. On the basis of a length-dependent diffusion
calculation with anR-helical correction this peptide is predicted
to fold between approximately 15-100µs.18 The two nanosecond
phases observed by PAC are of the same magnitude as experi-
mental and theoretical rates based on helix-coil transitions and
other fast-folding experiments. Although the helix-coil relaxation
rates yield important information, it is necessary to follow the
coil-helix transition to obtain specific information about nucle-
ation and chain propagation rates.

The head-to-side chain cyclization strategy outlined here has
several advantages for the rapid triggering of protein-folding
reactions. The synthetic scheme allows the somewhat sensitive
BrAc-CMB group to be introduced at the end of the solid-phase
synthesis process. With this technique loops of varying size may
be formed, including small, synthetically accessible loops. Finally,
the irreversible triggering event allows us to monitor the entire
refolding process without kinetic competition from the reverse
triggering reaction that was observed in earlier studies.1-5 We
are particularly interested in determining the effects of the initial
unfolded state on the observed kinetic pathways. Our cyclization
approach enables us to confine the protein to a subset of phase
space, thus making it possible to map out sections of the folding
landscape. This technique is not limited to aqueous media;
therefore, the effect of viscosity and the effects of added
denaturants on folding can be studied in alternative solvent
systems. This method allows for the study of protein folding under
more physiologically relevant conditions.

In summary, we have demonstrated an irreversible rapid
triggering method to study protein folding that utilizes a confor-
mational constraint to achieve an unfolded state so that the use
of denaturant is unnecessary.
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Scheme 1.General Strategy for Peptide Cyclization and Photolysis

Figure 2. Steady-state photolysis of 28µM cVHP M12C-CMB (4) in
10 mM NaPO4 buffer, pH 7.4, irradiated from 300 to 400 nm using a
filtered high-pressure mercury vapor arc lamp. “Linear” form at 95°C
(above the melting temperature of VHP-35) (A); cyclized form, irradiation
time (s): (B) 0, (C) 10, (D) 30, (E) 90. Inset; Ribbon diagram of VHP-
35 (PDB accession code 1vii).
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