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INTRODUCTION

To understand the intrinsic principles of protein folding, the events in the folding

process have to be systematically explored from small to large time scales. Tradi-

tional methods for triggering protein folding using stopped-flow or quenched-flow

instruments are often too slow to measure the earliest kinetic processes of refolding.

In the last 2 decades, new experimental methods permitting the observation of pro-

tein folding and unfolding on the previously inaccessible nanosecond–microsecond

time scale have been developed.1–4 The capillary mixing method (continuous flow)

allows observation periods of 50 ls to about 1 ms, depending on the length of the

flow cell and the flow rate.5–9 To further improve the time resolution to the nano-

second range, initiation of protein folding by light was developed.10 Jones et al.11

used laser-triggered nanosecond photodissociation of the heme–CO complex to

study the refolding of reduced cytochrome c, whereas Pascher et al.12 described the

use of a photoinduced electron transfer reaction to initiate the folding of reduced

cytochrome c, taking advantage of the difference in stability of the oxidized and

reduced protein. Laser temperature jump is currently receiving more attention and

has been used to observe the formation of a-helices13,14 and b-hairpins.15,16

Recently, a method combining a photolabile caging strategy and laser flash pho-

tolysis was developed to study fast peptide folding. A photolabile linker, bromoace-

tyl-carboxymethoxybenzoin (BrAcCMB), is used to cyclize a short peptide and con-
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ABSTRACT

Kinetic measurement of protein

folding is limited by the method

used to trigger folding. Traditional

methods, such as stopped flow,

have a long mixing dead time and

cannot be used to monitor fast

folding processes. Here, we report

a compound, 4-(bromomethyl)-

6,7-dimethoxycoumarin, that can

be used as a ‘‘photolabile cage’’ to

study the early stages of protein

folding. The folding process of a

protein, RD1, including kinetics,

enthalpy, and volume change, was

studied by the combined use of a

phototriggered caging strategy and

time-resolved photoacoustic calo-

rimetry. The cage caused unfold-

ing of the photolabile protein, and

then a pulse UV laser (�1029 s)

was used to break the cage, leav-

ing the protein free to refold and

allowing the resolving of two fold-

ing events on a nanosecond time

scale. This strategy is especially

good for monitoring fast folding

proteins that cannot be studied by

traditional methods.
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strains the structure of the ‘‘caged’’ peptide in a well-

defined non-native conformational state.17,18 To initiate

peptide refolding, the photolabile linker is cleaved by irra-

diation with pulses of UV light from an Nd:YAG laser. The

linker is cleaved within 1029 s, giving a time resolution

adequate for observing the rapid refolding of the photo-

cleaved, linearized peptide back toward its native structure.

This method is excellent and has been used to study

various small structural motifs, such as a-helix, helix-

turn-helix, b-hairpin, and three-stranded b-sheet.17–19

However, the photolabile linker BrAcCMB has the draw-

back of low chemical stability. It is easily hydrolyzed dur-

ing the coupling reaction with a polypeptide chain under

basic conditions. Moreover, it is difficult to cyclize a lon-

ger polypeptide chain, which limits the application of this

method to proteins. To use the photolabile caging strategy

to study the fast folding of proteins rather than small pep-

tides, a more stable cage has to be used. Hirota et al.20

used 4,5-dimethoxy-2-nitrobenzyl bromide (DMNBB) as a

new cage compound to unfold apoplastocyanin (apoPC)

and analyzed the folding kinetics after cage photolysis

using transient grating as the detection method.

The next challenge for the photolabile caging strategy is

the selection of the caged protein and the cage-labeling site.

To study protein refolding, we aimed to find a caging site at

which interference by the bulky photolabile cage coupled to

a side chain of the protein would lead to unfolding of the

protein. Because the cage reacts with the sulfhydryl group of

cysteine, the target protein must have only one reactive cyste-

ine. In the case of proteins without any cysteines in the native

sequence, one can easily be introduced by site-directed muta-

genesis; however, the introduced cysteine must not interfere

with the folding of the protein after the cage is released. In

this study, our target protein was a small protein, RD1, a

Type III antifreeze protein from the Antarctic eel pout, Lyco-

dichthys dearborni.21 RD1 contains only 64 amino acids and

has no cysteine. Its crystal structure has been determined at a

resolution of 0.62 Å.21 Its structure is compact and consists

of many short pieces of secondary structures [Fig. 1(A)]. It is

composed of two internal tandem motifs arranged about a

pseudo-dyad symmetry. Each motif consists of four short

b-strands and a one-turn 310 helix, and the two motifs are

connected by a 15-residue loop, which contains a two-turn

310 helix. Sixty-nine percent of the amino acid residues are

involved in the secondary structure. The protein fold of RD1

has been found in other proteins, such as the C-terminal do-

main of human and bacterial sialic acid synthase.22 This

‘‘antifreeze’’ domain can have other functions in proteins.

For example, it is involved in the formation of the quater-

nary structure of E. coli sialic acid synthase, and deletion of

this domain results in loss of enzyme activity.23 As RD1

lacks an intrinsic fluorescence probe and any clear spectro-

scopic differences between the folded and unfolded states, its

folding cannot be monitored by general detection methods.

In this article, we used 4-(bromomethyl)-6,7-dime-

thoxycoumarin (BrDMC) as the photolabile cage

(Scheme 1). Its chemical stability is better than that of

BrAcCMB, and its photolysis rate is faster than that of

the nitrobenzyl derivative.24 Photoacoustic calorimetry

(PAC) was used to observe the refolding process on a

nanosecond time scale.25 This strategy is especially good

for monitoring the folding of fast folding proteins that

cannot be explored by traditional methods, but does not

allow the detailed monitoring of folding events at the

atomic level. This problem can be solved by using all-

atom simulations with explicit solvent. Using Gromos

force field 43a1, the simulation result was in reasonable

agreement with the experimental result and helped us

explain the experimental data.26

MATERIALS AND METHODS

Protein expression and purification

The RD1 gene was cloned into the pET11a plasmid.

Ala-7 was mutated to Cys by site-directed mutagenesis.

The mutant protein RD1-A7C was expressed in E. coli

Figure 1
(A) Sequence and overall structure of the RD1 molecule (PDB ID: 1UCS).

The structure is shown in ribbon format. The colors indicate different

secondary structures, with helix, b-strand, and loop being colored red,

yellow, or green, respectively. (B, C) The cavity (shown as green mesh) in

the interior of the RD1 molecule. (B) and (C) are orthogonal to each

other. The nine residues surrounding the cavity are labeled.
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BL21 (DE3) cells after induction with 0.1 mM isopropyl-

b-D-thiogalactopyranoside. After induction, the cells in

LB broth containing 100 lg/mL of ampicillin were incu-

bated at 168C for 3 days with vigorous shaking and then

were centrifuged at 7000g at 48C for 20 min. The cells

collected from 4 L of broth were resuspended in 150 mL

of freeze-thaw buffer (100 mM Tris-HCl, 1 mM EDTA, 5

mM DTT, and 1 mM benzamidine HCl, pH 8) and the

suspension frozen in liquid nitrogen, then thawed in a

378C water bath for 15 min, and this freeze-thaw cycle

being repeated a further twice. Soluble proteins were sep-

arated from cell debris by centrifugation at 18,000g at

48C for 25 min and then were precipitated as the 20–

80% ammonium sulfate cut. After dialysis against 20

mM Tris-HCl, 1 mM EDTA, 1 mM DTT, and 1 mM ben-

zamidine HCl, pH 8, RD1-A7C was purified by anion

exchange chromatography on a HiPrep2 16/10 Q FF

ion-exchange column at a flow rate of 3 mL/min and

elution with a linear 0–1M NaCl gradient in 20 mM Tris-

HCl, 1 mM EDTA, 1 mM DTT, and 1 mM benzamidine

HCl, pH 8.5. The eluted fractions were monitored with a

UV detector and analyzed by SDS-PAGE, and fractions

containing RD-A7C were pooled and concentrated by

ultrafiltration at 2100g at 48C on an Amicon YM-3 Cen-

triplus1 filter membrane to a final volume of 3 mL,

which was then applied to a Superdex-75 gel filtration

column and eluted with 50 mM ammonium bicarbonate,

2 mM DTT, pH 7.6, at a flow rate of 1 mL/min. The pu-

rity of the protein was assessed using SDS-PAGE and

MALDI (matrix-assisted laser desorption ionization)

mass spectroscopy, and its concentration was determined

by amino acid analysis.

Peptide synthesis

The octapeptide DAEFRHDC, denoted as P8, was syn-

thesized by the batchwise Fmoc (fluorenylmethoxycar-

bonyl)-polyamide method on a PS3 peptide synthesizer

(Rainin). Preloaded Fmoc-Cys-Wang resin was purchased

from Anaspec and used as the solid support in the syn-

thesis. Fmoc-amino acid derivatives (0.4 mmol) were

coupled to 0.1 mmol of resin using 0.4 mmol of benzo-

triazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexa-

fluorophosphate in dimethylformamide (DMF) contain-

ing 4.45% (v/v) of N-methyl morpholine. Fmoc cleavage

was performed using 20% (v/v) piperidine in DMF. The

peptide was cleaved from the resin by stirring at room

temperature for 1–2 h with a mixture of 9.4 mL of tri-

fluoroacetic acid, 0.1 mL of triisopropylsilane, 0.25 mL of

water, and 0.25 mL of ethanedithiol and precipitated

with three volumes of ice-cold methyl t-butyl ether by

centrifugation at 2000g for 10 min at 48C, and then the

pellet was washed twice with methyl t-butyl ether and

dried under vacuum. The resulting white powder was

purified by reverse-phase HPLC using a Vydac C18 col-

umn (10 mm 3 250 mm) and acetonitrile–water mix-

tures containing 0.1% trifluoroacetic acid (v/v). The final

products were analyzed by MALDI mass spectroscopy.

Fractions containing the desired product were lyophilized

and stored at 2208C.

Synthesis of the caged protein and peptide

Purified RD1-A7C (0.46 mM) or peptide P8 (0.8 mM)

was dissolved in 2M GdnHCl, 100 mM Tris-HCl, and 1

mM tris(2-carboxyethyl)phosphine at pH 9, and BrDMC

was dissolved in DMF to a final concentration of 2 mM.

Equal volumes of the protein (or peptide) solution and

the BrDMC stock solution were mixed with gentle shak-

ing at 378C for 1 h in the dark, and then the caged pro-

tein or peptide was purified by reverse-phase HPLC and

identified by mass spectroscopy.

Photolysis of the caged protein and peptide

To carry out photolysis of the caged protein or pep-

tide, samples were placed in a quartz cuvette and irradi-

ated in a ‘‘merry-go-round’’ photoreactor PR-2000 (Pan-

Chum, Taiwan) equipped with 16 UV lamps at 352 nm.

Mass spectroscopy

The molecular masses of all peptides and proteins

were determined by matrix-assisted laser desorption/ioni-

zation (MALDI) mass spectroscopy (micro MX2, Waters,

USA). The samples were prepared in 1% acetic acid/50%

acetonitrile.

Scheme 1
Reaction scheme for photolabile caging.
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Nuclear magnetic resonance spectroscopy

All nuclear magnetic resonance (NMR) spectra were

recorded on a Bruker AVANCE 600 AV NMR spectrome-

ter. RD1-A7C (1 mM) or RD1-A7C-DMC (0.5 mM) was

dissolved in water (H2O/D2O 5 9/1; pH 3.3) alone or

containing 1.2M GdnHCl. The quoted pH values were

those read on the pH meter, with no correction for the

D/H isotope effect. Two-dimensional total correlated

spectroscopy (2D-TOCSY) spectra were collected using

standard phase-cycling sequences at 298 K; a 60 ms mix-

ing time was used in this experiment. Two-dimensional

spectra were acquired with 2K data points in the direct

dimension and 512 increments in the indirect dimension.

Data were processed using XWINNMR software

(Bruker). The shifted square sine bell window functions

in both dimensions were applied to all spectra.

Photoacoustic calorimetry

The light source, operated at 355 nm, was the third

harmonic of a Q-switch Nd-YAG laser (New Wave

Research, Fremont, USA). The laser pulse width was �5

ns, and the repetition rate was 2 Hz. The typical power

used in the experiment was a few microjoules. PAC sig-

nals were measured between 15 and 358C, and the tem-

perature variation during an experiment was less than

0.58C. The data were analyzed by comparison with those

for the calorimetric reference compound, potassium

dichromate (K2Cr2O7), which releases all the energy

absorbed upon photoexcitation as heat with a quantum

efficiency of 1.0.27 The optical density of the reference

solution was adjusted to match that of the sample solu-

tion (range 0.2–0.3). The photoacoustic pressure waves

were detected using a 1 MHz bandwidth microphone

(GE Panametrics V-103, USA), and the PAC signals from

300 shots were averaged and recorded using a digital os-

cilloscope. The instrument response time was 20 ns.

The PAC signal is a convolution of the instrumental

response function (R(t)) and a function representing the

time evolution (S(t)) of the heat upon laser excitation.

The form describing the signal can be written as O(t) 5
R(t)*S(t). S(t) is often written as the summation of the

single exponential terms [see Eq. (1)].

SðtÞ ¼
X
i

/i

si
e
� t

si ; ð1Þ

where /i and si are the respective amplitude and decay

time for the ith component in the sum of the exponen-

tials. Because the heat release of the reference compound

is much faster than the instrument response time, the

signal for the reference compound was used as the

instrument response time function R(t). O(t), the total

signal from the sample, was recorded using a digital os-

cilloscope. The software program ‘‘Sound analysis 32’’

(Quantum Northwest, USA) was used to fit the data.

The program is based on the least squares iterative recon-

volution method.

Simulation method

All-atom simulations with explicit water were per-

formed using the GROMACS program (version 4.0.3),

and the interactions were described using the GROMOS

43a1 force field.28 The SPC water model was used to

describe the solvent. The protein was placed in an octa-

hedral box with edges of 6.2, 6.2, and 4.4 nm with

�5000 water molecules. The equations of motion were

integrated using a leap-frog algorithm with a time step of

2 fs. The Linear Constraint Solver program was used to

constrain bond lengths with a relative geometric toler-

ance of 1024.29 Long-range electrostatic interactions

were calculated using the particle-mesh Ewald algo-

rithm.30 The nonbonded interaction pair list was

updated every 10 fs, using a cutoff of 1.2 nm. The start-

ing structures were generated from the crystal structure

of the protein (PDB ID: 1UCS), adjusted for an Ala-7 to

Cys substitution. The native conformer was gradually

heated from 300 to 450 K. At 450 K, a molecular dynam-

ics (MD) calculation was performed until the total num-

ber of native contacts in the protein backbone became

zero. The last extended conformation was saved as the

starting configuration for the collapse study. To study the

collapse process, MD simulation was carried out using

values of T 5 300 K for 200 ns, starting from the ran-

domly selected denatured conformer, in four independent

runs. For analysis, conformations were recorded every 10

ps. A hydrogen bond (HB) was considered as formed if

the distance between the donor D (atom N) and acceptor

A (atom O) was �3.5 Å, and the angle D-H-A was

�1458.

RESULTS

Design of the cage-labeling site

In the RD1 molecule, there is an interior cavity that is

not occupied by protein or solvent atoms. It has a vol-

ume of 45 Å3 and is surrounded by nine conserved non-

polar residues, Val-5, Ala-7, Ile-11, Leu-17, Met-21, Met-

22, Val-45, Val-49, and Leu-55, which are situated on dif-

ferent b-strands [Fig. 1(B,C)]. Because of this hydropho-

bic cavity in the interior of RD1, our experimental design

was to replace one of the residues facing the interior cav-

ity with a cysteine residue by site-directed mutagenesis

for cage labeling. Ala-7 was the prime choice because its

size is closest to that of Cys, and the substitution might

not affect the refolded structure after the cage was

released. A second reason was that Ala is the smallest res-

idue facing the cavity, and increasing the size at this posi-

tion is more likely to unfold the protein. The mutant

H.-L. Chen et al.
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protein, denoted RD1-A7C, was expressed, purified, and

reacted with BrDMC. It was expected that the DMC

group would be bulky enough to push away the neigh-

boring residues by hydrophobic repulsion and cause

unfolding of RD1-A7C.

Synthesis and photolysis of RD1-A7C-DMC

BrDMC was efficiently coupled to Cys-7 of RD1-A7C

in the presence of 2M GdnHCl. The caged product,

denoted as RD1-A7C-DMC, was purified by HPLC and

identified by mass spectroscopy [Fig. 2(A)]. After addi-

tion of the cage, RD1-A7C-DMC became less soluble

and tended to aggregate, which implied that the pro-

tein was unfolded and that the hydrophobic interior

became exposed and formed intermolecular associa-

tions. Because of this, RD1-A7C-DMC was dissolved in

1.2M GdnHCl. In the absorption spectrum of RD1-

A7C-DMC [Fig. 2(B)], the absorption band at 350 nm

comes from the DMC moiety. This band is distant

from the protein absorption band and thus irradiation

at 355 nm can photocleave the cage without affecting

the protein moiety. When RD1-A7C-DMC was irradi-

ated in a ‘‘merry-go-round’’ photoreactor, an absorb-

ance decrease at 355 nm and absorbance increase at

280 nm after photolysis were clearly seen by comparing

the absorption spectrum of the black line (before pho-

tolysis) and the red line (after photolysis) [Fig. 2(B)].

The mass result showed that RD1-A7C was reformed

after irradiation.

For the caging strategy to be used successfully in

studying protein folding, addition of the cage should

unfold the protein. The structures of RD1-A7C and

the cage-modified RD1-A7C-DMC were compared using

NMR spectroscopy (Fig. 3). The first and second

traces in Figure 3(A) show the 1D-NMR spectrum of

RD1-A7C and RD1-A7C-DMC in water, respectively.

When a protein is unfolded, the upfield shifts of the

methyl and methylene protons of the hydrophobic side

chains are no longer seen, and comparison of the spec-

tra clearly showed that addition of a DMC group to

Cys-7 unfolded the protein. In Figure 3(B), the finger-

print regions (composed of Ha and HN crosspeaks) of

the 2D TOCSY spectra for RD1-A7C-DMC (red) and

RD1-A7C (black) are superimposed. The Ha and HN

crosspeaks of RD1A7C-DMC were poorly dispersed, as

in a random coil conformation. The signal was very

weak, probably because aggregation increases the T1

relaxation. Based on these results, it was concluded that

the addition of BrDMC substantially unfolded the pro-

tein. To avoid aggregation, 1.2M GdnHCl was used to

dissolve RD1-A7C-DMC. The 1D-NMR spectrum

of RD1-A7C in 1.2M GdnHCl [third spectrum in

Fig. 3(A)] was close to that in water [first spectrum in

Fig. 3(A)], suggesting that the protein structure

remained native like in the presence of 1.2M GdnHCl.

This spectrum was also similar to that of RD1-A7C-

DMC after photolysis [fourth spectrum in Fig. 3(A)],

suggesting that the caged protein folds back to its native

structure after the cage is released from the protein.

Refolding kinetics monitored by PAC

The folding of RD1-A7C-DMC in 20 mM HEPES

buffer, pH 8, containing 1.2M GdnHCl after laser flash

photolysis was monitored by PAC. The cage was broken

by photoirradiation and released into the solvent; at the

same time, the protein started to fold from the unfolded

state to the native state and the process was monitored

by PAC. A synthetic eight amino acid random-coil pep-

tide (sequence DAEFRHDC), denoted P8, was also modi-

fied with BrDMC for comparison, and the modified pep-

tide was named P8-DMC.

Figure 2
(A) HPLC chromatographs of RD1-A7C (black) and RD1-A7C-DMC
(red) using a Vydac C18 column. Elution was performed by linearly

increasing the percentage of solvent B from 30 to 60% in 30 min

(solvent A: 5% acetonitrile and 0.1% TFA in water; solvent B: 0.1%

TFA in acetonitrile). Inset: Mass spectra of RD1-A7C (black) and RD1-

A7C-DMC (red). The theoretical mass of RD1-A7C is 7069.6 Da. The

theoretical mass of RD1-A7C-DMC was calculated as 7069.6 1 (299.1

2 81) 5 7287.7. (B) Absorption spectra of RD1-A7C-DMC before

(black) and after (red) 10-min irradiation at 352 nm in a photoreactor.

RD1-A7C-DMC was dissolved in 20 mM HEPES buffer (pH 8) and

1.2M GdnHCl. Inset: Mass spectra of RD1-A7C-DMC before (black)

and after (red) photolysis.
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Figure 3
(A) Comparison of the 1D-NMR spectra of RD1-A7C in water, RD1-A7C-DMC in water, RD1-A7C in 1.2M GdnHCl, and RD1-A7C-DMC in

1.2M GdnHCl after photolysis. (B) Fingerprint regions of the 2D-TOCSY spectra of RD1-A7C (black) and RD1-A7C-DMC (red) in water. All

samples contained 10% D2O. The spectra were recorded at 298 K.
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Figure 4 shows normalized PAC traces for RD1-A7C-

DMC [Fig. 4(A)] and P8-DMC [Fig. 4(B)] recorded at

different temperatures. The PAC amplitude, which was

normalized with respect to the reference compound

K2Cr2O7, for RD1-A7C-DMC varied depending on the

temperature, whereas that for P8-DMC remained constant

at different temperatures. Because P8-DMC contained

only eight amino acids and the cage was conjugated to the

C-terminus of the peptide, cage release should only affect

heat and there should be no volume change in the peptide

that would contribute to the observed PAC signal. The dif-

ference in amplitude between P8-DMC and RD1-A7C-

DMC implies that protein folding occurs after cage release

from RD1-A7C-DMC.

The PAC signals were resolved using Sound Analysis

(Version 1.50D). The PAC signal for RD1-A7C-DMC was

well fitted by a function with two exponential decays. The

two components derived from the fitting represented two

events in the refolding of RD1-A7C. At 158C, the PAC sig-

nal was fitted with amplitude /1 5 �0.48 and s1 < 20 ns

for the fast component and /2 5 �0.05 and s2 5 520 �
100 ns for the slow component (see Supporting Informa-

tion). In contrast, the PAC signal for P8-DMC at 158C
was well fitted by a function with one exponential decay,

with /1 of �0.60 and s1 < 20 ns. The fitting results for

RD1-A7C-DMC and P8-DMC suggested that photolysis of

the cage occurred in less than 20 ns, a result consistent

with the reported photolysis rate of the cage.24

In a PAC experiment, the contribution of heat release

and volume change to the pressure wave for the transient

species (/i) can be described by Eq. (2)31

Ehv/i ¼ qi þ DRVi

Cpq
b

� �
T

; ð2Þ

where Ehv is the excitation energy (80.6 kcal/mol for 355

nm); qi is the heat released in the system after excitation

by 1 mol of photons; DRVi is the observed volume change

in the ith process, DRVi 5 Fc DVi, where Fc is the photo-

cleavage quantum yield and DVi is the molar volume

change of the solute in the ith process; b is the volumetric

thermal expansion coefficient of the solvent; and q and CP

are the density and heat capacity of the solvent, respec-

tively. The (Cpq/b) ratio of the solvent was measured

using the method described by Oertling et al.32 The PAC

signals for RD1-A7C-DMC and P8-DMC after laser irradi-

ation were measured in the temperature range 15–358C,
and data analysis was performed as described above.

According to Eq. (2), the slope of the line corresponds

to the observed volume change (DRVi) of the sample,

and the heat release value (qi) can be obtained from the

intercept on the y axis. As shown in Figure 5, in the caseFigure 4
The photoacoustic waves generated after laser irradiation of RD1-A7C-

DMC (A) or P8-DMC (B) at 15, 20, 25, and 308C. The amplitude was

normalized to the reference amplitude at the same temperature.

Figure 5
Volume and enthalpy changes for RD1-A7C-DMC and P8-DMC. The

plots are of Ehv*/ versus Cp*q/b for the fast phase (black circles) and slow

phase (red triangles) for RD1-A7C-DMC and for P8-DMC (blue squares).
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of P8-DMC (blue squares), the observed volume change

was 20.3 mL/mol, and the heat released to the solution

was 50 kcal/mol. Considering the structure of P8-DMC,

it was reasonably expected that there would be no sub-

stantial volume change during photolysis, and the experi-

mental result supported this assumption, implying that

the cysteine-cage breaking process did not induce a vol-

ume change in the peptide. In the case of RD1-A7C-

DMC, the volume change and heat release for the fast

and slow components were calculated. The fast compo-

nent (black circles) showed a volume change of 29.7

mL/mol (DRV1) and a heat release (q1) of 83 kcal/mol,

whereas the slow component (red triangles) showed a

small volume change of 21.4 mL/mol (DRV2) and a heat

release (q2) of 10 kcal/mol.

Simulation of the folding process of
RD1-A7C

The folding process of RD1-A7C was simulated

using an all-atom model with Gromos force field

43a128 and explicit water. Four independent runs of

200 ns were generated. The time dependence of the

gyration radius and the native HB formation of the

protein are shown in Figure 6, the results being aver-

aged over four trajectories. In the case of the gyration

radius [Fig. 6(A)], the fit (smooth red curve) was given

by the equation Rg 5 Rg0 1 Rg1 exp(2t/sRg), where

Rg0 5 11.6 Å, the pre-exponential factor Rg15 1.4 Å,

and the collapse time sRg 5 3.8 � 0.1 ns. The gyration

radius data clearly showed that the protein underwent

a rapid decrease in volume. It should be noted that a

previous all-atom simulation study performed on a

number of short proteins33 gave collapse times com-

patible with our estimate.

To fit the data for HB formation [Fig. 6(B)], a

biexponential function was needed, namely, H 5 H0 2
H1exp(2t/sHB1) 2 H2exp(2t/sHB2), where H is the

number of native HBs formed in the recorded con-

formers during simulations, H0 was 32 � 5, the pre-ex-

ponential factors H1 and H2 were 5.9 � 0.2 and 11 �
5, respectively, and the time scales sHB1 and sHB2 were

4.2 � 0.2 ns and 663.3 � 322.5 ns, respectively. Obvi-

ously, sHB1 is close to sRg, as it corresponds to the

burst collapse stage. The longer time sHB2 describes the

slow folding event in which most HBs were formed.

Interestingly, the theoretical value of sHB2 is not far

from the experimental one. Thus, folding is a two-

stage process. As is evident from Figure 6(B), about

20% of the native HBs were formed during the fast

volume contraction, following which more and more

native HBs were formed, but the gyration radius [Fig.

6(A)] of the collapsed globular structure only showed

small fluctuations. This suggests that the protein

undergoes structural rearrangement after fast structural

collapse.

DISCUSSION

The NMR results indicated that the presence of the

cage resulted in unfolding of the RD1 protein structure.

However, the caged protein was prone to aggregate, so

photolysis and refolding were performed in the presence

of a low concentration of denaturant (GdnHCl). Aggre-

gation was not surprising, as unfolding must result in the

exposure of hydrophobic residues, favoring association

due to hydrophobic interaction. In a previous study, Hir-

ota et al.20 used DMNBB as the cage to unfold apoPC.

Interestingly, the caged-labeled apoPC seemed to be

unfolded (although their NMR data suggested there was

still some folded protein), but remained soluble in buffer.

Comparing the amino acid composition of RD1 and

apoPC, apoPC has more charged residues (24 charged

residues, 16.2% of the protein) than RD1 (10 charged

residues, 7.7% of the protein), whereas hydrophobic plus

aromatic residues account for 45 and 58% of the total

Figure 6
Changes in the gyration radius (A) and number of native HB formed

(B) for RD1-A7C with time during the simulation. The values shown

(black lines) are the averaged results from four independent

simulations, while the fitting result is shown in red.
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residues in apoPC and RD1, respectively. As RD1 has

many more hydrophobic residues and fewer charged resi-

dues, it is prone to aggregate when unfolded. In addition,

it took 400 ns to cleave the DMNB group from apoPC in

the study of Hirota et al. In our study, RD1 (<20 ns for

hydrophobic collapse and �520 ns for structural rear-

rangement) was found to fold faster than apoPC (270 ls
for hydrophobic collapse, 23 ms for intermediate conver-

sion, and 30–1000 s for trans-to-cis isomerization of two

proline residues), so we were unable to obtain a PAC sig-

nal when we tried to use the DMNBB cage in our initial

studies. Comparing BrDMC and DMNBB, BrDMC has a

faster photolytic rate (�109 s21)24 and a reasonable pho-

tocleavage quantum yield (�0.2; see Supporting Informa-

tion), suggesting that it is a good choice for a cage for

fast protein folding studies. However, BrDMC itself emits

fluorescence when excited, so it is not suitable when the

reaction has to be monitored by fluorescence spectros-

copy.

However, although we used a caged peptide, P8-DMC,

as a control, we cannot rule out the possibility that the

existence of the cage after photocleavage might affect

protein folding kinetics, because the environments near

the caging site for the protein and the peptide are differ-

ent. Even so, this system can be used to study how pro-

tein sequence affects the early stages of folding kinetics

on a comparative base by studying different mutant pro-

teins with the cage at the same position.

The folding of small proteins (residue number < 100,

including subdomain and secondary structure motifs)

has been reported in different types of experiments and

simulation calculations.34 The rate of initial hydrophobic

collapse and water depletion of a subdomain protein (or

peptide) ranges from a few nanoseconds to tens of

microseconds in both simulations and experimental stud-

ies, depending on its hydrophobic properties.33,35,36 It

can be very fast; for example, using the T-jump and

FRET methods, Sadqi et al.37 measured the temperature-

triggered hydrophobic compaction of an acid-denatured

protein BBL and found that the relaxation time for

hydrophobic collapse is only �60 ns at 305 K, faster than

secondary structure formation. Using the PAC results for

RD1-A7C-DMC, two folding events were identified in

our study.

The fast event involving volume contraction was

assumed to be the initial collapse of the protein. RD1

is a small protein (64 residues) without any disulfide

bonds or bound metal, and its structural stability is

mainly contributed by its hydrophobic residues, which

make up 58% of the total residues. The collapse is

probably driven by hydrophobic interactions. More-

over, the observed volume change was 29.7 mL/mol,

and the photocleavage quantum yield (Fc) of the cage

was estimated to be around 0.2. Thus, the DV1 (vol-

ume change of the protein during the hydrophobic col-

lapse) corresponded to 280.5 Å3 for one protein mole-

cule. According to the X-ray structure, the surface of

RD1 is 3783 Å2, and the total volume can be estimated

as �11,946 Å3 for one protein molecule (the volume

and accessible area were calculated using the ARVO

method).38,39 Thus, the percentage volume change

during the collapse step was �0.67%. This suggests

that the cage-induced unfolding does not lead to a

large size difference in the protein. Finally, the corre-

sponding enthalpy change during the fast event can be

calculated using Eq. (3)40

Ehv ¼ q1 þ Ef3Uf þ Uc3DH1; ð3Þ

where Ef is the energy of the lowest excited state (66.28

kcal/mol) of RD1-A7C-DMC; Ff is the fluorescence

quantum yield of RD1-A7C-DMC (see Supporting Infor-

mation); and DH1 is the enthalpy change during the fast

event. The fast event had a DH1 of 2101 kcal/mol, sug-

gesting that it is an exothermic process and that the sys-

tem releases heat to its surroundings.

The second event showed a small volume change (DV2

5 21.4 mL/mol), corresponding to a volume change of

�211 Å3 per protein molecule and a percentage volume

change of �0.09%. These data are consistent with the

simulation results showing that the gyration radius only

shows a small fluctuation after the initial collapse. We

therefore surmised that structural rearrangement toward

the global minimum of energy occurred during the sec-

ond event. The enthalpy change (DH2) for the structural

rearrangement, calculated from the released heat during

the slow event using the equation: DH2 5 2q2/Fc, was

250 kcal/mol.

RD1 has an internal cavity of 45 Å3 surrounded by

nine nonpolar residues [Fig. 1(B,C)]. Mizuno et al.41

proposed that a hydrophobic cavity plays an important

role in stabilizing enzyme structure. This is clearly the

case for RD1, as, when we mutated V49 to Ala (or

Trp) and L55 to Ala, the expressed proteins formed

inclusion bodies and could not be refolded, whereas

soluble proteins were obtained when V49 or L55 was

replaced with a residue of similar size and hydropho-

bicity, for example, mutation of V49 to Leu and L55 to

Val (or Ile) (our unpublished data). These results show

that the cavity plays a significant role in maintaining

the native structure. Unfortunately, whether this cavity

plays a role in the folding kinetics of RD1 cannot be

examined experimentally because the protein is not

folded in the absence of this cavity. However, the sim-

ulation results suggested that this cavity is not formed

during the early stage of folding. We analyzed all the

simulated conformers that had a hydrophobic cavity

(the volume of the cavity was estimated by the envel-

oping triangulation method)42 and estimated the

probability that residues V5, C7, I11, L17, M21, M22,

V45, V49, and L55, which are involved in the cavity in

the native form, were involved in the simulated cavities
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(see Supporting Information) and found that, in 20%

of the simulated conformers, none of these residues

were involved in the formed cavity. The maximum

number of these residues involved in cavity formation

during simulation was six. Thus, we surmised that the

native cavity might form after structural rearrange-

ment.

In addition, temperature-induced unfolding of RD1

using molecular dynamic simulation has been reported

recently.43 The authors found that the loss of the three

helices of the protein happened earlier than the disrup-

tion of the b-sheets. The snapshots of our folding sim-

ulation (see Supporting Information) showed that the

b-strands formed earlier than the helices. Thus, the

loss of interactions during unfolding occurs in the op-

posite order to the gaining of contact during the fold-

ing process, demonstrating that folding and unfolding

of RD1 are microscopically reversible.44,45

CONCLUSION

An important goal of protein folding studies is to

quantitatively predict the contributions of amino acid

sequence, pH, temperature, and salt concentration to

the kinetics and thermodynamics of the protein folding

process. To achieve this goal, detailed knowledge of the

structural and thermodynamic properties of the differ-

ent states populated during folding and of the kinetics

involved in going from one state to another is required.

Although experimental studies on protein folding have

become a popular field in recent years, the bulk of the

work has been directed toward the late stage of the fold-

ing process. Despite almost 40 years of effort, because

of the limitations of kinetics methods, there is still a

paucity of data on the early kinetic events in the refold-

ing process. For any kinetic study to be meaningful, the

event that perturbs the equilibrium must occur on a

time scale much shorter than the process of interest.

Unfortunately, traditional methods for triggering a pro-

tein folding event in a stopped-flow or quenched-flow

instrument are often too slow to measure the early fold-

ing kinetics because these instruments inevitably have a

dead time of several milliseconds, depending on the

method used to change solvent conditions. The folding

kinetics of RD1 have been difficult to study not only

because its folding is too fast to be detected by tradi-

tional methods but also because it does not have a char-

acteristic circular dichroism spectrum and does not con-

tain tryptophan to serve as an intrinsic fluorescence

probe for monitoring the folding process. Here, we, for

the first time, report that BrDMC can be used as a pho-

tolabile cage to study fast protein folding. Combining a

photolabile caging strategy and the PAC method, the

fast folding kinetics of RD1 were monitored on the

nanosecond time scale. The same strategy can be used

to study the fast folding kinetics of other proteins that

could not be previously studied.
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