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Time-Resolved Fluorescence Resonance Energy Transfer Study Shows a Compact
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ABSTRACT: The B domain of protein A (BDPA), a three-helix bundle of 60 residues, folds via a
nucleation—condensation mechanism in apparent two-state kinetics. We have applied a time-resolved
FRET (tr-FRET) approach to characterize the ensembles of BDPA during chemical denaturation. The
distribution of the distance between residues 22 and 55, which are close and separated by helices 2 and
3 in the native state, was determined by global analysis of the time-resolved fluorescence decay curves of
the probes. Narrow distributions were observed when the protein was equilibrated in guanidinium chloride
(GdmCl) concentrations below 1.5 M (native state, N) and above the transition zone at 2.6—3.0 M GdmCl
(denatured state, D). Considerably broader distributions were found around the transition point (2.0 M
GdmCl) or much higher GdmCI concentrations (>3.0 M). Comparative global analysis of the tr-FRET
data showed a compact denatured state of the protein, characterized by narrow distribution and relatively
small mean distance between residues 22 and 55 that was observed at mild denaturing conditions (<3 M
GdmCl). This experiment supports the two-state folding mechanism of BDPA and indicates the existence
of effective nonlocal, probably hydrophobic, intramolecular interactions that stabilize a pretty uniform

ensemble of compact denatured molecules at intermediate denaturing conditions.

The folding mechanisms of small single domain proteins
are of considerable interest both experimentally and theoreti-
cally, since these domains can fold very rapidly in micro-
seconds or less so that direct comparison of simulation and
experiment is possible (/—6). The B domain of protein A
(BDPA),' for example, which folds at 10° s~" at 25 °C, has
been extensively studied by theory, simulation, and experi-
ment. BDPA is a 60-residue three-helix bundle, with helix
1 (H1, residues 10—19), turn 1 (T1, residues 20—24), helix
2 (H2, residues 25—37), turn 2 (T2, residues 38—41), and
helix 3 (H3, residues 42—58). A thorough ®-value analysis
shows that this protein folds through a nucleation-condensa-
tion mechanism, with H2 being the nucleus in the transition
state, although H3 seems to be more stable and has some
o-helical secondary structure in the denatured state (6, 7).
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Temperature dependent ®-value analysis further suggests
that BDPA folds via a single dominant folding pathway (8).
Single-molecule fluorescence resonance energy transfer
(SM-FRET) spectroscopy has afforded direct observation of
the denatured and native states of BDPA in mildly denaturing
conditions (9).

Distributions of structural parameters that characterize the
conformations of proteins under various conditions and their
change with environment are essential information for
understanding protein properties and folding mechanism.
Unlike folded proteins, denatured (or natively disordered)
proteins do not have well-defined structure and, therefore,
are hard to characterize. These states are ensembles of
multiple conformations, which are distinguished by distribu-
tions of intramolecular distances or coordinates and the
dynamics of their changes. NMR techniques such as para-
magnetic relaxation enhancement (PRE) and residual dipolar
coupling (RDC) have been applied to extract information
on long distance interaction and conformational distribution
(10—14). Other techniques that have been applied to describe
the properties of disordered proteins include small-angle X-ray
scattering (SAXS) (/5) and time-resolved fluorescence reso-
nance energy transfer (t--FRET) (16, 17). FRET can be applied
to measure the distance between fluorophores due to the
strong distance dependence of FRET efficiency (/8—21). By
measuring time-resolved fluorescence, tr-FRET can provide
more information than steady-state FRET, where steady-state
fluorescence intensity is measured, since the shape of the
fluorescence decay curve does not depend only on the aver-
age distance between the donor and the acceptor but also
depends on their distance distribution and fluctuations (22).
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FIGURE 1: Structure of BDPA N22CA55W, derived from the wild-
type NMR structure (PDB code 1SS1). The side chains of Cys22
and Trp55 were shown, and coumarin was shown as a red sphere.
The image was created using PyMOL.

tr-FRET has been applied to measure the end-to-end distance
distribution of short peptides and DNA and denatured and
partially folded proteins, as well as protein domains (/6—18,
22—27). t-FRET can also be applied to resolve subpopu-
lations in ensembles of multiple conformers and distinguish
the native and denatured states of two-state folding proteins
(28). Here, we have applied tr-FRET to explore the en-
sembles of conformers of BDPA throughout its unfolding/
refolding transition induced by change of GdmCI concen-
trations. To set up a tr-FRET system, we have introduced a
Trp into BDPA at position 55 and a Cys residue at position
22, which was labeled with 7-acetamidocoumarin-4-car-
boxylic acid (I-coumarin) (Figure 1). The results of the global
analysis of the tr-FRET experiments suggested that BDPA
had two-state folding characteristics and its denatured state
was compact at low concentration of GdmCI and expanded
at higher concentrations of GdmCI.

MATERIALS AND METHODS

Protein Expression, Purification, and Labeling. BDPA
gene was mutated by using QuikChange (Stratagene). The
mutated BDPA was expressed in Escherichia coli and
purified as described (7). In the labeling reaction, 50—100
uM BDPA was dissolved in phosphate buffer (20 mM
phosphate, 150 mM NaCl, pH 7), and 1 mM tris(2-
carboxyethyl)phosphine (TCEP) was added 10 min before
the addition of a 10-fold excess of coumarin. The labeling
reaction was carried out at room temperature and followed
by matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy (MALDI-TOF MS). After labeling, the
free dye was quenched with S-mercaptoethanol, and the
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labeled protein was separated from the free dye with HPLC
(Waters, Milford, MA) on a C8 column. Purified labeled
protein was then lyophilized. HPLC and MS showed that
the labeling efficiency was >98% for the purified protein.
Analytical HPLC analysis confirmed the purity of the labeled
protein samples (Supporting Information Figure S3). This
supports the straightforward global analysis of the data in
terms of distance distributions.

CD Measurements. In chemical denaturation experiments,
the CD signal of 5 uM protein in NaOAc buffer (pH 5.7, 50
mM NaOAc plus 150 mM NacCl) at 222 nm was acquired at
25 °C on an Aviv spectrometer (Aviv Associates, Lakewood,
NIJ). Experiments on the temperature dependence of the CD
signal were carried out on a J-815 CD sSpectrometer
(JASCO, Tokyo, Japan) with 50 M protein in NaOAc buffer
(pH 5.7, 50 mM NaOAc plus 150 mM NacCl) at 222 nm.

Time-Resolved FRET Measurements and Data Analysis.
(A) Preparation of Samples for Time-Resolved FRET Mea-
surements. Lyophilized labeled BDPA samples were dis-
solved in 50 mM sodium acetate and 100 mM sodium
chloride (pH 5.67) (buffer A). Protein concentration in the
stock solutions was determined by the absorption spectrum.
The extinction coefficients of BDPA (55W) and BDPA
(55W, 22-coumarin) at wavelength 280 nm were 5700 and
7000 L+mol~'-cm™!, respectively. Stock guanidinium chlo-
ride solution was prepared in buffer A, filtrated by a 0.2 um
Millex-GN syringe driven filter unit (Millipore, Billerica,
MA), and stored frozen at 0 °C. The guanidinium chloride
concentration was determined by refractive index measure-
ments using a Carl Zeiss 110623 refractometer (Nozaki
1972). GdmCl, UV grade, was purchased from ICN (Costa
Mesa, CA).

(B) Time-Resolved FRET Measurements. The time-cor-
related single-photon counting method was used. The excita-
tion source was a picosecond mode-locked Ti-sapphire laser
(Tsunami; Spectra-Physics, Santa Clara, CA) pumped by a
high-power diode laser (Millenia XsJ; Spectra-Physics, Santa
Clara, CA) and equipped with broad-band optics. The laser
output was frequency tripled by a flexible second and third
harmonics generator (GWU; Spectra-Physics). The laser
pulse width was 1.6 ps before doubling. A pulse selector
(model 3980; Spectra-Physics) was used to reduce the basic
80 MHz pulse rate to 10 MHz. The donor fluorescence was
excited at 297 nm. The emission wavelength was selected
by a double !/g m subtractive monochromator (DIGIKROM
CM112, Albuquerque, NM) and directed to the surface of a
cooled microchannel plate PMT (MCP-PMT; Hammamatsu
3809U-50, Albuquerque, NM) biased at —3200 V. The
emission was collected at 350 nm (emission bandwidth 20
nm). A single-photon counting board (SPC 630; Becker and
Hickel GmbH) fed via a preamplifier (HFAC-26DB 0.1UA,
Brookline MA) and triggered by a photodiode (PHD-400N)
was used. The response of the system yielded a pulse of
full-width at half-maximum (fwhm) of 50 ps. The system
was routinely checked for linearity and time calibration by
determination of the decay kinetics of degassed anthracene
in cyclohexane (Merck, NJ) (decay lifetime is 5.1 ns at 350
nm). The emission was collected with a polarizer at the magic
angle (54.7°) relative to the excitation polarization. The
reference excitation pulse profile used for deconvolution of
the experimental decay curves was a scattered light pulse
generated by placing a suspension of latex beads in the cell.



3470 Biochemistry, Vol. 48, No. 15, 2009

All measurements were done at 25 °C. Two fluorescence
decay curves in each set of energy transfer (ET) experiments
were measured. These were (a) the fluorescence decay curve
of the Trp 55 residue in the absence of an acceptor in BDPA
(55W) and (b) the fluorescence decay curve of the Trp 55
residue in the presence of the acceptor attached to the Cys
22 residue in BDPA (55W, 22-coumarin). The background
emission was routinely subtracted from the corresponding
fluorescence decay curve. To measure background emission,
the buffer solution in the corresponding guanidinium chloride
concentration was used. Donor emission was monitored at
350 nm (bandwidth, 20 nm). Data collection for each set of
two measurements was done on the same day within a short
time period. This reduced possible variations due to changes
in calibration of instruments. Samples were routinely de-
gassed and magnetically stirred during the measurement.

(C) Data Analysis. Average excited state lifetime was
calculated by (7) = Yiour/X10; (n = 3), which is suitable
for intensity averaging and in which 7; stands for the
lifetime components and «; for their relative amplitudes.
Average energy transfer efficiency, E, was calculated as
E =1 — {tpa)/{Tpo), Where {Tpo) and (tp,) stand for the
average excited state lifetime of the donor in the absence
and presence of an acceptor, respectively. Intramolecular
distance distribution functions were obtained from simul-
taneous global analysis of the tryptophan emission decay
curves obtained in the presence and the absence of the
acceptor (28). Either the single-population model po(r) =
47rte Pr~9" or the two-subpopulation model po(r) =
47 (frx(e P14’y 4+ (1 — frx)e 220~9)%) was used as the
model for determination of the radial intramolecular
distance distribution, in which a@; and b; are parameters
proportional to the subpopulation’s average and inverse
of its standard deviation, respectively, and frx is the
parameter which defines the fraction of the first subpopu-
lation. The background emission was subtracted prior to
the analysis. The evaluation of the quality of fit obtained
by the curve fitting procedure was based on four indica-
tors: the global XZ values, the distributions of the residuals,
the autocorrelation of the residuals, and the error intervals
of the calculated parameters (29, 30). The error intervals
were obtained by a rigorous analysis procedure carried
out for each set of experiments (29).

(D) Spectroscopic Measurements. Absorption spectra were
measured on an Aviv model 17DS UV—vis IR spectropho-
tometer (Aviv Associates, Lakewood, NIJ). Steady-state
fluorescence spectra were recorded using an Aviv model ATF
105 fluorometer. The normalized spectral overlap integral,
J, was determined as previously described (37, 32). The
fluorescence emission spectrum of the tryptophan residue in
BDPA (55W) was measured for each GdmCl concentration.
The radiative lifetime of the donor (21.5 ns) was determined
from measurements of the lifetime and the quantum yield
of the tryptophan residue in the BDPA (55W) derivative.
Quantum yield of the Trp residue in BDPA (55W) was
calculated relative to that of a solution of degassed N-
acetyltryptophanamide (NATA) in water, taken to be 0.13
(33). The value obtained for the tryptophan residue in BDPA
(55W) in the absence of GdmCI was 0.073.
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FIGURE 2: Far-UV CD detection of BDPA denaturation induced
by GdmCl. (A) N22CAS55W labeled by the coumarin probe
([GdmCl]sp = 2.08 £ 0.01 M). (B) BDPA-N22CA55W (no
acceptor) ([GdmCl]syp = 2.16 & 0.01 M). Data were acquired at
222 nm and 25 °C. Black dots indicate experimental results, and
the black line indicates the sigmoidal nonlinear regression fit. The
data were analyzed using Microcal’s Origin data analysis software.

RESULTS

Protein Design and Stability. The BDPA used in this work
was based on the Y15F mutant to remove the fluorescence
from Tyr. We used Trp at position 55 as the FRET donor
and 7-acetamido-4-coumarincarboxylic acid (coumarin)
coupled to Cys22 as the FRET acceptor (Figure 1). This
FRET pair has a Forster distance, Ry, of 24 A. According to
the NMR structure, the Co—Ca distance between the wild-
type residues 22 and 55 in the native state is only 9.2 A. A
very high FRET efficiency would be expected between the
donor and acceptor labeled at positions 55 and 22, respec-
tively, since the Forster distance for this donor/acceptor pair
is larger than 20 A. A large change of intramolecular mean
distance between residues 22 and 55 should be detected upon
denaturation, because they are separated by 32 residues. The
protein stability was measured with CD spectroscopy before
and after the attachment of the coumarin probe. This mutant
was less stable (based on the CD-detected transition) than
the wild type (WT), [D]sps decreasing from 2.45—3.49 M
GdmCl for the pseudo-WTs with Trp at other positions (3.49
M for Y15W, 2.45 M for N29HQ33W, and 2.95 M for
E48W) (6) to 2.1 M GdmCl for this mutant. The coumarin-
labeled and unlabeled mutants showed very similar stability
([D]spss = 2.1 M for both coumarin-labeled and unlabeled
protein) (Figure 2), suggesting that the introduced coumarin
does not interact with the protein or influence its folding
pathway.

As a control, 1-aminoethylenediaminonaphthalene-8-sul-
fonic acid (AEDANS) and 5-acetamidosalicylic acid were
also applied as FRET acceptor. Although they gave similar
average distance as when coumarin acted as acceptor, these
two FRET acceptors were not used in distance distribution
analysis because the AEDANS has a long fluorescence
lifetime, which is not perfect in distance distribution analysis
(28), and Trp/salicylic acid has shorter Forster distance
(Ro = 15 A), which is very suitable for the native state but
too short for the denatured state of the protein.

Fluorescence Lifetime of Trp in the Absence of FRET. The
fluorescence lifetime of the indole probe in proteins is a
complex function of its interactions with the local environ-
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FIGURE 3: Time-resolved fluorescence decay traces of Trp emission
in BDPA mutants. (A) BDPA-N22CAS5W, no acceptor. (B)
BDPA-N22CA55W (22-coumarin, AS5W) with acceptor and hence
with FRET at different concentrations of GdmCI. The time to
channel ratio was 0.0122 ns/channel. GdAmCI concentrations (M):
0.0, black; 1.7, red; 2.0, green; 2.1, blue; 2.25, cyan; 2.4, magenta;
2.5, yellow; 2.65, dark yellow; 2.75, navy; 2.8, purple; 2.9, wine;
3.0, olive; 3.5, dark cyan; 4.2, royal. The excitation pulse impulse
response is shown in gold in panel A.
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FIGURE 4: Averaged excited state lifetime of Trp55 in the absence
(solid squares) and presence (open circles) of FRET at different
GdmCl concentrations.
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ment and the solvent. The fluorescence decay of the
tryptophan residue 55 in the absence of an acceptor at residue
22 was measured under different GdmCI concentrations after
the samples were degassed. A multiple exponential decay
was observed (Figure 3), which is typical for Trp in
proteins. Three lifetime components (ca. 5, 2, and 0.5 ns,
Figure S1 in Supporting Information) commonly assigned
to the three rotamers of the Trp residue were observed.
The relative contribution of each component was depend-
ent on the folding/unfolding conditions due to the protein’s
multiple local configurations and changes in the extent
of solvent accessibility. The average excited state lifetime
is plotted in Figure 4, which shows a significant decrease
from ~5.2 ns in buffer to ~1.5 ns in 4.2 M GdmCl solution.
The monotonic decrease of average excited state lifetime as
a function of the denaturant concentration indicates increased
quenching both from the solvent accessibility and possibly
also from higher frequency of interaction with neighboring
side chain and main chain chemical functions. Interestingly,
the contribution of the long lifetime component, which was
dominant at low GdmCI conentrations (below 1.8 M), was
reduced under denturing conditions. At 4.2 M GdmCl the
preexponents of the three lifetime components were nearly
equivalent, but at higher denaturant concentration, e.g., at 6
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M GdmCl, the long lifetime component (which was reduced
to ~2 ns) was again dominant (54 & 5%) probably due to
preferential quenching of the more exposed rotamers. This
change is consistent with earlier evidence of a structural
change in the unfolded state due to the effects of GdmClI on
BDPA (9). The long average lifetime of 5.2 £+ 0.4 ns is
considerably longer than the fluorescence lifetime of N-
acetyltryptophanamide (NATA) (3 ns) under the same
conditions. This is probably due to the slow exchange of
the rotamer states and partial protection of Trp 55 from the
solvent in the folded subpopulation of the protein.

Fluorescence Lifetime of Trp in the Presence of FRET. In
the presence of FRET the fluorescence lifetime of the Trp
residue decreased greatly (Figure 4). A 10-fold decrease
under folding conditions, from 4.2 to 0.4 ns, resulted from
the high efficiency of the energy transfer, £ = 0.89 £ 0.02,
corresponding to an pseudoaverage distance of 15 £ 1.0 A.
With the addition of GdmCl, the average excited state
lifetime of the Trp residue increased from 0.4 ns at 0 M
GdmCl to 1.3 ns at 6 M GdmCl, concomitant with the strong
increase of its fluorescence lifetime in the absence of the
acceptor. Thus, the increase of the fluorescence lifetime was
a clear consequence of the significant increase of the distance
between the donor and the acceptor. The integrated transfer
efficiencies under all solvent conditions were calculated using
the average excited state lifetime of the donor in the absence
and the presence of the acceptor. Both parameters showed a
midtransition close to the concentration of 2 M GdmCl.

Global analysis of the decay curves of the donor emission
in the presence and the absence of the acceptor yielded the
distribution of the distance between the probes attached to
residues 22 and 55 at each denaturant concentration. In this
analysis, the fluorescence decay curves of the donor in the
absence of the acceptor served as reference and internal
standard, which accounted for the direct effect of the change
of solvent and conformation on the donor lifetime. The
Forster distance was also calculated for each case using this
reference and the refractive index of the solvent, which is
dependent on the GAmCI concentrations (28).

Determination of the Distribution of the Distance between
Residues 22 and 55 by Global Analysis of tr-FRET Experi-
ments. The global analysis of the fluorescence decay curves
was based on a curve fitting algorithm and comparison of
quality of fit to alternative models (29, 30). Multiexponential
functions are ill-defined and can be fitted to several models
(34). Most experimental decay curves, even those with low
shot noise, can usually be perfectly fitted to a model of three,
or sometimes four, discrete lifetime components. We chose
to fit the data to models of continuous distributions since a
model of three or four perfectly uniform populations is not
a physical description of ensembles of protein molecules
under partially folding conditions. The model that we used
is flexible enough to accommodate the possible physical
states, and since the FRET efficiency is not sensitive to both
the low and the high extremes of the distributions, we based
our conclusions mainly on the mean and the widths of the
computed distance distributions. Here, we used statistical
tests, in particular the examination of the autocorrelation of
the residuals (29, 30), and compared the fit of the data to a
model of single skewed Gaussian distribution and a model
of sum of two skewed Gaussian distributions of the prob-
ability of the distance between the probes.
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FIGURE 5: Average energy transfer efficiency (solid squares) and

corresponding intramolecular distance distribution peak distance

(open circles) obtained from analysis that assumes the single-

population model in the transition zone.

Results of Global Analysis Using a Single-Population
Model. Global analysis of the fluorescence decay curves of
the donor obtained at full range of denaturant concentration
at equilibrium was first done using a single-population model.
This analysis yielded a series of distance distribution
functions with expected characteristics of the chemically
induced folding/unfolding transitions, mainly an unchanged
native value of the mean distance up to the transition zone
and then a monotonically increasing mean intramolecular
distance (Figure 5). When a single conformational population
was assumed, the peak position in the distance distribution
shifted from ~15 A at 0 M GdmCl to 30 A at 4.2 M GdmCl
and close to 35 A at 5 M GdmCl.

The width of the distance distribution did not follow a
monotonic change. The native state had a narrow distance
distribution, which is expected for the ensemble of protein
molecules in this state. Then slightly broader distribution at
the pretransition zone and very broad distributions in the
transition zone were observed. But, at the range of 2.5—3.0
M GdmCl, the global analysis again yielded narrow distribu-
tions, and only at higher GdmCl concentrations was the width
broad as expected for ensembles of denatured protein
molecules. That is, the mean distance was increased but the
22—55 distance in the ensemble of the denatured molecules
was still well-defined. Interestingly, there seems to be a
change in rotational freedom of the acceptor (under direct
excitation) close to the point where this second folding
transition starts (Supporting Information Figure S2). These
results are interpreted as an indication of the contribution of
residual, probably nonlocal, interactions that are still effective
even after the main transition. At higher concentrations, these
interactions are overrun by the stronger solvation by the
denaturing solvent, and a major expansion of the denatured
protein was observed.

The fact that the width of the distance distribution in the
transition region was larger than both those of the native
and the denatured ensembles is an indication of the coexist-
ence of the two forms in the ensemble (Figures 6 and 7).
Under appropriate conditions, the present experiment should
enable a resolution of the two components as shown below.
The increased uncertainty of the width of the distributions
above 3 M GdmCl was probably due to the low observed
transfer efficiencies (Figure 7). This was mainly due to the
limits set by the Forster distance of the donor/acceptor pair
used in the present experiments.

Distance between Residues 22 and 55 with Assumption of
Two Populations. The next step was to apply an analysis
based on a two-subpopulation model and compare the quality
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FIGURE 6: Distribution of the distance between residues 22 and 55
in BDPA at GdmCI concentrations between 0 and 5 M. (A) Results
of data analysis assuming the single-population model for the
intramolecular distance distributions of donor and acceptor (55W,
22-coumarin) in a series of GAmCI concentrations. (B) Results of
data analysis assuming two subpopulations in the distribution of
the intramolecular distance between residues 22 and 55 in the
GdmCl concentrations for which this model was a better fitted one
than the single population model. Key: black, 0.0 M; red, 1.0 M;
green, 1.7 M; blue, 2.0 M; cyan, 2.1 M; magenta, 2.2 M; yellow,
2.3 M; dark yellow, 2.4 M; navy, 2.6 M; orange, 2.8 M; purple,
3.0 M; royal, 3.5 M; olive, 4.2 M; light gray, 4.5 M; gray, 5.0 M.

of fit obtained by the analyses using the two models. The
main question in this step is how to extract the extra
information, indicated by the increased width of the distance
distribution found in the single-population model analysis
of the transition zone measurements reported above. In order
to do that, we reanalyzed the data sets obtained for the protein
equilibrated in GdmCI concentration ranging from 1 to 2.6
M using the two-subpopulation model. At higher GdmCl
concentration, the contribution of the native state is too small
to be resolved with a high level of significance. In this
analysis, the parameters for the native state were kept fixed
to maintain a fixed number of degrees of freedom for the
sake of statistical comparison (although the number of fitted
points in a fluorescence decay is very large in comparison
to the number of parameters in the model fitted. This is a
reasonable assumption since the native state is not expected
to change with GdmCl concentration and since at the range
of distances well below the Forster distance the effect of
small shifts of the mean distance on the transfer efficiency
is small). The question at this point is whether the present
experiments, with the current experimental noise level and
small difference in the 22—55 distance in the two confor-
mational states, could show statistically improved quality of
fit. In the best fit model the residuals should be random, and
therefore the residual’s variance should be close to that when
fitting the fluorescence decay curve with a multiexponential
function. Therefore, the quality of fit was evaluated by two
statistical criteria: (a) the autocorrelation of the residuals
(which is a strong test for systematic deviations between the
experimental data and the model) and (b) the y? values and
by two F-tests. The autocorrelation of the residuals showed
clear preference for the two-subpopulation model for the
midtransition GdmCI concentrations 2.0 M (Figure 7A) and
2.1 M. F-test comparison of the two models relative to a
simple three exponential decay model also gave significant
preference to the two-subpopulation model at these GdmCl
concentrations with a significance level of oo = 0.005. For
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FIGURE 7: Comparison of the quality of fit of the tr-FRET experimental data using first a single-population model (red) and then using a
two-subpopulation model (green). In panels A and C we show the calculated best fit distance distributions, and in panels B and D we show
the autocorrelation of residuals of three analyses using the following models: The black trace for the lifetime analysis using a three exponential
decay model. This analysis, which yields good fit of the data regardless of its physical meaning, gives a benchmark for the best possible
fit of the current experimental decay curves. The red trace was obtained for the results of analysis for distribution of distances assuming a
single population in the ensemble, and the green trace represents the autocorrelation of the residuals obtained for analysis of the same data
sets assuming a two-subpopulation model. Panels A and B show the analysis for [GdmCI] = 2.0 M at the midpoint of the tr-FRET detected
transition, and panels C and D show the analysis for [GdmCI] = 2.3 M. In panel B we see significantly better fit for the two-subpopulation
model, while in panel D the difference is marginal and not considered significant.

the experiments done at 2.2—2.4 M GdmCl (where the
denatured subpopulation was dominant) this F-test was
positive for the two-subpopulation model with resolution at
o = 0.05 level. The F-ratio test, which compares the quality
of fit of the two models, gave significant preference for the
two subpopulations at all GAmCI concentrations between 2.0
and 2.4 M. Thus, on the basis of the graphs of the
autocorrelation of the residuals and the F-tests, we can
conclude that at the midtransition, where the mutant was
equilibrated with 2.0 to 2.1 M GdmCl, the differences in
the quality of fit were significant at the level which allows
us to assert that there was an equilibrium between folded
and denatured subpopulations of the protein molecules
(Figure 7). As far as the intramolecular distance between
residues at the two ends of the two native helices is
concerned, there were two well-resolved ensembles at 2.0
and 2.1 M GdmCl, the folded molecules and the denatured
molecules. This result supports the conclusion already
deduced from other experiments that the chemical denatur-
ation of BDPA is a two-state transition (7, 9).

The data obtained at GAmCI concentrations in the range
from 0 to 1.7 M and from 2.6 to 6 M gave acceptable fits
for both models. This protein has been studied using the
single-molecule FRET detection where two subpopulations
of transfer efficiencies were resolved at GdmCl concentra-
tions between 2.5 and 3.5 M. The lower transition point
observed here is due to the destabilization caused by the
A22C mutation. The difference in stability prevents the direct
application of the SM-FRET results as constraints in the
analysis of the tr-FRET data. However, the two-state char-
acteristics observed in the SM-FRET experiments are still a
good constraint in the current data analysis where the one-
population and two-population model cannot be distinguished
with statistical measures mentioned above. We therefore

analyzed the tr-FRET data obtained at 1—2.6 M GdmCl with
the two-population model, and the results were presented in
Figure 6B. The results show small variations in the mean
and width of the distance distributions obtained for the two
subpopulations and monotonically changing proportions of
the two components when the GdmCl concentration in-
creased (Figure 6B). At higher GAmCI concentration, not
only the denatured state became more expanded, i.e., the
mean distance increased, with GdmCl concentration but also
the distance distribution width was also increased as expected
for unordered states of heteropolymers (Figure 6A).

DISCUSSION

Distance Change upon Denaturation. BDPA is a three-
helix bundle. Although positions 22 and 55 are separated
by 32 residues in terms of primary sequence, they are very
close to each other in tertiary structure with only 9.2 A
between Ca’s (7). The FRET determined distance between
fluorophores labeled at residues 22 and 55 was 15 &= 1 A in
the native state of BDPA. The longer distance is likely due
to the linker between the fluorophores and the protein as
well as the size of the fluorophores. This distance was
unchanged at low GdmCl concentrations and only near the
transition zone; i.e., at concentrations higher than 1.5 M, an
increase consistent with the increase of GdmCI concentration
was observed. A significant distance increase is expected if
the H3 moves away from H2 upon denaturation. The distance
increase proved the dissociation of H2 and H3. But,
according to the two-population fitting, and even according
to the single-population model analysis, in the denatured state
at concentrations below 3.0 M GdmCl, the distance is only
22-24 A in 1.7-2.6 M GdmCl, which is considerably
smaller than expected for an unfolded polypeptide chain with
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the same number of residues (35). The short distance of the
denatured BDPA-labeled chain section could be the indica-
tion of nonlocal interactions in the denatured state or the
existence of residual secondary structure.

One Population or Multiple Populations? The folding
mechanism of BDPA has already been extensively investi-
gated both experimentally and theoretically. Fast kinetics
experiments supported a two-state folding mechanism (7).
Single-molecule determination of FRET efficiencies also
provided direct evidence for the existence of two major
populations in the transition region (9). The added informa-
tion from the tr-FRET experiments is the analysis of the
FRET data in terms of distance distributions. The increased
width of the distance distribution in the transition zone,
relative to both the pre- and the posttransition zones of
GdmCl concentrations, is a clear indication for multiplicity
of conformational subpopulations. This is in support of the
two-subpopulation analysis of the tr-FRET experiments. It
should be noted that the [D]syq for this BDPA mutant is
around 2.0 M GdmCl, where both the native state and the
denatured state were found to be equally populated. The
current results show that at the folding/unfolding transition
midpoint the two-subpopulation model is significantly pre-
ferred over that of a single population. The evidence for the
existence of two distinct subpopulations, one native-like and
the other denatured in the midtransition conditions, is a strong
support for the barrier crossing (cooperative) mechanism of
folding for this small fast-folding protein.

The Denatured State. Surprisingly, the denatured en-
sembles of BDPA molecules at GAmCI concentrations lower
than 3 M, including the denatured subpopulations obtained
in the transition zone, were characterized by a narrow
distance distribution. This was in contrast to the distributions
obtained at higher GdAmCI concentrations and to the expected
characteristics of unfolded proteins. Moreover, all the mean
distances obtained by both models of analysis for the protein
in GdmCI concentrations lower than 3 M were considerably
lower than expected for a common 34-residue unstructured
peptide. The narrow distributions with the short mean
distances most probably represent a case of reduced intramo-
lecular distances and small conformational space. The far-
UV CD experiments showed that the secondary structure had
almost disappeared at 3 M GdmCl, which does not support
the existence of a considerable amount of secondary structure
or native-like tertiary interactions. On the basis of these
results we suggest that the population of denatured BDPA
molecules at GdmCI concentrations below 3 M was compact
mainly due to specific and perhaps some nonspecific nonlocal
hydrophobic interactions. Similar hydrophobic interactions
were also observed even at higher concentration of denaturant
(36, 37). The experiments carried out at GdAmCI concentration
above 3 M yielded distance distributions with larger mean
and width of distribution, indicating a looser ensemble of
conformations with greater conformational space. This
suggested that the nonlocal hydrophobic interactions in
BDPA were gradually destroyed under stronger denaturing
conditions. Similar observation was made in the single-
molecule FRET study at high GdmCI concentrations, where
the FRET efficiency for the unfolded state shifted from 0.3
to 0.2 when GdmCl concentration increased from 3 to 7 M

).
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Folding Mechanism. ®-value analysis has suggested that
BDPA folds through the nucleation—condensation model,
where H2 folds first and acts as the nucleus in the transition
state, although H3 was suggested to be more stable than H1
and H2 and might have residual secondary structure in the
denatured state (7, 38). A compact denatured state of BDPA
was also predicted by simulation (38). Our results further
suggest that BDPA folds through a two-state mechanism,
where the denatured molecules retain some nonlocal interac-
tions up to 3 M GdmCI. A compact denatured state at low
concentration of denaturant was also observed in other
studies, which has been attributed to a hydrophobic collapse
of the polypeptide chain (39—47). In temperature-jump
experiments, only a single relaxation was observed (7). At
high concentrations of denaturant, this compact ensemble
gets gradually more expanded with the increase of GdmCl
concentration. It is likely that the conformational change of
the denatured state does not need to overcome considerable
energy barrier (20, 39, 42) so that additional transitions were
not observable in the T-jump experiments in GAmCI and its
conformational change is just due to the change of the free
energy profile of the denatured state with GdmCl. Single
molecule techniques allow access to more information regard-
ing the free energy profile of the denatured states (20, 39—42).

Single-Molecule versus Ensemble FRET Detection of
Folding/Unfolding Transitions. It has been elegantly shown
and reported that single-molecule FRET detection can resolve
subpopulations of intramolecular distances based on the
statistics of single-molecule transfer efficiencies. Huang et
al. (21) studied the unfolding transition of BDPA and
reported the resolution of two subpopulations of FRET
efficiencies at GdmCI concentrations above ~2.0 M. It
should be pointed out that, so far, all single-molecule FRET
experiments utilized probes with relatively long linker arm
(13 A for the pair used by Laurence et al.) and pairs with
Forster distance larger than 50 A which varies by about 10%
over the denaturant concentration range (4/). In the compact
denatured and native states most molecules of any small
single domain protein are expected to have intramolecular
distances significantly smaller than that Forster distance.
Therefore, most of the single-molecule FRET experiments
which studied the folding/unfolding transitions of medium
size globular proteins (L protein (40), cold shock protein
(42), RNase H1 (20), CI2 (41), and BDPA (9)) cannot
accurately determine the distance in the folded protein. It
should be emphasized that in most current reports of single-
molecule detected FRET experiments only transfer efficien-
cies were reported without calculation of distributions of
distances because of the photobleaching and relatively high
shot noise and the low time resolution (milliseconds). In the
present report we show that ensemble trFRET is a powerful
method for resolving subpopulations of intramolecular
distance distributions and can provide more accurate dis-
tances than smFRET and therefore is a complementary
technique of smFRET. Moreover, the time resolution of the
trFRET experiment enables resolution of subpopulations that
are separated by minimal (e.g., 2kT) activation energy
barriers while the single-molecule FRET detection, where
time resolution is limited by the low photon flux, cannot
resolve subpopulations separated by such small barriers. The
application of single-molecule FRET correlation and cross-
correlation analyses (20, 42, 43) can cover the dynamics of
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conformational changes in the range longer than the lifetime
of the excited state of the donor, again complementing the
trFRET approach.

In conclusion, this tr-FRET experiment supports the two-
state model of folding of this small model protein and shows
that up to medium GdmCl concentrations the denatured
subpopulation retains nonlocal interactions that keep them
compact.
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SUPPORTING INFORMATION AVAILABLE

The change of the donor fluorescence lifetime with GdmCl
in the absence and presence of acceptor (Figure S1), the
fluorescence anisotropy properties of the donor and acceptor
at different concentration of GdmCI (Figure S2), the HPLC
analysis of labeled and unlabeled BDPA showing high purity
(Figure S3), and the F-test (Table S1) and F-ratio test (Table
S2) of the data analysis. This material is available free of
charge via the Internet at http://pubs.acs.org.
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