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ABSTRACT: It appears that equilibrium unfolding transitions
of many small proteins can be described as two-state
transitions, because the probes commonly used to measure
such transitions cannot detect the underlying heterogeneity
inherent in protein folding and unfolding reactions. Time-
resolved fluorescence or Forster resonance energy transfer
(TRFRET) measurements have the potential to uncover such
heterogeneity and to test the cooperativity of protein folding
reactions. Here, TRFRET measurements have been used to
study the equilibrium unfolding of the SH3 domain of PI3
kinase. The single tryptophan residue (W53) was used as the FRET donor, and a covalently attached thionitrobenzoate moiety at
either of two sites (C17 and C70) was used as the FRET acceptor. The individual lifetime and amplitude components estimated
from fitting the fluorescence decay kinetics to the sum of three or four exponentials were determined over a range of denaturant
concentrations. The equilibrium unfolding transitions reported by these components were found to be noncoincident, suggesting
the presence of multiple conformations in equilibrium during the course of unfolding. Fluorescence lifetime distributions were
also generated by the model-free maximum entropy method of analysis. Different segments of the protein were found to show
differences in the expansion of the native state at low denaturant concentrations, suggestive of gradual structural transitions. The
unfolded protein was found to swell at increasingly high denaturant concentrations. The evolution of the fluorescence lifetime
distributions with increasing denaturant concentration was also found to be incompatible with a two-state equilibrium unfolding
model.

SH3 domains have been studied widely as models for “two-
state” protein folding. These small domains are found as parts
of many large, multidomain proteins involved in signal
transduction, where they serve as scaffolds for the recruitment
of other proteins.1 The SH3 domain of PI3 kinase (the PI3K
SH3 domain) is one such model system whose folding
mechanism has been studied in detail.2−6 Although the earliest
studies of the folding of the PI3K SH3 domain7 suggested that
this protein was a classic two-state folder, later studies utilizing
multiple steady-state probes allowed the identification and
characterization of intermediates on the folding pathway.2,3

Both equilibrium and kinetic studies have shown that
intermediates are populated during the folding and unfolding
of the PI3K SH3 domain.2 Folding has been shown to
commence with a submillisecond, nonspecific chain collapse
reaction, which appears to be gradual in nature.4 Under
strongly stabilizing conditions, the submillisecond folding
reactions are not just of nonspecific chain collapse but
culminate in the formation of a specific structured inter-
mediate.3 A study of unfolding utilizing native-state hydrogen
exchange assayed by mass spectrometry (HX-MS) also
suggested that unfolding and folding in the absence of a
denaturant, as well as in the presence of a very low denaturant

concentration, occur through an intermediate and implicated
gradual structural transitions in both processes.5 An inter-
mediate populated at a high denaturant concentration has been
shown to possess non-native structure.6 Although there is
convincing evidence that the PI3K SH3 domain does not fold
in a two-state manner, a good measure of conformational
heterogeneity at various stages of folding of this protein is still
lacking.
One way to measure conformational heterogeneity during

the course of a protein folding or unfolding reaction is to use
time-resolved fluorescence or Forster resonance energy transfer
(TRFRET) measurements. The distribution of fluorescence
lifetimes of a donor fluorophore in the presence of a FRET
acceptor is measured and translated into a distribution of
intramolecular distances between the donor and acceptor.
TRFRET measurements have not only revealed incremental,
noncooperative unfolding in the case of barstar and monellin
but also revealed the evolution of conformational hetero-
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geneity.8−10 They have been used to demonstrate the
asynchronous unfolding of different segments of Escherichia
coli adenylate kinase11−13 and to characterize collapsed states of
cytochrome c.14−16 These studies have firmly established
TRFRET as a powerful experimental probe for studying
structural and dynamic aspects of protein folding reactions and
investigating conformational heterogeneity during folding−
unfolding transitions.
An intrinsic tryptophan residue is usually used as the donor

fluorophore in TRFRET studies. The main complication in
studying time-resolved tryptophan fluorescence is that the
fluorescence decay is described normally, with few excep-
tions,8,17,18 not as a single-exponential process but as a
multiexponential process.19−22 The origin of multiple fluo-
rescence lifetimes exhibited by a single tryptophan residue in a
protein is poorly understood20,21,23 and is ascribed usually to
multiple static protein conformations, each with a discrete
tryptophan fluorescence lifetime.21,24−26 Such a physical model
does not, however, appear to be satisfactory for protein
molecules that are known to undergo internal dynamic motion
over a wide time scale, from picoseconds to hundreds of
seconds.27−30 Hence, a continuous distribution of fluorescence
lifetimes seems to be a more appropriate description of the
fluorescence decay of a tryptophan residue in a protein, and
several procedures for modeling fluorescence lifetime distribu-
tions in proteins have emerged. Some procedures use Gaussian
or Lorentzian models to represent distributions of fluorescence
lifetimes,31−33 but the primary assumption about the shape of
the distributions may not be realistic. On the other hand, the
maximum entropy method (MEM) for the analysis of
fluorescence intensity decays34−36 is a model-free approach
that relies only on information contained within the
experimental decay and makes no assumptions about the
resultant distribution profiles. The lifetime distribution profile
can then be interpreted in terms of the ensemble properties of
the different forms of the protein present. MEM analysis of
time-resolved fluorescence data has been successfully applied to
study protein folding and dynamics in several model
systems.8,14−16,37

In this study, the extent of conformational heterogeneity
during the unfolding of the PI3K SH3 domain has been
explored by using TRFRET to follow the equilibrium unfolding
transitions induced by two different denaturants. Intramolecular
distances separating the single tryptophan residue (W53) in the
protein from either residue C17 in an N-terminal loop region
or C70 in the C-terminal short loop (Figure 1) have been
monitored. The noncoincident unfolding transitions upon
which the individual lifetime and amplitude components
obtained by discrete analysis report indicate significant
structural heterogeneity in the equilibrium transitions. The
evolution of fluorescence lifetime distributions, obtained by
MEM analysis, has been analyzed quantitatively. Evidence of
the gradual expansion of the native state at low denaturant
concentrations and site-specific differences in global fits to a
two-state equilibrium unfolding model also indicate that the
unfolding of the PI3K SH3 domain cannot be described by
models that invoke only a few discrete states.

■ MATERIALS AND METHODS
Protein Expression, Purification, and Labeling. The

gene encoding the PI3K SH3 domain with the first serine
residue deleted was cloned into the pET 22b+ vector. Two
single-cysteine mutations were generated in this background

using the QuikChange kit.4 Both mutant proteins, Cys17 and
Cys70, were expressed in E. coli BL21 DE(*)3 competent cells
and purified using a protocol described previously.2 The purity
of each protein was confirmed by electrospray ionization mass
spectrometry (ESI-MS), using a SYNAPT G2 mass spectrom-
eter.
The single cysteine residue in the protein was covalently

conjugated to a TNB moiety that serves as an acceptor for
tryptophan fluorescence. The labeling protocol was identical to
that described previously.4 The mass of each labeled protein
showed the expected increase of 196 Da, corresponding to the
mass of the TNB group, and all proteins were >95% labeled as
confirmed by ESI-MS.

Buffers and Reagents. All buffers and chemical reagents
used were of the highest purity available from Sigma. Ultrapure
grade guanidine hydrochloride (GdnHCl) and urea were
obtained from USB Corp. All experiments were conducted in
20 mM sodium phosphate (pH 7.2) at 25 °C. All buffers were
routinely filtered through a 0.22 μm filter before being used.
Cys17 and Cys70 mutant proteins treated with and without 1
mM DTT showed no difference in fluorescence spectra,
implying that no intermolecular disulfide-bonded dimers
formed during the experiment.38 All subsequent experiments
were conducted under identical conditions, without DTT, for
both the unlabeled and labeled proteins. Concentrations of
stock solutions of urea and GdnHCl were determined by
measuring refractive indices on an Abbe refractometer.
Concentrations of protein stock solutions were determined
and corrected for the TNB contribution as described
previously.4 For all equilibrium unfolding transitions, the
protein was incubated in buffer for ≥4 h before the
experiments.2

Spectroscopic Measurement of Conformational
Stability. To measure the conformational stabilities of the
proteins, equilibrium unfolding transitions were monitored on
the MOS-450 instrument (Bio-Logic Inc.) using tyrosine
fluorescence as a probe. The native protein was incubated in
increasing concentrations of denaturant (GdnHCl from 0 to 6
M or urea from 0 to 9 M). The tyrosine residues were
selectively excited at 268 nm, and fluorescence emission was
recorded through a 300 nm bandpass filter.

Time-Resolved Fluorescence Measurements. Fluores-
cence intensity decays were measured at increasing concen-
trations of denaturant (GdnHCl from 0 to 6 M and urea from 0

Figure 1. Structure of the PI3K SH3 domain. The highlighted residues
have been used for FRET measurements. W53 is located at the
beginning of the third β strand. C17 is located in the middle of a long
loop region (RT loop) in the N-terminus, which is functionally
important for binding substrate proteins.64 C70 is located in the short
tripeptide loop connecting the last two β-strands. The estimated Cα−
Cα distances are 14.9 and 9.1 Å for the W53−C17 and W53−C70
FRET pairs, respectively. The image of the structure (Protein Data
Bank entry 1pnj) was created using Chimera (University of California,
San Francisco).65

Biochemistry Article

dx.doi.org/10.1021/bi401337k | Biochemistry 2013, 52, 9482−94969483



to 9 M) for the unlabeled and labeled proteins. For this
purpose, 885 nm radiation from a femtosecond/picosecond Ti-
sapphire laser (Tsunami, Spectra Physics), pumped by an
Nd:YVO4 laser (Millenia X, Spectra Physics), pulsing at a basic
repetition rate of ∼80 MHz was used. The pulse width was ∼1
ps. The pulse repetition rate was decreased to 8 MHz using a
pulse selector (model 3980, Spectra Physics). The fundamental
885 nm light was then frequency-tripled to 295 nm using a
flexible second- and third-harmonic generator (GWU, Spectra
Physics). The resultant 295 nm radiation was used as the
excitation source and focused on the sample in the cuvette.
The fluorescence emission was passed through a mono-

chromator (H10-UV, Horiba Jobin-Yvon) set at 360 nm
(bandwidth of 30 nm) onto a cooled microchannel plate PMT
(model 3809U-50, Hamamatsu) biased at −3000 V. Addition-
ally, a 325 nm long-pass filter was used to reduce contributions
from scattered excitation light from buffers and optical
components. A polarizer (Glan-Thompson) in the emission
arm was set at 54.7° (magic angle) to avoid polarization effects.
Single-photon counting measurements were triggered by a

photodiode (APD110, Thor Laboratories) and measured using
a TCSPC card (SPC-630, Becker-Hickl) via a preamplifier
(Ortec). The time per channel was set to 48.8 ps for all
measurements, except for experiments with Cys70-TNB in the
region up to the unfolded baseline, where the time per channel
was set to 12.2 ps for higher resolution.
The instrument response function was recorded with each

measurement for deconvolution. This was measured using
scattered light from a colloidal solution of nondairy coffee
whitener and consistently yielded a full width at half-maximum
of ∼40 ps. The fluorescence lifetime of NATA (3.0 ns) in
aqueous buffer was routinely recorded as a standard during
each experiment. All decay transients were collected to a peak
count of 20000 and up to 99.9% of completion.
For each set of TRFRET experiments, fluorescence intensity

decay curves were recorded for both the unlabeled (donor-only
protein) and the corresponding TNB-labeled protein (donor−
acceptor protein), at increasing denaturant concentrations, on
the same day. Measurements were taken in quick succession to
reduce variations arising from instrumental instabilities.
Data Analysis. Calculation of FRET Efficiency. In an

intramolecular FRET system, the efficiency of transfer of
energy from a donor fluorophore to an acceptor (E) depends
on the separation between the donor and acceptor on the
molecule (R). The transfer efficiency can be measured
experimentally and translated to intramolecular distances
using Forster’s equation:
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The Forster’s radius, R0, in angstroms, was determined for each
FRET pair using the following equation:

λ κ= × × −R Q J n0.211[ ( ) ]0 D
2 4 1/6

(3)

where QD is the quantum yield of the donor fluorescence, J(λ)
is the normalized overlap integral, κ2 is the orientation factor,
and n is the refractive index of the medium.

An average value of 2/3 was used for κ2. This value can be
applied to FRET systems when it is assumed that both donor
and acceptor probes are freely rotating on time scales faster
than the fluorescence lifetimes. Such isotropic dynamic
averaging is justified for the FRET pairs used in this study,
and the use of a κ2 of 2/3 is based on the following observations.
(1) The anisotropy decay kinetics of the donor W53 shows
rapid depolarization of fluorescence [rotational correlation
times of 0.15 ns (16%) and 5.5 ns (84%) in the native form and
0.21 ns (46%) and 2.8 ns (54%) in the unfolded form],
indicating rapid averaging of orientations. Furthermore, the
acceptor positions C17 and C70 are both solvent-exposed, and
the attached acceptor (TNB) is also expected to be rapidly and
freely rotating. (2) Experimentally determined R values from
FRET agree with those measured from the NMR solution
structure39 after accounting for linker lengths (19.7 and 17.5 Å,
compared to NMR structure values of 14.9 and 9.1 Å for W53−
C17 and W53−C70 FRET pairs, respectively).
The values of R0 for both the FRET pairs calculated

independently in the N and U states are similar to each other
(21.9 ± 0.4 Å) and to those reported previously for Cys17-
TNB.4 This also accounts for differences in the quantum yield
of Trp and refractive index at high denaturant concentrations.
Hence, it seems justified to assume it to be constant across the
range of denaturant concentrations, and an average value of 22
Å was used for all distance measurements.
Changes in the fluorescence lifetimes of the donor in the

unlabeled and labeled proteins, as determined by discrete
analysis of fluorescence decay kinetics, can be directly translated
to intramolecular donor−acceptor distances using the equa-
tions given above. For taking accurate distance measurements
across a range of denaturant concentrations in the equilibrium
unfolding transition, it is important that there is little variation
in R0 and τD between the N and U states.
Cys17 and Cys70 show similar lifetime values, as determined

by discrete analysis for the single tryptophan residue (W53) in
the native and GdnHCl-unfolded states. The lifetime values are
also similar to that determined for the wild-type protein, which
contains only the single tryptophan residue and no cysteine.
The average lifetimes are different by 5−10% in 0 and 6 M
GdnHCl. Urea has a strong effect on the fluorescence of the
exposed tryptophan residue. The area under the spectrum
changes by ∼30%, as do the average lifetimes between the N
state and the U state in 9 M urea. Even though τD is not
constant across the entire range of denaturant concentrations,
taking accurate distance measurements is still possible, because
the corresponding donor lifetime at each denaturant concen-
tration is used to calculate intramolecular distances.
Using the approximations described above, N-state distances

for both donor−acceptor pairs were reliably recovered. This
includes accounting for the contribution of the length of the
TNB arm and the distance from the centers of the indole ring
of tryptophan to the aromatic ring of TNB.

Discrete Analysis of Fluorescence Intensity Decays. The
fluorescence intensity decays were deconvoluted with the IRF
and analyzed as a sum of three (or four) exponentials:
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The mean lifetime, or the amplitude-average lifetime, was
calculated as

τ
α τ
α
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∑
∑
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m

(6)

All the intensity decay curves were fit from the peak of the
decay. This did not result in any loss of kinetic information; the
observed mean lifetimes were found to be consistent with the
measured steady-state intensities. Analysis from the rising edge
of the decay gave poor fits to the data, presumably because of
problems with the position of the IRF relative to the decay.40

MEM Analysis of Fluorescence Intensity Decays. Fluo-
rescence intensity decays for the unlabeled (Cys17 only) and
TNB-labeled mutant proteins were analyzed using a customized
MEM analysis program.34,35,41 MEM analysis is independent of
any physical model or mathematical equation describing the
distribution of lifetimes, which distinguishes it from other
methods of analyzing fluorescence decays. The analysis begins
with the assumption that the decay originates from a
distribution of fluorescence lifetimes in the range from 10 ps
to 10 ns (15 ns in some cases) or in a similar range and all
lifetimes are equally probable (equal amplitude). The
distribution is modified in subsequent iterations of the analysis
to result in a minimization of the residuals and χ2 values, and
maximization of the Shannon−Jaynes’ entropy, which is
described as

∑= −S p plogi i (7)

where pi is the probability (amplitude) of the ith lifetime,
defined as

∑α α=p /i i i (8)

Analysis parameters were optimized for obtaining precise and
reproducible MEM distributions. Care was taken to ensure that
the distributions shown in this work are not limited by the
signal-to-noise ratios. We have confirmed that the width
reaches the limiting value when the peak count reaches
∼20000. Also, peak resolution did not improve beyond a peak
count of ∼20000. Further increases in the count cause
systematic errors resulting from laser instabilities.
The peak lifetime from each distribution was then estimated

physically and averaged across traces. This was only possible for
lifetime distributions in the native and unfolded protein
baseline regions where peaks corresponding to the N-state or
U-state lifetimes were clearly discernible. Because of the high
degree of variability in the widths of the lifetime distributions,
these could not be quantified.
A nonlinear, least-squares curve fitting algorithm in

MATLAB was used to fit the fluorescence lifetime distributions
according to a two-state model. The algorithm uses the spectra
of the native [N(τ)] and unfolded [U(τ)]-state fluorescence
lifetime distributions as basis spectra and performs a global,
least-squares fit of all the fluorescence lifetime distributions at
all denaturant concentrations to the following equation:

τ τ= × + ×y f N f U( ) ( )N U (9)

where f N and f U represent the fractions of native and unfolded
protein, respectively, at each denaturant concentration for the
best possible global fit to the two-state model. This should
ideally sum to 1.0 at all concentrations, but at certain
intermediate denaturant concentrations, there is a deviation

of 5−10%, most likely due to the lack of clear baselines for
these lifetime distributions. The fraction that adds up the total
to 1.0 is calculated [δ = 1 − ( f N + f U)] and plotted along with
the coefficients from the global fits. The analysis terminated
when the sum of squares of errors (SSE) was less than a
specified tolerance of 10−8. The SSE was calculated as

∑= −f x x ySSE [ ( , ) ]data data
2

(10)

where f(x,xdata) is the fitted data set and ydata is the
experimentally observed data set. A small value of SSE indicates
a satisfactory fit of the model to the data.

■ RESULTS
In this study, the intramolecular distance separating W53 from
a thionitrobenzoate (TNB) label attached to C17 in one
mutant variant (Cys17) of the PI3K SH3 domain, as well as
that separating W53 from a TNB label attached to C70 in
another mutant variant (Cys70), was individually monitored by
FRET measurement. These two FRET pairs encompass
distances from the center of the protein to nearly the N- and
C-terminal ends of the polypeptide chain, and their measure-
ment allows exploration of the intramolecular changes
occurring between different structural elements in the protein,
i.e., between a β-strand and a long loop region (W53−C17) in
the labeled protein Cys17-TNB or a short loop region (W53−
C70) in the labeled protein Cys70-TNB.

Equilibrium Unfolding Monitored by Steady-State
Fluorescence. Figure 2 shows unfolding transitions monitored
by tyrosine fluorescence at 300 nm. The PI3K SH3 domain has
seven tyrosine residues distributed in space and sequence. The

Figure 2. Stability of single-cysteine mutant proteins, Cys17 and
Cys70, probed by monitoring tyrosine fluorescence at 300 nm.
Equilibrium unfolding transitions in GdnHCl (A and B) and urea (C
and D) were monitored for Cys17 (A and C) and Cys70 (B and D).
White and gray circles indicate data for the unlabeled protein and the
protein labeled with TNB, respectively. The solid black lines indicate
sigmoidal nonlinear regression fits to a two-state unfolding model.45

The Cm values obtained from the fits are 1.3 ± 0.1 M for unfolding
transitions in GdnHCl and 3.7 ± 0.2 M for unfolding transitions in
urea.
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probe therefore monitors global unfolding. The stabilities of
Cys17 and Cys70 were measured before and after they had
been labeled with TNB and appear to be similar to that of the
wild-type protein, as reported in an earlier study.2 This implies
that the mutations and subsequent labeling do not significantly
alter the structure or stability of the protein.
The tryptophan fluorescence emission spectrum displays a

peak at 357 nm, which does not shift upon unfolding, or upon
labeling with TNB (data not shown). This indicates that the
W53 residue is completely solvent-exposed in the native (N)
and unfolded (U) states of the protein. The fluorescence
intensity of W53 in the unlabeled protein increases by ∼30%
upon unfolding in urea, which can be attributed to the solvent
effect of urea on tryptophan fluorescence.42 The lack of a single
value of donor-alone fluorescence lifetime complicates FRET
measurements taken in the time-resolved mode. TRFRET
experiments reveal, however, similar trends in both denaturants,
emphasizing the advantages of time-resolved measurements in
FRET studies.
Time-Resolved Fluorescence Decays Are Required To

Be Fit by a Sum of Exponentials. When the time-resolved
tryptophan fluorescence decays were subject to discrete analysis
(see Materials and Methods), it was found that they could be
described as three- or four-exponential processes. Table 1 lists
the individual lifetime components and their respective
amplitudes recovered from discrete analysis of the fluorescence
intensity decays of the unlabeled (Cys17 and Cys70) and TNB-
labeled (Cys17-TNB and Cys70-TNB) proteins in the N and U
states. For Cys17-TNB, the N-state decay is fit well only by the
sum of three exponentials (eq 4), with the amplitude of the
short lifetime being dominant. For Cys70-TNB, the N-state
decay requires a sum of four lifetimes to be fit reliably (eq 5).
Finally, the U states of both Cys17-TNB and Cys70-TNB show
three lifetime components that are similar to those seen for
unfolded Cys17 and Cys70.
TRFRET Measurement of the Mean Lifetime of

Tryptophan Fluorescence Monitors the Equilibrium
Unfolding Transition. Fluorescence intensity decays for
W53 in the protein in different concentrations of denaturant,
either guanidine hydrochloride (GdnHCl) or urea, were
acquired, and each was fit to the sum of three or four
exponentials (discrete analysis). Representative fluorescence
decays are shown in Figure S1 of the Supporting Information,
demonstrating the quality of the fits and the residuals for

discrete analysis. Figure 3 shows the dependences on
denaturant concentration of the mean fluorescence lifetime

(τm), which is the amplitude-averaged lifetime (see eq 6) and is
proportional to the steady-state fluorescence intensity. As
expected for the solvent-exposed W53, the values of τm for the
two unlabeled proteins are very similar and do not change
substantially at high denaturant concentrations. The extent of
quenching of the N-state lifetime is different for Cys17-TNB
and Cys70-TNB and is determined by the N-state distances.
Also, the extent of the change in τm upon unfolding in GdnHCl
and urea is different, with urea-induced unfolding showing a
greater change than GdnHCl-induced unfolding. The mean

Table 1. Fluorescence Lifetimes (τi) and Their Amplitudes (αi) Obtained from Discrete Analysis of Fluorescence Intensity
Decaysa

protein τ1 (α1) (ns) τ2 (α2) (ns) τ3 (α3) (ns) τ4 (α4) (ns) τm (ns)

Cys17 native 7.60 (0.16) 2.13 (0.34) 0.49 (0.51) − 2.15
GdnHCl 3.23 (0.42) 1.59 (0.37) 0.39 (0.22) − 2.03
urea 4.01 (0.62) 1.47 (0.30) 0.65 (0.15) − 2.89

Cys17-TNB native 6.03 (0.05) 1.13 (0.16) 0.24 (0.78) − 0.67
GdnHCl 3.14 (0.34) 1.50 (0.42) 0.37 (0.24) − 1.80
urea 3.89 (0.53) 1.61 (0.31) 0.36 (0.16) − 2.59

Cys70 native 7.02 (0.19) 1.96 (0.34) 0.47 (0.47) − 2.26
GdnHCl 3.42 (0.32) 1.54 (0.39) 0.33 (0.25) − 1.86
urea 4.48 (0.44) 1.96 (0.36) 0.50 (0.19) − 2.80

Cys70-TNB native 6.64 (0.04) 1.70 (0.09) 0.40 (0.13) 0.07(0.74) 0.61
GdnHCl 2.75 (0.29) 1.05 (0.43) 0.21 (0.29) − 1.17
urea 3.40 (0.26) 1.18 (0.41) 0.25 (0.32) − 1.61

aLifetimes for the unfolded states were measured in 4 M GdnHCl or 8 M urea. The mean lifetime was calculated as the amplitude-averaged lifetime.
The error associated with each measurement was ∼10−15%. More explicit values of errors are given in Figure 10.

Figure 3. Unfolding transitions monitored by time-resolved
fluorescence measurements. The mean excited-state lifetime of W53
in the absence (○) and presence (△) of FRET at each GdnHCl or
urea concentration was calculated using eq 6. Data are shown for
Cys17 in panels A and C and for Cys70 in panels B and D. Error bars
are standard errors from two or three independent experiments. The
solid lines through the data in the presence of FRET are nonlinear
regression fits to a two-state unfolding model.45 The dashed lines
through the data in the absence of FRET have been drawn by
inspection and do not represent fits.
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lifetime increases by 3−4-fold in Cys17-TNB and by 3-fold in
Cys70-TNB, upon unfolding. This is indicative of a decrease in
FRET efficiency, corresponding to an increase in the average
D−A distance upon unfolding. Importantly, the midpoint (Cm)
of the equilibrium unfolding curve of Cys17-TNB or Cys70-
TNB was the same whether it was monitored by measurement
of τm or by measurement of steady-state fluorescence intensity
(data not shown).
Figure 4 shows FRET efficiencies and average D−A distances

recovered from τm values at different denaturant concen-

trations, using eqs 1 and 2. For Cys17-TNB, the N-state FRET
efficiency is nearly 70%, corresponding to an average D−A
distance of 20 Å. For Cys70-TNB, the N-state FRET efficiency
is nearly 80%, corresponding to an average D−A distance of
∼17 Å. The average W53−C17 and W53−C70 distances were
found to be 31.4 and 24.0 Å, respectively, for Cys17-TNB and
Cys70-TNB unfolded in 4 M GdnHCl and are, hence,
significantly shorter than those expected from the random
coil model (45.9 and 29.6 Å for W53−C17 and W53−C70
distances, respectively).43 Similar observations have been made
for the U states of other proteins.44

Measurement of the Individual Lifetime Components
Reveals the Heterogeneity Inherent in the Equilibrium
Unfolding Reaction. Figure 5 shows the dependences of the
individual lifetime and amplitude components of Cys17, Cys17-
TNB, Cys70, and Cys70-TNB on GdnHCl concentration.
Similar trends are observed for the unfolding transitions in urea
(data not shown). The key features of the changes in the
individual lifetime and amplitude components in the presence

of denaturant and upon addition of a TNB label are described
below

Unlabeled Protein Lifetimes. Cys17 and Cys70 show very
similar levels of heterogeneity in their lifetimes. This is expected
in the absence of FRET, for which only the decay of W53 is
monitored in each case.
The N state is unique in the appearance of a long lifetime

component (τ1) on the order of 7−8 ns (Figure 5A). While the
amplitude of this component (α1) in the N state is very small
(Figure 5D), its contribution to τm or to the total fluorescence
intensity (determined by αiτi) is nearly 50%. The intermediate
and short lifetime components are most similar to those seen
for free L-tryptophan in solution (Figure 5B,C). Neither of
these amplitudes is clearly dominant (α2 = 35%, and α3 = 50%),
making it difficult to choose any one component as a single τD
value for determining FRET efficiencies.
Three lifetime components persist in the U state, but their

values change dramatically. The long lifetime component (τ1)
decreases from 7 to 3.5 ns in an apparent two-state transition
(Figure 5A). The corresponding amplitude (α1) increases more
than 2-fold in the U state, keeping the contribution of this
component to the total fluorescence intensity constant (Figure
5D).
The intermediate and short lifetime components (τ2 and τ3,

respectively) show very small changes upon unfolding and do
not show sigmoidal unfolding transitions (Figure 5B,C). In
GdnHCl, the shapes of the lifetime transitions closely resemble
those measured by steady-state tryptophan fluorescence, and
this very likely represents the global unfolding transition
(compare with Figure 3A,B). The respective amplitudes appear
to undergo a transition in a two-state manner (Figure 5E,F).

Effect of Labeling on the Native Protein Lifetimes. In their
N states, Cys17 and Cys70 show differences in the extents to
which the different lifetime components change upon labeling
Cys17-TNB and Cys70-TNB, respectively. Also, there is
significant reshuffling of the amplitudes of the different lifetime
components.
For Cys17-TNB, the long lifetime (τ1) (Figure 5A) does not

change significantly upon labeling, but its amplitude (α1)
(Figure 5D) decreases to <5%. The intermediate and short
lifetimes both decrease by approximately half, indicating
quenching by FRET (Figure 5B,C). The amplitude of the
intermediate lifetime (α2) (Figure 5E) also decreases to nearly
20%. These changes in amplitude are compensated for by an
increase in the amplitude of the short lifetime component (α3)
(Figure 5F) that increases to nearly 80%, making this the
dominant lifetime component in the N state of Cys17-TNB.
For Cys70-TNB, the decay traces for the N state and at low

denaturant concentrations, up to the Cm, fit significantly better
to a four-exponential equation than to a three-exponential
equation (Figure 5G−N). A dominant (80% amplitude)
component in the range of 50−70 ps is seen (τ4) (Figure
5J). While the long and short lifetime components (τ1 and τ4,
respectively) (Figure 5G,J) fall in ranges set by Cys70, the
intermediate lifetime component appears to be split into two
(τ2 and τ3, respectively) (Figure 5H,I), with small differences in
the lifetime values and their amplitudes. Decay kinetics for
points beyond the Cm could be satisfactorily fit to a three-
exponential equation.

GdnHCl-Induced Unfolding Transitions of TNB-Labeled
Mutant Proteins. Upon unfolding, all the lifetime and
amplitude components observed for both Cys17-TNB and
Cys70-TNB appear to converge to the values seen for unfolded

Figure 4. FRET efficiencies and average D−A distances from
TRFRET measurements. The average energy transfer efficiencies
(○) and the corresponding intramolecular distances (△) were
obtained from discrete analysis of fluorescence intensity decays.
FRET efficiencies were calculated using eq 1, and the corresponding
distances were calculated using eq 2 and an R0 of 22 Å. Data are shown
for Cys17 in panels A and C and for Cys70 in panels B and D. The
solid lines through the data are fits to a two-state unfolding model.45

Error bars are standard deviations from two or three independent
FRET experiments. The recovered native-state distances are 19.7 Å for
the W53−C17 pair and 17.5 Å for the W53−C70 pair, in agreement
with the expected distances measured using PyMol.
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Cys17 and Cys70. This suggests that upon release of energy
transfer at high denaturant concentrations, the different forms
are present as an apparently uniform U-state ensemble, in the
cases of both Cys17-TNB and Cys70-TNB. Additionally, the
lifetime and amplitude components display sigmoidal tran-
sitions in going from the N to the U state, suggesting
cooperative unfolding transitions for each of these components.
In the case of Cys70-TNB, the shortest lifetime component

(τ4 ∼ 0.07 ns) disappears toward the end of the unfolding
transition. This prevents a direct analysis of the denaturant-
dependent transition of τ4 by a two-state model. Interestingly,
the unfolded state of Cys70-TNB is still considerably quenched
by TNB. Nearly 50% FRET efficiency is seen at high
denaturant concentrations. From Figure 5, it appears that this
quenching is a result of low values of the intermediate and short
lifetime components, and not from any major difference in their
amplitudes, with respect to unfolded Cys70. This is clearly in
contrast to Cys17-TNB, for which both the lifetimes and the
amplitudes approach those of unfolded Cys17.
Cooperative and/or Sigmoidal Dependences of

Individual Lifetime and Amplitude Components on

Denaturant Concentration Are Noncoincident. Table 2
lists the Cm values for the unfolding transitions recovered from
fitting a two-state unfolding model45 to the unfolding
transitions of individual lifetime and amplitude components
in Figure 5. These are also compared to the midpoints of the
unfolding transitions monitored by mean lifetime, tyrosine
fluorescence, and average FRET efficiency, which were also
similarly fit. All lifetime and amplitude components that show a
significant change (≥2-fold) between the N and U states have a
sigmoidal dependence on denaturant concentration, which
could be fit to this model. Components that did not show a
cooperative transition or changed by <1.5-fold upon unfolding
could not be fit. For most of the transitions, there are only a few
points spanning the transition zone and the slopes of the native
and unfolded protein baselines are steep. Despite this, the fits
returned satisfactory regression coefficient values (>0.85), and
the errors associated with fitting were small.
The Cm values obtained by ensemble-averaging measure-

ments, i.e., mean lifetime and tyrosine fluorescence, are quite
similar (standard deviation of ±0.2 M in GdnHCl) (Table 2).
In contrast, Cm values of the individual lifetime and amplitude

Figure 5. Time-resolved fluorescence-monitored unfolding in GdnHCl. The fluorescence decay curve at each denaturant concentration was fit to eq
4 or 5. Panels A−C (for Cys17) and G−J (for Cys70) show the lifetime components for the donor fluorescence decay curve for Cys17 and Cys70
(○) and for Cys17-TNB and Cys70-TNB (△). Panels D−F (for Cys17 and Cys17-TNB) and K−N (for Cys70 and Cys70-TNB) show the
corresponding relative amplitudes for each component. Error bars are standard errors from two or three independent experiments. The solid lines
are fits to a two-state unfolding model.45 Data in panels B, C, I, and J (○) could not be fit to a two-state unfolding model.
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components show significant dispersion, exceeding ±0.2 M.
For most of these transitions, the individual lifetime or
amplitude component shows a higher Cm value than does the
corresponding ensemble-averaging probe. All these features
indicate that the unfolding transitions of the individual lifetime
and amplitude components are noncoincident. This is
presumably a manifestation of the underlying conformational
heterogeneity in the protein.
MEM Analysis of Time-Resolved Fluorescence Decays

of the Unlabeled Protein. Figure 6 shows fluorescence
lifetime distributions obtained for Cys17 at different GdnHCl
(Figure 6A) and urea (Figure 6B) concentrations, from MEM
analysis of the fluorescence decay curves. These distributions
are broad and encompass lifetimes corresponding to those
obtained by discrete analysis (Table 1). Although there is an
apparent shift in the peak lifetimes with an increase in
denaturant concentration, the area under the distribution,
which represents total fluorescence intensity, remains nearly
constant in the case of GdnHCl-induced unfolding but
increases by ∼40% in urea. This increase can be attributed to
the solvent effect of urea on tryptophan fluorescence (see
above). In the absence of a single, dominating lifetime
component in the unlabeled (donor-alone) proteins, a single
value of τD could not be applied to translate the fluorescence
lifetime distributions of Cys17-TNB and Cys70-TNB into
corresponding distance distributions.
An interesting observation of the fluorescence lifetime

distributions of both Cys17 and Cys70 is that the N-state
distributions are significantly broader than the U-state
distributions. This is in contrast to studies with barstar, in
which the N-state distributions at pH 7.0 are sharp and narrow
and the U-state distributions are broad.46,47 The increase in the
width of the fluorescence lifetime distributions upon unfolding
was consistent with the change from the rigid, compact
environment of the buried tryptophan residue in the N state to
a more flexible, solvent-accessible environment in the U
state.46,47 The width of a fluorescence lifetime distribution
has been considered as a qualitative measure of the conforma-
tional heterogeneity in an ensemble. In the case of the PI3K

SH3 domain, the widths appear to decrease with an increase in
denaturant concentration, contrary to the assumption that
conformational flexibility increases upon unfolding.

MEM Analysis of TRFRET-Monitored Unfolding.
Figures 7 and 8 show the evolution of fluorescence lifetime
distributions during unfolding in GdnHCl and urea, respec-
tively, for Cys17-TNB and Cys70-TNB. Representative traces,
showing the quality of the fits and residuals for MEM analysis,
are shown in Figures S2 and S3 of the Supporting Information
for GdnHCl- and urea-induced unfolding transitions, respec-
tively. For both proteins, the lifetime distribution in the N state
is nearly unimodal. The peak of the N-state distribution for
each mutant protein corresponds closely with the dominant
short lifetime component (Table 1), and the area under the
distribution matches the mean lifetime obtained from discrete
analysis. Fluorescence lifetime distributions of the TNB-labeled

Table 2. Denaturation Midpoints of the Equilibrium
Unfolding Transitions in GdnHCla

Cm for GdnHCl-induced unfolding transitions
(M)

Cys17 Cys17-TNB Cys70 Cys70-TNB

τ1 1.8 1.2 1.9 2.2
τ2 − − − −
τ3 − 1.8 − 2.2
τ4 − − − 2.2
α1 2.0 1.6 2.3 2.2
α2 1.3 1.5 1.7 −
α3 1.3 1.5 1.8 2.0
α4 − − − 1.4
mean W53 lifetime − 1.4 − 1.6
tyrosine fluorescence 1.2 1.2 1.4 1.4
average FRET efficiency − 1.5 − 1.5

aThe unfolding transition for each lifetime and amplitude component
was fit to a six-parameter equation derived for a two-state unfolding
model. Cm values could not be measured in cases where the transitions
were not clearly sigmoidal. Depending on the final signal change in the
equilibrium unfolding transition, the uncertainties in measuring the Cm
values varied between 10 and 20%.

Figure 6. Equilibrium unfolding monitored by the evolution of the
fluorescence lifetime distributions of Cys17. Panels A and B show the
MEM-derived lifetime distributions for GdnHCl-induced and urea-
induced unfolding, respectively, as a function of the denaturant
concentration indicated at the top left of each panel. Fluorescence
lifetime distributions at the denaturant concentration corresponding to
the midpoint of the unfolding transition are indicated by underlining
the Cm concentration. The x-axis is plotted on a log scale, while the y-
axis units are arbitrary. The dashed red lines indicate the peak position
of the N state, and the dashed black lines indicate the peak position of
the U state in 4 M GdnHCl (A) and 8 M urea (B).
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proteins are mainly controlled by FRET. The main change in
the lifetime distributions of the TNB-labeled proteins is a
dramatic shift to a single peak centered on a short lifetime
value. Such a decrease in fluorescence lifetime distributions in

the presence of an acceptor is thus clearly linked to FRET.
Thus, the evolution of these lifetime distributions as a function
of denaturant concentration can be interpreted as evidence of
increasing intramolecular distances, and structural transitions in
the protein during unfolding.

Figure 7. Equilibrium unfolding in GdnHCl monitored by the
evolution of the fluorescence lifetime distributions of Cys17-TNB (A)
and Cys70-TNB (B). The MEM-derived fluorescence lifetime
distributions at all denaturant concentrations (indicated at the top
left of each panel) were fit globally to a linear sum of native [N(τ)]
and unfolded [U(τ)] fluorescence lifetime distributions (eq 9). The
solid red lines indicate experimentally determined distributions, and
the solid black lines indicate distributions obtained from the global fits
to a two-state model. The arrows indicate the fluorescence lifetime
distributions used as the native and unfolded protein basis spectra. In
each of the four panels showing the basis distributions for N and U,
the observed distribution in red falls exactly below the black line. The
dashed blue and dashed black lines indicate the position of the N-state
and U-state lifetimes, respectively. The x-axis is plotted on a log scale,
while the y-axis units are arbitrary. Panels C and D show the residuals
obtained from the two-state global fits.

Figure 8. Equilibrium unfolding in urea monitored by the evolution of
the fluorescence lifetime distributions of the TNB-labeled proteins:
(A) Cys17-TNB and (B) Cys70-TNB. The MEM-derived fluorescence
lifetime distributions at all denaturant concentrations (indicated at the
top left of each panel) were fit globally to a linear sum of native [N(τ)]
and unfolded [U(τ)] fluorescence lifetime distributions (eq 9). The
solid red lines indicate experimentally determined distributions, and
the solid black lines indicate distributions obtained from the global fits
to a two-state model. The arrows indicate the fluorescence lifetime
distributions used as the native and unfolded protein basis spectra. In
each of the four panels showing the basis distributions for the N and U
states, the observed distribution in red falls exactly below the black
line. The dashed blue and dashed black lines indicate the position of
the N-state and U-state lifetimes, respectively. The x-axis is plotted on
a log scale, while the y-axis units are arbitrary. Panels C and D show
the residuals from the two-state global fits.
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In the native baseline region, the peak position shows a
measurable change for Cys70-TNB but not for Cys17-TNB. At
denaturant concentrations spanning the transition region (0−
1.5 M GdnHCl or 0−3.6 M urea), the lifetime distribution
becomes bimodal, with the appearance of two peaks
corresponding to N- and U-state lifetime distributions,
respectively. This may seem to be evidence of a two-state
unfolding model, where, at Cm, only the N and U states are
populated to equal levels (but see later). At denaturant
concentrations spanning the unfolded protein baseline region,
the lifetime distributions are once again unimodal. For both
structural segments being probed, the peak position and, hence,
the intramolecular distances appear to increase with an increase
in denaturant concentration in the unfolded baseline region.
Inadequacy of the Two-State Model in Fitting

Fluorescence Lifetime Distributions. The evolution of
fluorescence lifetime distributions for each mutant protein was
quantitatively analyzed in terms of a two-state equilibrium
unfolding model.45 The analysis involved performing a global,
least-squares fit of all the fluorescence lifetime distributions for
each mutant protein to a model that assumes that each
distribution could be described as a linear sum of native and
unfolded protein fluorescence lifetime distributions.
Figures 7 and 8 also compare the experimentally determined

fluorescence lifetime distributions, with distributions simulated
for a two-state model. The goodness of fit for the global fits was
determined by the residuals from the global analysis (Figures
7C,D and 8C,D) and a visual comparison of observed and
simulated lifetime distributions. Although the model appears to
describe the data reasonably well for Cys17-TNB (Figures 7A
and 8A), the simulated distributions show significant deviations
from the experimentally observed distributions in the case of
Cys70-TNB (Figures 7B and 8B). This is also clearly seen from
the distribution of the residuals for both mutant proteins
(Figures 7C,D and 8C,D). This implies that a two-state model
is inadequate for describing the equilibrium unfolding transition
of the PI3K SH3 domain.
The simulated values of the fraction of N-like and U-like

forms determined by the global fit were also analyzed according
to a two-state model, and this is shown in Figure 9. The
midpoints of these equilibrium unfolding transitions were
similar to those measured from τm measurements, although
deviations on the order of 0.3−0.5 M were observed in the case
of Cys70-TNB unfolding in urea. While this has not been
presented in Table 2 for the sake of clarity, the Cm of the
unfolding transition when measured using the mean lifetime of
W53 was 4.5 M urea, using tyrosine fluorescence was 3.5 M
urea, and as predicted by the two-state model was 4.1 M urea.
These deviations indicate that there are site-specific differences
in the unfolding transitions of different segments of the protein
and reinforce the inadequacy of a strictly two-state unfolding
model.
Structural Changes in the N and U States. Peak lifetime

values from MEM-derived distributions were compared with
results from discrete analysis (Figure 10). As mentioned earlier,
the trends in both GdnHCl (Figure 10A−F) and urea (Figure
10G−L) are observed to be similar. While it is more common
to use the area under the lifetime distributions as an indicator of
mean lifetime or average fluorescence intensity, the lack of
reproducibility in determining the widths of these distributions
in this particular case makes it difficult to quantify areas
accurately. When measurements are taken on mixtures of (two
or three) noninteracting dyes, the peak values from the lifetime

distributions are found to match those obtained from discrete
analysis (data not shown). In the case of the PI3K SH3 domain,
the peak value obtained from the lifetime distribution agrees
with those obtained from discrete analysis (sum of two or three
exponentials) and the areas under the individual distributions
match with the relative amplitudes obtained in discrete analysis
(data not shown). Thus, this comparison shows similar trends
from both methods of analysis, suggesting that the peak lifetime
values can be used as a suitable proxy for indicating structural
changes from fluorescence lifetime distributions.
For both Cys17-TNB and Cys70-TNB, the peak lifetimes at

denaturant concentrations in the native protein baseline region
of the equilibrium unfolding curve correspond to the short
lifetime components obtained from discrete analysis. This
equivalence between the results from discrete and MEM
analysis is important to demonstrate that the changes in the
fluorescence lifetime distributions obtained from MEM analysis
can reflect the structural transitions observed during unfolding.
While the N-like lifetimes show no evidence of increasing
distances at low denaturant concentrations in the case of
Cys17-TNB (Figure 10B,H), the lifetime of the N state of
Cys70-TNB increases (Figure 10E,K) by a factor of nearly 2 in
the native protein baseline region (0−1.5 M GdnHCl or 0−4
M urea), with a linear dependence on denaturant concen-
tration. This indicates that the N state expands progressively, at

Figure 9. Equilibrium unfolding transitions obtained from simulated
global fits for a two-state model. The fraction native (●), fraction
unfolded (○), and a small remaining fraction (gray circles), resulting
from incomplete baseline selection, obtained from global fits of the
MEM-derived lifetime distributions (Figures 7 and 8) were plotted as
a function of GdnHCl (A and B) and urea (C and D) concentration.
Data are shown for Cys17-TNB (A and C) and Cys70-TNB (B and
D). The solid black lines are fits to a two-state unfolding model.45 The
dashed blue lines in panels B and C are fits to a six-parameter equation
for a two-state unfolding model.45 Both fits yield Cm values similar to
those obtained from mean lifetime measurements, but slightly lower
for the unfolding of Cys70-TNB in urea. These values are 1.5 M for
Cys17-TNB and 1.4 M for Cys70-TNB for the unfolding transitions in
GdnHCl and 3.9 M for Cys17-TNB and 4.1 M for Cys70-TNB for
unfolding transitions in urea.
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least in this segment of the structure, under increasingly
destabilizing conditions.
In the unfolded protein baseline region, both Cys17-TNB

and Cys70-TNB show evidence of swelling with an increasing
denaturant concentration, as seen from the increase in the
values of both the peak position and the mean lifetime. Values
of the dependences on denaturant concentration obtained from
both peak lifetimes (from lifetime distributions obtained by
MEM analysis) and mean lifetimes (from discrete analysis) are
shown in Figure 10.

■ DISCUSSION

The main aim of this work was to critically evaluate the validity
of the commonly used two-state model for equilibrium protein
folding−unfolding transitions, using the PI3K SH3 domain as a

model protein. FRET between two intramolecular distances
was monitored during equilibrium unfolding. Time-resolved
fluorescence was analyzed by both discrete analysis and model-
free MEM analysis. The strengths and weaknesses of both these
methods in addressing questions of conformational hetero-
geneity in proteins are examined.

Discrete Analysis and Conformational Heterogeneity.
Unlabeled and TNB-labeled mutant proteins show three or
four fluorescence lifetimes for W53, upon analysis by a discrete
model (Table 1). The common interpretation of such an
observation is to correlate the individual lifetime components
with population heterogeneity, originating mainly from χ1 (Cα−
Cβ) and χ2 (Cβ−Cγ) rotamers of the Trp indole group,41,48−50

as well as from other structural features.50−52

Figure 10. Analysis of peak lifetimes obtained from MEM analysis and mean lifetimes obtained from discrete analysis of fluorescence decays
measured in the equilibrium unfolding experiments. Data for experiments in GdnHCl are shown in panels A−F, and data for experiments in urea are
shown in panels G−L. For Cys17-TNB (A−C and G−I) and Cys70-TNB (D−F and J−L), the peak values obtained from MEM analysis-derived
fluorescence lifetime distributions are shown for the native protein baseline (▲) and unfolded baseline (△) regions of the equilibrium unfolding
curves. These are compared against the mean lifetime (○) and the shortest lifetime component (□) obtained by discrete analysis. The solid black
lines in panels A, D, G, and J are fits to a two-state unfolding model.45 The dashed lines in all panels are fits to a linear equation. The dotted lines in
panels A, B, D, G, H, and J were drawn by inspection.
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Although both the N and U forms show three (and in some
cases four) lifetimes, the values of the lifetimes and their
amplitudes are quite different from each other (Table 1). In this
scenario, a set of six (or more) correlated parameters in the
transition between the N and U states is obtained. Often, the
inability to resolve these lifetime and amplitude components
accurately results in the mixing of lifetime components and
leads to perplexing results in which the observed values of
lifetimes change continuously during the transition (Figure 5).
It is tempting to interpret the significant dispersion in the Cm

values (Table 2) as an indication of folding−unfolding
transitions that go beyond the minimal two-state model, with
both the native and unfolded states being composed of
substates that can be distinguished by their fluorescence
lifetimes. However, caution should be exercised in view of the
experimental inability to extract discrete fluorescence lifetimes
associated with the N and U states reliably segregated from
each other during the unfolding transition. Although such
segregation could be partially achieved in some cases,53,54 the
complexity associated with the excited-state lifetimes of
tryptophan has proven to be challenging in many other
model systems.55,56

The unsuitability of discrete analysis methods can also be
determined by (i) the observation of significant changes in the
relative amplitudes of the three lifetime components following
labeling with TNB (and, hence, FRET) in both the N and U
states (Table 1) (if the three lifetime components were to arise
from three discrete ground-state populations, FRET would not
expected to cause any change in the relative amplitudes of these
components), (ii) the estimation of intramolecular distances
using the three individual lifetime components returning
varying and incongruent values (data not shown), and (iii)
bimolecular quenching constants for each of these components,
measured by acrylamide and KI quenching, that varied by a
factor of 10, which is unlikely for a case in which the Trp
residue is completely solvent-exposed in each subpopulation
(data not shown).
The limitations associated with discrete analysis are largely

overcome by fluorescence lifetime distribution analysis
especially using MEM.
Distribution Analysis by MEM Reveals That Equili-

brium Unfolding Is “Beyond the Two-State Model”. A
key feature of using MEM analysis to generate the fluorescence
lifetime distributions is the underlying model-free approach.
This is unlike the use of Gaussian or Lorentzian distributions,
in which both the shape and the number of peaks are
preassigned.56,57 A comparison of MEM-analyzed fluorescence
lifetime distribution profiles (Figures 6−8) with fluorescence
lifetimes obtained from discrete analysis (Table 1 and Figure 5)
reveals the lack of a clear correlation in terms of peak positions
in the distributions corresponding to the discrete lifetime
components. Thus, the observation of continuous changes in
lifetime values obtained using discrete analysis during
denaturation (Figure 5) is inconsistent with results from
MEM analysis (Figure 7). This reinforces the view that lifetime
components obtained from discrete analysis do not correspond
to discrete populations and that the recovered parameters are
merely a result of mathematical fitting of decay kinetics. It is to
be stressed that this cautionary note is pertinent, in general, to
the analysis of the time-resolved fluorescence of complex
systems, including proteins and nucleic acids. The observed
broad distribution of lifetimes demands a model that extends
beyond the popular “rotamer” model of tryptophan ground-

state heterogeneity. It is likely that the large number of protein
microstates sensed by the surface-exposed and flexible W53,
coupled to the rotamer populations, results in the broad
fluorescence lifetime distributions observed here. This also
necessitates that there is slow interconversion between the
microstates compared to the excited-state lifetime time scales
(approximately nanoseconds). The relatively narrower distri-
bution observed for the U state when compared to that for the
N state (Figure 6) could be due to the abolition of multiple
microstates of the N state as well as more rapid interconversion
between various microstates in the U state of the protein. This
observation is more prominent in the unlabeled protein where
the fluorescence lifetime is controlled by a variety of
unidentified nonradiative processes. A contrasting result is
generally obtained when the tryptophan is buried and tightly
packed in the protein core. In this situation, the N state is
associated with a narrower distribution in comparison to that in
the U state, as observed in the case of barstar46,47 and other
proteins.41

Fluorescence lifetime distributions in the TNB-labeled
proteins (Figures 7 and 8) provide more information because
they can be directly correlated with intramolecular distance
distributions. The observation that TNB labeling drastically
shifts lifetime distributions to shorter values confirms that
FRET is the dominant factor controlling fluorescence lifetime
distributions in the TNB-labeled proteins. Equilibrium
unfolding appears to be bimodal with the distributions
corresponding to N and U states well separated from each
other (Figures 7 and 8). Rigorous analysis reveals, however, the
unsuitability of a two-state equilibrium unfolding model, as seen
from the nonrandom residuals obtained from fitting simulated
two-state distributions (panels C and D of Figures 7 and 8).
This result is a strong indicator of the requirement of a model
more complex than a two-state model for describing the
equilibrium unfolding of this protein. This is in contrast to a
similar TRFRET-based study with BDPA,56 in which the two-
state model of equilibrium unfolding was based on obtaining a
statistically better description of the intramolecular distance
distribution for a two-subpopulation model, compared to a
single-population model, at the Cm of the equilibrium unfolding
transition for a single FRET pair. However, this work made an
assumption about the existence of only two populations, and
the analysis was not extended to test for the presence of
multiple populations or more complexity in structural
transitions.
In this study with the PI3K SH3 domain, lifetime

distributions obtained using MEM analysis show directly,
without making any assumptions about the nature of the
equilibrium unfolding transition, that the distributions are
unimodal for the N and U states and bimodal at the Cm.
Further, by extending the analysis to multiple FRET pairs and
testing the two-state model over the entire evolution of lifetime
distributions, we could also show that the methodology based
on MEM analysis-derived lifetime distributions can be used as a
rigorous test for the validity of this model for equilibrium
unfolding.
MEM analysis-derived fluorescence lifetime distributions also

reveal structural transitions occurring both before and after the
major N ↔ U transition. Expansion of the N state of Cys70-
TNB at low denaturant concentrations (Figure 10E,K) is
similar to that seen in the case of barstar.8 This indicates
continuous swelling of the N state prior to the main unfolding
event. The fact that a similar expansion is not observed for
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Cys17-TNB (Figure 10B,H) is again an indication of
noncooperativity in the unfolding transition. The key differ-
ences between the two FRET pairs are based on the shorter
intramolecular distance of the W53−C70 FRET pair, as well as
the location of C70 (Figure 1). Expansion of the U state at high
denaturant concentrations is reflected in the linear increase in
the FRET-controlled fluorescence lifetimes of both Cys17-TNB
and Cys70-TNB (Figure 10C,F,I,L) and presumably originates
from solvent-driven expansion of the unfolded polypep-
tide.44,58,59 Although an increase in denaturant concentration
could be seen as a change from “bad” to “good” solvent,
resulting in expansion of the unfolded polypeptide as expected
from polymer theory,60−63 abolition of residual structure
leading to expansion cannot be ruled out.

■ CONCLUSIONS

In this study, multisite TRFRET measurements with the PI3K
SH3 domain have shown that (i) multiple lifetime and
amplitude components are seen in discrete analysis and suggest
complex conformational heterogeneity, (ii) the evolution of
intramolecular distances during equilibrium unfolding is better
studied by generating fluorescence lifetime distributions using
MEM, and (iii) site-specific differences in the equilibrium
unfolding, such as in the expansion of the native state at low
denaturant concentrations, indicate that the equilibrium
unfolding transition of the PI3K SH3 domain cannot be
described by a simple, two-state model. The results indicate the
presence of several intermediates or a series of intermediates
between the native and unfolded states. This study stresses the
importance of comprehensive analysis of TRFRET measure-
ments in the study of complex macromolecular systems such as
proteins.
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