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Abstract
The villin headpiece subdomain (HP35) has become one of the most widely used model systems
in protein folding studies, due to its small size and ultrafast folding kinetics. Here, we use HP35 as
a testbed to show that the florescence decay kinetics of an unnatural amino acids p-
cyanophenylalanine (PheCN), which are modulated by a nearby quencher (e.g., tryptophan or 7-
aza-tryptophan) through the mechanism of fluorescence resonance energy transfer (FRET), can be
used to detect protein conformational heterogeneity. This method is based on the notion that
protein conformations having different donor-acceptor distances and interconverting slowly
compared to the fluorescent lifetime of the donor (PheCN) would exhibit different donor
fluorescence lifetimes. Our results provide strong evidence suggesting that the native free energy
basin of HP35 is populated with conformations that differ mostly in the position and mean helicity
of the C-terminal helix. This finding is consistent with several previous experimental and
computational studies and also the functional role of this helix. Moreover, this result holds strong
implications for computational investigation of the folding mechanism of HP35.
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INTRODUCTION
The notion that a protein can sample a conformational ensemble even under native
conditions is not new.1 For example, it has been shown that crystalline myoglobin (Mb) can
exist in three crystal states with different space groups.2 However, achieving a detailed
assessment of the native conformational distribution of a protein of interest under
physiological conditions is more difficult. While several techniques, including NMR3 and
single-molecule fluorescence spectroscopy,4 have been shown to be useful in this regard, the
former generally relies on relatively high protein concentrations, while the latter is often
limited to the study of conformations that interconvert on relatively slow timescales. Herein,
we show that an amino acid FRET pair can be used in conjunction with time-resolved
fluorescence resonance energy transfer (tr-FRET) to reveal the existence of protein native
conformational ensembles that interconvert on a timescale longer than the fluorescence
lifetime of the donor (which is typically a few nanoseconds), but that may be difficult to
detect by other methods.
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Tr-FRET has been widely used in protein conformational studies, and is often utilized to
map out distance distributions in unfolded polypeptides5 and to probe folding kinetics.6 The
notion that tr-FRET can also be used to reveal native conformational heterogeneity of
proteins is based on the principle that conformations that have different donor-acceptor
distances will lead to different changes to the donor fluorescence lifetime, resulting in multi-
exponential fluorescence decay kinetics, with the individual component amplitudes
reporting on the relative populations of the conformational species that appear static on the
timescale of the fluorescence lifetime of the donor. This method is similar to that used by
Zewail and coworkers in the study of the conformational heterogeneity of base pair stacking
in RNA molecules,7,8 and has also been used to study heterogeneity of domain stacking in
globular proteins, and the distance distributions and dynamics of single domain proteins.9–13

The model system that we have chosen to study is the villin headpiece subdomain (HP35), a
mini-protein consisting of three helices (Figure 1). Because of its small size and fast folding
rate, HP35 has been the focus of a large number of experimental and computational
studies.14–35 In addition, it has been used as a test-bed for the applicability of non-natural
amino acid based infrared (IR) and fluorescence protein conformational probes.36–39

Perhaps more importantly, two recent experimental studies40,41 have provided strong
evidence suggesting that the native state of HP35 is structurally heterogeneous. In particular,
the 2-dimentaional (2D) IR photon echo study of Urbanek et al.41 suggests that HP35 might
populate two native-like structures that differ in the degrees of exposure of the protein’s
hydrophobic core, while the triplet-triplet energy transfer study of Reiner et al.40 suggests
that HP35 can sample two native states that are different in their tertiary structures, one of
which possesses an “unlocked” conformation in the C-terminal region.

The global folding and unfolding times of HP35 at 25 °C are approximately 28 and 594 μs,
respectively, estimated from temperature-jump (T-jump) induced relaxation rates measured
at higher temperatures using time-resolved infrared spectroscopy.29 Thus, at room
temperature it is expected that the interconversion process between any two native
conformers of HP35 would occur on a sub-millisecond timescale. To capture such fast-
interconverting species, herein we measure and analyze the fluorescence decay kinetics of a
non-natural fluorescent amino acid, p-cyanophenylalanine (PheCN), that is synthetically
incorporated into the sequence of HP35 and serves as a FRET donor to either tryptophan
(Trp) or 7-azatryptophan (7AW).36,38,42,43 The advantages of using PheCN as a fluorescent
reporter in the current case are twofold: its small size makes it less structurally perturbative,
and more importantly, in isolation its fluorescent state decays in a single-exponential manner
with a lifetime of about 7 ns in water.44 The latter property is essential for using tr-FRET to
detect conformational heterogeneity of proteins because one can, in a straightforward
manner, attribute non-exponential fluorescence decays to protein populations that exhibit
different donor-acceptor distances, or different conformations.

As shown (Figure 1), HP35 contains a single Trp residue that is located at the 64 position on
helix-3. Thus, in the first case Phe58 is replaced with PheCN and the resulting mutant
(hereafter referred to as HP35-P) is used to probe the state of the hydrophobic core of HP35
via the corresponding PheCN-Trp FRET pair.36 In the second case, a double mutant of HP35
(hereafter referred to as HP35-AP), wherein the C-terminal residue Phe76 is replaced with
PheCN and Trp64 is mutated to 7AW to create a PheCN-7AW FRET pair,38 is employed to
probe the conformational flexibility of helix-3 because the donor and acceptor in this case
are located at the N- and C-termini of this helix, respectively. Our results indicate that the
fluorescence decays of HP35-P and HP35-AP at room temperature in aqueous solution,
where both are folded based on previous studies,36,38 deviate significantly from single-
exponential kinetics, supporting the notion that HP35 can adopt two or multiple native
conformations that do not interconvert on the timescale of the PheCN fluorescence lifetime.
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In addition, our results show that even under strongly denaturing conditions (e.g., in 6 M
urea solution) a subset of protein population remains quite compact, which is consistent with
previous findings that the thermally denatured state of HP36 contains residual helical
structures.45,46

MATERIALS AND METHODS
Fmoc-protected amino acids were purchased from either Bachem Americas (Torrence, CA)
or AnaSpec (Fremont, CA), and ultra pure grade urea was purchased from Invitrogen
(Carlsbad, CA). Protein synthesis was achieved on a PS3 automated peptide synthesizer
(Protein Technologies, MA) using standard Fmoc-protocols. The details of sample
purification and characterization have been described elsewhere.36,38 Protein samples used
in fluorescence lifetime measurements were prepared in 20 mM phosphate buffer (pH 7) and
the final protein concentration was in the range of 5–10 μM, determined optically. All
commercial plastic microcentrifuge tubes, conical tubes and pipette tips used in sample
preparation were washed and rinsed exhaustively using Hellmanex II (Helma, Müllheim)
and deionized distilled water prior to use.

Fluorescence decays were measured using a home-built time-correlated single photon
counting (TCSPC) apparatus.6 Briefly, the 240 nm excitation pulses were generated by
frequency tripling of the fundamental output of a mode-locked Mira-900 Ti-Sapphire laser
(Coherent) centered at 720 nm using a harmonic generator (Inrad, Norvale). The repetition
rate of the excitation pulses was reduced to approximately 3.8 MHz using an acousto-optic
pulse picker. Time-resolved fluorescence signals were collected using a PMH100-6
photomultiplier tube (Becker-Hickl, Berlin) and an SPC630 or SPC150 TCSPC board
(Becker-Hickl, Berlin). For HP35-AP the fluorescence of the donor (i.e., PheCN) was
isolated by passing the fluorescence emission of the sample through a 295 ± 10 nm bandpass
filter, whereas for HP35-P the PheCN fluorescence was separated from the acceptor
fluorescence by using a 0.25 m monochromator (Spectral Products, Putnam, CT) set at 295
nm with a 12 nm bandwidth. To minimize the degree of photobleaching, a flow cell was
used to continuously flow the protein sample through the laser excitation volume, and the
excitation power was kept below 100 μW, while the beam was sent through the sample
either unfocused with a diameter of ~1 mm (for the HP35-AP samples) or focused down
using a 50 mm plano convex lens (for HP35-P samples). The measured fluorescence decays
were fit to a multi-exponential model reconvoluted with the measured instrument response
function using FluoFit (PicoQuant).

RESULTS AND DISSCUSION
Proteins, except those that are intrinsically disordered, are generally assumed to adopt a
unique compact structure under native conditions. However, this assumption could easily
fail for some proteins. For example, NMR experiments have shown that proline
isomerization, which is a very slow event, can lead to formation of distinctly different native
conformations.47 Also, single-molecule studies have revealed the existence of slowly
interconverting (milliseconds to seconds) and functionally active conformations of
enzymes.48,49 For small and fast folding proteins, native conformational heterogeneity is
more difficult to assess because the sub-ensembles may contain similar secondary structures
and also interconvert on a much faster timescale. In this regard, tr-FRET measurements may
prove very useful as they allow for the discrimination of conformations that interconvert on
a timescale slower than the donor excited state lifetime, typically a few nanoseconds,
providing a window of detection that is not easily accessible by other methods, especially
those based on single-molecule fluorescence techniques. Furthermore, confirming that the
villin headpiece subdomain possesses a wide native state basin consisting of multiple local
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minima is in itself an important task as this mini-protein has become one of the most studied
model systems in the field of protein folding.14–40,50

Fluorescence decay kinetics of HP35-AP
Kiefhaber and coworkers40 have recently shown, using a triplet-triplet energy transfer
method, that the native basin of HP35 is populated by two distinguishable structures that are
different in the tertiary packing of the C-terminal helix (or helix-3). However, the large size
of the extrinsic spectroscopic probes used in their study could result in undesirable structural
perturbations. To confirm their finding, herein we use a structurally less perturbative mutant
(i.e., HP35-AP), whose CD spectrum is practically identical to that of HP35 at room
tempereture.38 Furthermore, the fluorescence emission spectra of the PheCN and 7AW are
completely separated, making selective detection of the donor fluorescence straightforward
and unambiguous.38

As shown (Figure 2), the PheCN fluorescence decay of HP35-AP at room temperature in
phosphate buffer (pH 7) deviates significantly from first-order kinetics, but can be described
reasonably well by a triple-exponential function. Analysis of the distribution of fluorescence
lifetimes using a maximum entropy routine,6 as indicated in the inset of Figure 2, further
confirms this deviation. Because in isolation and in unstructured short peptides (without Trp
or other FRET quenchers) the fluorescence decay of PheCN follows first-order kinetics,44

this result indicates that in the present case protein conformational ensembles with distinctly
different donor-acceptor distances are populated. In other words, this result is consistent
with the finding of Kiefhaber and coworkers40 that helix-3 is flexible and can adopt different
conformations even under native conditions.

In order to confirm that the aforementioned deviation from single-exponential kinetics is a
result of protein conformation, we further measured the fluorescence decay of a donor-only
variant of HP35-AP, in which the FRET donor, 7AW, was mutated to alanine. (The resultant
mutant is hereafter referred to as HP35-AP-W64A). While the native tryptophan residue is
critical to the stability of HP35 (or HP36), Raleigh and coworkers51 have shown that such a
mutation is relatively conservative. As shown (Figures S1 and S2 in Supporting
Information), the CD and 1D proton NMR spectra of HP35-AP-W64A compare well with
those of HP35-AP, suggesting that the native state structure is not overly perturbed by the
alanine substitution. Additionally, the most up-field resonances in the 1D NMR spectra of
these peptides, near −0.1 ppm, are consistent with the methyl resonance of Val 50 of HP36,
which has been shown to be an indicator of folded structure.45 As expected (Figure 3), the
fluorescence decay of HP34-AP-W64A in phosphate buffer (pH 7) is dominated by an
exponential component (90.8%) with a lifetime of 8.7 ns, thus corroborating the notion that
the non-exponential fluorescence decay of HP34-AP likely arises from multiple protein
conformations that have different decay times due to different donor-acceptor separation
distances.

In principle, the model free maximum entropy analysis can provide more detailed
information regarding the underlying conformational distribution. However, to simplify the
interpretation and discussion and also to avoid any over-interpretation of the fluorescence
decay data, below we discuss only the results emerging from discrete exponential fittings.
As shown (Table 1), the three fluorescence decay time constants obtained under all
experiment conditions are well separated (e.g., 5.9 ns (14%), 3.1 ns (47%), and 0.8 ns (39%)
for those obtained in buffer solution). If we were to attribute these three exponentials to
three conformational ensembles, and assume that the FRET chromophores rotate on a time
scale much faster than ~1 ns, we would be able to determine an average donor-acceptor
distance using the corresponding fluorescence decay lifetime for each case. The Förster
radius of the PheCN-7AW FRET pair is approximately 18 Å.38 Thus, a simple calculation
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utilizing the above assumptions and a fluorescence decay lifetime of 8.7 ns for the
unquenched donor (i.e., that measured for HP34-AP-W64A) indicates that the
aforementioned three lifetimes correspond to three (mean) donor-acceptor distances of 20.4,
16.3, and 12.3 Å, respectively. Interestingly, the Cα to Cα distance between Phe76 and
Trp64 is 18.6 Å based on the NMR structure of HP35 (pdb 1VII), while the x-ray structure
(1YRF) gives a value of 12.3 Å.59,60

In order to better understand the origin of these kinetic components, we chose to estimate
the fluorescence lifetime of PheCN using the NMR structure of HP35 to approximate the
folded structure of HP35-AP. In the long range dipole-dipole approximation for interaction
between two chromophores, the first-order excitation transfer rate constant can be expressed
as:52

(1)

where kR is the radiative rate constant of the donor, J is the overlap integral of the donor-
acceptor pair, η is the refractive index of the environment, assumed to be identical to water
here, r⃑ is the unit vector that points along the length between the donor and acceptor, and μ⃑D
and μ⃑A are the unit vectors describing the transition dipole directions for the donor and
acceptor, respectively. To calculate the fluorescence lifetime of PheCN, we assumed that μ⃑D
and μ⃑A are identical to those of the corresponding structural analogs of PheCN and 7AW,
benzonitrile44 and 5-methylindole,45 and that r is the Cγ to Cγ distance between Phe76 and
Trp64 in the NMR structure. In addition, we assumed that FRET only leads to the excitation
to the lowest singlet excited state of 7AW, 1Lb, a fair assumption given the typical
absorption maximum for this transition (at ~290 nm) and that PheCN emission peaks near
300 nm.42,44 Using the previously determined values of kR (1.6 × 107 s−1) and J (1.11 ×
10−27 m6), we calculated kT for the following three cases: (a) the fixed sidechain
conformations from the NMR structure were used, (b) the acceptor was allowed to freely
rotate about its Cβ– Cγ bond, and (c) both sidechains were allowed to freely rotate about
their respective Cβ– Cγ bonds. Subsequently, the theoretical fluorescence lifetime of the
donor for each case was calculated using the following relationship:

(2)

Where τfree is the fluorescence lifetime of the donor in the absence of the acceptor, for
which a value of 8.7 ns was used. For the three cases described above, the calculated PheCN
fluorescence lifetimes are 7.7, 4.0, and 5.0 ns, respectively. Thus, taken together, these
results indicate that sidechain dynamics alone cannot adequately account for the
aforementioned tr-FRET results.

To better understand the structural origin of these three fluorescence decay components, we
further measured the PheCN fluorescence decay kinetics of HP35-AP in urea solutions of
different concentrations. As expected, all of the decays require three exponentials to yield a
satisfactory fit (based on χ2 criterion and distribution of residuals). For convenience, in the
subsequent discussion we label these three decay components as Exp-1, Exp-2, and Exp-3,
according to the numbering in Table 1. As shown (Figure 4), Exp-2 and Exp-3 show a
modest increase in their decay times with increasing urea concentration, while that of Exp-1
remains practically unchanged over the entire urea concentration range studied. However,
the relative amplitude of Exp-3 increases with increasing urea concentration, while those of
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the other two decrease. These trends seem to suggest that Exp-3 reports on a natively
unfolded or partially unfolded helix-3, whose population increases with increasing
denaturant concentration, and that Exp-2 corresponds to a more folded helix-3, as that found
in the NMR structure, whose population decreases with increasing urea concentration.
Interestingly, both Exp-1 and Exp-2 components do not vanish at the highest denaturant
concentrations, which may suggest, as has been evidenced by NMR studies,45,46 that some
native like structures remain in the denatured state of this protein, although the peptide
sequence used in the NMR studies only included helices 1 and 2.

The origin of the Exp-1 component is more difficult to ascertain. One possibility is that this
sub-nanosecond component results from a partially unfolded helix-3 with its C-terminus
bent toward its N-terminus, thus leading to an unusually short separation distance between
the donor and acceptor. A more plausible reasoning, however, is, as suggested in the recent
molecular dynamics (MD) simulation of Saladino et al.,55 that it likely reports on a protein
conformation wherein the PheCN is partially dehydrated. The study of Saladino et al.
showed, based on free energy calculations at 329 K, that one of the native conformations of
HP35 involves the stacking of the C-terminal Phe residue, which is mutated to PheCN in the
current study, with the protein’s hydrophobic core. Such a conformation would have a
shorter than expected fluorescence lifetime as dehydration has been shown to reduce the
fluorescence lifetime of PheCN.44 Another recent simulation study, aimed at simulating and
reproducing the TTET results reported by Kiefhaber and coworkers, also presents evidence
suggesting that the C-terminal region is dynamically flexible.34

Fluorescence decay of HP35-P
Urbanek et al.41 have shown that, for HP35-P, the nitrile stretch 2D photon echo reveals two
frequency distributions with different spectral diffusion dynamics, suggesting that a sub-
population of hydrated nitriles exist in the folded state ensemble. However, the protein
concentration used in that study was relatively high, which prompted a similar 2D IR
study56 to suggest that the more sparingly hydrated IR band could have resulted from
protein aggregation. Since the protein concentration used in the present study is three orders
of magnitude lower than that used in those 2D IR studies, we expect the amount of any
potential aggregation to be greatly reduced, and hence that the fluorescence signal to arise
mostly, if not completely, from isolated protein molecules. As shown (Figure 5), the
fluorescence decay of PheCN of HP35-P in buffer solution deviates significantly from first-
order kinetics; instead, it can be adequately described by a double-exponential function with
τ1 = 0.59 ns (47%) and τ2 = 4.62 ns (53%), respectively. In addition, maximum entropy
analysis (inset of Figure 5) yielded similar results. Thus, consistent with the 2D IR study of
Urbanek et al.41 and also the fluorescence decay of HP35-AP, this result indicates that at
least two native-like conformational ensembles are populated and detectable by the current
experimental approach.

A simple calculation using the previously published Förster distance of 16 Å for the PheCN-
Trp FRET pair,57 which was determined using the fluorescence quantum efficiency of fully
hydrated PheCN, suggests that these two fluorescence lifetimes would correspond to two
donor-acceptor separation distances of 10.8 and 17.7 Å, respectively. However, the 2D IR
results of Urbanek et al.41 indicates that the PheCN sidechain in one of the two possible
HP35-P native conformations is dehydrated and buried in a hydrophobic environment. Thus,
the above calculation, which assumed a hydrated PheCN, overestimated the donor-acceptor
distance for this structural ensemble (i.e., the one giving rise to the shorter fluorescence
lifetime).

Similar to the case of HP35-AP, we also studied a donor-only variant of HP35-P wherein the
tryptophan acceptor was replaced by alanine. (The resultant mutant is hereafter referred to as
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HP35-P-W64A). As shown (Figure 6), despite lacking the FRET quencher, the fluorescence
of HP35-P-W64A shows non-exponential decay. The fluorescence quantum yield (and thus
lifetime) of PheCN is known to be sensitive to local environment,44,57 this result thus
indicates that HP35-P-W64A can readily sample different conformations, a conclusion that
is consistent with the CD and 1D proton NMR results (Figures S1 and S2 in Supporting
Information) which show that the protein populates both folded and unfolded conformations
at room temperature. Thus, it is not possible to conclude from this control experiment
whether the donor-only mutant exhibits exponential decay kinetics in the native state.
Because of this added complexity, we did not attempt to extract further quantitative
information from the fluorescence decay data of this control mutant; instead, we chose to
consider the simplest scenario, in which the PheCN is treated as either fully buried or fully
solvated.

The intrinsic fluorescence lifetime of a dehydrated PheCN should be similar to that measured
in aportic solvents, which is about 4.5 ns.44 Interestingly, using this value to estimate the
donor-acceptor distance for the shorter HP35-P lifetime component yields a value of 11.7 Å,
which compares well to the 12.6 Å (Cα to Cα) found for the corresponding native residues
(Phe58 and Trp64) of HP35 in the NMR structure. In addition, the relative amplitudes of the
two fluorescence decay components suggest that the ratio of hydrated to dehydrated
conformation is about 53/47, very close to the value of 54/46 observed in the 2D IR
experiment.41 Because the Trp residue is located on helix-3, the motion away from the core
of this helix would lead to a larger donor-acceptor distance. Therefore, this result is also in
agreement with the study of Kiefhaber and coworkers.40 While it is possible that this slower
decay component arises from the unfolded state of HP35-P, its large amplitude (53%) makes
such a scenario highly unlikely as the folded population is estimated to be >95% at the
experimental temperature based on CD spectroscopy.31

Addition of urea further increases the heterogeneity of the decay kinetics of HP35-P. We
find that all the PheCN fluorescence decays obtained in the presence of urea can be
adequately fit by a triple-exponential function (Table 2). As shown (Figure 7), the
amplitudes of the three exponentials (defined as Exp-1, Exp-2, and Exp-3, according to the
numbering in Table 2) show different dependences on the urea concentration. Specifically,
increasing urea concentration results in loss of the more compact Exp-1 component and gain
of the less quenched Exp-3 component, whereas the amplitude of Exp-2 only shows a
modest change. Unlike 7AW, the fluorescence emission spectrum of Trp overlaps to some
extent with that of PheCN. Thus, it is possible, in this case, that the donor fluorescence decay
contains contributions from the acceptor emission. Tentatively, we attribute Exp-2
component to Trp fluorescence. Additionally, as observed in the case of HP35-AP, the
fastest decay component does not vanish entirely at the highest denaturant concentrations.

CONCLUSIONS
We demonstrate that in conjunction with time-resolved fluorescence decay measurements
the PheCN-Trp and PheCN-7AW FRET pairs are very useful for investigation of protein
conformational heterogeneity. Consistent with several previous experimental and
computational studies,34,35,40,41,55 our results provide evidence suggesting that the native
basin of HP35 is populated with conformations that interconvert on a timescale longer than
the fluorescence decay lifetime of PheCN and differ mostly in the position and mean helicity
of helix-3. In addition, this finding holds strong implications for computational studies of the
folding mechanism of HP35 since they almost exclusively use a fixed structure, derived
from either NMR spectroscopy or X-ray crystallography, as the target folded state.
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Figure 1.
NMR structure of HP35 (PDB code: 1VII) showing the three sites, Phe58 (blue) for HP35-P,
and Trp64 (orange) and Phe76 (red) for HP35-AP, generated using VMD.61
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Figure 2.
A representative PheCN fluorescence decay curve of HP35-AP in 20 mM phosphate buffer
(pH 7), as well as a single-exponential and a triple-exponential fits to the data, as indicated.
Shown in panel (A) are the weighted residuals of a double-exponential fit and in panel (B)
are the weighted residuals of the triple-exponential fit. Also shown in the inset is the lifetime
distribution obtained from maximum entropy analysis.
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Figure 3.
A representative PheCN fluorescence decay curve of HP35-AP-W64A in 20 mM phosphate
buffer (pH 7), as well as a single-exponential and a double-exponential fits to the data, as
indicated. The double-exponential fit yielded the following time constants (relative
amplitude): τ1 = 3.3 ns (9.2%) and τ2 = 8.7 ns (90.8%). Shown in upper panel are the
weighted residuals of the double-exponential fit. Also shown in the inset is the lifetime
distribution obtained from maximum entropy analysis.
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Figure 4.
(A) PheCN fluorescence lifetimes of HP35-AP obtained at different urea concentrations. (B)
Percent amplitudes versus urea concentration for the triple-exponential fit of the HP35-AP
fluorescence decays.
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Figure 5.
A representative PheCN fluorescence decay curve of HP35-P in 20 mM phosphate buffer
(pH 7), as well as a single-exponential and a double-exponential fits to the data, as indicated.
The double-exponential fit yielded the following time constants (relative amplitude): τ1 =
0.59 ns (47%) and τ2 = 4.62 ns (53%). Shown in the upper panel are the weighted residuals
of the double-exponential fit. Also shown in the inset is the lifetime distribution obtained
from maximum entropy analysis.

Serrano et al. Page 15

J Phys Chem B. Author manuscript; available in PMC 2013 September 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
A representative PheCN fluorescence decay curve of HP35-P-W64A in 20 mM phosphate
buffer (pH 7), as well as a single-exponential and a triple-exponential fits to the data, as
indicated. The triple-exponential fit yielded the following time constants (relative
amplitude): τ1 = 0.55 ns (22%), τ2 = 2.61 ns (18%), and τ3 = 6.63 ns (60%). Shown in upper
panel are the weighted residuals of the triple-exponential fit. Also shown in the inset is the
lifetime distribution obtained from maximum entropy analysis.
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Figure 7.
PheCN fluorescence lifetimes of HP35-P obtained at different urea concentrations. (B)
Percent amplitudes versus urea concentration for the triple-exponential fit of the HP35-P
fluorescence decays.
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