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To obtain quantitative information on the size and dynamics of
unfolded proteins we combined single-molecule lifetime and in-
tensity FRET measurements with molecular simulations. We com-
pared the unfolded states of the 64-residue, o/ protein L and the
66-residue, all-B cold-shock protein CspTm. The average radius of
gyration (Rg) calculated from FRET data on freely diffusing mole-
cules was identical for the two unfolded proteins at guanidinium
chloride concentrations >3 M, and the FRET-derived Ry of protein
L agreed well with the Ry previously measured by equilibrium
small-angle x-ray scattering. As the denaturant concentration was
lowered, the mean FRET efficiency of the unfolded subpopulation
increased, signaling collapse of the polypeptide chain, with protein
L being slightly more compact than CspTm. A decrease in Ry with
decreasing denaturant was also observed in all-atom molecular
dynamics calculations in explicit water/urea solvent, and Langevin
simulations of a simplified representation of the polypeptide
suggest that collapse can result from either increased interresidue
attraction or decreased excluded volume. In contrast to both the
FRET and simulation results, previous time-resolved small-angle
x-ray scattering experiments showed no collapse for protein L.
Analysis of the donor fluorescence decay of the unfolded subpopu-
lation of both proteins gives information about the end-to-end
chain distribution and suggests that chain dynamics is slow com-
pared with the donor life-time of ~2 ns, whereas the bin-size
independence of the small excess width above the shot noise for
the FRET efficiency distributions may result from incomplete con-
formational averaging on even the 1-ms time scale.

molecular dynamics | protein folding | denatured protein |
small-angle x-ray scattering | radius of gyration

he role of the structure and dynamics of the unfolded states

of proteins in determining the kinetics and mechanisms of
protein folding is a relatively unexplored area. At high concen-
trations of chemical denaturants, unfolded proteins behave like
random-coil homopolymers, and the average radius of gyration
(Rg) depends only on the length of the polypeptide chain (1).
However, at low denaturant concentrations where proteins fold
and sequence matters, evidence for specific structure in the
unfolded state has been observed for several proteins (2-4).
Several experimental studies, moreover, suggest that native-like
structure in the unfolded state may play an important role in the
folding mechanism (5-7).

Single-molecule FRET is well suited to investigate the struc-
ture and dynamics of unfolded proteins (8—14) because, unlike
ensemble studies, it can resolve the folded and unfolded sub-
populations in low denaturant regimes and also reveal informa-
tion on structural distributions. Although single-molecule FRET
has been mostly used in qualitative structural studies, quantita-
tive distance information has been obtained for DNA (15, 16)
and polyproline (17). In the case of unfolded proteins, quanti-
tative FRET analysis is complicated by the wide range of
end-to-end distances, chain dynamics, and the presence of large
fluorescent dye labels. Here we demonstrate the quantitative
applicability of single-molecule FRET measurements to un-
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Fig. 1. Structures of dye-labeled protein L. (A) Cartoon. (B) Space-filled
heavy atoms. (C) Bead model used in Langevin simulations.

folded proteins using intensity and life-time measurements in
combination with molecular simulations for two well character-
ized two-state proteins, the 64-residue o/ protein L (Fig. 1) and
the 66-residue all-g cold-shock protein Csp7m (18-23). The size
distribution of the unfolded state was determined for both
proteins, and for protein L it was compared with equilibrium and
time-resolved small-angle x-ray scattering (SAXS) experiments
(1, 20). The donor fluorescence decays and FRET efficiency
distribution widths were analyzed to extract dynamical informa-
tion on the unfolded protein chain on the nanosecond and
millisecond time scales, respectively. Finally, simulations using
both simplified and all-atom protein models were used through-
out this study to justify the analysis and to support and interpret
the results.

Results

Uncorrected FRET Efficiency Histograms. Fluorescent bursts of pho-
tons were observed as single protein molecules labeled with
FRET donor and acceptor dyes diffused freely through the
detection volume of a confocal microscope. A pulsed laser
excitation system coupled with time-correlated single-photon
counting electronics recorded the arrival time and fluorescence
delay of each photon (see Materials and Methods), yielding both
intensity and life-time information. A burst has a measured
FRET efficiency Ey, defined as Ey, = (na — npl)/(na + np),
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TAfter our experiments were completed we became aware of a single-molecule FRET study
on protein L by Sherman and Haran (34) using continuous-wave laser excitation.

This article contains supporting information online at www.pnas.org/cgi/content/full/
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Fig.2. FRET efficiency histograms for protein L (Left) and CspTm (Right) for
several denaturant concentrations. The peaks at high and intermediate Ep,
correspond to the folded and unfolded state populations, respectively. The
green and blue lines are Gaussian fits to the folded and unfolded subpopu-
lations. Molecules lacking an active acceptor (yellow) appear at Ey, ~ 0. The
Poissonian shot-noise contribution (29) to the folded and unfolded peak
widths (black dashed lines) is shown at 0 M and 6 M GdmCl.

where np and n are the number of donor and acceptor photons
in a burst and / is the probability of donor photons leaking into
the acceptor channel. Histograms of FRET efficiencies of
fluorescent bursts are shown in Fig. 2 for protein L and CspTm
at selected denaturant concentrations. The peaks at high effi-
ciency (0.78 for protein L and 0.85 for CspTm) correspond to
folded protein molecules. As the denaturant concentration is
increased, new peaks, corresponding to unfolded protein mol-
ecules, appear with mean efficiencies (E,,) near 0.6 that grow in
amplitude relative to the folded peaks. Above 3 M GdmCl, only
the unfolded peak remains [denaturation midpoints from en-
semble FRET for dye-labeled proteins in GAmCl: CspTm, 2.0 M
GdmCl (10); protein L, 2.6 M GdmCl (data not shown)].* The
peak at zero efficiency for protein L arises from protein mole-
cules lacking an active acceptor dye; this peak is absent in the
purer CspTm sample. The mean FRET efficiencies (see Mate-
rials and Methods for fitting procedure) of the unfolded states in
both protein L and Csp7m continuously decrease with increasing
denaturant concentration, suggesting an increase in the average
end-to-end distance.

Calculating Accurate Mean FRET Efficiencies. Before the measured
(Emy for unfolded states can be converted to average interdye
distances, it must be corrected to account for the different
detection efficiencies of each dye because of differences in the
dye quantum yields, detector quantum efficiencies, and optical
beam path transmissivities. The correction factor vy relates the
measured mean FRET efficiency (E.,) to the true mean FRET
efficiency (E), where (E) = (na)((na) + ¥(np)) = Em)/[{Em) +
y(1 — (Em))] = (na/(na + <ynp)). In principle, y may be

*The relative peak areas for the folded and unfolded states are not equal to the relative
subensemble populations because of different detection efficiencies for donor and ac-
ceptor fluorescence and longer residence times in the excitation volume resulting from the
decreased diffusion coefficient of unfolded proteins.
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Fig.3. Dependence of FRET efficiency and Rq on denaturant concentration.
(A) Mean FRET efficiencies (E) for the unfolded states of protein L (blue
triangles) and CspTm (red inverted triangles) after y correction. (B) Rq for
protein Land CspTm in the unfolded state determined from (E) assuming slow
chain dynamics and a Gaussian chain model for the end-to-end distribution.
The Ry values previously determined by equilibrium SAXS at 4 M GdmCl (green
circle) and by time-resolved SAXS at 1.4 M GdmCl (green square) are also
shown (20).

determined by measuring the absolute quantum yields, detector
efficiencies, and transmissivities for each dye, which is difficult
and error-prone, or by employing alternating laser excitation of
the donor and acceptor (24). However, vy can also be simply and
more accurately obtained by equating the FRET efficiency
defined by using donor lifetimes with the FRET efficiency
defined by using donor and acceptor intensities:

_ oA _ Em)
™ (Ep) (1= (E) 1]

E)=1

where Tpa and mp are donor dye life-times (for single exponential
emission decays) in the presence and absence of the acceptor.
Donor life-times in the presence (1pa = 1.01 = 0.03) and absence
(o = 3.78 = 0.04) of the acceptor dye for the folded state of
protein L at 0 M GdmCl determined from the folded and zero
efficiency peaks in the FRET histogram give (E) = 0.74 = 0.02
and y = 1.28 = 0.01. Relative quantum yields and transmissivi-
tiesat 0,1, 1.5, 2, 3, 4, and 6 M GdmCl were used to determine
v at these concentrations and to interpolate y between these
concentrations for protein L.

In CspTm, pa at 0 M denaturant is on the order of the time
resolution of the life-time measurement, which greatly increases
the error in . However, the quantum yields (based on a
comparison of donor and acceptor dye life-times in the labeled
proteins) and spectral characteristics for each dye appear to be
the same for protein L and Csp7m. We therefore assume that the
denaturant-dependent vy corrections for the two proteins are the
same. The y-corrected mean FRET efficiencies (E) for the
unfolded state of each protein as a function of denaturant are
shown in Fig. 34.
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Fig. 4. Langevin simulation results for protein L and CspTm. (A) Donor-
acceptor distance distributions for folded protein L (black line) and CspTm (red
line). The N- and C-terminal « carbons are separated by 38 A and 13 A in the
structures of protein L and CspTm, respectively. (B) Decay of correlation
functions for donor-acceptor distance (black line), reorientation of the donor
(green line) and acceptor (red line), and «? (blue line). (C) Decay of donor
fluorescence in protein L calculated with (red lines) and without (black lines)
the assumption of complete orientational averaging; curves for the folded
and unfolded states are solid and broken, respectively, and the isolated donor
decay is shown for reference in green.

Langevin Simulations Using a Simplified Representation of the Pro-
tein. Langevin simulations of a simplified representation of the
protein, linkers, and dyes (Fig. 1) (see Materials and Methods)
were used to model the effects of dye orientational and linker
dynamics. The simulation time scale is set by the Langevin
friction of 50 ps~! (commonly used to mimic water); this choice
and our treatment of the linkers are justified by agreement
between the correlation time for donor reorientation of 0.3 ns
(Fig. 4B) and the 0.3-ns polarization anisotropy decay time
reported previously for these dyes and linkers attached to
polyproline (17).

The first quantitative test for single-molecule FRET measure-
ments is the comparison of the folded state FRET efficiency with
that predicted from the known structure. The donor fluores-
cence decay, I(r), was computed directly from the instantaneous
transfer rates during the simulation [described in supporting
information (SI) Text] (25) (Fig. 4C), and the mean FRET
efficiency was derived from (E) = 1 — kp [I(¢)dt, where kp is the
decay rate of donor fluorescence (kp = 1/7p). The calculated
folded efficiency of 0.69 agrees well with the measured (E) =
0.74 = 0.02.

The model results also suggest the relevant dynamical aver-
aging regime. The rapid decay of the correlation function for 2,
the Forster orientational factor, of ~0.3 ns in the folded state
(Fig. 4B), is much shorter than mp, suggesting that it is valid to
assume k> = 2/3. This assumption has very little effect on the
predicted fluorescence decay for the folded protein and no effect
for the unfolded protein (Fig. 4C). Because the donor—acceptor
distance correlation function of the folded protein also decays
more slowly (=9 ns) than the donor emission (1.0 ns), the mean
folded efficiency can be calculated by assuming a static distri-
bution of R:

1530 | www.pnas.org/cgi/doi/10.1073/pnas.0607097104

B L B L Peq(R)
<E> = E(R)ch(R)dR = i W/Ro)é dR [2]

0

where L is the contour length, giving (E) = 0.71, in very close
agreement with the result ((E) = 0.69) of the exact calculation.
Simulations of the unfolded protein indicate that it is in the same
averaging regime.

The equivalent calculation for CspTm gives (E) = 0.99, much
higher than the measured (E) = 0.85. Including electrostatic
repulsion between the dyes in the model is too small an effect to
explain the discrepancy (see SI Text). Therefore, the difference
between the experimental and theoretical values is most likely
due to a breakdown of the assumption of a uniform dielectric and
of the point dipole approximation in Forster theory, which
assumes that the dimensions of the donor (7 A) and acceptor (12
A) chromophores are small compared with their intermolecular
separation (18 A in CspTm) (17, 26, 27) (Fig. 4A).

Calculating the R, of the Unfolded Subpopulation. In the limit of fast
orientational averaging and slow chain reconfiguration on the
donor life-time (17), the end-to-end distance distribution Peq(R)
can be computed at a given denaturant concentration by using
Eq. 2. To further test whether the chain is reconfiguring slowly
on the donor life-time, the donor fluorescence decay I(r) was
computed for protein L at 4 M GdmCl by using a Gaussian chain
end-to-end distribution for Peq(R) with one-dimensional diffu-
sive dynamics (SI Fig. 8; see SI Text for details). The donor
fluorescence decay for a static chain is essentially indistinguish-
able from the decay for a chain reconfiguring with the diffusion
coefficient D = 16 A%/ns obtained by Buscaglia et al. (28). This
diffusion coefficient is an upper limit because it was measured
for glycine-rich peptides in the absence of denaturant (D de-
creases with increasing denaturant concentration).

The mean FRET efficiencies in Fig. 34 were fitted by using
Eq. 2 with a static Gaussian chain distribution of P.q(R). The
average R, (more precisely V(R)g) was calculated from the
mean- square end-to-end distance, (R?), by using the relation
(R>g (R?)/6 (Fig. 3B). The two proteins expand continuously
from ~23 A at 2.5 M GdmCl to ~29 A at 7.2 M GdmCl (see SI
Table 1). These R, values depend somewhat on the choice of
P.y(R) in Eq. 2.

Langevin simulations of a simple bead model were therefore
used to explore the uncertainty in the determination of R, from
the FRET data and to provide insight into the mechanism of
chain expansion in the unfolded state (see Materials and Meth-
ods). Both the attractive interaction between the beads and the
size of the bead were independently varied, the latter to allow for
changes in excluded volume as a result of denaturant binding to
the chain. Three models were considered: (i) a chain with no
attractive interactions and variable excluded volume, (ii) a chain
with fixed excluded volume and variable attraction, and (iii) a
chain with fixed attraction and variable excluded volume. For
each model the free parameters were varied to match the mean
efficiency to the experimental mean at each denaturant concen-
tration. The predicted donor fluorescence decays (see Fig. 5) for
all three models agree reasonably well with the experimental
donor fluorescence decays (blue lines) over the entire denatur-
ant concentration range, with the pure excluded volume chain
(green lines) being slightly worse for protein L than the models
with both excluded volume and attractive interactions (black
dashed lines) or the Gaussian chain (red lines) model.

All-Atom Molecular Dynamics Simulations. To further investigate
the effects of denaturant on R, and (R?) of unfolded protein L
and CspTm, all-atom molecular dynamics simulations in explicit
urea/water solvent were carried out (see Materials and Methods).

Merchant et al.
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Fig. 5. Comparison of measured (blue lines) lifetimes for CspTm (Left) and
protein L (Right) at 2.5 M (Top), 4 M (Middle), and 7.2 M (Bottom) GdmCl with
those calculated assuming no chain dynamics during the donor lifetime for
several Peq(R): Gaussian chain (red lines) and bead models with only excluded
volume (green lines) and both excluded volume and attractive interactions
(black dashed lines).

Simulations were performed in urea, rather than GdmCl, be-
cause of lack of an adequate GdmCl force field. Despite the
computational complexity that limits configurational sampling,
the molecular dynamics simulations clearly indicate a continuous
shift in R, to higher values as the urea concentration is increased
(Fig. 6). Distributions of the end-to-end distances and R for
unfolded protein L and CspTm as a function of urea concen-
tration are shown in SI Figs. 9 and 10.

Slow Dynamics in the Unfolded State. The width of the FRET
efficiency peak from shot noise, o, is given by

Ogn = \/(Em>(1 - (Em>)<N_1> < \/(Em>(1 - <Em>)N;1a

where (N~1) is the mean of the inverse number of photons in a
burst and Nt is the minimum number of photons in a burst (29)
(see SI Table 2). The FRET efficiency peaks for folded protein
L and CspTm have widths equal to oy, within error (Fig. 2,0 M
GdmCl, black dashed lines). However, the FRET peaks for both
proteins are significantly broader than oy, for the unfolded state
(Fig. 2, 6 M GdmCl, black dashed lines). For protein L, the
measured peak width o2 is 02F ~ 1.5604,, and for CspTm o5F
~ 1.35 oy,. Additionally, the donor fluorescence decays from the
high- and low-efficiency sides of the unfolded peak in the FRET
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Fig. 6. Expansion of denatured states in simulations. All-atom molecular

dynamics simulations of protein L (blue) and CspTm (red) in explicit urea/water
solutions show an increase in Ry with urea concentration.
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Fig. 7. Differences in donor fluorescence decays within the unfolded state
FRET peaks at 4 M GdmCl for protein L (A) and CspTm (B). The donor photons
in the green and red curves are from bursts on the high-efficiency (green) and

low-efficiency (red) side of the unfolded peak, respectively (see Insets). The
donor fluorescence decays faster for bursts with higher (E).

histogram differ measurably for both protein L and Csp7m (Fig.
7), whereas no such difference is seen for the folded state peak
of protein L (data not shown). The unfolded state FRET peak
widths for both proteins are insensitive to changes in observation
time over the 1- to 2-ms range (SI Fig. 11).

Discussion

Calculation of Ry from FRET and Comparison with SAXS Data. Ob-
taining structural information from FRET data requires de-
tailed consideration of dye-linker and protein dynamics (17, 24).
Because unfolded proteins have a wide range of conformations,
structure and dynamics are intimately connected. We confirmed
the quantitative accuracy of the mean FRET efficiency of the
folded protein (E) from the agreement with that calculated from
Langevin simulations of a simplified representation of the
dye-labeled protein. Analysis of the simulations and the exper-
imental donor fluorescence decays for the unfolded proteins
establish that, on the time scale of the donor life-time, the dyes
are completely orientationally averaging, whereas the polypep-
tide backbone is essentially static (end-to-end distance correla-
tion time of ~50 ns) (Fig. 4 and SI Fig. 8) (28). This result is
consistent with the end-to-end diffusion coefficient determined
by Buscaglia et al. (28) and the ~70-ns correlation time deter-
mined for the acid-denatured, 51-residue protein BBL from an
ensemble T-jump study (30).

The shape of the donor fluorescence decay curves (Fig. 5) was
also important in assessing end-to-end chain distributions for
determining R,. Several models were considered. First, excellent
agreement between the calculated and observed decays was
obtained with the end-to-end distribution of a Gaussian chain
model having an (R?) consistent with the mean FRET efficiency.
Excellent agreement was also obtained with distributions ob-
tained from Langevin simulations of a simple bead model (31)
that includes both excluded volume and weak attractive inter-
actions between the beads (see SI Text for model details). For the
bead model the expansion of the unfolded state was modeled
equally well by varying either the interaction energy or the
excluded volume term as a result of increased chain thickness
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from bound denaturant molecules (28, 32, 33). To mimic high
denaturant conditions, the simulations were also performed with
no attractive interactions between the beads (pure excluded
volume chain). Surprisingly, this model also fits the CspZ7m data
reasonably well but differs significantly from the decay curves for
protein L. These comparisons provide a rough estimate of the
uncertainty in using the FRET data for calculating R, values.
The Gaussian chain and bead models give R, values for the
unfolded states of protein L and CspTim that are generally within
1 A of each other, whereas the pure excluded volume chain gives
R, values that are ~2 A smaller.

Our results differ from those recently reported by Sherman
and Haran, who studied a His-tagged protein L labeled with the
same dye pair using only intensity data to determine the FRET
efficiency (34). They reported a mean FRET efficiency of 0.90
for the folded protein, considerably higher than our value
determined from both life-time measurements and simulations
(the highest possible value of (E) = 0.81 from simulation
corresponds to linker dynamics much faster than the donor
lifetime) and mean FRET efficiencies for the unfolded state that
are systematically higher than the values determined here using
both intensity and lifetime data. Another difference between this
study and the work of Sherman and Haran (34) is the interpre-
tation of the change in R, with denaturant concentration. They
explain their data with an analytical homopolymer model (35) in
which the excluded volume contribution does not change with
denaturant concentration. Our bead model results suggest that
the increase in R, for the unfolded state can result from
decreasing the interaction energy or increasing the excluded
volume (as concluded by Buscaglia et al. in ref. 28), or a
combination of the two effects.

Equilibrium SAXS results for protein L by Plaxco et al. (20)
yieldan R, 0f26.0 = 0.3 A at4M GdmCl, in excellent agreement
with our value of 26 = 1 A calculated from the FRET data. A
problem arises, however, when comparing the R, from single-
molecule FRET at lower denaturant concentrations to the
time-resolved SAXS measurement using the stopped-flow
method. Surprisingly, no collapse at all was found (20). One
possible reason for the difference that must be considered is that
the dye labels in our experiments induce protein collapse in the
unfolded state. However, ensemble stopped-flow FRET studies
on protein L (19) and Bc-Csp (36) (a cold-shock protein closely
related to CspZm) using much smaller donor and acceptor
molecules at several different labeling positions show large
decreases in FRET efficiency upon rapidly decreasing denatur-
ant. In addition, the all-atom molecular dynamics simulations on
protein L and CspTm presented in Fig. 6 clearly demonstrate
large changes in R, with changing (urea) denaturant concentra-
tion for both protein L and CspZm. S. Doniach (personal
communication) has suggested to us that the protein concen-
tration in the time-resolved SAXS experiment was sufficiently
high that increased interparticle interference at low denaturant
could lead to a larger apparent R,. The definitive measure of R,
at low denaturant concentration will require new time-resolved
SAXS experiments at much lower protein concentrations.

An interesting result from the single-molecule R, measure-
ments for protein L and Csp7m is that the two proteins, which
have almost identical lengths (protein L, 64 residues; CspTm, 66
residues), behave identically above 3 M GdmCl but differ in size
below this denaturant concentration (Fig. 3B). These results are
consistent with the prevailing idea that at high denaturant
concentrations unfolded proteins have the properties of random-
coil-like homopolymers (1, 28). Below 3 M GdmCl, the R, data
clearly show that sequence matters. There has been much
interest in the unfolded state of proteins under weakly denatur-
ing conditions. Fitzke and Rose (37) recently showed that
systems with random-coil end-to-end distributions can also have
native structural elements. Previous NMR and ensemble FRET

1532 | www.pnas.org/cgi/doi/10.1073/pnas.0607097104

studies on the denatured state of protein L have indicated that
there may be partial ordering of the helix and in the first turn
region between strands 1 and 2 (19, 22). Meanwhile, similar types
of studies in CspZm have not found evidence for structure in the
unfolded state (36, 38). It is therefore tempting to attribute
protein L’s smaller R, at low denaturant to transient local
structure formation in the unfolded state of protein L (19, 22).
However, this difference may also arise from nonspecific hydro-
phobic collapse because protein L has a slightly more hydro-
phobic sequence than CspTm.

Dynamics from the Width of FRET Efficiency Distributions. Analysis of
the donor fluorescence decay provides information about dy-
namics on the nanosecond time scale. Dynamics at longer times
affect the shape and/or width of the FRET efficiency distribu-
tion (i.e., times comparable to or longer than the interval
between detected protons, ~60 us in our experiments) (29).
However, interpreting the widths of FRET efficiency distribu-
tions in excess of that expected from Poisson shot noise has been
a controversial issue since the first experiments on protein
folding and has not yet been resolved (8, 10, 13, 17, 39, 40). The
folded protein peaks for protein L and CspZim have shot-noise
limited widths (Fig. 2, 0 M, black dashed lines), whereas those
of the unfolded subpopulations of both proteins have widths in
excess of the shot noise (Fig. 2, 6 M, black dashed lines).
Additionally, the donor fluorescence decay time is the same
across the folded FRET peak (data not shown), whereas it varies
across the unfolded peak (Fig. 7) at all denaturant concentra-
tions. These results rule out the possibility that the excess width
in the unfolded state is due to instrumental, optical, or signal
processing artifacts. Photophysical artifacts such as transient
population of triplet states, acceptor blinking, or photobleaching
would have to occur on a time scale comparable to or longer than
the average interval between photons to affect the width (blink-
ing on time scales much faster than the bin size would affect the
mean FRET efficiency, but not the width). These processes, if
present and occurring on a time scale between the mean
interphoton interval and the observation time (=1 ms), would
cause the measured FRET peak widths of the unfolded state to
narrow with increasing observation time. This is in contrast to
our observation that the width is independent of bin size (SI
Fig. 11).

The additional widths must therefore arise from heterogene-
ities in the dye-labeled protein system that affect (E) and that
persist on time scales much longer than 1 ms. The most inter-
esting physical origin for this heterogeneity is very slow polypep-
tide dynamics. In principle, dynamics can occur on many differ-
ent time scales for unfolded proteins: tens of nanoseconds for
motions in the unfolded well, microseconds to milliseconds for
transitions between expanded denatured states and more com-
pact denatured states separated by free energy barriers (41), and
even slower dynamics corresponding to dissolution and forma-
tion of specific structure (13). It remains to be determined
whether the heterogeneities seen here in the unfolded state are
intrinsic to the protein dynamics or result from a (less interest-
ing) protein—dye interaction.

Summary and Conclusions

Combining donor life-time and FRET efficiency measurements
with molecular simulations is a powerful method for interpreting
FRET experiments and for quantitatively investigating struc-
tural and dynamical properties of unfolded proteins. Two out-
standing issues remain to be resolved by additional experiments.
First, the disagreement between the FRET-determined R, for
protein L at low denaturant concentrations and the R, deter-
mined by time-resolved SAXS at relatively high protein concen-
trations must be addressed. Second, additional experiments,
such as FRET measurements on immobilized unfolded mole-
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cules (12, 13), are needed to determine the structural origins and
relaxation times for the very slow dynamics inferred from the
analysis of the width of the FRET efficiency distributions.

Materials and Methods

Sample Preparation. A recombinant protein L with Cys residues
added to the N and C termini was reacted with maleimide
derivatives of Alexa Fluor 488 and Alexa Fluor 594 and purified
by using size-exclusion and ion-exchange chromatographies. See
SI Text for details. The preparation of labeled Csp7m has been
described previously (10).

Single-Molecule Spectroscopy. Single-molecule FRET efficiencies
for protein L and Csp7m were measured on a PicoQuant
Microtime 200 fluorescence microscope (Berlin, Germany) with
time-correlated single-photon counting capabilities. The donor
dye was excited by using a 470-nm pulsed laser (20-MHz
repetition rate, 80-ps FWHM, 35-uW average power), and donor
and acceptor fluorescence was detected by single-photon count-
ing avalanche photodiodes. The arrival time of each photon
(100-ns resolution) as well as the fluorescence delay time relative
to the laser pulse (37-ps resolution) were recorded for each
detection channel and stored for later analysis.

Data Analysis and Fitting. Fluorescent bursts were identified by
dividing data trajectories into 1-ms bins and merging adjacent
bins that contained at least nine photons into individual burst
events. Only bursts containing photons na + np > 30 were used
in the FRET analysis. Fitting details are described in SI Text. The
experimental donor fluorescence decay curves shown in Figs. 5
and 7 were obtained by selecting those bursts that have Ey, within
a specified efficiency range and then histogramming the fluo-
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rescence delay times for those donor photons to give the donor
fluorescence decay curve for that subensemble of molecules.

Langevin and Molecular Dynamics Simulations. For the Langevin
simulations a simplified model for the polypeptide structure was
used in which each amino acid residue is represented as a
spherical bead (Fig. 1). A Go-like energy function was used for
the protein, with analogously coarse-grained linkers and dyes
(31). Simulations of length 0.75 us were run with Langevin
dynamics for both the folded and unfolded protein with friction
of 50 ps~! at a temperature of 300 K using the CHARMM code
(42). See SI Text for simulation details.

All-atom molecular dynamics simulations of the unfolded
proteins in a 60-A cell of urea and water were run by using the
OPLS-AA/L force field and the GROMACS 3.3 simulation
package. The same set of initial configurations at each dena-
turant concentration was used in five simulations run at constant
temperature and pressure for 15-25 ns. The effect of statistical
sampling errors on measured properties was estimated by using
a block error analysis. See SI Text for simulation details.

Note Added in Proof. Two papers closely related to the present work
have published (43) or are about to appear (44) in PNAS. The conclu-
sions in these works concerning both the end-to-end distribution and
nanosecond dynamics of the unfolded state of Csp7m are consistent with
those presented here.
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