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Distinguishing between Protein Dynamics and Dye Photophysics
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Hoi Sung Chung,* John M. Louis, and William A. Eaton*
Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda,
Maryland
ABSTRACT Förster resonance energy transfer (FRET) efficiency distributions in single-molecule experiments contain both
structural and dynamical information. Extraction of this information from these distributions requires a careful analysis of contri-
butions from dye photophysics. To investigate how mechanisms other than FRET affect the distributions obtained by counting
donor and acceptor photons, we have measured single-molecule fluorescence trajectories of a small a/b protein, i.e., protein
GB1, undergoing two-state, folding/unfolding transitions. Alexa 488 donor and Alexa 594 acceptor dyes were attached to cyste-
ines at positions 10 and 57 to yield two isomers—donor10/acceptor57 and donor57/acceptor10—which could not be separated in
the purification. The protein was immobilized via binding of a histidine tag added to a linker sequence at the N-terminus to cupric
ions embedded in a polyethylene-glycol–coated glass surface. The distribution of FRET efficiencies assembled from the trajec-
tories is complex with widths for the individual peaks in large excess of that caused by shot noise. Most of this complexity can be
explained by two interfering photophysical effects—a photoinduced red shift of the donor dye and differences in the quantum
yield of the acceptor dye for the two isomers resulting from differences in quenching rate by the cupric ion. Measurements of
steady-state polarization, calculation of the donor-acceptor cross-correlation function from photon trajectories, and comparison
of the single molecule and ensemble kinetics all indicate that conformational distributions and dynamics do not contribute to the
complexity.
INTRODUCTION
Measurements of Förster resonance energy transfer (FRET)

have proven to be a powerful and useful single molecule

optical method in quantitative studies of biomolecular struc-

ture and dynamics (1–3). The most common experiment is to

measure the equilibrium distribution of FRET efficiencies

(E) by counting the number of donor (nD) and acceptor

photons (nA) (E ¼ nA/[nA þ nD]). After taking shot-noise

into account, this distribution contains at least two different

kinds of information. The number of components corre-

sponds to the minimal number of distinct subpopulations.

The peak value for each component can yield accurate

information on interdye distances for each subpopulation,

but only after correcting for differences in the quantum yield

and detection efficiencies for the donor and acceptor dyes

and considering the dynamics of the linker between the

dyes and the biomolecule (4,5). Although analyzed less

frequently, there is also dynamical information in the shape

of the FRET efficiency distribution, analogous to nuclear

magnetic resonance line-broadening experiments, as devel-

oped in detail in the theoretical work of Gopich and Szabo

(6–8) and Nir et al. (9). However, to determine the number

of subpopulations and to extract structural and dynamical

information from FRET efficiency distributions requires

a careful analysis of all possible contributions to the widths

of the components of the distribution.
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A consistent finding up to now in protein folding studies

of both freely diffusing and immobilized proteins is that

the width of the FRET efficiency distribution for the

unfolded subpopulation is broader than expected from shot

noise alone (10–12). This excess width has been interpreted

as arising from slow interconversion of conformations with

different FRET efficiencies (5,10,11,13). One contribution

that may turn out to be quite common in protein studies

arises from the fact that the dyes used in FRET experiments

can be readily quenched by interaction with amino acids

such as tryptophan and tyrosine (14,15). To investigate

the contributions to the width of FRET efficiency distribu-

tions, we have carried out a single-molecule FRET study

of protein GB1, immobilized with a polyhistidine tag to

a copper chelator embedded in a polyethylene-glycol–coated

glass surface (Fig. 1). The cupric ion is a well-known

quencher of dyes (16–18). We find that the FRET efficiency

distributions are complex, with peaks having widths in

excess of that produced by shot noise. From a variety of

measurements, we conclude that this excess width is not due

to slow conformational dynamics, but arises from dye photo-

physics. These measurements include: donor and acceptor

lifetimes, steady-state polarizations, photon trajectories

from which the donor-acceptor cross-correlation function

can be calculated, waiting-time distributions in the folded

and unfolded states, and comparison of ensemble relaxation

rates with relaxation rates determined from the sum of the

individual rate coefficients (the inverse of the mean waiting

times).
doi: 10.1016/j.bpj.2009.12.4322
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MATERIALS AND METHODS

Single-molecule fluorescence measurements

Single-molecule FRET experiments were performed with a time-resolved

fluorescence microscope using confocal optics (MicroTime 200; PicoQuant,

Berlin-Adlershof, Germany). Samples were irradiated by a picosecond

pulsed laser (l ¼ 470 nm, full width at half-maximum 90 ps; PicoQuant)

at 20 MHz with an excitation power of 45 mW for the free diffusion exper-

iment and 0.9 mW for the immobilization experiment. Details of the instru-

ment are given elsewhere (19). For free diffusion experiments, photons were

collected into 2-ms bins for 10–20 h. Only bins containing >30 photons

were analyzed. Other experimental details can be found in the Supporting

Material.

RESULTS

FRET efficiency distribution for freely-diffusing
molecules

Measurement of the FRET efficiency distribution for freely

diffusing molecules is a very important control experiment

for the immobilization experiment because the differences

between the two measurements directly reflect the effect of

the immobilization. Fig. 2 shows the FRET efficiency distri-
A

B

FIGURE 1 Design of the protein and immobilization of molecules.

(A) Immobilization of dye-labeled proteins via his-tag–Cu2þ or biotin

(protein)–streptavidin–biotin (surface) linkages on a polyethylene-glycol–

coated glass surface. Donor (Alexa 488) and acceptor (Alexa 594) dyes

are labeled at the cysteine residues at positions 10 and 57 of protein GB1

(His-GB1K10C/C57). The two isomers, donor10/acceptor57 and donor57/

acceptor10, could not be separated in the purification. (B) Amino acid

sequences of protein, spacer, and his-tag. Dyes are labeled on cysteine resi-

dues (red). The N-terminus of protein GB1 is tethered to six histidine resi-

dues with a 10-residue spacer.

FIGURE 2 FRET efficiency distribution constructed from the fluores-

cence bursts containing >30 photons in free diffusion experiments. Due

to fluorescence quenching in the folded state, bursts from the folded state

are rarely observed. (Purple-dashed curves) Expected distributions arising

from shot noise for nA þ nD ¼ 30 photons (s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eð1� EÞ=ðnAþnDÞ

p
).

Shot noise only accounts for 50% of the variance of the distribution.

(Orange lines) Center of the distribution from a single Gaussian fit.
butions from fluorescence bursts in a free diffusion experi-

ment at various urea concentrations. There is only a single

peak at all urea concentrations corresponding to the FRET

efficiency of the unfolded subpopulation (the small peak

near E ¼ 0 corresponds to molecules with an absent or

inactive acceptor). A peak at high FRET efficiency, corre-

sponding to that of the folded subpopulation, is missing.

The vast majority of bursts from folded molecules contain

<30 photons because there is an interaction between the

dyes that results in partial quenching (Fig. 3). Quenching

from the interdye interaction was demonstrated by the

finding that there is no quenching by either the donor or

acceptor dye in the protein singly labeled at position 57, yet

proteins doubly labeled with either donor-only or acceptor-

only at positions 10 and 57 also show partial quenching

(data not shown).

For the unfolded state, the mean FRET efficiency (E ¼
nA/[nA þ nD] for each burst) decreases with increasing

urea concentration due to an expansion of the unfolded poly-

peptide, and has been observed for several other proteins (3).

The width of the distribution is wider than the upper limit of

the width due to shot noise, given by

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eð1� EÞ=ðnA þ nDÞ

p
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FIGURE 3 Ensemble absorption and fluorescence spectra of Alexa 488

and Alexa 594 labeled His-GB1K10C/C57. Interactions between donor and

acceptor dyes result in (A) a significant decrease in acceptor absorbance

and (B) fluorescence quenching (lEx ¼ 470 nm) in the folded state (0 M

GdHCl or urea; from (19)). (C) Two different donor fluorescence spectra

in 5 M urea averaged over segments of trajectories of immobilized single

molecules, distinguished by the fraction of donor photons detected in the

acceptor channel with a 600-nm long-pass filter (from (19)).

FIGURE 4 FRET trajectories collected into 10 ms (3 M urea) or 20 ms

(4–7 M urea) bins. At 3, 4, 5, and 7 M urea the donor dye in these trajectories

bleaches first, but at 6 M urea the acceptor dye bleaches first.
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with a threshold level of nAþ nD¼ 30 (6), which contributes

only 50% of the variance, s2.

FRET efficiency distribution for immobilized
molecules

Because of partial quenching of the dyes in the folded mole-

cules, the donor and acceptor emission trajectories shown in

Fig. 4 do not show the expected anticorrelation. However,
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reversible folding and unfolding transitions between two

states of E ~0.9 and E ~0.5 are clearly observable in the

trajectories of the FRET efficiency. The high and low

FRET efficiencies correspond to those of the folded and

unfolded molecules, respectively. As previously seen in the

streptavidin-biotin immobilization (19), transitions between

the states appear to be instantaneous, occurring within one

20-ms time bin.

As the urea concentration is increased, the residence time

in the unfolded state becomes longer, indicating the shift of

the equilibrium toward the unfolded state. The equilibrium

constant K can be obtained from the ratio of the folded and

unfolded molecules in the FRET efficiency distribution in

Fig. 5 A, which were constructed by calculating E from the

first segment of the trajectory of each molecule. The

midpoint of denaturation is ~5 M.

The striking, and initially puzzling, observation is the

complex distribution of FRET efficiencies and the large

width of the individual peaks. There are at least four distinct

peaks. Based on the free-diffusion histogram (Fig. 2), the

peaks at E ¼ 0 and ~0.5 correspond to molecules without

an active acceptor and unfolded molecules with active donor

and acceptor dyes, respectively. The peak at E ~0.95 corre-

sponds to folded molecules, not apparent in the free diffusion

experiments with a threshold of 30 photons because of

partial quenching of both dyes. As previously demonstrated

for molecules immobilized with a streptavidin-biotin linkage

from measurements of donor and acceptor spectra (Fig. 5 B)

(19), FRET efficiencies in the ranges 0.1 % E < 0.3 and

0.625 % E < 0.825 arise from molecules with a red-shifted
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FIGURE 5 FRET efficiency histogram of immobilized proteins. (A) The

distribution was obtained from the FRET efficiencies of the initial segments

of the trajectories. The ranges of the states are E < 0.1 (green, donor only),

0.1 % E < 0.3 (light green, donor only with Alexa 488R), 0.3 % E < 0.625

(yellow, unfolded), 0.625 % E < 0.825 (light red, unfolded with Alexa

488R), and E R 0.825 (red, folded). These ranges are based on the results

in panel B for the streptavidin-biotin immobilization, where the separate

states from Alexa 488R are clearly resolved. The equilibrium constant was

calculated from the ratio of the fractions belonging to the folded and

unfolded states (K ¼ fF/fU). (Red and green dashed lines) Distributions

due solely to shot noise for >1000 photons for unfolded and folded

peaks, respectively. (Orange vertical lines) Mean FRET efficiencies of the

unfolded state in free diffusion experiment in Fig. 2. (B) The result for strep-

tavidin-biotin immobilization is shown for comparison (from (19)).
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emission spectrum of the donor, called Alexa 488R

(Fig. 3 C). FRET efficiencies in the range 0.1 % E < 0.3

correspond to molecules (both folded and unfolded) with

a bleached acceptor and E > 0 because donor photons are
being detected in the acceptor channel, whereas those in

the range 0.625 % E < 0.825 correspond to unfolded mole-

cules with a higher FRET efficiency because of increase in

the overlap integral, as well as leakage of donor photons into

the acceptor channel.

The width of the unfolded peak at E ~0.5 is roughly

comparable to what is observed for freely diffusing mole-

cules even though the FRET efficiency was calculated

from segments containing >1000 photons, compared to the

30–40 photons in the free diffusion experiment. If all of

the width in these distributions came from shot noise, the

width for the immobilized molecules should be 5–6 times

narrower than the width for the freely-diffusing molecules.

The much narrower distributions in both the folded and

unfolded states found for the same protein with the same

dye pair at the same labeling sites was observed using a

streptavidin-biotin linkage (Fig. 5 B) (19), indicating that

there is an additional source of broadening caused by the

his-tag-copper immobilization.

Fig. 6 A shows the histogram of FRET efficiency differ-

ences for different unfolded segments within the same trajec-

tory. This DE histogram was constructed from two unfolded

segments of at least 500 photons, each separated by a folded

segment in the same trajectory. The width calculated from

the shot noise for 500 photons (red dashed line) more closely

corresponds to the observed width. On the other hand, the

calculated DE distribution is much wider when two E values

are arbitrarily selected from the Gaussian distribution of the

unfolded state (blue dashed line in Fig. 6 A). In other words,

the variation of the FRET efficiency is small and close to

shot-noise-limited within the same trajectory but large for

different trajectories, indicating that the origin of the broad

FRET efficiency distribution of the unfolded state is the vari-

ation in the local environment for each molecule.

A clue to understanding the origin of this broad distribu-

tion of FRET efficiencies for unfolded molecules came

with the observation of a broad distribution of acceptor life-

times. Fig. 6 B shows the distribution of the acceptor fluores-

cence lifetime (tA) in the folded and unfolded state. As

expected from the lower photon-counting rate in the folded

state resulting from the interaction between the dyes that

dynamically quenches both, the mean acceptor lifetime is

shorter in the folded state than in the unfolded state, as also

found in the streptavidin-biotin immobilization (Fig. 6 B,

bottom row) (19). However, there are significant differences

both in the width and in the mean of the distribution for

unfolded molecules. In the streptavidin-biotin immobiliza-

tion, the width of the distribution is almost as narrow as

that in the folded state and the mean value is close to the

free diffusion value. In the his-tag immobilization, on the

other hand, the lifetimes are much more broadly distributed

and shorter than the free diffusion value by ~1.5 ns, indi-

cating much more quenching of the acceptor fluorescence.

This reduced mean acceptor lifetime can account for the

lower mean FRET efficiencies of the unfolded peaks in the
Biophysical Journal 98(4) 696–706



A B FIGURE 6 Unfolded FRET efficiency

from single trajectories and photophysics

of Alexa 594. (A) FRET efficiency differ-

ence between two unfolded trajectory

segments, which contain >500 photons

(1000 photons in the case of streptavi-

din-biotin linkage) and are separated by

a folded segment in the same trajectory.

(Blue-dashed line) Distribution calcu-

lated from the Gaussian width of the

unfolded peak at 6 M urea in Fig. 5.

(Red-dashed line) Distribution calculated

from the shot noise width from 500

photons (1000 photons for streptavidin-

biotin linkage). (B) Lifetime distribu-

tion of the acceptor in the folded and

unfolded states. For trajectories show-

ing multiple transitions, photons of all

folded (unfolded) segments in the same

trajectory were added up to obtain the

calculated folded or unfolded lifetime.

Trajectories containing >5000 photons

(donor þ acceptor) were considered.

Means and standard deviations were

obtained by fitting data to the Gaussian

distribution. (Vertical dashed lines) Life-

time in the unfolded state obtained from

the free diffusion experiment. Data from

streptavidin-biotin immobilization are

shown in the bottom row for comparison

(from (19)).
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immobilization experiment compared with those in the free

diffusion experiment (orange vertical dashed lines in Fig. 5).

The apparent FRET efficiency, E, determined from counting

donor and acceptor photons (E ¼ nA /[nA þ nD]) depends on

the acceptor quantum yield, but not on the donor quantum

yield (Eq. S4 of Supporting Material). If the radiative life-

time of the acceptor is constant, then the acceptor quantum

yield is simply proportional to the acceptor lifetime, i.e.,

4A ¼ tA=trad
A ;

and variation in the acceptor lifetime from quenching

processes will contribute to the width of the FRET efficiency

distribution (Eq. S5). Fig. 7 A shows that there is in fact

a correlation, albeit a weak one, between the acceptor life-

time and the FRET efficiency for unfolded molecules. This

correlation coefficient of only 0.43 represents a minimal

value because of two effects. First, the experimental uncer-

tainty in the lifetime decreases the correlation coefficient.

Second, the plot contains points that should not be included,

but could not be excluded. When the acceptor bleaches first,

FRET efficiencies obtained with the red-shifted donor spec-

trum of Alexa 488R could be readily identified and were

removed because of the increased count rate in the acceptor

channel. However, when the donor bleaches first this diag-

nostic method cannot be used. Consequently, trajectories

with a red-shifted donor spectrum in which the donor

bleaches first, could be responsible for points at high E and

low tA that lower the correlation coefficient.
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Fig. 7 B shows that there is also a weak anticorrelation

between the donor and acceptor lifetimes of individual

trajectories. The data appears to be clustered into two

regions, as is the data in the tA, E plot (Fig. 7 A). Two clus-

ters in both distributions and the anticorrelation between the

acceptor and donor lifetimes strongly suggest that the clus-

ters correspond to the two dye isomers, one with the donor

at position 10 and the acceptor at position 57, and another

with the donor at position 57 and the acceptor at position

10. The dye in position 10 is much closer to the copper

binding site (Fig. 1), and is therefore much more likely to

be quenched in unfolded molecules. As pointed out earlier,

the cupric ion is a well-known dye fluorescence quencher

(16–18), and we have observed that the lifetime of the

acceptor and the FRET efficiency are decreased in the pres-

ence of CuSO4 in free diffusion experiments (see Fig. S1).

Fig. 8 shows the FRET efficiency distributions of the indi-

vidual clusters of Fig. 7 A, assumed to correspond to the two

isomers. The low E cluster on the left in Fig. 7 A would corre-

spond to the isomer donor57/acceptor10 and the high E cluster

on the right to the isomer donor10/acceptor57. Segments with

E > 0.7 were not included, because they most probably

contain Alexa 488R (Fig. 3 C) which increases the R0 and

the leakage of donor photons into the acceptor channel. There

is still excess width to the individual cluster distributions,

indicating that there are additional sources of broadening.

There can of course be other contributions to the width,

including lack of reorientational averaging of the transition
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FIGURE 7 Correlations between the acceptor lifetime

and the apparent FRET efficiency (R ¼ 0.43) (A) or the

donor lifetime (R ¼ �0.33) (B). (Dotted curves in A)

Outline of the clusters that were used in constructing the

histogram in Fig. 8. (Error bars) Indicate 51s in the expo-

nential fit shown in panel C. Representative distributions of

time delays between excitation and detection. (Blue-dashed
lines) Instrument responses of the avalanche photodiodes

for the donor and acceptor channels. (Thick solid lines)

Exponential fits (I ¼ aexp[�t /t D,A] þ b).
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dipoles due to dye sticking, and, as mentioned earlier, very

slow interconversion of unfolded conformations. Each of

these issues is addressed in the following experiments.

Steady-state polarization measurements

In FRET measurements, free rotation of dyes is important

because incomplete orientational averaging and abrupt

changes in dye orientation, caused, for example, by sticking

or unsticking of either dye to the protein, linker, or surface,

can broaden the FRET efficiency distribution. They can also

produce jumps between different FRET efficiency levels,
which are indistinguishable from those caused by changes

in interdye distances and can possibly be misinterpreted as

slow conformational changes between unfolded states.

The anisotropy (r) of each segment was calculated after

calibrating the microscope objective as in (20,21)

r ¼ Gnk � nt

Gnkð1� 3k2Þ þ ntð2� 3k1Þ
: (1)

Here, nk and nt are the number of photons detected in

parallel and perpendicular polarization channels for a given

segment, k1 (¼ 0.19) and k2 (¼ 0.13) are objective
Biophysical Journal 98(4) 696–706



FIGURE 8 FRET efficiency distributions of the two clusters of unfolded

segments in Fig. 7 A. The continuous curves are the shot-noise–limited

widths calculated for 5000 photons, the minimum number of photons in

the sum of the segments for each trajectory.
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calibration parameters, and G (¼ 0.86 (donor), 0.96

(acceptor)) is the correction factor for the detection efficiency

of the two polarization channels. The anisotropy of a freely

rotating donor dye is given by

r ¼ 3cos2q� 1

5ð1 þ tD=tcÞ
; (2)

where q is the angle between absorption and emission

dipoles, assumed to be zero, tD is the donor lifetime, and tc

is the reorientational correlation time. Using tc of 0.74 ns

measured by Nettels et al. (21) from time-resolved anisot-

ropy decay of Alexa 488 attached to unfolded CspTm with

the same linker, and the average tD of 2.1 ns (Fig. 7), the

average r is predicted to be 0.10, close to the observed value

of 0.06. However, the width of the distribution is much

broader than the width expected from the lifetime distribu-

tions in Figs. 6 and 7. Because the anisotropy cannot be

negative and the distribution in r resulting from the distribu-

tion in tD should be asymmetric, the symmetric distribution

in Fig. 9 implies that the variations of the anisotropy result

from other sources. The errors of individual anisotropy

values can be calculated from the errors of the photon counts

of each of polarization channels as s/N1/2, where s is the

standard deviation of the photon count for the bins in a given
Biophysical Journal 98(4) 696–706
segment and N is the number of bins. This error (red
numbers in Fig. 9) is very close to the width (standard devi-

ation) of the distribution obtained from Gaussian fits (black
numbers), which indicates that the distribution of the anisot-

ropy results mostly from the errors in photon measurement,

and not from interaction of the dye with the linkers or

surface.

Slow (10 ms–1 s) interconversion of unfolded
conformations

The dynamics of the unfolded protein can be evaluated from

the calculation of the donor-acceptor cross-correlation func-

tion from the average of unfolded trajectory segments, i.e.,

CDAðtÞ ¼
hnDðt þ tÞnAðtÞi
hnDðt þ tÞihnAðtÞi

� 1; (3)

and comparing the measured amplitude extrapolated to zero

time with the theoretically predicted amplitude for the cross-

correlation function in the accessible time window for

a Gaussian chain having a mean-squared interdye distance

consistent with the measured FRET efficiency (see Eq. S6,

Eq. S7, Eq. S8, and Eq. S9 in the Supporting Material).

The cross-correlation function is flat (Fig. 10), indicating

no dynamics in the time range 5 ms–1 s as also found by

Nettels et al. for CspTm (21).

Very slow (>1 s) interconversion of unfolded
conformations

Fig. 11 shows the kinetics of folding and unfolding. The

mean waiting time in the unfolded state, and therefore the

mean folding time, is 1–2 s under the conditions of our

experiment. Because the length of the single molecule trajec-

tories is finite due to the bleaching of dyes, the apparent rates

are higher than the true values and thus, the single molecule

rates were corrected by simulations of folding/unfolding

trajectories with bleaching of dyes as described in Chung

et al. (19). The average bleaching time varies from 13 s (3 M
FIGURE 9 Anisotropy measurements for donor- and

acceptor-labels on His-GB1K10C/C57 at 4 M and 6 M urea.

Errors (standard deviation) from Gaussian fits for the distri-

bution (black) are compared with the errors calculated from

the trajectories (red).



FIGURE 10 Donor and acceptor intensity cross-correlation function aver-

aged over all unfolded segments longer than 5 s (continuous curves) at 5, 6,

and 7 M urea. (Dashed curves) Simulated correlation decay with decay times

of 1, 5, and 20 ms with the amplitude at t ¼ 0 (CDA(0) ¼ �0.53) calculated

for the FRET efficiency distribution for a Gaussian chain (see Eq. S6,

Eq. S7, Eq. S8, and Eq. S9).
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urea) to 6 s (7 M urea), so there is a 20–30% overestimation

of rates that are <1 s�1. This correction brings the single-

molecule rate coefficient at 5 M urea closer to the ensemble

value. At low urea concentrations (3 and 4 M), however,

the rate coefficients from the immobilizations are slightly

smaller than the ensemble values. This slower folding/

unfolding can be attributed to missing fast folding events

due to the long bin time. With a bin time of 10–20 ms,

many folding segments <100 ms will be missed unless the

intensity level is high.

For the kinetics of folding to have an exponential time

course, the interconversion of the conformations of the

unfolded state must be fast relative to 1–2 s. For freely

diffusing molecules, the kinetics measured in a stopped

flow experiment are perfectly exponential (Fig. 11 A), so

dynamics on a timescale>1 s does not contribute to the width

of the FRET efficiency distribution for freely diffusing mole-

cules (Fig. 2). Immobilization, however, could lead to

sticking of the unfolded protein to the surface for times longer

than the length of the trajectory, ~10 s. This possibility seems

unlikely, not only because the waiting time distribution for

the single molecules is exponentially distributed (Fig. 11 B),

but because the calculated relaxation rates from the sum of the

single molecule rate coefficients (the inverse of the mean wait-

ing times) agree very well with the relaxation rates measured

in an ensemble stopped-flow experiment (Fig. 11 C).
DISCUSSION

The two major experimental findings reported here are that

the FRET efficiency distribution for protein GB1 immobi-
lized to a glass surface are quite complex (Fig. 5), and that

the widths of the components of this distribution are much

larger than what is expected from shot noise. A superficial

analysis of the data would suggest that the protein has

a complex distribution of conformations that interconvert

on a timescale comparable to, or slower than, the 20-ms

bins from which the FRET efficiency was calculated.

However, by making a variety of measurements, we find

that the complexity does not reflect either structure distribu-

tions or slow dynamics of the protein, but is caused by dye

photophysics and photochemistry.

The 57-residue protein GB1 was labeled at positions 10

and 57, but, as in almost all previous single molecule

FRET studies on proteins, the isomers (here donor10/

acceptor57 and acceptor10/donor57) could not be separated in

the purification. So there are two general sources of excess

broadening—dynamics of the unfolded molecules on a time-

scale comparable to or longer than the time bins from which

the FRET efficiency is calculated, and differences in the

Förster radius for the two isomers. Processes that occur on

a timescale much shorter than the interphoton interval, such

as triplet state formation of the acceptor, alter the mean

FRET efficiency, but not the width because the photons are

being detected from an equilibrium distribution (7,8).

The Förster radius (R0) depends on the emission (fD(l))

and absorption spectra (3A(l)) of the donor and acceptor,

respectively (the spectral-overlap integral), as well as the

orientation of donor and acceptor transition dipoles

k2 ¼ ðcosqDA � 3cosqDrcosqArÞ2;

the quantum yield (fD) of the donor in the absence of the

acceptor, and the refractive index (n) of the medium between

the two fluorophores (22),

R6
0f

k2fD

R
fDðlÞ3AðlÞl4dl

n4
: (4)

The apparent FRET efficiency, E, determined by counting

photons in the donor and acceptor channels without any

corrections for differences in quantum yield between the

donor (4D) and acceptor (4A), also depends on the quantum

yield of the acceptor, but not on the donor quantum yield, 4D

(see Eq. S4). If the radiative lifetime of the acceptor (trad
A ) is

unaffected, then any difference in 4A for positions 10 and 57

will appear as differences in the measured acceptor lifetime,

tA, because 4A ¼ tA=trad
A .

The important clues to a possible explanation of the large

excess width of the FRET efficiency peaks in Fig. 5 for the

immobilized molecule are found in Figs. 6 and 7. Fig. 6 A
shows that E for unfolded segments from the same trajectory

show a small and almost shot-noise–limited variation, in

sharp contrast to the much larger molecule-to-molecule vari-

ation in E. Fig. 6 B shows that tA of the unfolded molecules

is not only much shorter than the free-diffusion value, but it

is also broadly distributed. Moreover, there is a positive
Biophysical Journal 98(4) 696–706
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FIGURE 11 Folding and unfolding kinetics. (A) Time course of unfold-

ing/refolding after rapid change in denaturant concentration in an ensemble

stopped-flow mixing experiment. The continuous curve is an exponential fit

to the data. (B) Waiting-time distributions in single-molecule experiments.
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correlation between E and tA, as predicted by Eq. S5. The

correlation coefficient is only 0.43, but as described in

Results, this represents a minimum correlation coefficient

(Fig. 7 A). We also noted that both the donor and acceptor

lifetimes show two clusters, and that molecules with the

longer tA have the shorter tD and vice versa (Fig. 7 B).

From these results we have concluded that a major contribu-

tion to the large excess width for the immobilized protein

arises from differences in the quantum yield of the acceptor

of the two isomers. The most likely origin of this difference

is that the acceptor dye in position 10 is much closer to the

copper ion bound to the his-tag than the dye in position

10, and therefore has a higher probability of being partially

quenched than the acceptor dye in position 57. Differential

quenching of acceptor fluorescence by amino acids, such

as tyrosine or tryptophan (see sequence in Fig. 1) (14,15),

in the two isomers might also account for the excess width

in free diffusion experiments (Fig. 2).

To test the plausibility of the quenching of the acceptor

dye by copper, it is instructive to make a rough theoretical

estimate of the parameters required to produce the observed

decrease in the acceptor lifetime of the immobilized mole-

cules compared to the lifetime measured in the free diffusion

experiments (Fig. 7). The lifetime of the acceptor dye in

free diffusion experiments is 4.7 ns, and is reduced to an

average value of 3.3 ns by quenching of the acceptor dye

in the isomer: acceptor10/donor57. This decrease requires an

average quenching rate hqi of 1/(11 ns) (1/(3.3 ns) ¼ 1/htAi
(immobilized) ¼ 1/htAi (freely-diffusing) þ hqi). Assuming

a Gaussian dye-copper distance distribution, the average

quenching rate is given by

hqi ¼ q0

ZL

a

PðrÞexpð�bðr � aÞÞdr; (5)

where q0 is the quenching rate, assumed to occur via an elec-

tron transfer process, at the distance of closest approach (a)

of the dye to the cupric ion, and P(r) is the distance distribu-

tion for a Gaussian chain of contour length L, given by

Eq. S8. For L ¼ 7.9 nm (22 residues � 0.36 nm/residue),

hr2i ¼ 7 nm2 from the work of Buscaglia et al. (23) on disor-

dered peptides a¼ 0.4 nm, hqi ¼ 1/(11 ns) could result from

q0 ¼ 26 ns�1, and b ¼ 14 nm�1—parameters which are

consistent with those found in electron transfer studies

(24). These same parameters, however, predict an acceptor

lifetime in the isomer donor10/acceptor57 of 4.5 ns compared

to the observed average of 4.1 ns, suggesting that there may

also be quenching from nearby cupric ions embedded in the
Folding and unfolding rate coefficients were obtained from the exponential

fits of waiting-time distributions. Errors were calculated from the fit with

60% confidence level (1s). (Red) Rates corrected for the finite length of

trajectories. (C) Comparison of the single-molecule kinetics with ensemble

kinetics from stopped-flow measurements with dye-labeled proteins.
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surface, but not bound to the his-tag (the surface density of

the copper ions is not known to an accuracy sufficient to

make a quantitative estimate of their contribution to the

quenching rate).

Differential quenching of the acceptor in the two isomers

explains a large fraction of the width in the FRET efficiency

distributions in Fig. 5, but there is still considerable excess

width in the FRET efficiency histograms for the individual

isomers (Fig. 8). To investigate possible contributions from

protein dynamics to the remaining excess width, we analyzed

photon trajectories. We measured steady-state polariza-

tions and compared the folding/unfolding kinetics with the

results of ensemble experiments on freely diffusing mole-

cules.

One possibility is that the dye is not freely rotating, but

reorients on a timescale comparable to or longer than the in-

terphoton interval of 500 ms–1 ms (Fig. 4) (if it reorients on

a timescale that is longer than the dye lifetime but shorter

than the interphoton interval, then the mean FRET efficiency

will be altered, although there will be no additional width

to the E distribution (7,8)). Restricted rotation arising, for

example, from the dye sticking to the linker or the surface,

would appear as an increase in the steady-state polarization.

Fig. 9 shows that the both the average anisotropy and the

width of the anisotropy distribution is very close to what is

expected from the dye lifetime and reorientational correla-

tion time, and the uncertainty due to photon statistics,

respectively.

Another possible contribution to the width is the dynamics

of the polypeptide chain (for example, sticking and unsticking

to the immobilization surface or linker on a timescale compa-

rable to or slower than the average interphoton interval). This

possibility was readily eliminated by calculating the donor-

acceptor cross-correlation function for unfolded segments

(Fig. 10). These results show that there are no dynamics at

times longer than ~5 ms (i.e., much shorter than the interpho-

ton interval)—a result consistent with a variety of experi-

mental results on freely diffusing unfolded proteins and

unstructured peptides. This indicates that the reconfiguration

time of a polypeptide is ~100 ns (21,23,25–27). The possi-

bility of polypeptide dynamics from some interaction with

the surface or linkers that is even slower than the maximum

time of ~1 s evaluated in the correlation function of Fig. 10,

was eliminated by a comparison of the single molecule

kinetics with the ensemble kinetics of freely-diffusing mole-

cules. The relaxation rates calculated from the sums of the

individual single molecule rate coefficients are very close to

those observed in ensemble kinetic experiments for the dye-

labeled protein with the his-tag (Fig. 11, A and C). Moreover,

unfolded state dynamics on a timescale comparable to or

slower than the mean waiting times would result in nonexpo-

nential kinetics, while the measured waiting times are expo-

nentially distributed (Fig. 11 B).

The one source of excess width (see Fig. 8) that remains to

be investigated would be the molecule-to-molecule varia-
tions in R0. These result from differences in the emission

spectra of the donor other than from the formation of Alexa

488R (Fig. 3 C) and in the absorption spectra of the acceptor

(Eq. 4), and which might result from the proximity of the

dyes to a surface of different refractive index—the so-called

electromagnetic boundary conditions effect (28–30). Such

variations would affect the apparent FRET efficiency distri-

bution through variations in radiative lifetimes (and therefore

quantum yields), as well as the overlap integral (Eq. 4).

These are challenging experiments, and may have to await

a number of methodological improvements.
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