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One controversial area in protein folding mechanisms is whether
some small, ultra-fast-folding proteins exist in distinct native and
denatured state ensembles, separated by an energy barrier, or if
there is a continuum of states between native and denatured. In
theory, the simplest way of distinguishing between single-state
barrierless or “downhill” folding and conventional separate state
folding is by single-molecule spectroscopy, which can detect either
distinct populations of proteins or a continuum. But, the time
resolution of approximately 1 ms of most confocal fluorescence
microscopes for single-molecule fluorescence resonance energy
transfer (SM-FRET) is longer than that for the structural relaxation
of proteins such as BBL, whose mechanism of folding is contro-
versial. We have constructed a highly sensitive confocal fluores-
cence microscope and measured the distribution of FRET efficien-
cies of appropriately labeled BBL in time bins of 50 and 200 us
under conditions in which its structural relaxation time is 340 us or
less. The experiments are at the very limits of detection because of
signal artefacts from shot noise, photo-bleaching, and other events
that broaden signals of individual states so they appear to coa-
lesce. However, with appropriate tuning of the thresholds for
detection and length of data collection, we clearly observed 2
distinct states of BBL, with FRET efficiencies corresponding to
native and denatured states. The population of each state varied
with GAmCIl or urea during chemical denaturation transitions
corresponding to conventional barrier-limited folding at 279 K and
pH 7 and pH 5.8. The folding of BBL is accordingly barrier limited.

downhill | protein a

lassical studies on protein folding invoke separate native (N)

and denatured (D) and intermediate states as ensembles of
structures in energy wells separated by energy barriers. But this
“chemical” viewpoint has been challenged by the hypothesis of
unimodal “downhill” folding in which there is only one ensemble of
structures present under all conditions, with properties intermedi-
ate between D and N states according to conditions (1-5). The key
protein in the unimodal hypothesis is BBL, a member of the
peripheral subunit binding domain family, which is claimed to be a
global downhill folder based especially on the dispersion of melting
temperature for individual residues (2). It is extremely difficult to
falsify unimodal folding because most equilibrium and kinetic data
can be interpreted by numerous alternative mechanisms, especially
when the rate of interconversion of D and N states is on a faster time
scale than that of observation (6). The dependence of rates of
folding and unfolding on denaturant concentration is good evi-
dence for the nature of the mechanism—classical chevron plots
with a steep limb are compatible with only a folding scenario with
a free energy barrier and a transition state, so there is a significant
change of solvent-accessible surface between the ground and
transition states (6—8). That evidence combined with a rational-
ization of the anomalous behavior of BBL has been used as
evidence that the folding of BBL can be accommodated by a barrier
limited folding model, with some heterogeneity of the native state
(9-12). Direct observation of distinct states of BBL in the transition
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region at equilibrium would provide compelling evidence for
barrier limited folding (6, 13). The current method of choice is
single-molecule fluorescence resonance energy transfer (SM-
FRET) experiments, which has been widely applied in the studies
of protein folding, structure, and function, and is especially useful
in detection of heterogeneity of populations (14-21).

We have applied SM-FRET to the B-domain of Protein A
(BDPA) and directly observed the denatured and native states
of this protein in its transition region (6), the signature of
barrier-limited folding. We were not able to use SM-FRET to
resolve unambiguously the folding mechanism of BBL because
it folds in a fraction of a millisecond at room temperature,
whereas the typical time resolution of SM-FRET was, until very
recently, typically 1 ms (6, 21, 22), in which time BBL would
rapidly equilibrate and appear as a time-averaged structure of
the separate states if it folds by a barrier limited transition (23,
24). Here we study the folding of the protein by using improved
equipment that allows study in the appropriate sub-millisecond
time range.

Results

FRET System. We introduced 2 Cys residues into BBL at the N-
and C-termini and labeled them with Alexa Fluor 546 (AF546)
and Alexa Fluor 647 (AF647; Fig. 1), with AF546 acting as
FRET donor and AF647 as acceptor. The Forster critical
distance is 63 A. The midpoint for chemical denaturation of the
labeled protein at pH 7 and 279 K was 4.07 = 0.14 M GdmCl,
within the experimental error of that of the unlabeled protein,
4.19 = 0.11 M [supporting information (SI) Fig. S1].

The average diffusion time of the BBL protein molecule in the
observation volume of our laboratory-constructed confocal flu-
orescence microscope was approximately 180 us, measured by
fluorescence correlation spectroscopy (Fig. S2). As shown in Fig.
2, the confocal microscope had an extremely high detection
efficiency (=1 photon/us), which ensured a high signal-to-noise
ratio and high-quality SM-FRET histograms, and we could
measure down to a time resolution of 50 us. The 1-photon/us
detection efficiency was estimated with the highest bursts when
the time bin was set to 50 or 100 us (Fig. 2, panels 1 and 2). The
bursts obtained with 200- or 800-us time bins were not used to
estimate the detection efficiency because the real observation
time would be shorter than the set time bin because of the fast
diffusion. As a result of the statistical distribution of the diffusion
time, some of the molecules would be observed for more than
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Fig. 1. The structure of BBL (Protein Data Bank code 1W4H) made with
Pymol. The Gly and Ser residues at the N terminus and the inserted Cys residues
were not shown. The red and green round spheres represent the labeled dyes.

200 ws when the time bin was set to 800 us, but the average
observation time would certainly much shorter than 800 pus,
which can be seen from the intensity of the highest bursts in the
raw data (Fig. 2, panel 4). We optimized the data quality by
adjusting the threshold for signal collection (i.e., the minimum
number of photons observed in the donor and acceptor channel
required to define a burst event) and the observation time.

Effect of Observation Time. Two peaks representing 2 ensembles
that are in exchange will become increasingly more poorly
separated as the observation time in the SM-FRET increases
through the transition time, and they eventually merge into 1
peak (23, 25). The relaxation rate of BBL in 4 M GdmCl at 6 °C
was approximately 340 us (Fig. 3), comparable to the observa-
tion times in the experiments of 50 us to approximately 200 pus.
Theoretically, the best separation of peaks is expected at the
highest time resolution. We analyzed the BBL sample in 4 M
GdmCl at 279 K at different time resolutions and time bin sizes.
Interestingly, as can be seen in Fig. 4, although 2 peaks were
observable (apart from the zero peak from the donor-only
labeled or acceptor photo-bleached protein molecules), the
peaks were not better separated at 50 and 100 ws time resolution
than at 200 us. The two peaks were still well separated at the
800-us bin time because the residence time in the detection
volume is only 180 us. As discussed next, the threshold is a crucial
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factor, which could be set to only 40 and 70, respectively, at 50
s and 100 ps time resolution, whereas the threshold could be
set to 100 and 150 when the time bin was set to 200 us and 800
us, respectively.

Influence of the Threshold Settings on Peak Width. We checked the
influence of the threshold for the same set of data obtained for
BBL in 4 M GdmCl at 279 K (Fig. 54). There was good
separation of the native and denatured peak when the threshold
was set to 100 or 130, but these merged into an apparent single,
very broad peak on decreasing the threshold to 30, although the
data still fitted better to 2 peaks rather than to a single peak (Fig.
5B). Some of the apparent broadening may result from the
statistical noise increasing relatively with the decrease of the
threshold and dominating the signal—the statistical fluctuations
are inversely proportional to the square root of the threshold,
o = VE(1 — E)/Nt, where E is the mean FRET efficiency and
Nr is the threshold (24).

To check how the breadth of the histogram peak changes with the
time bin size and threshold, we carried out another control exper-
iment in 1 M Gdm(Cl, in which the protein has only a native state
and the peak position is well separated from the value of 1 so that
good fitting could be obtained (Fig. 6). The control threshold was
set to the highest value at which good statistics were still available.
The standard deviation of the Gaussian fit of the native peak to the
histogram decreased significantly from 0.063 (at 50 us time reso-
lution) to 0.038 (at 800 us time resolution), i.e., the peak was much
sharper at 200 us or 800 us time resolution, where 2 close peaks are
therefore better separated.

Effects of Temperature. The native and denatured peaks could still
be separated at temperatures as high as 15 °C (Fig. 7). However,
at 298 K the 2 peaks merged because of the much faster
relaxation rate. (The experiment at 298 K was carried out in 2 M
GdmCl because of the lower stability at higher temperature.)

SM-FRET Histograms. The 200-us bin time was optimal for the
experiments because it was the best compromise between time
resolution and the ability to detect a sufficiently large number of
photons to have a high threshold. Fig. 8 shows the SM-FRET
histogram of BBL in Mops buffer (pH 7) and in different
concentrations of GdmCI during a denaturation curve at 200 us
bin time and a threshold of 100 photons for a signal. As expected,
the histogram obtained in buffer alone had only one peak,
corresponding to the native state of BBL, with apparent FRET
efficiency of 0.89. At a GdmCI concentration of 3 M, another
peak with lower FRET efficiency appeared, which corresponded
to a more expanded state of BBL, the denatured state. The
amplitude of the denatured peak increased further with GdmCl
concentration and was clearly obvious at 3.5 M GdmCl. The
amplitudes of the native and the denatured peaks were similar
at 4 M GdmCl, which is in good agreement with bulk CD
experiments of denaturation (Fig. S1). At more than 5 M
GdmCl, the native peak was no longer obvious because of the low
proportion of native state. The denatured peak shifted signifi-
cantly to lower FRET efficiency with the increase of GdmCl
concentration (from FRET efficiency of 0.65 at 3 M GdmCl to
0.49 at 6 M GdmCl), which was likely caused by the expansion
of the denatured state at higher denaturant concentration, as
observed in previous studies (6, 21). There was a much less, but
still observable, shift for the native peak between 0 and 2 M
GdmCl (from 0.89 to 0.82 in FRET efficiency). This shift could
result from the change of the local environment of the dyes,
perhaps from weak hydrophobic interactions between the dye
and the protein in buffer, which were eliminated at higher
concentrations of GdmCI. The total shift was most likely a
combination of this effect with the increase of refractive index
(resulting in a decrease of Forster distance), the change in
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Fig. 2.

fluorescence quantum yield, and the expanding of the intrinsi-
cally disordered fragment at the N terminus (Q126 to S132; Fig.
1) and the linkers between dyes and protein with increasing
concentration of GdmCI. Only a very slight shift of the native
peak was observed between 2 and 4 M GdmCl (from 0.82 to 0.79
in FRET efficiency), consistent with a native state of constant
structure. A slight shift of the native peak with increasing GdmCl
concentration is also seen with BDPA (6). The native and
denatured peaks were not as well separated as found for BDPA
(6) because of the smaller difference in distance between donor
and acceptor in the native and denatured states of BBL, which
is approximately 20 residues shorter than BDPA, and the faster
relaxation of BBL. We obtained similar data at pH 5.8 in
phosphate buffer (Fig. S3), indicating the reproducibility of our
observations.

We did not analyze quantitatively the distances between the
dyes in the native and denatured states as it was not necessary
for this study and, in any case, there would be severe practical
problems in a fine analysis. We just performed calculations that
the observed FRET efficiencies were reasonable. The major
problem is that the distance between the dyes in the native state
will be much longer than the distance between the C,s of the
relevant residues in the folded core, and difficult to analyze: the
long disordered N terminus (see Fig. 1) and the linkers between
the dyes and protein allow a wide range of conformations and
distances. [There may also be a difference in detection efficiency
between the detectors and a systematic deviation caused by the
difference in Forster critical distance and the distance between
dyes (26).] We estimated from an approximate analysis of the
distance distributions obtained from the NMR structure of BBL
(Protein Data Bank code 1W4H) a FRET efficiency of approx-
imately 0.91, which is close to the observed value of 0.89. For the
denatured state, we used the reported distance for a 47-residue
denatured protein (27) to estimate a FRET efficiency of ap-
proximately 0.57, compared with the range of 0.49 to 0.65
observed with changing concentration of denaturant. We chose
a FRET pair with a large Forster critical distance relative to that
measured in the native state to prevent the peak corresponding
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to the denatured state from moving into the zero peak at high
denaturant concentration, which we had observed previously (6).

Effects of Changing Denaturant. The denaturation of BBL was also
studied in urea at the same temperature, at which very similar
results were obtained (Fig. S4). There was very good separation
of the native and denatured peaks in the SM-FRET histogram
in 6 M urea at 279 K when the threshold was set to 70 and 100,
whereas a merged broad peak was observed when a lower
threshold was applied.

Discussion

Fast Time Resolution SM-FRET and Ensuing Problems. The key direct
method to distinguish between barrier-limited folding, with its
separate ensembles of states, and unimodal downhill folding,
with its single ensemble, is to measure the number of ensembles.
In practice, it is very difficult to do the necessary experiments on
ultra-fast-folding proteins that equilibrate within the time scale
of observation of most biophysical methods (6). SM-FRET, for
example, has, until recently, been limited by the intrinsic physical
properties of the fluorescent dyes and the detection efficiency of
the confocal fluorescence microscope to a time resolution of
approximately 1 ms, which is too long for the detection of 2
ensembles that exchange at >10,000 s~!. We have constructed in
the laboratory a confocal fluorescence microscope, which has a
10- to 20-fold higher time resolution, and is suitable for appli-
cation to the folding of BBL, whose mechanism of folding is
controversial.

To obtain the highest-quality data we had to optimize the
experimental conditions, which may be applicable to other
experiments under similar conditions. There is inherent statis-
tical noise in SM-FRET data because of the low flux of photons.
Accordingly, a threshold is applied to minimize the number of
spurious bursts of photons, which is typically set to 25 to 30
photons (6, 17, 22, 28). At this threshold, our instrument can
easily achieve 50 us time resolution because of its high flux of
photons (see Fig. 2). Although this threshold would be suitable
for many experiments, here it does not achieve adequate sepa-
ration of 2 closely located peaks that represent 2 fast-exchanging
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Fig. 3. Temperature-jump signal of BBL in 4 M GdmCl at 279 K (black

indicates data fitted to a mono-exponential equation).

ensembles. The experiments are at the very limits of detection
and are broadened by shot noise, the effects of photo-bleaching,
light scattering, photo-physical processes, and molecules that
have only short residence times in the observation volume. The
statistical noise blurs the signals (Figs. 5 and 6). A higher
threshold is necessary to get sharper peaks, which requires 100-
to 200-us time bins to collect more photons. Therefore, we
selected an optimal compromise observation time of 200 us. This
time resolution is short enough to be comparable to the relaxation
time of BBL in denaturant at low temperature but sufficiently
long to allow us to harvest enough photons so we can observe
clearly separate native and denatured states at equilibrium.
Campos-Prieto and colleagues have just reported (29) that
they have also performed SM-FRET experiments at 278 K at pH
7 on BBL with long extension tails to carry the dyes, but have
opposite conclusions from ours. Using a binning time of 50 us
with a similar or slightly less sensitive machine than ours (photon
fluxes in the range of 0.5-0.7 photons/us), they report unimodal
FRET efficiency distributions with a maximum that shifts mono-
tonically from high to low FRET values as the concentration of
chemical denaturant increases, in support of unimodal folding.
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Fig.4. Effects of bin time on SM-FRET histogram of BBL. Data were acquired
in 4 M GdmCl at 279 K.
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The use of 50 ws binning with concomitant low thresholds is the
setting in which statistical noise caused our data for separate
peaks to merge artefactually into what appears to be a single
peak. The use of dyes with long extension tails in their construct
may also make changes in FRET efficiency more difficult to
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detect because of the smaller differences between native and
denatured states.

Two-State Ensembles of BBL at Equilibrium. We clearly observed
(Fig. 8) 2 states of BBL in equilibrium, which inter-convert on
the time scale seen in bulk temperature jump measurements
(Fig. 3) and change their proportions as expected from equilib-
rium denaturation (Fig. S1).

The shallow minimum between 2 peaks in a SM-FRET
histogram and extensive overlap does not mean there is a very
small folding energy barrier. The SM-FRET histogram does not
equate to the conformational distribution of a protein at equi-
librium, and the height of the minimum between the 2 peaks does
not represent the number of molecules on the transition state.
The area under the SM-FRET histogram reflects the number
of molecules in each state but is not a direct measure of the
conformational distribution. The first set of reasons for
the shape of the curves stems from the actual measurements. The
histograms are broadened by factors such as photo-physics
processes, photo-bleaching, and statistical noise. This broaden-
ing is evident from the experiment in Fig. 6, where it is seen that
the width of the native state ensemble varies with the threshold
in data analysis. Similarly, in Fig. 5, it is seen that distributions
of native and denatured states appear to change with the
threshold. There are also fundamental reasons why the observed
distributions are not part of an energy landscape. First, each
measured FRET efficiency or inter-dye distance is an average of
many different conformations of the protein and dye—the
SM-FRET histogram is therefore a simplified “conformational
distribution.” Second, the time resolution of SM-FRET is on the
microsecond time scale whereas the dynamics of proteins is on
a scale of picoseconds to nanoseconds, which means the protein
molecule can sample thousands of conformations during the
observation. In addition, for 2 fast inter-exchanging ensembles,
the protein may be present as different ensembles within the
observation time. Accordingly, we cannot obtain the free energy
landscape from the shape of the histogram. For example, as
shown by Schuler and colleagues, there is a very shallow mini-
mum for GspTm in its SM-FRET histogram, but the calculated
energy barrier is 4 kgT to 11 kgT (17).

Most of the previous experiments on BBL based on bulk
measurements are consistent with both unimodal downhill fold-
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Fig. 8. SM-FRET histogram for BBL in GdmCI at 279 K. Data were acquired
with time bin of 200 us and the threshold was set to 100 in data analysis. py
and pp are the peak position of the native and denatured peaks, respectively.

ing and barrier-limited folding with a heterogeneous native state,
but the steep chevron plot favors a conventional folding mech-
anism with a transition state (7, 29-31). The SM-FRET exper-
iments here show directly that BBL does occupy native and
denatured states separated by an energy barrier.

Experimental Section. Two Cys residues were inserted into BBL at
the N- and C-termini (GSCQNNDALSPAIRRLLAEHNLDA-
SAIKGTGVGGRLTREDVEKHLAKAC). The protein was
expressed and purified as previously described. The purified
protein was labeled with AF546 and AF647 through Cys resi-
dues. Unlabeled and single-labeled proteins were removed with
HPLC.

SM-FRET experiments were carried out on a home-built
dual-channel confocal fluorescence microscope based on a
Nikon Eclipse TE2000-U unit (Nikon). The FRET sample was
excited by a diode-pumped solid-state laser (Compass 115M-15;
Coherent) with 15 mW at 532 nm, which was reduced to 150 uW
with neutral density filters. The donor and acceptor fluorescence
were collected simultaneously through an oil-immersion objec-
tive (Nikon CFI Plan Apochromat VC 100X, numerical aperture
1.4; Nikon), separated by a dichroic mirror (FF494/540/650-
Di01; Semrock), filtered by long-pass and bandpass filters and
detected separately by 2 photon-counting modules (SPCM-
AQRI15; PerkinElmer). The output of the 2 detectors was
recorded by a digital correlator (Flex02-01D/C; Correlator.
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com). Sample solutions of 50 to 100 pM diluted in 1 uM
unlabeled BBL in Mops buffer (pH 7.0, 50 mM Mops with NaCl,
total ionic strength of 250 mM) for GdmCl titration or phosphate
buffer (pH 7.0, 20 mM phosphate with NaCl, total ionic strength
of 250 mM) for urea titration were used. All experiments were
carried out at 6 °C. The time bin size was set to 50, 100, 200, or
800 us. A threshold of 30 to 150 counts per burst for the sum of
the donor and acceptor fluorescence signals was used to differ-
entiate single molecule bursts from the background. Apparent
FRET efficiencies of each burst were calculated according to
thw following equation: E = n4/(n4 + np), where na and np are
the background corrected acceptor and donor counts, respec-
tively. Measurements were repeated at different denaturant
concentrations and SM-FRET histograms were built accordingly.
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