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ABSTRACT: Nanosecond resolved fluorescence correlation spectroscopy (ns-
FCS) based on two-color fluorescence detection is a powerful strategy for
investigating the fast dynamics of biological macromolecules labeled with donor
and acceptor fluorophores. The standard methods of ns-FCS use two single-
photon avalanche diodes (SPADs) for the detection of single-color signals (four
SPADs for two-color signals) to eliminate the afterpulse artifacts of SPAD at the
expense of the efficiency of utilizing photon data in the calculation of
correlograms. Herein, we demonstrated that hybrid photodetectors (HPDs)
enable the recording of fluorescence photons in ns-FCS based on the minimal
system using two HPDs for the detection of two-color signals. However, HPD
exhibited afterpulses at a yield with respect to the rate of photodetection
(<10−4) much lower than that of SPADs (∼10−2), which could still hamper correlation measurements. We demonstrated that the
simple subtraction procedure could eliminate afterpulse artifacts. While the quantum efficiency of photodetection for HPDs is lower
than that for high-performance SPADs, the developed system can be practically used for two-color ns-FCS in a time domain longer
than a few nanoseconds. The fast chain dynamics of the B domain of protein A in the unfolded state was observed using the new
method.
KEYWORDS: nanosecond fluorescence correlation spectroscopy, hybrid photodetector, afterpulse, B domain of protein A, chain dynamics

■ INTRODUCTION
Nanosecond resolved fluorescence correlation spectroscopy
(ns-FCS) is a powerful strategy for investigating the fast
dynamics of biological macromolecules.1−5 One example of
such dynamics includes a folding transition of proteins, in
which the interplay of the secondary structure formation and
the collapse of unfolded polypeptides leads to the cooperative
formation of folded structures.6−9 Dynamics can be monitored
by labeling donor and acceptor fluorophores to a sample,
observing the fluorescence signals of two fluorophores, and
calculating the autocorrelation and cross-correlation of their
intensity fluctuations. As the donor and acceptor fluorescence
intensities are modulated by the Förster resonance energy
transfer (FRET) mechanism, the correlations reflect the
dynamic changes in the distance between the two fluorophores
and their orientations. Furthermore, the photophysical proper-
ties of fluorophores, such as the accumulation of the lowest
excited triplet (T1) state, the quenching of the excited singlet
(S1) state by surrounding quenchers, and the rotational
dynamics of the fluorophores in the polarization-sensitive
setup, can be monitored.4 The correlation analysis enables the
ensemble averaging of photon data in fast time domains
shorter than microseconds, where the sparse photons of single

fluorophores do not allow the real-time tracking of single-
molecule events. Moreover, the method enables the acquisition
of information in a wide time domain, from nanoseconds to
milliseconds, in single measurements.
However, a limitation exists in the measurement of

fluorescence correlation data in the nanosecond region, i.e.,
artifacts inherent to standard photodetectors, single-photon
avalanche diodes (SPADs). Although a SPAD enables a high-
speed detection of single photons via the avalanche
amplification of photoelectrons in the Geiger mode and their
rapid quenching, the main output signals of SPAD are followed
by afterpulses in the time domain up to microseconds,
adversely affecting the analysis of correlation data.10−12 In
high-performance SPADs used for single-molecule fluores-
cence spectroscopy (e.g., SPCM-AQRH, Excelitas), the
catalogued yield of afterpulse generation with respect to the
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rate of photon detection is 1%. The yields of afterpulse were
known to vary significantly for different detectors in the same
model.13 Accordingly, the fluorescence correlation measure-
ments in the time domain shorter than microseconds require
the Hanbury Brown and Twiss optical setup that uses two
detectors for the detection of single-color photons that are
separated using a beam splitter (four detectors for two-color
measurements).14 In the seminal articles reporting the
application of two-color ns-FCS for protein dynamics
investigation, the time intervals between two consecutive
photons detected by the two detectors were measured by using
a time-correlated single-photon counting (TCSPC) board to
calculate correlograms down to the picosecond time domain
(Figure 1A).15,16 Recent progress in photon counting

electronics made it possible to conduct a time-tag recording
of all of the arrival times of the photons detected by the two
detectors (Figure 1B). As the afterpulses of different detectors
are not correlated, the cross-correlation analysis of the signals
of two detectors can eliminate afterpulse artifacts.17−19 The
cross-correlation method was used in a pioneering inves-
tigation based on two counting boards, achieving the
picosecond time resolution in the single-color FCS measure-
ment.20 However, methods based on Hanbury Brown and
Twiss optics sacrifice the efficiency of utilizing photons. As the
photons are divided into two detectors, only 50% of the total
signals are used for the calculation of the correlation functions.
Thus, the technique introduced to eliminate the afterpulse

artifacts of a SPAD complicates the optics and impedes the
efficient measurements of ns-FCS.
Herein, we describe the use of an alternative photodetector,

hybrid photodetector (HPD), and time-tag counting board for
the ns-FCS measurements without relying on the Hanbury
Brown and Twiss setup. HPD achieves the high-efficiency
detection of single photons by combining the avalanche
photodiode and photomultiplier tube operated in the linear
amplification mode.21−23 While HPD has no detector
deadtime, its output pulse duration (∼1 ns) is an effective
deadtime when used with a standard photon counting board.
The quantum efficiency of GaAsP-type HPD (Hamamatsu
Photonics, R10467-40) in the green region (45% at 550 nm) is
comparable to that (55% at 550 nm) of high-performance
SPAD (Excelitas, SPCM-AQRH) but is lower in the red and
far-red regions (30% at 700 nm) compared to that of SPAD
(65% at 700 nm). Most importantly, HPDs can eliminate
(though not completely as we will discuss later) the
afterpulses.21,22 Thus, HPDs may help construct a simple
FCS detection system based on minimum optics using a single
detector for single-color detection (Figure 1C). Herein, we
discuss the advantages and practical problems of the FCS
system based on the HPD detection. We demonstrate that the
fast chain dynamics in the unfolded state of doubly labeled
protein can be observed based on the current system.

■ METHODS

Detection System for the Two-Color Fluorescence
Correlation Spectroscopy Based on HPDs
We constructed a system for two-color fluorescence correlation
measurements, as explained in Supporting Figure S1. In summary, a
continuous-wave 484 nm laser (LDS1003, Precise Gauges) was
focused on sample solutions using a water immersion objective
(UPlanSApo 60x, NA = 1.2, Olympus) via reflection from the first
dichroic mirror (MD499, Thorlabs). The fluorescence photons
collected using the same objective were passed through the first
dichroic mirror and focused on a 50 μm pinhole (P50H, Thorlabs).
The donor and acceptor photons selected by the second dichroic
mirror (67-083, Edmund) and the bandpass filters in the donor
(FBH520-40, Thorlabs) and acceptor (FF01-655/40-25, Semrock)
paths were detected by an HPD (H13223-40, Hamamatsu
Photonics), whose outputs were amplified (C10778, Hamamatsu
Photonics) and recorded using a TCSPC module in the time-tag
mode (TimeHarp 260 NANO, PicoQuant). The module was
controlled using a software tool (QuCoa, PicoQuant). To obtain
the control fluorescence correlation data of rhodamine 110 based on
the Hanbury Brown and Twiss optics, we replaced the second
dichroic mirror with a beam splitter (BSW10R, Thorlabs) and
installed a bandpass filter for rhodamine 110 (MF525-39, Thorlabs)
before the splitter (Figure 1D). Moreover, this setup was used to
capture excitation light backscattered from the glass to calculate the
afterpulse noises of individual HPDs when the focus of the laser was
adjusted to be near the coverglass surface.

Sample Preparation
A mutant of the B domain of protein A (BdpA) (K5C/Y15F/A55C)
was labeled with Alexa488 (Thermo Fisher) and ATTO633 (ATTO-
TEC) using a cysteine−maleimide linkage and purified as previously
described.24 In summary, the protein at 300 μM reacted with a 1.3-
fold excess of ATTO633 maleimide and was purified via reversed-
phase HPLC on a C18 column. The single-labeled sample adjusted at
200 μM reacted with a 10-fold excess of Alexa488 maleimide and was
purified using the reversed-phase HPLC. The fluorescence spectra of
the labeled sample excited at 470 nm comprised the donor
fluorescence, which peaked at ∼525 nm, and the acceptor
fluorescence, which peaked at ∼660 nm, as reported previously.24

Figure 1. Comparison of the data acquisition schemes of ns-FCS
measurements. (A) Hanbury Brown and Twiss optics and two SPADs
for the measurement of the time intervals between two consecutive
photons. The output signals of SPADs are connected to the start and
stop signals of the TCSPC board. The parts required for the acceptor
photon measurements are omitted for simplicity. (B) Hanbury Brown
and Twiss optics connected to the time-tag counting board. The
cross-correlation analysis of the two signals eliminates the afterpulse
noises. (C) New proposal for two-color ns-FCS measurements. The
donor and acceptor fluorescence signals are separated by a dichroic
mirror and detected by using two HPDs. The output signals of the
two detectors are recorded using a time-tag counting board. (D)
System used herein in the control measurement based on the
Hanbury Brown and Twiss optics. Donor fluorescence selected by a
bandpass filter was separated by a beam splitter and detected by two
HPDs, whose outputs were recorded by a time-tag counting board.
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The concentration of BdpA was 3 nM for the measurements in the
absence and presence of 2 M GdmCl and 15 nM for the
measurements in 4 M GdmCl. The measurement buffer adjusted at
pH 7.5 comprised 20 mM tris(hydroxymethyl)aminomethane and
various concentrations of guanidinium chloride (GdmCl). The
photoprotection agent, i.e., 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox), and the radical scavenger, i.e., cysteamine, at
final concentrations of 1 and 10 mM, respectively, were dissolved in
the buffer. Following the reported protocol, the buffer in the presence
of Trolox and cysteamine was incubated overnight at approximately
22 °C to form a trace amount of Trolox quinone, which can quench
the triplet state more efficiently.25−27 1 nM rhodamine 110 was
prepared in pure water.

Measurements of the Fluorescence Correlations and the
Glass Scattering
Glass-base dishes (3971-035, AGC Techno Glass) were used as
sample cells, whose inner surface was coated with 2-methacryroylox-
yethylphosphorylcholine (MPC) polymer (Lipidure CM5206, NOF)
to prevent sample adsorption. For coating, a 0.5% (w/v) solution of
MPC in 99.5% ethanol was dropped on the glass surface and dried
under vacuum; 500 μL of the sample solution was placed on the dried
coated dish and was sealed with parafilm to prevent sample
evaporation during the FCS measurements. The ns-FCS measure-
ments were performed in a room at 22 °C. The excitation laser power
was roughly estimated near the focus point of the objective with a
power meter (PM400, Thorlabs). We measured the arrival times of
the donor and acceptor photons simultaneously for 30 min and
repeated the measurements multiple times. The total data acquisition
times were 8, 7, and 7 h for BdpA in the presence of 0, 2, and 4 M
GdmCl, respectively. The optical and electronic systems were stable
during these data accumulation periods; however, the sample
exhibited gradual breaching in the presence of photoprotection
agents. We exchanged samples approximately every 1 h of data
accumulation. During the measurement of 3 nM BdpA in the absence
of denaturant at a nominal laser power of 100 μW, the total photon
fluxes for the donor and acceptor channels were 45.5 and 13.3 ms−1,
respectively. For glass-scattering measurements, the scattering of the
glass at a nominal excitation power of 800 μW was accumulated for 80
min or 5 h.

Calculation of Fluorescence Correlations and Spike
Cancellation
After measuring the photons of the sample or glass scattering, the
donor−donor (D−D), acceptor−acceptor (A−A) autocorrelations,
and the donor−acceptor (D−A) cross-correlation and their standard
deviations were calculated using SymPhoTime64 (PicoQuant), in
which the standard deviations were estimated using the bootstrap
method. The software divided the lag time of the correlograms from 1
ns to 10 ms into 1008 points so that the time width for each data
point was doubled at every 51 data points. If multiple measurements
were performed for the same sample under the same conditions, we
weight-averaged the individual correlations using the square inverse of
the standard deviation for each data point as the weight factor to
obtain the final correlations. The correlations calculated were used as
the raw correlations of the sample fluorescence modulated by the
afterpulse noises of HPD (see below), Gsample

HPD (τ), and that of the glass
scattering, Gscat

HPD(τ). Moreover, we recorded the total photon counts
for each measurement and estimated the average photon counting
rates, i.e., Isample and Iscat, by dividing the total photon counts with the
total data accumulation time and used the values for spike
cancellation based on eq 5 (see below). The errors of the noise-
canceled correlation were estimated based on the error propagation
formula derived from eq 5. As the total number of photons used to
estimate Isample and Iscat was extremely large (typically more than 108),
their uncertainty based on the photon statistics was several orders of
magnitude smaller than the uncertainties of other terms of eq 5. Thus,
the uncertainties of Isample and Iscat were ignored in the error
estimation. To minimize the errors in Gscat

HPD(τ), the glass-scattering

data of a longer time period should be accumulated. For each HPD
unit, we obtained the Gscat

HPD(τ) data individually.
Fitting of the Correlation Functions
We measured the correlation data for rhodamine 110 at a nominal
excitation power of 100 μW and fit the correlation curve in the time
domain longer than 100 ns using eq 1.
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where G0 denotes the fitted correlation amplitude extrapolated to τ =
0; F denotes the fraction of the triplet state; τF and τD denote the time
constants for triplet state accumulation and translational diffusion,
respectively; s denotes the ratio of the axial radius to the radial radius
of the measurement volume; and G(∞) denotes the correlation at τ =
∞ and was set to 1.28 The estimated s factor was 7.06, which was used
as the fixed parameter in fitting the sample correlation data.
For the fitting of the D−D autocorrelation data obtained for the

sample after the spike noise cancellation, i.e., Gsample,D−D(τ), we used
eq 2.
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where G0,D−D denotes the fitted correlation amplitude in the D−D
correlation extrapolated to τ = 0; G(∞) denotes the correlation at τ =
∞ and was set to 1; CD−D and FD−D denote the amplitudes for the
chain dynamics and the triplet state accumulation in the D−D
correlation, respectively; τF,D−D and τD,D−D denote the time constants
for the triplet state accumulation and the translational diffusion in the
D−D correlation, respectively; and τCD denotes the time constant for
the chain dynamics. Similarly, for the fitting of the A−A
autocorrelation after the spike noise cancellation, Gsample,A−A(τ), and
the D−A cross-correlation, Gsample,D−A(τ), the variations in eq 2,
where suffix D−D was replaced with A−A and D−A, were used.
The D−D, A−A, and D−A correlation data were fitted

simultaneously by the respective fitting functions by setting τCD as a
common parameter. We set s with the value estimated by the fitting of
the rhodamine 110 data for the D−D, A−A, and D−A correlations.
The data points shorter than 5 ns exhibiting the apparent
antibunching behavior were excluded from the fitting owing to the
small number of data points. The square inverse of the standard
deviation of each data point was used as the weighting parameter of
fitting. The global fitting routine of the nonlinear least-squares fitting
of Igor Pro (WaveMetrics) was used.
Estimation of the Count Rate Per Molecule
The count rate per molecule (CRM) is the number of fluorescence
photons emitted from a single fluorophore and detected during a unit
time interval. First, the background levels B, mainly attributable to the
Raman scattering of water and the detector dark count, for the donor
and acceptor channels were measured by using a buffer solution. The
B values at a nominal laser power of 100 μW were ∼5 and ∼0.4
counts/ms for the donor and acceptor channels, respectively. The
latter was almost the same as the detector’s dark count (0.3−0.4
counts/ms). Second, the average number of fluorescent molecules in
the observation volume (N) was estimated using eq 3.
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where Isample denotes the average photon counting rate and G0 denotes
the correlation amplitude extrapolated to τ = 0 obtained based on the
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fitting of correlation using eq 1 or eq 2. Third, the CRM was
calculated by using CRM = (Isample − B)/N. The CRM is expressed as
the number of photons detected per millisecond per molecule.

■ RESULTS AND DISCUSSION

HPD Exhibited Unexpected Afterpulses

We constructed an FCS measurement system based on the
confocal setup and based on single-color excitation and two-
color detection as explained in the Methods section and
Supporting Figure S1. A continuous-wave laser at 484 nm was
introduced to a water immersion objective and focused on a
sample solution. The fluorescence photons emitted were
collected using the same objective, separated into the donor
and acceptor photons, and detected using two HPDs. The
output signals of the HPDs were amplified and recorded by a
time-tag counting board. The initial trials of the FCS
measurements based on the constructed system exhibited
unexpected spike-shaped noises in the autocorrelation data of
rhodamine 110 (pink, Figure 2A). The correlation data
obtained for the donor channel exhibited a standard decay in
the time domain longer than 10 μs, reflecting a diffusion of the
fluorophore and a phase from 100 ns to 10 μs corresponding to
the triplet state accumulation. In contrast, the nonnegligible
amplitude of noises was observed in the time domain from 10
to 100 ns. The data points in the time domain shorter than 10
ns were scattered; however, the scattered data were detected
reproducibly in different measurements and appeared as spikes.
We found that the spikes were caused by the low-yield
afterpulses of HPD. Except for one conference proceeding
describing the afterpulse in the older model of HPD,29

previous studies reported the absence of the afterpulse
phenomenon for HPDs.21,22 The correlation data shown in
orange in Figure 2A were obtained by measuring the
noncorrelated scattering of glass and demonstrated the same
spike-shaped noises, including the time domain shorter than 10
ns. The data illustrated in Supporting Figure S2 indicated that
the HPD after the detection of single photons demonstrated
single pulses at time zero. However, at a very low yield (less
than 1 × 10−4), the second pulses followed the first pulses after
the time intervals of a few nanoseconds. The shape of the
second pulses was indistinguishable from that of the main
pulses.
A plausible origin of afterpulses is ion feedback in the

photomultiplier unit of an HPD. The HPD comprises a
photocathode, vacuum photomultiplier, and avalanche diode.23

Upon the detection of photons, the photoelectrons emitted
from the photocathode are accelerated in the vacuum tube and
create holes in the diode unit. However, the remaining gases in
the tube may be ionized upon rare collisions with photo-
electrons and generate positive ions that return to and collide
with the photocathode, causing delayed pulses. The afterpulses
could not be eliminated by changing the operational setting of
the HPD, such as the acceleration voltage or the bias voltage,
or by changing the pulse discrimination setting of the counting
board (not demonstrated). The rate and delay patterns of the
noises appeared reproducibly (not demonstrated). A few HPD
units generated smaller noise; however, it was difficult to
determine an HPD unit without noise.
The artifacts caused by afterpulses can be eliminated using

the subtraction method proposed previously.12 We assume that
photons are detected at a very low rate, and only a single
photon at most is detected at a time. In addition, we assume

that the yield of the afterpulse generation is low. The
autocorrelation (Gsample

HPD (τ)) of the apparent sample signal
measured using an HPD, i.e., the sum of the true sample signal
and the afterpulse signal, can be related to the autocorrelation
of the true sample signal (Gsample(τ)) as follows

= + ·G G
t

I
( ) ( ) ( )sample

HPD
sample

sample (4)

where α(τ) denotes the afterpulse yield of HPD as a function
of the time after the detection of real photons, Δt denotes the
time window of correlation, and Isample denotes the average
photon counting rate for the sample data.12 The contribution

Figure 2. Fluorescence correlation data obtained for rhodamine 110.
The nominal laser excitation was 400 μW. (A) Pink trace represents
the raw autocorrelation data of rhodamine 110 obtained using the
developed system (Figure 1C). The measurement was conducted at
an average photon counting rate of 96 ms−1. The orange trace
represents the autocorrelation data of the glass scattering (orange).
(B) Blue dots represent the correlation of rhodamine 110, in which
the afterpulse spikes in the raw data (pink in panel A) are subtracted
using the data obtained by the scattering measurements (orange in
(A)). The brown dots represent the correlation data of rhodamine
110 obtained using Hanbury Brown and Twiss optics and two HPDs
(Figure 1D) based on the cross-correlation analysis. The photon
counting rates of the two detectors are 50 and 58 ms−1. (C)
Comparison of the standard deviation (pink) for the raw
autocorrelation of rhodamine 110 (pink in (A)) obtained using the
developed system (Figure 1C) and that (blue) for the noise-canceled
autocorrelation performed using the subtraction method (blue in
(B)). The standard deviations (brown) for the noise-canceled
correlation obtained using the cross-correlation method (brown in
(B)) were exhibited as well. Ordinate and abscissa are presented in
the logarithmic scale. The stepwise reduction in the standard
deviation was caused by the stepwise increase in the time width
allotted to each data point (Methods section).
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of α(τ) can be evaluated and subtracted from eq 4 by
measuring the autocorrelation of noncorrelated photons, such
as glass scattering (Gscat

HPD (τ)), detected by the same HPD unit
using the following equation:

= ·{ }G G
I

I
G( ) ( ) ( ) 1 , 0sample sample

HPD scat

sample
scat
HPD

(5)

where Iscat denotes the average photon counting rate for the
scattering data. Equation 5 is valid for τ longer than the
duration of a single output pulse of HPD (∼1 ns). Equations 4
and 5 were derived assuming that the average photon counting
rates, i.e., Isample and Iscat, do not change over the data
accumulation period.12 The rates might vary gradually in the
actual measurements due to unavoidable changes in the
experimental conditions, such as the sample concentration.
However, the changes do not affect the noise cancellation
procedure, and Isample and Iscat can be estimated from the total
number of detected photons divided by the total accumulation
period (see the Methods section).
Figure 2B shows the subtracted correlation (blue) for

rhodamine 110 based on eq 5 demonstrating a clear
cancellation of the afterpulse artifacts. Unexpectedly, the
cancellation revealed a dip in the time domain shorter than
5 ns, which is reminiscent of an antibunching phenomenon
detected for fluorescence photons emitted from a single
fluorophore. A single fluorophore after the fluorescence
emission might be immediately excited to the S1 state but
stays in S1 before the emission of the second fluorescence
photon, causing an antibunching corresponding to the lifetime
of the S1 state. However, the observed antibunching is likely
ascribed to the dead time of the time-tag board (<2 ns) and
partially to the S1 state lifetime of the fluorophore. To confirm

the correlation data thus obtained, we conducted a control
measurement using the Hanbury Brown and Twiss optics and
the time-tag detection of fluorescence photons of rhodamine
110 using two HPDs after separation by a half-mirror (Figure
1D). As the afterpulses of different detectors are not correlated,
the cross-correlation analysis of the two signals canceled the
spikes and enabled the observation of the correlation of
rhodamine 110 (brown, Figure 2B). The coincidence of the
two data sets rationalized the proposed data acquisition and
the spike cancellation procedures. The parameters obtained
based on the fitting of the two rhodamine 110 data sets using
eq 1 further rationalized the data acquisition and analysis
schemes (Supporting Table S1).
Figure 2C presents the standard deviation values for each

data point of the correlations obtained by the current system
based on a single HPD (Figure 1C) before (pink) and after
(blue) the subtraction of the afterpulse artifacts and by the
Hanbury Brown and Twiss system based on two HPDs (Figure
1D) after the cross-correlation analysis (brown). The two
measurements were conducted for the same sample solution of
rhodamine 110 adjusted at 1.0 nM, the same laser power (the
nominal power of 400 μW), and the data accumulation time
(20 min). The data for the subtraction calculation were
obtained at an average photon detection rate of 96 ms−1 for the
single detector (Figure 1C). The data for the cross-correlation
calculation were obtained at 50 and 58 ms−1 for the two
detectors, as the photon signal was separated using the beam
splitter (Figure 1D). The raw data before the spike subtraction
exhibited the lowest errors (pink). This is because the standard
deviations of the correlations at shorter lag times are
determined by the photon shot noises, which are inversely
proportional to the square root of the photon numbers.30 The
subtraction of the spike noises increased the error levels due to

Figure 3. Fluorescence correlation data were obtained for BdpA in the absence of a denaturant. (A) Folded structure of the BdpA determined via
NMR spectroscopy (PDB ID: 1BDD).31 The 5th and 55th residues were replaced with cysteine and labeled with Alexa488 and ATTO633. The
figure was prepared by using PyMOL. (B−D) Autocorrelation is calculated for the donor fluorescence fluctuation (B), autocorrelation is calculated
for the acceptor fluctuation (C), and cross-correlation is calculated for the donor and acceptor fluctuation (D). The upper and lower traces
correspond to the sample measured in the absence and presence of photoprotection agents, which are 1 mM Trolox, 10 mM cysteamine, and a
trace amount of Trolox quinone. For the data in the absence and presence of the photoprotection agents, the protein concentrations are 1.5 and 3
nM, respectively. The nominal laser power is 100 μW.
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the propagation of the errors in the spike data. However, the
noise level after the subtraction (blue) was lower compared to
the Hanbury Brown−Twiss system after the cross-correlation
calculation (brown). Thus, the simplicity of the developed
system using one detector for single-color detection and the
comparable signal-to-noise ratio based on the efficient
utilization of photons make the current method a practical
choice for FCS measurements in time domains longer than a
few nanoseconds.
Photophysics and Chain Dynamics of the Doubly Labeled
BdpA

Next, we examined the BdpA as an example of doubly labeled
proteins, which is a 60-residue three-helix bundle possessing
helix 1 from residue 10 to 19, helix 2 from 25 to 37, and helix 3
from 42 to 56 (Figure 3A).24,31−33 The BdpA is a part of
protein A, which is a cell wall protein of Staphylococcus aureus
and binds to mammalian immunoglobulin G.31 Owing to its
simple structure, the folding mechanism of BdpA has been
investigated extensively. We previously labeled the sample with
Alexa488 and ATTO633 at the fifth and 55th cysteines and
monitored its equilibrium unfolding via fluorescence spectros-
copy.24 While the sample exhibited apparent two-state
unfolding when monitored by the ensemble fluorescence
measurements, the single-molecule FRET data exhibited
heterogeneity in the unfolded state and deviation from simple
two-state unfolding. Even in the high-speed tracking of the
single-molecule data at the time resolution of several tens of
microseconds, the unfolded sample did not exhibit the FRET
efficiency fluctuations, suggesting that the dynamics of the
unfolded protein chain, if any, should appear at time scales
much faster than 10 μs.
We first measured the labeled BdpA under the buffer

conditions in the absence of a denaturant, which stabilizes the
folded structure. The correlation data of the sample after noise
cancellation are presented in Figure 3, in which panels B, C,

and D correspond to the D−D autocorrelation, the A−A
autocorrelation, and the D−A cross-correlation, respectively.
The upper and lower traces in each panel were obtained in the
absence and presence, respectively, of 1 mM Trolox, 10 mM
cysteamine, and a trace amount of Trolox quinone.25−27 In the
absence of these agents, the correlation data were of low
quality due to low fluorescence detection rates of ∼4 and ∼1
ms−1 for the donor and acceptor, respectively, at the protein
concentration of 1.5 nM. The addition of the agents
considerably increased the fluorescence detection rates (∼45
and ∼13 ms−1 for the donor and acceptor, respectively, at the
protein concentration of 3 nM), and improved the signal-to-
noise ratio of the correlations. The agents promote the
conversion of T1 to S0 of the fluorophores and accelerate their
excitation−emission photocycle.25−27 The data obtained in the
presence of the protection agents can be interpreted by
assuming a stable structure of BdpA in the native state, as the
D−D, A−A, and D−A correlations in the time domain from 10
ns to 1 μs were nearly flat. The quality of the A−A correlation
was apparently poorer than that of the D−D correlogram due
to the lower quantum efficiency for the photodetection of the
HPD in the fluorescence wavelength region of ATTO633
(620−830 nm). However, the data demonstrated that the
current system enables the practical acquisition of the
correlation data of doubly labeled protein in the time domain
from a few nanoseconds to a few milliseconds.
To characterize the folding transition of BdpA, we

conducted ns-FCS measurements of BdpA at different
concentrations of guanidinium hydrochloride (GdmCl) in
the presence of photoprotection agents (Figure 4). The
previous ensemble fluorescence data indicated that the GdmCl
unfolding of the sample occurred cooperatively with the
unfolding free energy difference (ΔG0) of 4.3 ± 0.6 kcal/mol
and the unfolding midpoint ([GdmCl]1/2) of 2.9 ± 0.6 M.24

These values indicated that the sample in the ensemble two-

Figure 4. Fluorescence correlation data for the equilibrium unfolding transition of BdpA in the absence and presence of 2 and 4 M GdmCl. For all
of the measurements, the laser excitation power is 100 μW. All data are obtained in the presence of photoprotection agents. (A) D−D
autocorrelations are calculated based on the donor fluorescence data. (B) A−A autocorrelations are calculated based on the acceptor fluorescence
data. (C) D−A cross-correlations are calculated based on the donor and acceptor fluorescence data. The first, second, and third traces from the
bottom of each panel corresponded to the sample in the absence and presence of 2 and 4 M GdmCl, respectively. The standard deviation values of
all of the data points are presented. The black lines represent the fitted lines obtained based on the global fitting of the D−D, A−A, and D−A
correlations based on eq 2 setting τCD as the global fitting parameter. The data in the absence of GdmCl are the same as those illustrated in Figure
3.
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state scheme was 10% and 95% unfolded at 2 and 4 M GdmCl,
respectively. As we discussed, the sample in the absence of
GdmCl did not exhibit detectable dynamics in our measure-
ment (Figure 3). In contrast, the increase in the GdmCl
concentration caused two significant changes in the correlo-
grams. First, a decay phase with a time constant at
approximately 10 μs was detected for all of the D−D, A−A,
and D−A correlations. Second, another phase was detected in
the time domain shorter than 100 ns. We discuss the two
observations in turn.
First, the new decay phase observed at approximately 10 μs

in all of the correlograms of BdpA in the presence of GdmCl
can be assigned to T1 accumulation. In standard FCS
measurements based on single-color excitation and single-
color detection, a fluorophore in the focus volume repeats the
excitation and emission photocycle between S0 and S1 many
times but occasionally converts from S1 into T1 via intersystem
crossing, causing transient darkening of the fluorophore and a
decay phase in fluorescence correlation curves. The decay
phase was determined based on multiple factors, including the
excitation power, the rate of intersystem crossing, and the
quenching of T1 by molecular oxygen and other quenchers;
however, it appeared at approximately 10 μs. To confirm the
assignment, we examined the laser power dependency of the
correlograms in the presence of 4 M GdmCl (Supporting
Figure S3). The amplitude of the 10 μs phase for the D−D,
A−A, and D−A correlations increased with an increase in the
excitation power. In addition, the time constants became faster
at higher laser intensity (Supporting Table S2). These
observations are consistent with the larger and faster
accumulation of T1 in the absence of the protection agents.
Thus, the phase observed at approximately 10 μs can be
assigned to the T1 accumulation.
The T1 phase was detected in the D−A cross-correlation of

the current measurements based on the single-laser excitation
and two-color detection. This is in contrast to the common
FCS observations based on two-laser excitation and two-color
detection, in which the T1 states of the two fluorophores
accumulate independently and the cross-correlation between
the emissions of the two fluorophores does not exhibit the T1
amplitude. In the current measurements, a photocycle starts
from donor excitation followed by either donor emission or
energy transfer to the acceptor and its emission. The cycle
might be repeated or be occasionally interrupted by the
intersystem crossing from S1 to T1 of the donor, causing a
simultaneous darkening of donor and acceptor fluorophores

and creating the T1 decay phase in the D−A cross-correlation.
The amplitude of the T1 phase in the D−A correlation was less
pronounced in the native state because its higher FRET
efficiency (E = 0.78 at 0 M GdmCl) compared to the unfolded
state (E = 0.53 at 4 M GdmCl)24 reduced the conversion rate
of the donor from S1 to T1.
Second, the new phase was detected in the time domain

from 10 to 100 ns in the correlations detected in the presence
of 4 M GdmCl. While the A−A autocorrelation was noisy, the
D−D autocorrelation and D−A cross-correlation exhibited
decreasing and increasing trends, respectively, in this time
domain, demonstrating anticorrelated changes in the donor
and acceptor fluorescence intensities caused by the changes in
the FRET efficiency. The phase mainly reflects the chain
dynamics of unfolded polypeptides.15,16 The time constant of
the phase obtained based on the global fitting of the
correlation data at 4 M GdmCl was 60 ± 10 ns (Table 1).
The previous single-molecule FRET investigation exhibited
that different molecules of BdpA in its unfolded state exhibit
slightly different FRET efficiencies that are mostly constant
over the observation time of a few milliseconds.7,24 The fast
chain dynamics observed in the current measurements indicate
that each unfolded BdpA having different FRET efficiencies
fluctuates on faster time scales. While less obvious, the
correlograms obtained in the presence of 2 M GdmCl could be
fitted by assuming the chain dynamics phase at a time constant
of 44 ± 8 ns (Table 1). The phase might be assigned to the
chain dynamics of the unfolded state fraction that is present at
∼10% under this solution condition. Further detailed
investigations are required to understand the hierarchy and
apparent heterogeneity in the unfolded state dynamics of
BdpA.

■ CONCLUSIONS
We demonstrated that the use of HPD simplified the detection
system for the two-color FCS and enabled an efficient
utilization of the photon data for the calculation of
correlograms in the time domain longer than a few
nanoseconds. An HPD is a sensitive and high-fidelity
photodetector; however, the output pulses were found to be
contaminated with afterpulses occurring at a very low ratio
(<10−4). We exhibited that afterpulse artifacts can be canceled
by considering noncorrelated scattering and subtracting
scattering data from fluorescence data. While the lower
quantum efficiency of HPDs at longer wavelength regions
degrades the quality of acceptor correlations, the developed

Table 1. Time Constants and Amplitudes Obtained by Fitting the Correlation Data for BdpA in the Presence of Various
Concentrations of GdmCla

[GdmCl] 0 M 2 M 4 M

τCD/ns (C)b D−D 80 ± 10 (0.016 ± 0.003) 44 ± 8 (0.021 ± 0.012) 60 ± 10 (0.12 ± 0.02)
A−A 80 ± 10 (0.13 ± 0.01) 44 ± 8 (0.26 ± 0.02) 60 ± 10 (0.40 ± 0.04)
D−A 80 ± 10 (−0.03 ± 0.02)c 44 ± 8 (−0.14 ± 0.07)c 60 ± 10 (−0.26 ± 0.05)c

τF/μs (F)b D−D 13 ± 1 (0.25 ± 0.01) 9.4 ± 0.5 (0.47 ± 0.01) 8.0 ± 0.6 (0.53 ± 0.02)
A−A 20 ± 3 (0.18 ± 0.02) 18 ± 4 (0.24 ± 0.02) 12 ± 3 (0.39 ± 0.03)
D−A 80 ± 60 (0.16 ± 0.1) 23 ± 20 (0.21 ± 0.09) 11 ± 3 (0.41 ± 0.05)

τD/μs D−D 165 ± 3 210 ± 10 310 ± 30
A−A 230 ± 10 330 ± 30 380 ± 60
D−A 400 ± 100 500 ± 100 500 ± 100

aD−D and A−A autocorrelations and D−A cross-correlation obtained in the presence of various concentrations of GdmCl presented in Figure 4
are globally fitted using eq 2, assuming τCD as the global fitting parameter. Other parameters are assumed to be independent for D−D, A−A, and
D−A. bValues in the parentheses denote the relative amplitudes. cNegative amplitudes denote the increasing phase of the correlogram.
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system, using only one detector for single-color detection,
enables efficient data utilization for two-color ns-FCS. The
system indicated that BdpA in the unfolded state exhibited fast
chain dynamics at a time constant of 60 ± 11 ns. As an HPD
can detect a large number of photons, the system may be
suited for experiments allowing a large photon flux, such as
nanophotonic excitation.34
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