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Abstract—We present a technique that combines the power
of single-molecule spectroscopy to separate subpopulations in a
heterogeneous ensemble with submicrosecond correlation spec-
troscopy based on a Hanbury Brown and Twiss detection scheme.
The use of four detectors allows such measurements to be per-
formed with the spectral separation necessary for Forster reso-
nance energy transfer (FRET), which has become an important tool
to study biomolecular structure and dynamics in single-molecule
experiments. Our approach avoids the common limitations caused
by the dead times of detectors and counting electronics in conven-
tional single-molecule FRET experiments, and thus, allows access
to dynamics down to the picosecond range. We illustrate the tech-
nical aspects of the method with recent measurements of the rapid
chain dynamics in the unfolded state of a small protein.

Index Terms—Fluorescence correlation spectroscopy, Forster
resonance energy transfer (FRET), protein folding, single-molecule
spectroscopy.

1. INTRODUCTION

N RECENT YEARS, single-molecule fluorescence spec-
I troscopy has become a powerful tool for studying a wide
range of molecular systems, especially biomolecules [1]-[3]. In
particular, the measurement of Forster resonance energy transfer
(FRET) [4], [5] between two (or more) fluorophores attached to
different positions in the molecule plays an increasingly promi-
nent role [6]-[10]. FRET allows the measurement of inter- and
intramolecular distances in the range of 1-10 nm. One of the
most powerful aspects of single-molecule FRET has been the
possibility to investigate the properties of subpopulations even
in heterogeneous mixtures of molecules [11] both under equilib-
rium and nonequilibrium conditions, where an ensemble exper-
iment would only yield a transfer efficiency averaged over the
entire population. The most notable examples include measure-
ments on nucleic acids and proteins, the most versatile biological
macromolecules.

The molecular distance information accessible through FRET
experiments is frequently complemented using fluorescence cor-
relation spectroscopy, which provides information about fluctu-
ations in molecular systems. For molecules freely diffusing in
solution, dynamic processes that can be observed range from
the photophysics of the fluorophores to the intramolecular dis-
tance fluctuations and translational diffusion [12]. However,
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timescales in the submicrosecond range are difficult to access
due to limitations of detectors and counting electronics. The
avalanche photodiodes typically used for single-molecule flu-
orescence detection exhibit dead times in the range of 100 ns
following the detection of a photon. Similarly, many counting
cards have dead times of up to a few hundred nanoseconds. As a
consequence, dynamics on these time scales and below are not
accessible. A possibility to avoid these limitations and to access
photon statistics in the nanosecond range and below is to use a
Hanbury Brown and Twiss detection scheme [13]—[20]. In this
case, two detectors are used, one acting as a start and the other as
a stop channel. The photons are distributed statistically between
them using a 50/50 beam splitter, and are used to determine inter-
photon intervals, from which the intensity correlation function
can be determined. However, this type of experiment does not
intrinsically provide the separation of subpopulations in an en-
semble required for the investigation of heterogeneous samples.
Here, we present a method that combines both techniques,
and enables subpopulation separation by single-molecule spec-
troscopy and fast correlation spectroscopy using a Hanbury
Brown and Twiss configuration. Four detectors are used to en-
able the spectral separation necessary for FRET, and correlation
functions are obtained from individual subpopulations by first
sorting the single molecules diffusing through the confocal ob-
servation volume according to their transfer efficiencies. We
recently used this approach for probing the dynamics in the un-
folded state of a small protein (Csp) under conditions where only
part of the population is unfolded [21]. The proteins were labeled
terminally with green fluorescent donor and red fluorescent ac-
ceptor dyes for FRET, and were observed with a confocal micro-
scope while freely diffusing in buffer solution. Our method en-
abled us to measure the rapid fluctuations of the end-to-end dis-
tance in the unfolded polypeptide chain in the nanosecond range,
independent of the signal originating from the subpopulation of
folded protein molecules present in the solution at the same time.
Here, we describe this method in technical detail. It should be
valuable for a wide range of heterogeneous systems, where both
distance information and rapid dynamics are of interest.

II. SEPARATION OF SUBPOPULATIONS USING
SINGLE-MOLECULE FRET SPECTROSCOPY

The basic principle of FRET is illustrated in Fig. 1(a). One
of the two dyes, the donor, is excited by means of resonant
laser light. The donor then either decays to its ground state and
emits a fluorescence photon (rate constant kp), or its excitation
energy is transferred to the other dye, the acceptor, by means of
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Fig. 1. Basic principle of FRET. (a) Donor and acceptor level scheme of
a FRET-coupled dye pair. The donor is excited by resonant laser light (rate
constant k.z). It either decays back to the ground state directly, and a donor
photon is emitted, or the excitation energy is transferred to the acceptor with the
distance-dependent rate constant k (), and an acceptor photon is emitted (rate
constant k4). (b) Protein (Csp) is terminally labeled with donor and acceptor
chromophores. In its folded conformation (left side), the dyes are in close
proximity, and high energy transfer is observed. When the protein is unfolded
(right side), the inter-dye distance is greater on average than in the folded
state, resulting in a lower average transfer efficiency. The instantaneous transfer
efficiency, however, fluctuates (r(¢)) on the same time scale as the end-to-end
distance of the polypeptide chain.
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Fig. 2. Schematic of the instrument used for confocal single-molecule de-

tection and recording of interphoton time correlation functions (see text for
details).

FRET (rate constant k). In the latter case, the acceptor becomes
excited, and acceptor fluorescence is observed as the acceptor
returns to its ground state by spontaneous decay (rate constant
k). According to Forster’s theory [4], the dependence of the
transfer rate kr on the inter-dye distance r can be expressed as
kp(r) = kp(Ro/r)S. (Here, we assume complete orientational
averaging of the dye transition dipoles during the donor-excited
state lifetime.) Ry, the Forster radius of the dye pair, is typically
in the range of a few nanometers.

In the single-molecule FRET experiments (see Fig. 2), the
dye-labeled Csp protein molecules diffuse freely in the solu-
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Fig. 3. Intensity autocorrelation functions of the subpopulations identified
in single-molecule experiments. (a) Transfer efficiency histogram at 1.4 M
GdmCl fit with three peaks (black lines) corresponding to the folded or native
(“N”, high E) and unfolded (“U”, E ~ 0.5) subpopulations, and molecules
lacking an active acceptor (E ~ 0, background shaded in grey). The ranges of
I used for extracting the specific normalized donor and acceptor autocorrelation
functions (b)—(d) gpp and (e)—(g) ga 4 are shaded. Fits to gpp and g4 are
shown. The normalized signal amplitude « for each correlation function is given
relative to the unfolded state (o« = 1). gpp and g4 4 were calculated from the
corresponding interphoton time distributions by using (2) and by correcting
triplet state components (see text for details). Figure is taken from [21].

tion. Occasionally, a protein diffuses through the laser focus
of the confocal microscope, and the emission of a burst of
donor and acceptor photons is recorded by single-photon detec-
tors. The transfer efficiency defined as E = kr/(kp + kp) =
1/[1 — (r/Ry)®] can be determined for each burst as

E=ns/(na+np) (1

from the number np and n4 of the measured donor and ac-
ceptor burst photons, respectively (np and n4 are assumed
to be background-subtracted, corrected for different quantum
yields of the fluorophores and for crosstalk and the different
efficiencies of the detection channels). It is to be noted that
the values obtained for E are time-averaged over all transfer
efficiency changes that occur during the passage through the
confocal volume, e.g., rapid distance changes in the unfolded
state. Fig. 3(a) shows a transfer efficiency histogram obtained
from photon bursts measured at a concentration of 50 pM Csp
in a buffer solution containing 1.5 M of the denaturant guani-
dinium chloride (GdmCl). Three subpopulations are resolved:
folded protein molecules with a transfer efficiency E close to
1, unfolded molecules with E' ~ 0.5, and molecules lacking an
active acceptor chromophore with E' =~ 0 [22], [23]. The sepa-
ration of subpopulations is not perfect, as can be seen from the
empirical distribution functions fit to the three peaks [solid lines
in Fig. 3(a)]. However, the assignment of a protein to one of the
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subpopulations is reliable if the measured transfer efficiency is
restricted to one of the E ranges of the histogram shaded.

The central idea of our method is to generate interphoton time
histograms for each separated subpopulation using the detection
times of the photons that belong to the corresponding photon
bursts. In the limit of short interphoton times (compared to the
mean interphoton time during a burst), these histograms are es-
sentially equivalent to fluorescence correlation functions and,
thus, provide direct information on the rapid FRET dynam-
ics of the dye pairs. For measuring interphoton times shorter
than the dead times of the photon detectors, it is necessary to
employ a Hanbury Brown and Twiss detection scheme. Here,
the photons are randomly distributed between two detectors,
which are connected to the start and stop input channels of
a photon counter. The time intervals between successive pho-
tons detected at the start and the stop channel, respectively, are
measured. The results of our subpopulation-resolved FRET dy-
namics measurements are presented in Fig. 3(b)—(g) as donor
and acceptor fluorescence autocorrelation functions. They will
be discussed following a detailed description of the instrument.

III. INSTRUMENTATION AND MATERIALS

A. Protein Synthesis and Labeling

Csp with Cys residues at positions 2 and 67 were expressed re-
combinantly, purified and labeled as described previously [22],
[24]. In order to exclude potential complications due to pro-
line cis-trans isomerization in Csp, Pro57 had been replaced
with Gly. Dye labeling was carried out by procedures described
by the manufacturer (Invitrogen). Alexa Fluor 488 maleimide
was reacted with the protein, and singly labeled protein was
separated from unlabeled and doubly labeled protein by ion
exchange chromatography (Mono Q HR 5/5, GE Healthcare).
The fractions containing singly labeled Csp, as confirmed by
electrospray ionization mass spectroscopy, were labeled with
Alexa Fluor 594 maleimide. Doubly labeled protein was again
separated from singly labeled protein by ion exchange chro-
matography. All the experiments were performed in aqueous
buffer solutions containing 50-mM sodium phosphate, 0.001%
Tween 20 (to minimize surface adhesion), the concentration of
GdmCl given with the respective measurement, and were ad-
justed individually to pH 7.

B. Confocal Microscope

Single-molecule fluorescence was observed using a Micro-
Time 200 confocal microscope (PicoQuant, Berlin, Germany)
equipped with a CW solid-state diode-pumped laser (Coher-
ent Sapphire 488-200) operating at 488 nm (average radiant
power at the sample: 100 pW), a 1.2 NA, 60 X microscope
objective (Olympus UplanApo 60 x /1.20 W), and a 100 pm
confocal pinhole (see Fig. 2). A dichroic mirror (Chroma
585DCXR) separated the donor and acceptor fluorescence. Sub-
sequently, each fluorescence component was divided randomly
by a 50/50 beam splitter between a pair of two avalanche photo-
diodes (APDs, PerkinElmer Optoelectronics SPCM-AQR-15).
Additional interference filters (Chroma HQ525/50 and Omega

525AFA4S5, respectively, for the donor APDs, Chroma 600HQLP
and HQ640/100, respectively, for the acceptor APDs) completed
spectral separation of the sample fluorescence and served to
suppress the mutual detection of APD breakdown flashes in the
infrared [25].

C. Photon Counting Electronics and Data Acquisition

Each of the two APD pairs was connected to a time-correlated
single-photon counter: the donor detectors to a PicoHarp 300
and the acceptor detectors to a TimeHarp 200 (both PicoQuant).
We denote the two input channels of each card as start and
stop channels. To avoid crosstalk between the two channels at
short time intervals and to simplify data analysis (see below),
electronic time delays At are imposed onto the stop channels.
Attenuating signal inverters were included to meet the input
signal specifications of the photon counters. Where needed, the
transmission lines were terminated with 50-(2 resistors to avoid
signal reflections.

The PicoHarp 300 is a stand-alone device with a USB con-
nection to a PC [28]. Here, we used the time-tagged ‘T2’ mode,
where the two input channels record the incoming photon ar-
rival times independently with a 4-ps time resolution. The arrival
times are stored in a FIFO memory buffer before they are read
out via the USB interface. In our experiment, the PicoHarp 300
recorded the donor photon data. A custom-developed software
(written in C++) scans the incoming photon stream for start—stop
photon pairs with an interphoton time At less than a maximum
value Atp,,x, up to which the interphoton time histograms will
be generated. The arrival times of these photons are stored in
the hard disk. Simultaneously, donor photon counts from both
detectors were combined in 1-ms bins and stored in hard disk
as well. These data will serve to identify the photon bursts orig-
inating from individual molecules. It is to be noted that without
datareduction, i.e., if the arrival time of every single photon was
stored in the hard disk, measurements of 50 h (the integration
time necessary for obtaining the data in Fig. 3) would result in
data file sizes of more than 10 GB, which are still impractical to
process.

The TimeHarp 200 is a PCI-card housed in a PC. Its two
input channels cannot count photons independently as in the
case of the PicoHarp 300, but they are restricted to measuring
the start—stop photon pairs. Upon receipt of a start pulse in
the start channel, the time At is measured until a photon is
detected at the stop channel. We chose to measure At with a
time resolution of 304 ps, resulting in a maximum interphoton
time of Atax = 1.2 us (the TimeHarp 200 provides 4096 time
bins for time-correlated single-photon photon counting). If no
photon is detected at the stop channel during this time interval,
then the card restarts to wait for a start photon. We operated the
card in its “TTTR” mode: The At values are stored together
with the time ¢ of the corresponding start—stop event on hard
disk; ¢ is stored with a 100-ns resolution. In our experiments,
the TimeHarp 200 recorded the acceptor photon data.

Since the TimeHarp 200 records only start—stop photon pairs
with At < Atp,.x and discards all other photons, we employed,
in addition, two counting channels of an NI-6602 PCI card
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Fig. 4. Donor interphoton time histogram obtained from the bursts with
in the range between 0.4 and 0.6, i.e., from unfolded protein molecules. The
experimental data were fit with (2) and (3).

(National Instruments) for combining the acceptor photon
counts in 1-ms bins. Furthermore, the NI-6602 served to syn-
chronize the measurements of all three cards. For this purpose,
one of its digital input/output (I/O) channels (labeled as “sync”
in Fig. 2) generated TTL pulses with 1-s time separation, which
were sent to PicoHarp 300 and the TimeHarp 200. For syn-
chronization purposes, both single-photon counting cards were
equipped with input channels to record time markers. For each
synchronization signal received, a marker record containing the
reception time of the pulse is generated. The marker records are
used during data acquisition to synchronize the 1-ms binning
of donor and acceptor photons. For the later synchronization of
the start—stop events, with the binning data, the marker records
were also saved on the hard disk.

IV. MEASUREMENTS

The acquisition time of the data shown in Fig. 3 was 50 h.
The sample solution was replaced every 10 h to avoid sam-
ple deterioration. After subtracting the background signal from
the millisecond-binned fluorescence data, sequences of adjacent
bins with at least 40 donor or acceptor photons and a combined
total of atleast n 4 + np = 80 photons were identified as signif-
icant bursts. To account for the different quantum yields of the
fluorophores and the different efficiencies of donor and acceptor
photon detection, the donor counts per bin were multiplied by
the correction factor v = 1.25 prior to burst identification (y was
estimated using a sample of known transfer efficiency [23]). An
energy transfer efficiency I was assigned to each identified burst
using (1). Transfer efficiency histograms as shown in Fig. 3(a)
were generated from the E values of all identified bursts.

Finally, we reduced the start—stop data by keeping only those
interphoton intervals that coincide with bursts within a given
range of F in the transfer efficiency histogram [one of the F re-
gions shaded in Fig. 3(a)]. From the At values of the respective
subsets, subpopulation-specific interphoton time distributions
were calculated. Fig. 4 shows the donor interphoton time his-
togram obtained from the bursts with E in the range between 0.4
and 0.6, i.e., from unfolded protein molecules. The distribution
has a sharp minimum at about 500 ns, corresponding to the time
delay Atg imposed onto the stop channel of the donor photon
counter. The relation between the interphoton time distributions

¢;,;(At) and the autocorrelation functions g; (1) withi = D, A,
can to a good approximation, be expressed as

bii(At) = Ae At gy (At — Atyp). )

where A is an overall amplitude, and ¢; ! is the mean photon rate
detected by the APDs during a photon burst. The exponential
decay term describes the decreasing probability for the occur-
rence of longer interphoton times. Apart from this slight overall
exponential decrease (visible at low and high values of At,
Fig. 4), the interphoton distribution is equivalent to the autocor-
relation function g¢;;(7), which is by definition the conditional
probability that a photon is detected at time 7 after the emission
of a photon was observed. This probability is normalized by
the probability to detect a photon at an arbitrary time. Hence,
in the limit of long lag times 7, the correlation function is one,
because then, the two events of detecting the photons become
statistically independent.

V. RESULTS AND DISCUSSION

The gpp(7) contained in the data of Fig. 4 exhibits a drop in
amplitude at 7 = 0. This photon antibunching is characteristic
of individual quantum systems that cannot emit two photons
simultaneously; it decays on the time scale of the fluorescence
lifetime of the dyes [14], i.e., within a few nanoseconds. More
interestingly, pronounced photon bunching—an additional com-
ponent in gpp(7) with positive amplitude—is observed in the
50-ns range. We attribute this photon bunching to the end-to-
end distance dynamics of the unfolded state: if a donor photon is
emitted at ¢ = 0, the chain ends are likely to be far apart at that
instant, corresponding to a low rate of energy transfer kr(r). A
very short time later, the ends will still be far apart, and the like-
lihood of emitting another donor photon will still be increased.
However, at times much greater than the reconfiguration time of
the chain, the molecule will have lost the “memory” of its initial
configuration at ¢ = 0, and the probability of donor emission
will be determined by the average transfer efficiency. In other
words, we expect an increased autocorrelation around ¢ = O that
decays approximately on the time scale of chain reconfiguration.

For a quantitative analysis of the subpopulation-resolved in-
terphoton time distributions, we fit (2) to the data with

—Ir\/ms)

9ii(7) = 9aB(T)9B(T)97(7) = (1 —cape
X (]. +cB 67‘7-‘/7—5)(]_ + cr eflTVTT). (3)

The first two factors in (3), gap(7) and g (7), describe the
photon antibunching component and the bunching component
due to FRET dynamics, respectively. An additional slower com-
ponent with a relaxation time of 7 ~ 3 s was observed in all
data sets, as expected from the triplet state lifetimes of the
chromophores [26]. This component is accounted for by the
third factor g7 (7). We determined the triplet-state correlation
time 77 from independent conventional fluorescence correlation
spectroscopy (FCS) measurements. All other parameters in (2)
and (3) were fit to each of the six interphoton time distributions
obtained from the donor and acceptor photons for each of the
three subpopulations indicated in Fig. 3(a). Subsequently, we
divided the data by Ae~ 2% g1-(At — Aty) for obtaining the
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correlation histograms corrected for triplet state dynamics as
shown in Figs. 3(b)—(g). The values of « in Fig. 3 were calcu-
lated as & = A(1 4 ¢r) and normalized to 1 for the unfolded
subpopulations. It is to be noted that the decay of the correla-
tion function caused by translational diffusion of the molecules
through the confocal volume was neglected in this analysis, be-
cause the corresponding millisecond time scale is outside the
range of interest here.

Figs. 3(b) and (e) display the donor and acceptor autocor-
relation histograms of the protein subpopulation lacking an
active acceptor. gpp(7) lacks a bunching component as ex-
pected in the absence of FRET dynamics. Almost no photons
were detected on the acceptor channels for this population.
The resulting correlation histogram is correspondingly noisy
and makes virtually no contribution to the overall signal. In
contrast, for the unfolded subpopulation, both autocorrelation
functions are well resolved, showing a bunching component
with very similar time constants (donor 75 = 49.2 ns, accep-
tor 7 = 51.6 ns). Under identical conditions, this signal is
absent in stiff polyproline peptides and protein labeled only
with a donor chromophore [21], confirming that the bunch-
ing component in Fig. 3(c) and (f) is indeed due to the chain
dynamics of the unfolded protein. The acceptor autocorrela-
tion function g4 4(7) of the folded subpopulation also shows
a weak bunching component [Fig. 3(d)]. This might be due to
the imperfect separation of subpopulations [Fig. 3(a)], but the
slower relaxation compared to the unfolded state (75 = 67.2 ns)
could indicate an additional contribution from interactions of
the chromophores with their specific environment in the folded
state [21].

In summary, we have developed a method to measure the
rapid distance dynamics of specific subpopulations present in an
inhomogeneous ensemble of molecules via fluctuations in the
transfer efficiency between two chromophores. The approach
of combining the capability of single-molecule spectroscopy
to separate subpopulations with the high time resolution of
a Hanbury Brown and Twiss detection scheme should be ap-
plicable to a broad range of molecular systems, and will gain
increasing popularity with the availability of latest generation
counting cards [27], [28].
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