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ABSTRACT: Single-molecule fluorescence experiments allow
monitoring of the structural change and dynamics of a single
biomolecule in real time using dye molecules attached to the
molecule. Often, the molecules are immobilized on the surface to
observe a longer molecular dynamics, yet the finite photon budget
available from an individual dye molecule before photobleaching
sets the limit to the relatively poor signal-to-noise level. To increase
the accuracy of these single-molecule experiments, it is necessary to
study the cause of noise in the fluorescence signal from the single
molecules. To find the origin of this noise, the lifetime of the
fluorescent dye molecules labeled on surface-immobilized DNA
was measured by using time-correlation single photon counting.
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The standard deviation of the fluorescence lifetimes obtained from repeated measurements of a single dye molecule with the total
photon number N decreased as 1/+/N, thus following a shot noise of the Poisson statistics. On the other hand, an additional
constant noise source, which is independent of the photon number, was observed from the lifetime uncertainties from many
molecules and became more dominant after a certain photon number N. This trend was also followed in the uncertainties of the
single-molecule FRET signals obtained from single and many molecules. This additional noise is considered to come from the
inhomogeneous environment of each DNA immobilized on the surface.

1. INTRODUCTION

Single-molecule fluorescence resonance energy transfer
(smFRET) is an experimental tool that can accurately measure
the distance between two fluorescent dye molecules, called a
donor and an acceptor, attached to a DNA or a protein
immobilized on the surface." It has been used to study various
biological processes such as DNA—protein interaction,”
protein—protein interaction,” and conformation changes of
the DNA or the protein.” However, a rather broad distribution
over that from shot noise of fluorescent photons in the
smFRET histogram of an ensemble of the biomolecules has
been a major obstacle to accurately determine the distance
between two fluorescent dye molecules.

Several factors have been suggested as the causes of this
noise. Chung et al. investigated the GB1 protein undergoing
folding/unfolding transitions and found the width of the peak
in the FRET histogram over that of the shot noise was mainly
caused by the photophysics of the acceptor due to the local
environment around which the molecules were immobilized.”
Holden et al. used double-stranded DNAs (dsDNAs) with
varying distances between the donor and the acceptor to
investigate the width change of the FRET histogram.’ The
noise of the FRET histogram of the single molecule followed
the shot noise, but the noise was found to be much larger for
an ensemble of the molecules. By considering the factors that
can contribute to this noise from the ensemble, it was
suggested that intermolecular heterogeneity due to the local
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environment has a significant effect on the broadening of
FRET histograms. However, smFRET determined by the
fluorescence intensities of the donor and the acceptor dyes can
change with the collection efficiency of the setup as well as the
photophysics of the dyes. Therefore, an alternative experiment
that can better probe the photophysics change of the dye can
be considered to find the source of the noise.

Here, we designed a single-molecule assay based on the
fluorescence lifetime measurement by using time-correlated
single photon counting (TCSPC) to quantify the noises. In
contrast to the fluorescence intensities as well as the FRET
efficiencies calculated afterward, the fluorescence decay
lifetime of the dye molecule is a sensitive indicator of the
local environment of the individual molecules.” Individual
photon-arrival times were measured repeatedly to build the
fluorescence intensity trace as well as the fluorescence lifetime
trace from a single dye molecule attached to an immobilized
DNA (single case) and from many identical molecules at
different positions (ensemble case). The DNA—dye construct
chosen has no stable isomer form, so that a stable FRET value
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(~0.57) was expected due to the averaging out of the fast
intra-molecular motion of single-stranded DNA (ssDNA) even
at the shortest time bin used in the study (30 ms).” A larger
standard deviation of the intensity-based FRET efficiencies was
observed from the ensemble case compared to that of the
single case. Interestingly, the standard deviations of the
fluorescence decay lifetimes in both single and ensemble
cases showed a behavior similar to the intensity-based FRET
efficiency distributions. Introduction of an additional noise that
is independent of the shot noise can account for these
behaviors in the ensemble cases, and these results strongly
indicate that the local environment (heterogeneous environ-
ment of individual molecules on the surface) is the major
source of the noise of the photophysical properties of single
dye molecules including smFRET.

2. THEORY

2.1. Relation between the FRET Efficiency and the
Acceptor Fluorescence Lifetime. Among many possible
sources of the FRET efficiency distribution,® acceptor
photophysics (coupling to the environment, photobleaching,
and photoblinking) may play an important role in the FRET
heterogeneity. As the fluorescence lifetime is directly
influenced by the dye photophysics, the fluorescence lifetime
of the Cy5 molecule immobilized on the glass surface via
dsDNA with the ssDNA overhang was measured (for the
“single case” measurement), and the standard deviation of the
fluorescence lifetimes of CyS at different positions was also
measured (for the “ensemble case” measurement) while
varying the photon numbers in both cases.

The relationship between the FRET efficiency and the
acceptor lifetime derived by Chung et al. is shown below.” The
FRET efficiency E = N,/(N, + Np) (where N, and Ny, are the
number of the acceptor and the donor photons, respectively)
should be corrected by the quantum yields of the donor (¢p)
and the acceptor (¢,) and the detector sensitivities in the
donor (17p) and acceptor () channels. Using y = (17,/
1p) (@a/®p) = ¥ (9a/@p), the true FRET efficiency E, can be

written as
-1
(pAN D
(pDNA

where ¥’ is the ratio of the detector sensitivities 77p/7],.

By incorporating ¢, into R, using RS = ¢p(R))® and
rearranging, the relation between the apparent FRET efliciency
E and the true FRET efficiency E, can be shown as below.

T I el
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Then, the relation between the acceptor lifetime and E was
obtained from eq 2 as

611
+ TA,rad i/ (L/]

7 V'R, (3)
Here, the quantum yield of the acceptor is ¢, = k29/ (kR4 +
kiad)) where ki and k3™ are radiative and nonradiative decay
nrad

rates, respectively. However, both the k¥¢ and the kY
determine the quantum efliciency, and the nonradiative

Etz[lﬂ/ ()
1

—1

E =

E=]|1

1161

decay rate is a factor that is sensitively affected by the local
chemical environment surrounding the dye molecule. As the
radiative fluorescence lifetime is expressed as 7, = 1/k3¢ and
the measured fluorescence lifetime is 1/(k%¢ + ki™9), the
quantum yield of the acceptor can be expressed as the ratio of
the measured and radiative fluorescence lifetime, @, = 7,/
TA,rad'b

2.2. Standard Deviation of the Fluorescence Lifetime.
Kollner and Wolfrum first investigated the signal-to-noise ratio
in the time-domain fluorescence lifetime measurements (such
as TCSPC) and calculated the standard deviation when the
fluorescence decay is in the form of a simple single
exponential.” If the background-free single exponential
fluorescence decay lifetime is 7, the probability p; to detect a
photon in the ith time channel is

p= /A, d(t)dt @

where A, is the time interval for the ith channel and d(t) is the
probability density of a single exponential decay curve
normalized to the width T of the measurement window.

1 1
d(z, T, t) = —exp(—t/71)————
P 1 —exp(—T/7) (s)
Then, the probability p; is
iT/k
(z, T, t) = d(z, T, t)dt
pe T 0= [ d@ Ty
k-1
= exp(—ir/k)ieXp(r/ )
1 — exp(—r) (6)

where the channel is from 1 to k and r = T/t is the ratio of the
lifetime and the measurement window T. The variance of the
fluorescence lifetime can be calculated as

2 1,k
o, (7, T, k) = —7"—[1 — exp(—r)]
N r

-1

exp( )11 — exp(—r)] @
r 2 B exp(r) — 1
[e"P(;) - 1]
(7)
This can be rewritten as
2 _ 1,
on(z, T, k) = N’l’ o, (7, k) ()

where 67(7,k) denotes the rest of the factors in eq 8. In the
typical case of T = 16 ns (40 MHz laser repetition rate) and 7
~2ns,'"" T/t = r ~ 8 and 62(7,k) ~ 1.00 from eq 8, and the
lifetime standard deviation o, y, can be written as

T
YN )

2.3. Relation between the smFRET Standard Devia-
tion and Fluorescence Lifetime Standard Deviation.
The shot noise-driven uncertainty of the measured FRET data

can be described as follows."'
E(1-E) _ EJ(1-E)

UE,NA=\/ \/ NJE NiA

O N, =

E(1-E) _
N, + Np

(10)
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Both op and 6y, in eq 9 are proportional to 1/,/N, and are
related as follows.

3 E(1 —E)

Op N, = O N,

(11)

Thus, the standard deviation in smFRET and in the
(acceptor) fluorescence lifetime can be compared directly

with a proportionality factor E /(1 — E) /z,.

In actual time-domain experiments, the standard deviation in
the fluorescence lifetime (o) still follows 1/,/N, but has a

value larger than o,y in eq 9."°”'* For example, in the case of

Ta

hexaphenylbenzene-perylenemonoimide with a mean fluores-
cence lifetime 7 ~ 4.53 ns, the lifetime standard deviation was
reported to be 6, ~ 0.36 ns when the mean photon number N
= 1000, 2.5 times larger than the expected value of o, ~ 0.14 ns
in eq 9."> A figure of merit F was introduced that compares the
accuracy of the fluorescence lifetime in TCSPC or fluorescence
lifetime imaging from the experiment (o,,) with o,y in eq
91213

P % _ %
on W/ AN (12)
and eq 11 is changed as follows.
o,y =F TiAG
7,N, Em E,N, (13)

All the equations above represent only the ideal case in
which noise sources other than the shot noise are not
considered. In the presence of additional noise, the standard
deviation (total noise) can be expressed as

\/(shot noise)” + (additional noise)*, and eqs 10 and 12 are
6,16

re-expressed as follows.

_ 2 L2
OF,tot = 4/OE,N, T OE,add
_ [2 2
- GT,NA + G‘r,add (15)

where 0p,4q9 and 0,49 are additional noises other than shot
noise for FRET and fluorescence lifetime, respectively. Finally,
the relationship between og,, and 0, considering the
additional noise is as follows.

(14)

O tot

2

2 2 2
JE,tot GE, add Gr,tot 6‘[, add
2

OE,N,

(16)

G‘L’,NA

3. SAMPLE AND METHODS

3.1. DNA Samples. Cy3 and CyS dye molecules are
attached to the DNA as shown in Figure la. The same sample
(DNAL) is used in both smFRET and the fluorescence lifetime
experiments. Cy3 and CyS are 16 poly-thymine separations
(dT16-Cy3-dT43) apart, and the whole sequence including
the dsDNA part is as shown below:

Ist Strand: S'-TTT TTT TTT TTT TTT TTT TTT TTT
TTT TTT TTT TTT TTT TTT T/Cy3/TTT TTT TTT
TTT TTT TTG GCG ACG GCA GCG AGG C-3’

2nd Strand: 3’-/CyS/-ACC GCT GTG CCG TCG CTC
CG-biotin-5’

1162
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P\ Y &
[ Quartzslide |

Figure 1. (a) Schematic of an immobilized DNA with Cy3 and CyS
dyes. (b) Scanned sample image. The image size is 25 X 25 gm (50 X
S0 pixels).

The conformation change of ssDNA has been shown to be
very fast such that the FRET measured with the similar
construct (CyS labeled on a dsDNA/ssDNA junction and Cy3
labeled at the end of the ssDNA overhang) showed a stable
FRET value even over a very short time bin (30—100 ms).>"
With the stable, averaged FRET value as above, our construct
is ideally suited to find the cause of the broadening of the
FRET values by the environment.

The same DNA as above but without Cy3 labeling (DNA2)
was also investigated for comparison. For stable and specific
immobilization of the DNA to a glass slide or a coverslip,
biotinylated bovine serum albumin (BSA-biotin) was first
introduced to cover the quartz slide surfaces onto which the
biotinylated DNA molecules bind through a streptavidin
protein (Figure 1a). The buffer solution consisted of 10 mM
Tris-HCl, 50 mM NaCl, 1 mg/mL glucose oxidase (Sigma),
0.8% (w/v) dextrose (Sigma), 0.04 mg/mL catalase (Sigma),
and 2 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid.

3.2. Confocal Microscopy Setup for the TCSPC
Measurement. The output from the 635 nm pulsed diode
laser (50 ps, SO MHz, Becker & Hickl BHL-600) is sent to the
microscope (IX71, OLYMPUS) objective lens (UplanSApo
60X, NA 1.2, water immersion, OLYMPUS) to excite the
immobilized Cy5 dye molecules. The emitted fluorescence
light from the CyS molecule was collected by the same
objective lens and passed through a dichroic mirror (XF-2070-
650 DRLP, OMEGA) and a bandpass filter (685/40-2S,
SEMROCK FFO01). Then, the emitted light was focused and
coupled onto a multimode optical fiber (62.5 ym diameter)
used as a confocal pinhole. The photons passed through the
fiber are then detected by an avalanche photodiode
(PerkinElmer, SPCM-AQC) and the photon arrival time is
recorded and processed by a TCSPC module (PicoQuant,
PicoHarp 300) for the fluorescence lifetime measurement.

3.3. Data Acquisition in the TCSPC Measurement. The
sample (immobilized dsDNA with Cy3 and CyS labeling) was
scanned using an xy piezo stage (01330, Mad City Labs)
typically with an image of 50 X S0 pixels scanning 25 pm X 25
pum and the acquisition time at each pixel of 10 ms. The signal
to background ratio estimated by measuring the number of
fluorescent photons at the position of CyS and measuring the
background photons away from the dye position was ~6. After
scanning, the position information of the CyS-labeled DNA
was determined by finding the local intensity maximum, and
data from each molecule’s position were obtained by using

https://doi.org/10.1021/acs.jpcb.1c08621
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Figure 2. Intensity fluctuation of a CyS molecule (single case). (a) Fluorescence photon time trace from a single CyS molecule. The bin time was
1.3 ms. (b) Histogram from the above time trace (1.3 ms bin time) with the Gaussian fit to the histogram. (c) Standard deviation values from the
histogram (b) vs the bin time (photon number). DNA1 (Allan deviation: open blue squares, simple standard deviation: filled blue squares) was
labeled by both Cy3 and CyS. DNA2 (Allan deviation: open red circles, simple standard deviation: filled red circles) was labeled by only CyS. The

blue dashed line is the fitting for DNAL with o = J0.095N™" + (0.64)*, and the red dashed line is the fitting for DNA2 with

01 ot = YO.OIONT" + (0.18).

PicoHarp 300 in time-tagged time-resolved (TTTR) mode
with a 4 ps resolution. At the largest, more than 300,000
photons were collected for 30 s before the CyS molecule is
photobleached. The fluorescence decay lifetime of the
individual dye molecule was determined by fitting the
TCSPC histogram obtained from the TTTR mode with a
single exponential function.

In the ensemble case, we selected 100 molecules that did not
photobleach during 30 s of excitation. The TTTR trace from
each molecule was then truncated such that each trace contains
the same number of photons for further analysis. The
truncated TTTR trace was used to build a lifetime decay
curve for each molecule. A custom-written Matlab program
was then used to fit the lifetime decay curve with a single
exponential function to get the lifetime values. The standard
deviation of the fluorescence lifetime was calculated as

1 & X
o, = \/EAE (74 = (7))

(17)

where (7,) is the average acceptor fluorescence lifetime, 7,; is
the acceptor lifetime in each data point, and N, is the number
of molecules.

In the single case, we selected a TTTR trace of a single
molecule and fragmentized the trace into multiple short traces,
each containing the same number of photons. For example, a
TTTR trace containing 300,000 photons can be divided into
1000-photon traces to get ~300 number of data or into 10,000
photons to get 30 data. From each fragment, the fluorescence
decay lifetime was determined, and the standard deviation of
the lifetime was calculated from the collection of all the
fragments driven from the single molecule. By increasing the
photon number in the above analysis, the standard deviation
(of the fluorescence decay lifetime) versus photon number was
determined.

3.4. smFRET Measurement. For the FRET measurement,
a Pelin-Broca prism was mounted on top of a sample chamber,
and the 532 nm green laser (frequency-doubled Nd:YAG,
CrystaLaser) sent through the prism sidewall was totally

1163

internally reflected from the inner wall of the channel to excite
the Cy5 molecules. The fluorescence signals from Cy3 and
CyS collected by the same objective lens (Olympus, NA 1.2
water immersion) were spectrally separated by a dichroic
mirror (XF-2021-630 DRLP, Omega Optical) and imaged on
the electron-multiplying charge-coupled device (EMCCD)
(iXon DV887, Andor technology) for widefield FRET
measurement. Fluorescence intensity time traces for donor
and acceptor molecules were extracted from the CCD images
with a time resolution of 30 ms, and FRET values were
obtained from these two fluorescence intensities. Data were
processed by homebuilt software written in Visual C++, IDL,
and Matlab.”

4. RESULTS AND DISCUSSION

4.1. Noise in the Single-Molecule Fluorescence Time
Trace. For a quantitative analysis of the noise in the
fluorescence signal, we prepared a DNA labeled with Cy3
and CyS dyes (DNA1) and only with a CyS dye (DNA2) on a
quartz slide glass and measured the intensity fluctuation from
the individual DNA molecules with increasing bin time (by
merging adjacent time bins).

Shown in Figure 2a is a fluorescence intensity time trace
from a single DNA molecule with a bin time of 1.3 ms. The
intensity histogram of the time bins in the time trace showed a
broad distribution (Figure 2b). Standard deviations of the
photon-time trace were calculated at different bin times
(Figure 2c, reds). The standard deviations can be fitted with

6; = VaN~" + b*. The standard deviation values followed the

theoretical line of 1/+/N, showing that the fluctuation is
mainly due to shot noise. A slight deviation is observed in the
longer time sale, implying a contribution from a noise source
independent of the photon numbers. Slow variations in
settings including laser power, sample stage drift, room
temperature, and detector (APD) efficiency can cause such
an extra noise. To check for the possibility of extra noise by
slow intensity change, we also examined the data with Allan
deviation (ADEV),"” another widely used measure of the time-
dependent fluctuation

https://doi.org/10.1021/acs.jpcb.1c08621
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1 case, the standard deviation of the fluorescence lifetime

oxp(E) = <(Ei+1 - Ei)2>l/2

V2 (18)
where i is an index following a data point in the time series. 6,
is only sensitive to noise sources on the integrated time scale of
measurements. In other words, it is only sensitive to sources of
noise within bin time or bin photon numbers but insensitive to
the slow variation of the signal. Figure 2c shows that the STD
values (filled blue squares and red circles) are almost the same
as the ADEV values (blue squares and red circles), indicating
that slow fluorescence change does not contribute much to the
noise. Thus, the constant noise source, b, which was only
noticeable at a higher photon number was likely from an
electronic or mechanical noise of the measurement system,
which is independent of the fluorescence signal. This noise
source sets the ultimate limit of the detection accuracy of the
measurement system.

4.2, Single-Molecule Fluorescence Lifetime Measure-
ment and the Heterogeneity. The fluorescence lifetime
changes sensitively by the photophysical changes caused by the
environment but not by the experimental setup such as the
laser intensity or the detection efficiency. Therefore, the
fluorescence lifetime is a sensitive indicator of the local
environments of individual dye molecules. The fluorescence
from CyS dyes was measured by TCSPC as shown in Figure 3a

'fa)
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3 X DNA1

N 0.5 (C) O single case

E N - B ensemble case
5 DNA2
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Figure 3. Comparison between the single and the ensemble cases
(fluorescence lifetime measurement). (a) Fluorescence decay lifetime
graph when the bin photon numbers are 5000 (light gray) and 50,000
(black). Red lines show the instrumental response function (IRF)
obtained from scattered pump light. (b) Histogram of the
fluorescence lifetime (DNA2). The light (dark) gray histogram is
for the bin photon number 1000 (10,000). The mean lifetime of the
CyS dye is Ty_jo00 = 1.75 & 0.11 ns and Ty_;gp00 = 1.75 + 0.21 ns. (c)
Standard deviation vs. photon number: single case: DNAIL: open
(closed) blue squares are for single (ensemble) cases. DNA2: open
(closed) red circles are for single (ensemble) cases. The blue line is
the fitting for single DNAI data with ¢, = 7.12N"%%, and the red line
is the fitting for single DNA2 data with 6, = 6.1SN"°°. The blue
dashed line is the fitting for ensemble DNA1 data with

O, tor = \/ 57.66N"" + (0.093)*, and the red dashed line is the fitting
= /39.70N"" + (0.072)

for ensemble DNA2 data with o

T,tot

following eq 1S.

to yield a lifetime histogram (at a certain photon number N) as
shown in Figure 3b. The standard deviation from eq 17 was
then determined by varying the bin time (photon number) for
a single CyS dye and for many dyes immobilized at different
positions for both DNA1 and DNA2 (Figure 3c). In the single

1164

decreased as 1/+/N.

In the ensemble case, the standard deviation value decreased
as 1/+/N when the photon number was small (<10*) and then
became constant (DNA1 ~ 0.093, DNA2 ~ 0.072) for large
photon numbers (>10%). It is thought that the difference
between the single and the ensemble cases is due to the
different local environment or the position where the DNA is
localized, depending on the location of the molecules.

4.3. Single Molecule FRET Measurement and the
Heterogeneity. The smFRET was then measured by varying
the bin time to find the origin of the smFRET noise.” Starting
from the smFRET time trace in Figure 4a, the smFRET

0.8Ha) 1 o4
. 08 M"W"WNVM\V ' m ensemble
& 04p 1 O single(ADEV)
w ool single(STD)

0.0 L

0 2 4 6 8 10
Time (s) &
® .
% 200 (b)
£ 150¢ 0.01}
E100f
o 1 1
3 52 | 100 1000
£ .
3 04 05 06 07 08 Bin photon number
FRET

Figure 4. Comparison between the single and the ensemble cases
(single-molecule FRET). (a) Single-molecule FRET time trace with a
30 ms bin time. (b) FRET histogram from (a). (c) Standard deviation
from the FRET histogram vs bin time: single (Allan deviation): blue
open squares, single (standard deviation): orange crosses, ensemble:
filled blue squares. The blue line is the fitting for single (Allan
deviation) data with 65 = 0.43N7%%. The red dashed line is the fitting

for ensemble DNA1l data with og,, = JO.ISN™" + (0.031)

following eq 14.

histogram obtained as shown in Figure 4b yielded a standard
deviation (ogy,) for that bin time (photon number). This

measurement then was repeated for different bin times for the
single and the ensemble cases as shown in Figure 4c. The
single case was well fit with 6; = 0.43N"%%, This agrees with oy,
~1/~/N and shows that the shot noise is the main cause of the
FRET noise. The small deviation from 1/+/N even when
calculated as the Allan deviation indicates that this additional
noise is not due to slow variation but has other sources. The
slope measured was 0.43, whereas the expected value from eq
10 at E ~ 0.57 was ~0.37. This means that there is an
additional noise besides the photon shot noise that also
changes as 1/+/N, which is probably related to the electronic
shot noise of the EMCCD. Unlike the single case, the
ensemble case FRET standard deviation has a constant
background of about 0.031. These results show a trend similar
to the fluorescence lifetime from TCSPC, shown in Figure 3c.
Figure 4c also shows that the standard deviation for the single
cases tends to deviate from 1/+/N for large bin photon
numbers (>1000), with the STD values (orange crosses)
slightly higher than the ADEV values (open blue squares).
This phenomenon is related to the single-molecule time traces
shown by Holden and Kapanidis.” After analyzing over 600
FRET time traces, they found that ~58 molecules showed the
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Figure 5. (a) CCD image of the smFRET from immobilized DNA molecules. The center of the concentric circles is the center axis of the
microscope. (b) 0, from three regions are compared. The number of photons was ~1000.

slow intensity fluctuation of the acceptor CyS. Similarly, for
Figure 4c, the slow intensity fluctuation of the CyS intensity
makes the STD values larger than ADEV values as well as the
shot noise at large bin photon numbers (>1000). In summary,
a small part of the noise comes from the slow CyS intensity
fluctuation. However, most of the noise from the ensemble
case (filled blue squares) originates from spatial inhomoge-
neity.

The relation between o6y, and o, expressed as eq 16
shows a correlation between the two uncertainties at different
photon numbers. A direct comparison of the measured data
sets from smFRET and TCSPC experiments is, however,
limited within a very narrow overlapping window of the
measured bin photon number ranges of the two data sets. This
is because experiments were conducted in different bin photon
number ranges as the minimum detection limits between
TCSPC and smFRET were intrinsically different (determi-
nation of the fluorescence lifetime with TCSPC required at
least 1000 photons). The fluorescence lifetime and the FRET
were determined with the same bin photon number only at N,
~ 1000 and therefore used to check the validity of eq 16. In
the case of DNAL, E ~ 0.57, 74, ~ 2.05 ns, F ~ 3.27, o,, ~ 0.26,

Orada ~ 0.093, 06pa9q ~ 0.031. From these numbers, the
expected Ogy, value was 0.034, almost identical to the
experimentally obtained value of o, ~ 0.033 (Figure 3c).

Optical aberration can be proposed as an origin of the
position-dependent noise. In the smFRET measurement, we
used EMCCD to detect and collect the photons in the donor
and the acceptor channels. The optical aberration effect causes
the center area of the EMCCD image to be well focused, while
the periphery areas may not be well focused and have
distortions. To check for this effect on the FRET noise, FRET
standard deviation was compared from three different areas of
the EMCCD image as shown in Figure 5a.

In Figure Sa, the first area is 95 pixels from the center, the
second area is from 95 pixels to 191 pixels, and the third area is
from 191 pixels to 286 pixels. FRET efficiency standard
deviations oy in these three areas in both single and ensemble
cases are almost similar (Figure Sb), demonstrating that the
aberration does not cause a serious distortion and noise in our
setup.
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5. DISCUSSION

Intensity fluctuation in photon time trace vs. photon number N

as shown in Figure 2c¢ followed 1/+/N. The Cy$ fluorescence
decay lifetime was then investigated by using@@@ TCSPC.
The standard deviation values o,,, were obtained for single
dye molecules and for ensemble of molecules by varying the

photon number N. The single case (Figure 3c) followed 1/ JN
. The ensemble case at first decreased with N but leveled off at
G.tor ~ 0.1 at a photon number ~10* demonstrating that the
dye molecule’s fluorescence lifetime is sensitive to changes in
the local environment.

Our smFRET experiment showed a similar trend with the
earlier report on the smFRET experiment.® In the single case,
the standard deviation of the FRET value followed Poisson
statistics, and for the ensemble case, o5, had a constant value
of 0.031 at a large bin photon number (above 1000).
Interestingly, the trend followed through the fluorescence
decay lifetime (by TCSPC experiment) showed the same
tendency as 0y, from the smFRET. These results show that
among the four factors proposed by Holden and Kapanidis,
intermolecular heterogeneity is the major factor.

Interesting facts were observed from the heterogeneities of
the two samples, DNA1 and DNA2. Both the fluorescence
intensity and the decay lifetime results showed a standard
deviation value of DNAI (o7 = 0.31N™%5, 6, = 7.12 X N %)
greater than that of DNA2 (o; = 0.14N"%5, 6, = 6.15 X N™%%).
The difference between the two DNAs is the existence of Cy3,
indicating that Cy3 has an effect on the photophysics of CyS
even when it is not excited by a light source. Similarly,
smFRET experiments by ALEX (alternating laser excitation)
reported that the intensity fluctuation of the acceptor is
affected by the proximity of the donor.'®"’

In the protein folding and unfolding investigated by Chung
et al,’ the width of the FRET histogram, which is broader than
the shot noise limit, was caused by the cupric ions used to
immobilize the protein and labeled Cy3. However, no metal
ion that can possibly work as a quencher was used in our
experimental condition, indicating that there is a rather general
cause of the broadening in the ensemble case. The weak
interaction between the base pair of dsDNA and the dye is also
a factor’®** due to the possible fluctuation of the DNA
structure.”” However, this does not explain why the broad-
ening effect was observed only in the ensemble case.
Therefore, we added the additional noise independent of the
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shot noise (oy). The two noises are expected to contribute as
0%y = Ok + 0244, and indeed, the standard deviations from the
ensemble cases (Figures 3c and 4c) were fitted very well by the
above equation. Heterogeneity in the surface attachment
geometry (Figure 1a) is partially responsible for this additional
noise in the ensemble case. The biotinylated BSA proteins
adsorbed to the surface are likely to be randomly oriented and
have a diameter of ~7 nm,”* comparable in size to the double-
strand portion of our DNA construct. The streptavidin (size
~S5 nm) used for the immobilization of the biotinylated DNA
to the BSA-covered quartz surface has four biotin binding
pockets, giving three different surface attachment config-
urations. These molecules on a quartz substrate (also having a
roughness > 4/20 ~ 30 nm) would contribute to the
inhomogeneity of the DNA construct upon which CyS is
attached and will affect the large standard deviation seen in the
ensemble case. Therefore, some DNA molecules may
experience a different local environment such as the distance
from the quartz surface or spatial confinement by the
neighboring proteins. To avoid surface immobilization, Wilson
and Wang performed tether-free smFRET measurements
through the anti-Brownian electro kinetic (ABEL) trap
method. They prepared 11bp dsDNA labeled with Cy3 and
CyS, obtained smFRET traces of 226 molecules, and drew an
ensemble case histogram. The width of the FRET histogram is
reduced markedly, and the standard deviation value tended to
follow the shot noise similar to the single case.”® This report
demonstrated that the standard deviation in the histogram is
mostly due to the inhomogeneous environment. Altogether,
these growing pieces of evidence suggest that immobilizing the
DNA to the surface is the main cause in the single-molecule
fluorescence measurement.

6. CONCLUSIONS

The origin of the noise of the histogram in single-molecule
FRET was investigated by using a DNA-—dye construct
immobilized on a glass substrate. Dye (CyS) photophysics
was found to play an important role, which is influenced by the
environment where the DNA is immobilized, or a presence of
Cy3 labeled together. The fluorescence lifetime of CyS was
measured by TCSPC in single and ensemble cases, and it was
found that the lifetime noise in the single case followed the
shot noise, while the ensemble case had a higher standard
deviation value than the single case. In the ensemble case, it
was found that not only the shot noise but also additional noise
independent of the shot noise existed in smFRET as well. The
presence of this additional noise in both smFRET and TCSPC
indicated that it is mainly caused by the local environment
where DNA is immobilized. The DNA labeled with both Cy3
and CyS had greater noise than the DNA labeled with only
CyS. The optical aberration was not a critical factor in the
heterogeneity. This study examined the origin of the
measurement limits for a typical single-molecule experiment
and would help to better design the single-molecule experi-
ment.
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