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Abstract
of a molecule by detecting the transfer efficiency of fluorescence energy between donor and acceptor fluorescence inside a single

Single molecule fluorescence resonance energy transfer (smFRET) is a technique used to study the conformational change

molecule. However, to obtain the information of these biological macromolecules, the statistical analysis of a large number of single
molecular signals is required. Manual analysis is time-consuming and laborious and lacks objectivity and reproducibility. Therefore, the
wavelet transform and rolling ball algorithms are applied to smFRET images to analyze single molecule signals. Based on the accurate
detection of single molecule signals, we analyzed the linearity of the images processed by the rolling ball and wavelet transform
algorithms. The results show that the two methods can not only remove the background noise of smFRET images but also maintain the
linearity of single molecule fluorescence signals. At the end of this paper, we draw a statistics histogram of 15 bp DNA FRET

efficiency and calculated the FRET efficiency value using rolling ball algorithm processing.
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Single molecule fluorescence resonance energy
transfer (SmFRET) is a technique used to study the
conformational change of a molecule by detecting the
transfer efficiency of fluorescence energy between
donor and acceptor fluorescence inside a single
molecule. By marking the dye on the biological
molecules to be studied and then fixing the biological
molecules to a glass or quartz surface, the single
molecule fluorescence image can be captured by total
internal reflection fluorescence microscopy (TIRFM).
Through the analysis of single-molecule fluorescence
images, we can gather information about the folding
and conformational changes of proteins!, RNA folding
and catalysis”?, the motion and signal transduction of
membrane fusion proteins and actins*®, ezc.

However, to obtain the information of these
biological macromolecules, the statistical analysis of a
large number of single molecular signals is required.
Manual analysis is time-consuming and laborious and
lacks objectivity and reproducibility. Therefore, it is

necessary to apply automatic image processing
algorithms to analyze the single molecule signals. We
are apt to control the concentration of biological
molecules in a sample to prevent its density from being
too high so that many algorithms can detect these
single-molecular  signals  accurately. = However,
single-molecule signal is comparatively weak and
easily susceptible to background noise. Accordingly,
what we need is an algorithm to remove background
noise as well as maintain the linearity of the
fluorescence intensity of a single-molecule signal. A
traditional way used for background removal is to
select a background region in the image and then use

the region’s average intensity values as background
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value. The fluorescence intensity of a single molecule
of an image is corrected by subtracting the background
value. Although the method is simple, there are some
problems: first, under the influence of subjective
factors, the selection of different background regions
leads to different results; secondly, the background
value of the same region fluctuates at different times
due to time series imaging; thirdly, it may result in
incorrect analytical results on the condition that a
signal in the
background region. Therefore, we attempt to remove

occurred at some time selected
background noise by applying some image processing
algorithms.

The rolling-ball algorithm, based on morphology
analysis, to remove background is put forward . It
constructs a three-dimensional contour diagram with
each image pixel coordinate and gray value. Then, a
small ball is used to roll along the contour, on the
condition that the radius of the ball is larger than that
of the signal; in this way, the background can be
removed as the ball rolls up and down, and the signal
is simultaneously retained. Wavelet transform method,
which is based on multi-resolution analysis, was used
to remove background . Through applying & trous
wavelet transform to the image, the image was
decomposed into wavelet coefficients of different
these wavelet

frequency. Then, we calculated

coefficients to remove background noise and
reconstruct the image with these wavelet coefficients.
Together, the rolling ball and wavelet transform
algorithms remove background related to morphology
and multi-resolution analysis, respectively; these
algorithms are used in many articles to remove the
background noise and extract useful information from
biological fluorescence images “'?. However, when
processing smFRET images, we pay attention not only
to the detection accuracy of single molecule signals but
also to the linearity of the single molecule signals after
image processing because there would be errors in
smFRET image quantitative analysis if the linearity is
damaged. In this paper, based on the accurate detection
of single molecule signals, we analyzed the linearity of
the images processed by the rolling ball and wavelet
transform algorithms. The results show that the two
methods can not only remove the background noise of
smFRET images but also maintain the linearity of
single molecule fluorescence signals. Therefore, both
of these methods can be applied to single molecule

signal detection and quantitative analysis of smFRET

images.
1 Methods

1.1 Description of the rolling ball algorithm

The rolling ball algorithm can be achieved by the
morphological-opening operator. Let B1, B2, ***, Bk
Bk (i, j) is the gray level of the pixel at coordinate
location (i, ;) in the £th neighborhood element, where i
and j equal -1, 0, 1, and varies over a 3 x3 window.
The original image is denoted by I(x, y). The image
after processing is denoted by F(x, y). Then, F(x, y)
can be calculated as follows!™:

Cl, y)=fri}}n [(o—i, y—j)-Bk(=i, =] )
F(x, y)=frl}%/1x [Ca—i, y=)+BkG, j)] 2

1.2 Description of the a trous wavelet transform
algorithm

The original image is denoted by I,(x, y). We use
the kernel [1/16, 1/4, 3/8, 1/4, 1/16] convolved with
Iy(x, ), first, row by row and then column by column.
The convolution gives a smooth image [, (x, y). The
first transform coefficient W,(x, y) can be obtained by
the difference between I,(x, y) and I, (x, y):Wi(x, y)=
Io(x, y)-I(x, y). For ith wavelet transform, /(x, y) can
be calculated by the convolution of 7, ,(x, y) with the
kernel, where 0<i; < J. At the scale i, the kernel can be
obtained by inserting 21 zeros between two gaps. At
the final level J, we can obtain a set of J+1 images.
They are W,, W, *=* W, and [, Thus, the wavelet

J
transform can be calculated as follows'®:

Wix, y)=li(x, y)-I{x, y), 05<J 3)

J
Flx, y)= ; W, y) (4)

where F(x, y) is the image after processing, and J
is the decomposition level.
1.3 DNA preparation

We used dsDNA FRET standards labeled with a
donor fluorophore, Sulfo-Cyanine3 (Cy3) NHS ester
(Lumiprobe, America), and an acceptor fluorophore,
Sulfo-Cyanine5 (Cy5) NHS  ester (Lumiprobe,
America). The oligonucleotides, 5'-(NH, C6) CATG-
ACCATGACCAG -3’ and 5’ - (NH, C6) CTGGTC-
ATGGTCATG (Biotin)-3’ were synthesized by Takara
Biotechnology (Dalian). Cy3- and Cy5-labeled
ssDNAs were hybridized by heating at 75°C, followed
by passive cooling to room temperature.
1.4 smFRET data acquisition

The sample coverslip was coated by APTES

(Sigma, America) and then the amine-modified
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surfaces were coated with biotin-PEG (Laysan Bio,
America) and mPEG (Laysan Bio, America). dsDNA
(15 bp) with one strand modified with biotin at one
end was immobilized on the coverslips through
biotin-streptavidin (Invitrogen, America) interaction.
PEG-coated coverslips were used within a few days.
smFRET images were acquired using a TIRFM
imaging system that was constructed based on the
prismless and through-the-lens configuration as
previously described ¥l The TIRFM imaging system
was equipped with a 150 x 1.45 NA oil-immersion
objective (Olympus, Japan), an EMCCD camera
(Andor iXon 897, England), and lasers (Coherent,
America). The EMCCD camera was driven by Andor
Solis (Andor, England). The 532 nm laser was used to

excite fluorescence during the experiment.

2 Results

An example smFRET fluorescence image is
shown in Figure 1. The smFRET image consists of two
channels: one is the donor channel, and the other is the
acceptor channel. In our smFRET experiment, the
Cy5-Cy3 fluorescence dye was used to mark DNA;
Cy5 is the donor channel, and Cy3 is the acceptor
channel. The shape of a single molecule signal in the
image is a diffraction spot. The full width at half
maximum of the spot is about hundreds of nanometer,
which is due to the diffraction limit of the optical
imaging system.

Fig. 1 An example smFRET image of DNA labeled with
Cy5-Cy3 dye
In the figure, the left half part is donor channel, and the right half part is
acceptor channel.

The single molecule signal was located by
Gaussian fitting of the diffraction spot. Meanwhile, the
single molecule signal was influenced by various
noise, including background noises, thermal noise,

quantization noise and shot noise, etc. Therefore, we
needed algorithms to process the image and remove
the noise, while maintaining the linearity of the
fluorescence signal.

The rolling ball algorithm based on morphology
and the wavelet transform algorithm based on
multi-resolution analysis were applied to the signal
detection in the smFRET images. Figure 2a shows the
image processing by the wavelet transform algorithm,
and Figure 2b shows the image processing by the
rolling ball algorithm. From Figure 2, we can see that
the background noise in the original image was
removed cleanly and that the single molecule signal
was highlighted, which provided convenience for the
following threshold segmentation. The single molecule
signal can be detected easily by an adaptive threshold
algorithm!. If the two single molecule signals are too
close to be distinguished, a watershed algorithm!™! can
be used to separate them. Finally, Gaussian fitting was
used to locate the center of the single molecule signal.
The whole flow chart of image processing is shown in
Figure 3.

(a) (b)

Fig. 2 Denoising images processing by wavelet transform
algorithm and rolling ball algorithm
(a) Denoising image processing by the wavelet transform algorithm;

(b) Denoising image processing by the rolling ball algorithm.

smFRET image

| Rolling ball |

| Wavelet transform |

Adaptive threshold

Gaussian fitting

| Single molecule signals |

Fig. 3 Flow chart of smFRET image processing
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We wanted to perform quantitative analysis of the
smFRET signal, but we were concerned that the single
molecule signal may not maintain linearity. For this
reason, we constructed a series of images to simulate
smFRET images. The simulated images of 512 pixelsx
512 pixels size have two channels with different levels
100 different
intensities of single molecule signals were added to

of background in each channel.
each channel. The intensity of the single molecule

signal was stimulated with Gaussian distribution.

Fig. 4 An example of simulated image with Gaussian
noise and Poisson noise

(a) (b)

Intensity after process
[}
Intensity after process
(=]

P=10, P,=0.3

Meanwhile, we added different levels of Gaussian
noise and Poisson noise to the images to evaluate the
linearity of the rolling ball and wavelet transform
algorithms. The simulated image is shown in Figure 4.

We used DIPimage to generate the Gaussian noise
and Poisson noise. DIPimage is a free image
processing and analysis toolbox, which can be
download from the website http://www.diplib.org/.
Gaussian noise and Poisson noise can be generated by
input parameters to the noise function. The parameter
of Gaussian noise is denoted as P,. The greater the Pg
is, the greater the noise level is. The parameter of the
Poisson noise is denoted as P,. The smaller the P, is,
the greater the noise level is.

As shown in Figure 5, we analyzed the linearity of
single molecule signals in donor and acceptor channels
after processing by the wavelet transform algorithm,
where the horizontal coordinate is real signal intensity
and the vertical coordinate is the signal intensity after
processing. The data of both coordinates have been
normalized and were carried out with linear fitting.
Similarly, linearity analysis of the single molecule
signal after processing by the rolling ball algorithm is

shown in Figure 6.

©

Intensity after process

P=30, P=0.1

P=20,P,=02

-1 0 1 -1
Real intensity

@ ©

Intensity after process
(=]

Intensity after process
(=)

P=10,P=03

Real intensity

0 1 -1 0 1
Real intensity

®

P=30, P=0.1

Intensity after process

P=20, P=0.2

-1 0 1 -1
Real intensity

Real intensity

0 1 -1 0 1
Real intensity

Fig. 5 Linearity analysis of single molecule signals after wavelet transform processing
(a—c) Linearity analysis of donor channel. The noise level increases successively from (a) to (c). (d-f) Linearity analysis of acceptor channel. The noise

level increases successively from (d) to (f). P, is the parameter of Gaussian noise, and P, is the parameter of Poisson noise.
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Fig. 6 Linearity analysis of single molecule signals after rolling ball processing

(a—c) Linearity analysis of donor channel. The noise level increases successively from (a) to (c). (d—f) Linearity analysis of acceptor channel. The noise

level increases successively from (d) to (f). P, is the parameter of Gaussian noise, and P, is the parameter of Poisson noise.

From Figure 5 and Figure 6, we can see that both
algorithms have good linearity under different levels of
noise. Meanwhile, we calculated their linear correlation

(a

=

1.000 -

0.999

0.998

Correlation coefficient

e °
o o
O O
X 2

0.995

Noise level

coefficient of before and after processing, as shown in
Figure 7.

2
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(=]
Nl
O°
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Fig. 7 Linear correlation coefficient of before and after processing

(a) Linear correlation coefficient of before and after wavelet transform algorithm processing. (b) Linear correlation coefficient of before and after rolling

ball algorithm processing. Horizontal coordinates of 1, 2, 3 represents the gradual increase in the level of noise, the corresponding parameters are as
follows: P=10, P,=0.3; P=20, P,=0.2; P,=30, P,=0.1. I: Donor; [: Acceptor.

From Figure 7, we can see that the linearity of
both algorithms reached more than 0.995. The rolling
ball algorithm is slightly better than the wavelet
transform algorithm. When the linear coefficient is
equal to 1, it means the linear correlation is complete.
The closer the linear coefficient is to 1, the better the
linear correlation is. Therefore, the wavelet transform
algorithm and the rolling ball algorithm have good
linearity.

We used the rolling ball algorithm to remove the
background noise and analyzed the DNA molecule
labeled with Cy5-Cy3 fluorescence dye as shown in
Figure 8.

FRET efficiency can be calculated with the
following formula™:

_ L
Byt ©)
where v is denoted as the relative detection
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efficiency and quantum yield of two dyes, which can
be determined by photo bleaching. We used Cy3- Cy5
to obtain approximately 1.

As shown in Figure 8, we calculated the statistical
histogram of 15 bp DNA FRET efficiency. By
Gaussian fitting, we obtained the result that 15 bp
DNA FRET efficiency was approximately 0.634. The

()

——: Donor
——: Acceptor

Intensity(A.U.)

t/s

distance of donor and acceptor can be calculated by R=

Ry N/1/E-1 , where R, was Foster radius ", which
is about 6 nm for Cy3 and Cy5 . The calculated
distance between these dyes was about 5.47 nm.
The length of 15 bp DNA was about 5.1 nm. The
discrepancy was 0.37 nm, which may be due to the
orientation of the labeled dyes!'”.

~
=
~

201

DY)
=

15¢ 7[ x

10}

Occupancy/%

0.2 0.4 0.6 0.8 1.0
FRET efficiency

Fig. 8 FRET signal statistical analysis of DNA molecule labeled with Cy5-Cy3 fluorescence dye
(a) Intensity vs. time curve of donor and acceptor fluorescence signal. (b) FRET efficiency statistical histogram of 15 bp DNA. Red curve is the Gaussian

fitting for the histogram.

3 Discussion

The application of total internal reflection
fluorescence microscopy to study smFRET has made
great progress in the biological field, which improves
the understanding of some biological processes.
However, manual analysis is time-consuming and
laborious and lacks objectivity and reproducibility. In
this paper, we presented a method to automatically
analyze smFRET images. In this method, the wavelet
transform and rolling algorithms are applied in
smFRET image analysis to remove background noise.
To wverify the effectiveness of the wavelet
transform and rolling ball algorithms in smFRET
image processing, we constructed a series of SmFRET
images with different levels of noise and added
different intensities of single molecule signals to the
image. Through analysis of the linearity of single
molecule signals after wavelet transform and rolling
we found that both
algorithms have good linearity under different levels of
noise. Additionally, we

ball algorithm processing,

linear
correlation coefficient of before and after processing.
The linearity of both algorithms reached more than
0.995, with the rolling ball algorithm being slightly

calculated the

better than the wavelet transform algorithm. Because
the concentration of the sample can be controlled to
make the single molecule signals non-overlapping in
the experiment, the detection accuracy of these
algorithms can achieve 100%. The computation time
for processing one image by wavelet transform
algorithm and rolling ball algorithm were about 4.52 s
and 4.66 s separately. Moreover, we calculated the
statistical histogram of 15 bp DNA FRET efficiency.
By Gaussian fitting, we obtained the result that 15 bp
DNA FRET efficiency was approximately 0.634 and
the corresponding distance was about 5.47 nm. The
discrepancy between the real distance and calculated
distance was 0.37 nm, which may be due to the
orientation of the labeled dyes. In general, these two
algorithms can be applied to the single molecule FRET
images to improve processing efficiency.

smFRET technology gives people new insight
into biological problems, including the folding and
conformational changes of proteins, RNA folding and
catalysis, the motion and signal transduction of
membrane fusion proteins and actins, etc. With the
development of the fluorescence probes and data
analysis algorithms, this field will develop by leaps and
bounds.
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