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Visualization of DNA for fluorescence microscopy utilizes a variety of dyes such as cyanine dyes. These dyes are utilized due to their high
affinity and sensitivity for DNA. In order to determine if the DNA molecules are full length after the completion of the experiment, a method is
required to determine if the stained molecules are full length by digesting DNA with restriction enzymes. However, stained DNA may inhibit the
enzymes, so a method is needed to determine what enzymes one could use for fluorochrome stained DNA. In this method, DNA is stained with
a cyanine dye overnight to allow the dye and DNA to equilibrate. Next, stained DNA is digested with a restriction enzyme, loaded into a gel and
electrophoresed. The experimental DNA digest bands are compared to an in silico digest to determine the restriction enzyme activity. If there

is the same number of bands as expected, then the reaction is complete. More bands than expected indicate partial digestion and less bands
indicate incomplete digestion. The advantage of this method is its simplicity and it uses equipment that a scientist would need for a restriction
enzyme assay and gel electrophoresis. A limitation of this method is that the enzymes available to most scientists are commercially available
enzymes; however, any restriction enzymes could be used.

Video Link

The video component of this article can be found at https://www.jove.com/video/57141/

Introduction

The TOTO series (TOTO-1, YOYO-1, POPO-1, BOBO- 1 TOTO 3, YOYO-3, POPO-3, and BOBO-3; Table 1) is utilized in a wide variety of
experiments where the visualization of DNA is reqmred 345678910,111213,14.15.16.17 . The cyanine dimer family is widely used due to their
quantum yield, sensitivity, and high affinity for DNA molecules18 1920 Cyanlne dimer dyes have great selectivity for double stranded DNA and
when intercalated have a 100 to 1000 fold increase of fluorescence?' . Pyridinium dyes (YOYO-1, TOTO-1, YOYO 3 and TOTO-3) have a shorter
emission wavelength than their quinolium dye (BOBO- 1 POPO 1, BOBO-3, and POPO-3) counterparts (Table 1) . Also, the quantum yield for
cyanine dlmers intercalated into DNA is high (0.2 - 0. 6) However, using an enzyme to determine the methylation profile of a DNA molecule?

or stretch? of a DNA molecule already stained with fluorescent dye requires a method to determine what enzymes will digest stained DNA. Any
type of dye that intercalates into DNA or any enzyme that gives a discernable pattern of the DNA substrate can be used for this method.

Meng et al. first determined the digestion rate of prestained DNA through gel electrophoresis using a variety of different dyes24 Maschmann et
al. delved in deeper to look at the TOTO family of dyes. Both determined the digestion rate of stained DNA to see if DNA stained with a glven
dye could be digested with a restriction enzyme 25_Other methods study binding effects of dyes intercalated with DNA using optical tweezers' %
or NMR?". Either method requires specialized equipment; whereas, this method allows equipment that most molecular biology labs have to
determine if a dye interferes with a restriction enzyme digestion.

Additionally, in other methods to measure the length of a given molecule, optical mapping has elongated unstained DNA molecules on a
surface and digested DNA to determine the stretch and size of fragments. Intercalation of dye has been shown to increase the contour length
of fluorescently stalned DNA molecules and depending on the dye used, the contour lengths are different?'. This method has been utilized in

a variety of genomes 6,18,28.29,30,31 . However, if molecules were pre-stained, depending on the dye and enzyme, the enzyme may not be

able to cut DNA stained with a given dye. Therefore, this method determines if DNA stained with a given dye can be digested with an enzyme.
Additionally, depending on the concentration of the dye and the dye utilized, the mobility of the DNA bands in a gel will migrate more slowly than
native DNA due to the partial unwinding of the DNA backbone to make room for the dye to insert between base pairs™.

However, sometimes these dyes can partially or completely inhibit the action of certain restriction enzymes7’24. This is thought to be due to
a structural change in DNA caused by the attachment of the fluorescent dye, which may prevent the enzyme from recognizing its specific
sequence. Understanding how these dyes affect restriction enzymes can help in experiments where the methylation profile or the stretch of

stained DNA is required.
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In our method, DNA was stained with a fluorochrome of interest and digested with a restriction enzyme. Then DNA was electrophoresed on a
gel, imaged, and the restriction enzyme digestion rate was measured. The restriction enzymes were chosen based on the cut pattern on a gel.
Too many bands caused overlap of DNA bands and too few bands did not give a complete picture of the DNA molecule. There is a sweet spot to
be able to determine the profile of the digested DNA molecule; therefore, it will depend on the DNA used and the enzyme. An advantage of this
method is its simplicity; it only requires equipment used in a restriction digestion and gel electrophoresis.

1. Preparation of Dyes, Buffers and Agarose Gel

1. Prepare the following solutions for staining DNA or the digestion of stained DNA.

1. Prepare 1x TE (Tris-HCI and ethylenediaminetetraacetic acid; EDTA) buffer using 10 mM Tris-HCIl and 1 mM EDTA in a graduated
cylinder or volumetric flask. Store at room temperature (18 - 25 °C).

2. Make aliquots of each dye: TOTO-1, YOYO-1, POPO-1, BOBO-1, TOTO-3, YOYO-3, POPO-3, BOBO-3 (Table 1). Pipette 4 uL of 1
mM dye into a dark amber or black 1.5 mL tube and add 36 pL of 1x TE, mix using the pipette; this concentration makes a 100 pM dye
solution (40 pL total). Complete this step for each dye. Store at 4 °C.
NOTE: Avoid exposing dye to light to prevent photobleaching or degradation of the dye.

3. Prepare buffer 1 using 10 mM Bis-Tris-Propane-HCI, 10 mM MgCl,, and 100 pg/mL bovine serum albumin (BSA). Prepare buffer 2
using 50 mM NaCl, 10 mM Tris-HCI, 10 mM MgCl,, and 100 pg/mL BSA. Prepare buffer 3 using 50 mM Potassium Acetate, 20 mM
Tris-acetate, 10 mM magnesium acetate, and 100 pg/mL BSA. Each enzyme will require one of these specific buffers to function.

2. Prepare the following solutions for gel electrophoresis.
1. Make a 6x loading dye by combining 0.25% bromophenol blue, 0.25% xylene cyanol, 15% Ficoll in dH,0O. Store at room temperature.
2. To make a 0.7% agarose gel, weigh out 0.07 g of high gelling temperature (HGT) agarose in an Erlenmeyer flask, add 100 mL of 1x
TAE buffer and place an inverted beaker on top of the flask.
1. Heat the solution on a hot plate until bubbles begin to form on the bottom of the flask and float to the top.
2. Remove the solution from the hot plate, let the solution cool until the flask can be touched with a bare hand, and then pour the
gel into a 24.5 cm x 21.8 cm gel mold with a gel comb to create wells.
3. Remove bubbles near the comb or on the surface of the gel by popping them with a pipette tip and allow the gel to solidify
for at least 15 minutes. This can be stored in a fridge (4 °C) wrapped in plastic wrap for 1 week to prevent drying of the gel or
contamination. For more information on how to run a gel refer to Lee et al®.
NOTE: Use a gel comb with 30 individual wells. Each well should be 4.5 mm wide with a depth of 2 mm. The height of the well
will depend on the amount of gel poured into the box.

3. Prepare 1x TAE (Tris - acetate - EDTA) buffer using 40 mM Tris-HCI, 20 mM acetic acid, and 1 mM EDTA. Store at room temperature
(18 -25°C).

2. Preparation of Stained DNA

1. Stain lambda DNA (300-800 ng) using different aliquots of dyes. Each dye (Table 1) will have six different concentrations tested, for
a total of 48 reactions per restriction enzyme. The following process outlines a set up for 1 reaction (Figure 1).

1. Dilute lambda DNA using 1x TE to 100 ng/uL. Store in 4 °C. Make a solution with total volume of 300 pL.

2. Stain unmethylated lambda DNA. For each band expected from the digest, estimate 75 - 100 ng/band. Add appropriate amounts of dye
to produce concentrations of 1.9 uM, 3.8 uM, 19.4 M, 32.2 uM, 48.3 uM, 63.5 uM / 100 ng of DNA.

3. Incubate overnight (15 h-18 h) at4 °C.

4. Leave one reaction unstained to act as a control®.
NOTE: Use unmethylated DNA for the digestion reaction. Methylation sensitive enzymes cannot cut methylated regions in DNA and will
give an appearance of an incomplete digestion.

3. Preparation of the Restriction Enzyme Assay

1. Digest stained DNA with a restriction enzyme to determine if that enzyme can digest prestained DNA (Figure 1).

1. The following day, add 20 U of restriction enzyme, 3 pL of the appropriate buffer ( Table 2), and distilled, autoclaved and filtered
water for a total of 30 yL. For each enzyme reaction, choose the buffer with the highest cutting efficiency, which can be found on the
manufacturer's website.

2. Place the reactions in a water bath at the temperature of optimal enzymatic activity, listed in Table 2 for the 6 enzymes used in
Maschmann et al., for 2 - 4 h (Table 2)25.

3. Stop the reaction by adding 2 pL of 0.5 M EDTA pH 8.0.

4. Electroeluting Stained DNA in an Agarose Gel

1. Remove the sides from the 24.5 cm x 21.8 cm gel mold (Step 1.2.2) and place the gel into the gel electrophoresis box. Pour 2.5 L of 1x TAE
buffer into the box. Carefully remove the gel comb from the gel, so the wells are accessible®.
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2. Pipette the restriction enzyme reactions onto a plastic film and combine each reaction with 6x loading dye. For each reaction solution, add 1
pL of 6x loading dye per 5 - 6 uL of DNA solution (1x). Then pipette the reactions (containing the loading dye, <18 pL) into the wells.

3. Mix 1 pL of 1 kb ladder, 9 pL of 1x TE, and 2 pL of 6x loading dye. Load solution into the wells that flank the other solutions.

4. Cover the gel box with dark blue or black paper or fabric. Connect the gel box to a power supply, set the power supply to 30 V, and run it
overnight (15 - 20 h). Turn off the lights while the gel is running, to prevent photocleavage of the labeled DNA.

5. The next morning turn off the power supply. Take the gel out using the tray and transfer it to a container with 45 pL ethidium bromide and 1 L
of 1x TAE buffer. Store the container at room temperature in the dark or cover in foil to prevent exposure to light. Let gel stain for at least 45
min at room temperature.

CAUTION: Use ethidium bromide with gloves and wear safety glasses. When cleaning out the container containing ethidium bromide solution
and throwing away the gel, consult your states disposal guidelines to determine how to deal with used ethidium bromide; additionally, other
stains may be utilized instead of ethidium bromide.

5. Imaging the Agarose Gel

1. Place the gel on top of a blue light transilluminator, which emits maximum light output between 400-500 nm. Take pictures with the camera
attached to the station.

CAUTION: Make sure to use the cover for the illuminator and put on protective glasses prior to turning on the light source.
NOTE: This step may also be completed using any UV light source or standard gel scanner.

2. View the pictures in ImageJ by dragging the file to the ImagedJ status bar and the image will pop up.

3. Determine the digestion rate for the experiment by comparing the bands on the gel to the expected in silico gel pattern. To determine the
digestion rate, the number of experimental bands is divided by the expected number of DNA bands®*%. If the experimental digested DNA
band pattern has the expected pattern, the digestion rate is 1. If the pattern has more fragments than expected, the digestion rate is greater
than 1. If the pattern has less fragments than expected, the digestion rate is less than one.

Representative Results

In order to determine if an intercalating dye will affect a restriction enzyme digesting DNA, the correct order of steps must be followed (Figure
1). Once DNA is stained and digested with a given enzyme, a picture of the gel can be taken to determine the number of fragments and their
size (Figure 2). In order to determine the enzyme efficiency, the total number of expected visible bands divided by the number of visible bands.
Enzyme efficiency equaled unity, if the number of bands expected and seen match. If there are more bands on the gel then expected, the value
is greater than one and indicates partially digested reactions. If there are less bands then expected, then the value is less than one, which
indicates incomplete digestion. In Figure 2a, lanes 3 and 4 show the mobility of the bands has decreased, causing the bands to shift towards
the wells. In lanes 1 and 2, the amount of dye does not affect the mobility noticeably, so the bands match the control. In Figure 2a, lanes 5 and
6 show more bands than the control, so it indicates partial digestion. Which means, the dyes affected the cleavage of the DNA at the recognition
site for that enzyme. In Figure 2b, all expected bands are seen for all dye concentrations, so the dye did not interfere with the digestion of DNA.
Figure 2c¢ tracks the mobility shifts with colored asterisks.

As dye concentration increases for dyes with -1, the mobility decreases. In order to determine the approximate size of the bands, a control is
required to know where the native DNA molecules are expected compared to the stained DNA (Figure 2a). For dyes with -3, the mobility did
not decrease to the extent that -1 dyes did, so it was easier to determine the fragment size (Figure 2b). The mobility difference is due to the
type of dye utilized, as seen in Maschmann et al.?® The variance of these dyes is seen due to the structures of the dyes. The linker between the
aromatic moiety for dyes -3 was longer than -1. The dyes may intercalate slightly differently due to the difference in the linker size, which may
explain why the mobility shift is less for -3 dyes.

If there is no DNA, or the DNA bands are very faint in the gel, increasing the concentration of DNA is required. However, if the DNA concentration
increases, then the amount of dye required will also increase to keep the correct concentration of dye to DNA ratio.
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Figure 1: A schematic of the steps required when digesting fluorochrome labeled DNA molecules. DNA and YOYO-1, or another dye from
the TOTO series, is added to a black tube and incubated overnight (O/N; 15 - 20 h). A restriction enzyme is added to a tube; it is placed in an
incubator, at the preferred temperature, for 2 - 4 h (Table 2). Load samples into an immersed 0.7% agarose gel made with 1x TAE buffer. Dark
colored paper covers the gel box and the lights are turned off, while the gel is ran overnight to prevent photocleavage of the dye. Please click
here to view a larger version of this figure.

a EL7\.C12346L b ELAC 1234561L
21.2 10.0

e | 23.1
u 9.4
100 45
’ 4.4

Figure 2: Restriction digestion of DNA intercalated with a cyanine dimer dye. (a) Lambda DNA is stained with different concentrations

of YOYO-1 overnight (lane C: digested lambda DNA with no dye (control), lane 1: 1.9 ng, lane 2: 3.8 ng, lane 3: 19.4 ng, lane 4: 32.2 ng, lane
5:48.3 ng, lane 6: 63.5 ng of dye per 100 ng of DNA) and then digested with EcoRI at 37 °C for 2 - 4 h. All reactions are electrophoresed (E
=0.85 V/cm) on a 0.7% high gelling temperature (HGT) agarose gel made with 1x TAE buffer (1x TAE; 40 mM Tris-HCI, 20 mM Acetic acid, 1
mM EDTA). Gels are stained with ethidium bromide and imaged with a blue light transilluminator coupled to a camera. Lane L is a 1 kb ladder
(sizes, kb); lane A is full length lambda DNA; lane E is the expected band pattern (sizes, kb). (b) Lambda DNA is stained with YOYO-3 (lane 1:
1.9 ng, lane 2: 3.8 ng, lane 3: 19.4 ng, lane 4: 32.2 ng, lane 5: 48.3 ng, lane 6: 63.5 ng of dye per 100 ng of DNA) and digested with Hindlll at
37 °C. (c) To see how the mobility shifted as the YOYO-1 concentration is increased, colored asterisks are located next to each band for each
YOYO-1 concentration. For example, the band at 3.5 kb has a red asterisk next to each band in each YOYO-1 concentration. The unexpected
bands in lane 5 and 6 do not have an asterisk next to the bands. The figure is modified from Maschmann et al®. Copyright (2017) Nucleosides,
Nucleotides, and Nucleic Acids. Please click here to view a larger version of this figure.
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Chemical Name Abbreviated Name Ex/Em (nm)

[(1-1"-[1,3-propanediylbis[(dimethyliminio)-3,1- | TOTO-1 514/533
propanediyl] bis[4-[(3-methyl-2(3H)-
benzothiazolylidene)methyl]]-, tetraiodide

1,1" - (4,4,8,8-tetramethyl-4,8- YOYO-1 491/509
diazaundecamethylene)bis[4-[(3-
methylbenzo-1,3-oxazol -2-yl)methylidene]-1,4-
dihydroquinolinium] tetraiodide}

2,2'-[1,3-prop-anediylbis[(dimethyliminio)-3,1- [ POPO-1 434/456
propanediyl-1(4H)-pyridinyl-4-ylidenemethylid-
yne]]bis[3-methyl]-, tetraiodide

2,2'-[1,3-propanediylbis[(dimethylimi- BOBO-1 462/481
nio)-3,1-propanediyl-1(4H)-pyridinyl-4—1,1'
-[4,8-bis(dimethyliminio)undecane-1,11-
diyl]bis{4-[3-(3-methyl-1,3-benzothiazol-2(3H)-
ylidene)prop-1-en-1-ylJqui- nolinium}

2,2'-{[4,8-bis(dimethyliminio)undecane-1,11- TOTO-3 642/660
diyl]bis[quinolin-1-yl-4- ylideneprop-1-en-1-yI-3-
ylidene]}bis(3-methyl-1,3-benzothiazol-3-ium)
tetraio- dide

1,1'-[1,3-propanediylbis[(dimethyliminio)-3,1- YOYO-3 612/631
propanediyl]]bis[4- [3-(3-methyl-2(3H)-
benzoxazolylidene)-1-propenyl]]-, tetraiodide

2,2' -[1,3-propanediylbis[(dimethyliminio)-3,1- |POPO-3 534/570
propanediyl-1(4H)-pyridinyl-4- ylidene-1-pr-
open-1-yl-3-ylidene]]bis[3-methyl]-, tetraiodide

2,2'-{propane-1,3- BOBO-3 570/602
diylbis[(dimethylazaniumdiyl)propane-3,1-
diylpyridin-1-yl-4-ylideneprop-1-en-1-yl-3-
ylidene]}bis(3-methyl-1,3-benzothiazol-3-ium)
tetraiodide

Table 1: Abbreviated names of TOTO family of dyes with IUPAC names with emission (Em) and excitation (Ex) maximima®,

Enzyme Methylation Sensitive Buffer Water Bath Temperature
BamH]I No 2 37°C
EcoRlI Yes 2 37 °C
Hindlll No 2 37°C
Pmil Yes 1 37°C
Scal No 2 37°C
Smal Yes 3 25°C

Table 2: Listed in the table is a subset of possible enzymes that could be used in these experiments. Three enzymes are methylation
sensitive and three are not methylation sensitive. The buffers used for the enzymes and incubation temperatures are listed for each enzyme.

In order to digest fluorescently labeled DNA (Figure 1), a series of steps are required. First, DNA is stained with a fluorochrome overnight. DNA
can be incubated with cyanine dimers for a shorter period of time; however, Carlsson et al. found that DNA created double bands for each DNA
size due to incomplete stainingzo. To remedy this, the DNA can be stained overnight to prevent double bands from occurring. This is a critical
step in the protocol. If the dye is not incubated for a long enough time, the dye-DNA may not be at equilibrium and will give a double-banding
pattern. If this does occur, allow the DNA-dye mixture to equilibrate for a longer period of time.

Next, a restriction enzyme is added to the DNA-dye mixture and digested for 2 - 4 h at a specific temperature for each enzyme. The DNA must
be unmethylated for methylation sensitive enzymes. If it is not, methylated DNA will inhibit the restriction enzyme from cutting DNA in methylated
regions. Additionally, the reaction must be incubated in the correct buffer and temperature for the enzyme. Each enzyme has a list of buffers and
the enzyme activity in each buffer. Choose the buffer with enzyme activity at 100%, if possible. As for temperature, make sure it is incubated in
the correct temperature. If it is not, it may cause the enzyme to lose activity or denature if the temperature is too high. EDTA is utilized to stop
the reaction. The company where the enzymes were purchased will have a chart with the optimal temperatures and buffer conditions for that
enzyme. If the control does not give the correct number of bands at the right molecular weights, check to see if the enzyme is expired, increase
the incubation time, or check to make sure the temperature is correct for that enzyme.
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Once the reaction is completed, the samples can be loaded into a gel. First, a gel is loaded into the gel container and immersed in 1x TAE
buffer. Next, the digested DNA is mixed with loading dye and the solution is loaded into the wells of the gel. The lid is slid over and the wires are
attached to the gel box. A dark paper, that is taped together, is placed on top of the lid to cover the lid and drape over the sides. Another critical
step is that the samples are protected from the light at all times, especially while the gel is running. The power supply should be turned on and
the lights to the room turned off. In order to prevent photocleavage of DNA, samples are protected from light the whole time. If there is no dark
paper, a dark fabric can be used as well. If the DNA does not move, make sure the wires are connected to the box and the run button has been
pressed.

In the morning, take the gel out of the gel box and load the gel into a container that contains ethidium bromide. Ethidium bromide allows us to
see the DNA bands under the blue light transilluminator (Figure 2). Other dyes can be used in place of ethidium bromide. A camera can be
mounted above the blue light transilluminator to capture pictures of the gel. Depending on the setup, an imaging station can also be utilized.

This method can be utilized for any dye that intercalates or stains DNA, not just the TOTO series. Maschmann et al. modified a technique
developed by Meng et al. to determine if fluorescently stained DNA could be digested with restriction enzymesZ4’25. This is the only technique
utilized to determine if pre-stained DNA affects restriction enzymes. This method is limited to the restriction enzymes commercially available,
unless a scientist has access to other restriction enzymes that are not listed commercially. Depending on DNA, the enzyme chosen should have
a discernable DNA band pattern and enough bands (>3) to determine if the DNA molecule is full length. Also, the DNA should be unmethylated if
methylation sensitive enzymes are used. If DNA is methylated, then do not use methylation sensitive enzymes.

This method is an easy to use way to determine if restriction enzymes can cut DNA molecules at the recognition site stained with an intercalating
dye without needing to design primers for a given cut site®. The future applications of this method would be to determine if fluorescently labeled
molecules from an experiment were full length by using a restriction enzyme and determining the size of the DNA bands from the digest or to
determine the methylation profiles of DNA molecules. Future experiments could also determine if nicking enzymes are affected by the cyanine
dyes or other fluorescent dyes.

The authors have nothing to disclose.
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