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Part | — Fluorescent ddNTPs

Sara, a college sophomore majoring in biological science, was both excited and
worried. She had been awarded a research internship in a lab whose project was to
find the species composition of a study site near campus. Her main activity would be
the DNA sequencing of specific genes used for species identification. But it had been
a whole year since she first learned the topic of DNA sequencing from her introduc-
tory biology class; how much did she really remember? So, on a Thursday afternoon,
she opened her old notes and reviewed the paragraphs she had written about Sanger
SCunnClngl
The most widely used DNA sequencing technique was tnvented by Fred-
erick Sanger based in cambridge, England, and his colleagues, Paul
Berg and Walter Gilbert. They used the synthesized dideoxynucleotioles
to terminate the chain of DNA elongation. This new technique is baseo
ow the selective lncorporation of chain-terminating dideoxynucleoties,
also known as 2',2" dideoxynucleotides, and abbreviated as dodNTPs
(ddaTP, ddATP, ddTTP and ddCTP). The extension reactlon Ls divided
between four different termination veactions, each containing a radionc-
tive nucleotide that can be tncorporated by the DNA polymernse during
the extension step. Because the dideoxynucleotides lack a hydroxyl
group on the 37 carbon of the sugar ring, the addition of a nucleotide
cannot contlnme, and this marks the end of the elongation. The result-
ing fragments can then be resolveo on a high-resolution four-lane-wide
and radioactive polyacrylamide gel that veveals the complementary
sequence (Flgure 1). Sanger, Berg and Gilbert won the Nobel Prize of
Chemdstry tn 1920 for the “dideoxy method” also known as “Sanger
method” or the “flrst generation sequencing” (see Sanger et al., 1977).
Later, Professor Hood’s team at Caltech developed the technigue, in
which the vadioactive nucleotide was replaced by fluorescent Labels and
incluoleo the use of a Laser to detect the fluorescent colors. The electropho-
retic process is connected to a computer for the display of the resulting
sequence. Ti/\eg published their work tn Nature (see Smith et al.,, 19g¢).
This work was further improved by the fluorescent Labeling of
AdNTPs by a team of researchers at the DuPont Research Station and
the technique was described tn an avticle led by Dr. )james Prober tn
the jowrnal Sclence (see Prober et al., 1987).
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Figure 1. Autoradiograph from four
separate dideoxy sequencing reactions.
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On her first day of research work, Sara met with the postdoctoral researcher, Dr. Dana, who would go over the details
of her tasks with her. Dr. Dana smiled at her new intern. “Welcome Sara! Are you excited for your first day in lab?”

“Hi, Dr. Dana,” Sara replied. “I'm really excited to get started, although I'm a little worried because I've never done
sequencing experiments before. Also, I've never used those sequencing machines, so I'm a bit anxious.”

Dr. Dana nodded with understanding. “Well, I have good and bad news. I'll start with the bad; our sequencing
machine is under routine maintenance today, but it should be working by tomorrow morning. The good news is that
you will not waste your time today, because you’ll be preparing the reaction tubes to be used tomorrow.”

Sara received the protocol and the material from Dr. Dana and started her bench work. She wrote in her lab notebook
the ingredients for the experiment. The DNA she was trying to sequence was 3’ATCGGTACAAGGTCG5” with the
first five bases used for primer binding.
Experiment 1:

* 0.5 pmole DNA template

* 0.5 pmole primer

* 1 uL of 10x 7aq polymerase

* 80 uM dNTPs (equal portion of dATE, dTTE dGTL, dCTP)

* 8 uM ddNTPs each
- ddATP: red

ddGTP: blue

- ddTTP: yellow

- ddCTP: green

1

Total in 10 uL volume

As she gently added and mixed all of the components together Sara wondered what was actually happening within the
tube. She went online and watched the following video to remind herself of the principles of DNA sequencing:

DNA Sequencing: The Chain Termination Method (Sanger Method). Running time: 3:00 min. Produced by
Conor, 2012. <https://youtu.be/vK-HIMaitnE>

(5]
DNA Synthesis Group Activity

Imagine you are a DNA polymerase, and your classroom is one of the test tubes that Sara is preparing, with all the
molecular components for a sequencing reaction. Follow the procedure below. Your instructor will provide you with
the required materials.

Step 1: In this exercise you are provided with multiple possible primers. Choose the correct primer that is comple-
mentary to the beginning of the template strand.

Step 2: In the provided bag is a mixture of ANTPs and ddNTPs. You will take out one nucleotide at a time until you
encounter one that is complementary to the template nucleotide. Put back in the bag all other nucleotides
that are not complementary to the first position.

Step 3: Continue until you pick up a ddNTP that is complementary to the template nucleotide. Because the ddNTP
does not allow you to attach any additional nucleotide, the elongation will be terminated at this nucleotide.
You will now detach the fragment from the template. Set aside this single-stranded DNA.

Step 4: Continue with a new primer and repeat steps 2 and 3 above.

Step 5: Each time you take out a ddNTP and the reaction stops, detach the entire fragment from the template and
put it at the side of your workspace.
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Step 6: Organize your fragments from the shortest to the
longest one as shown in Figure 2 (right).

Step 7: Read Questions 1 to 8 below before you start the
group activity.

Step 8: Write in the spaces below the sequences of the
fragments you have obtained. Include the primer
sequence.

Fragment 1:

Fragment 2:

Fragment 3:

Fragment 4:

Fragment 5:

Figure 2. Synthesized single-stranded DNA organized on the work-
Fragment 6: bench. The template sequence is at the top.

Questions

1. What would happen if you have sufficient or more than enough quantity of the primer?

2. Are the fragments DNA or RNA fragments?

3. Are the synthetized fragments single or double stranded?

*** Your instructor will collect the class data by combining the results from all groups. ***

4. Write down the sequence data collected from the entire class. Use appropriate colors for each nucleotide.

5 3
5. What is the minimum number of fragments needed to complete
this sequence? 15
14
13

6. Using four different colors, draw the DNA bands in the gel in
Figure 3 that Sara should obtain after running an electrophoresis
with all the fragments in this activity. The numbers to the left of the 11

image are size markers in bases. 10
9
*** Your instructor will summarize the DNA bands from the gel. 8
Answer the following questions based on the results. *** 7
7. If the DNA template is read in the 3'— 5" direction from left to g
right, which direction should the primer be read?
8. Bases are added to which end of the primer, 5 or3”? Figure 3. Resolved DNA bands with colors indi-

cating fragments terminated at specific ddN'TDs.
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9. Where in the gel will you find the shortest fragment, near the wells or further away from the wells? Similarly,
where will you find the largest fragments?

10. Which part of the gel corresponds to the 5” position of the DNA sequence, near the wells or further away from
the wells?

11. Write the sequence according to the bands from the bottom to the top of the gel and indicate the 5'— 3”
direction.

12. Does this sequence correspond to the template strand or the complementary strand?

13. Write the sequence that is complementary to the one in Q12. Indicate the 5'— 3" direction.

14. Comparing the sequences obtained from this exercise, what is the sequence that you have synthesized? What is
the complementary sequence to the strand you synthesized?

Part Il - Traditional Sanger Sequencing

Sara called Dr. Dana to let her know that she had finished preparing the tube for cycle sequencing. Dr. Dana was
clearly pleased. “That’s great, Sara, you're fast! We'll put that on the thermal cycler and in the meantime run a tradi-
tional sequencing, just to get an idea of this short sequence. We'll then compare this to the chromatogram tomorrow
once the machine is up and running to confirm the sequence. What do you think?”

“Sure,” replied Sara. “But first, what do you mean exactly by ‘traditional sequencing’?”

“Oh! I'm sure you've studied that before. Sequencing gels haven't always been colorful. In the original Sanger sequenc-
ing method, no one could tell one fragment apart from another. So, in order to be able to figure out the sequence,
people had to make sure the four reactions were set up in four separate tubes and they had to know which tube had
which dideoxynucleotide.”

Sara nodded. “So, do you mean I'll have to prepare four different tubes and load them in four different wells later?”

“Exactly,” replied Dr. Dana. “And please make sure you write everything you do in your notebook.”

Sara headed back to the bench. She used the same template DNA 3" ATCGGTACAAGGTCG5” with the first five
bases used for primer binding. She started her work but was a little distracted by the music she was listening to. When
she noticed that she had made a mistake in the procedure, she recorded the error in her notes:
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Experiment 2:

* 0.5 pmole DNA template

* 0.5 pmole radioactive primer

* 10 pL of 10X Taq polymerase

* 80 uM dNTPs (equal portion of dATE, dTTE, dGTD, dCTP)

* 8 uM ddNTPs each, separately

ddATP Oops! [ forgot to add dd ATP in the A tube!

ddGTP
ddTTP
ddCTP

Total in 10 pL volume

Questions

15. How many reaction tubes does Sara need to prepare in this experiment?

16. What should each reaction tube contain?

17. Follow the example in the left panel of Figure 4 below to complete the gel picture in the right panel. The DNA
bands should correspond to the fragment sizes shown on the left side of the panel and reflect the results from the
absence of ddATP in one of the reactions.

18. Write the template sequence from 5 to 3" of this gel and include the primer. If the nucleotide position is

15
14
13
12
11
10
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Figure 4. Gel image from Experiment 2. Use the left panel as an example for filling in the right panel.

unknown use a “?” mark to indicate it.
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Experiment 2, Take Two

Sara realized that she still had some time before Dr. Dana came

back. She waned to do it right this time, making sure to add all 15
types of ddNTPs. When the reaction run completed this time, she 14
produced the gel picture as in Figure 5. 13

Question 12 E—
19. Knowing that Sara has added all the ingredients, what could 11
be a reason for missing some of the bands? (Hinz: consider 10 _—

the quantity of the ingredients.)

(O] BN IR s JNe

Figure 5. Gel image from Experiment 2.2.

Sara showed her two gels to Dr. Dana, a little bit embarrassed that she hadn’t been able to produce a correct gel with
the traditional method.

Dr. Dana waved it aside by saying, “No worries! This type of mistake happens all the time. The most important thing
is to keep taking good notes in your lab notebook so we can troubleshoot and understand what must have happened.
I'm happy to see you did that. Please get some rest and I'll see you tomorrow morning as the machine is now ready.”

The next day, Sara brought her reaction tube to run with the sequencing machine. The DNA fragments in Sara’s tube
were scanned by the machine and read by a computer. Figure 6 is the chromatogram obtained.

0 _,.-;';j:;{- rJ/ﬁll,‘;‘ ‘[\‘,": Pk ‘ ._il'll..."..l .'-.L

Figure 6. Chromatogram produced from Sara’s experiment.

Questions

20. Is the sequence resolved from Figure 6 the template or the complementary sequence?

21. Is the direction of the chromatogram from left to right 5 to 3" or 3" to 5 of the sequence?
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22. What does the height of a peak indicate? (Hinz: consider the brightness or thickness of a DNA band in an
electrophoretic gel.)

23 Do you think Sara was able to obtain the sequence of the primer from the dideoxy sequencing method? Explain.

24. 'The fluorescent label invention was developed by Professor Hood’s group at California Institute of Technology.
But they still had to carry out sequencing in four separate reaction tubes, until another team, in the DuPont
Research Lab, further developed the technique. What specifics about the labeling allow sequencing to be
conducted in a single reaction tube?

Conclusion

Dr. Dana was very pleased with the results and congratulated her new intern. “Well done Sara! We've got a nice
chromatogram with minimum noise.”

Sara smiled, relieved that she had been able to recover from the mistake she had made yesterday. She also now had a
better understanding of how fluorescence allowed automation of sequencing, and how her work was greatly facilitated
by the ability to carry out sequencing in a single tube. The initial worries she had felt about her new internship were
gone, and now only excitement remained.
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