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Unit 10:
Real Time Polymerase Chain Reaction (Rt-PCR)

Introduction:

The polymerase chain reaction (PCR) uses a heat tolerant DNA polymerase to amplify DNA flanked by sequences complementary to primer pairs.  The temperature of this reaction cycles from a high denaturation temperature, to create a single-stranded DNA template, to a low temperature, to anneal primers to the template, to 72oC, to extend the second strand of DNA.  A thermostable DNA polymerase is necessary to survive the high temperatures of the PCR thermal cycle.  The most common of these is Taq polymerase, which is harvested from a thermophilic bacterium, Thermus aquaticus. After 25-30 of these thermal cycles, enough DNA has been amplified between the primer pairs to be able to isolate and visualize on an agarose gel.  This strategy is sometimes referred to as “endpoint PCR,” because the PCR amplicon product is not analyzed until the end of the thermal cycles.

Endpoint PCR does well to detect the presence of the DNA that the primer pair targets.  If the target DNA sequence is not there, no amplicon will appear on the agarose gel.  If as little as a single DNA molecule that contains the target DNA sequence is in the sample, the amplification by 25-30 cycles is sufficient to generate detectable amplicons.  Thus, endpoint PCR makes a highly sensitive assay for specific DNA sequence, useful for the diagnosis of diseases, especially viral types.  It is also a rapid, highly sensitive and specific assay for microbes in environmental samples.  Through the use of reverse transcriptase, endpoint PCR has also become the standard for the detection of RNA targets, useful for analysis of gene expression in research and medical diagnosis.  In this case, reverse transcriptase generates DNA from an RNA template, forming a template for the amplification by PCR.


Endpoint PCR, however, does a poor job of determining the amount of target DNA in your assay.  During the first thermal cycles, the amount of amplicon doubles and the amount of amplicon after each of these cycles will be proportional to the amount of template in the sample.  Sooner or later, however, this doubling becomes inefficient as the amount of substrate nucleotide triphosphates and primers become exhausted and the amount of phosphate product begins to build up.  The Taq polymerase also becomes less active after the prolonged heating of the thermal cycles.  The loss of doubling efficiency results in a plateau effect and the amount of amplicon produced with the later thermal cycles is no longer proportional to the amount of template DNA in sample (Figure 1).  After enough cycles, all amplicons reach a certain concentration, regardless of the initial concentration of template DNA.  The key to relating the concentration of PCR product to the amount of starting template DNA is to look only at the initial thermal cycles before reaching the plateau region of amplification.  

To do this, the levels of amplification are monitored continuously during the thermal cycles.  Real-time qPCR is based on the same principles as traditional endpoint PCR.  For example, the reaction will need a forward and reverse primer, nucleotides triphosphate, and a taq polymerase.  The difference is the addition of a real-time fluorescence chemistry, which enables product amplification to be monitored throughout the entire reaction, in “real time”.

In Figure 2, a typical fluorescence curve is shown. Here the fluorescence signal was measured at the end of each temperature cycle and plotted in “real-time” against the cycle number. The increasing signal is related to the amount of product being amplified in the reaction [The plot is relative fluorescent units, rfu on the y-axis vs. cycle number on the x-axis].
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Figure 1.  Exponential increase in amplicon concentration is only during the earliest cycles of PCR.
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Figure 2.  SYBR Green fluorescence of PCR product during thermal cycles.

Quantification method for RT-PCR

The first step in analyzing qPCR data is the setting of the cycle threshold line, a fluorescence value at which standards and samples can be are compared in order to generate quantitative results.  
Once the Cycle Threshold line has been set, the Ct value of a particular reaction can be determined.  The Ct value equals the number of cycles required for the fluorescence accumulation from a reaction to reach the cycle threshold line.  As shown in Figure 3, for these duplicate reactions the fluorescence curves intersect the threshold line at approximately 13.5 cycles.  Once the Cycle Threshold has been set, the software automatically calculates the Ct value for each reaction.
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Figure 3.  Setting a threshold line for Ct analysis.

In real-time qPCR, if the amount of input template is decreased by 50%, a 1 unit Ct difference is expected.  If we look at the equation of product amount, if the number of cycles equals 1, the initial product amount should be doubled.  This is highlighted by the graphs of fluorescence curves, in Figure 4.  In this figure, there are the three fluorescence curves from duplicate reactions run for three starting template copy numbers, 106, 105 and 104 copies.  The average Ct value for the reactions with the 106 copies of starting template is 13.45.  The average Ct for 105 starting copy number is 16.76 and the average Ct value for the 104 copies is 19.88.  The Ct values for the fall in line with the expected 3.322 unit increase in Ct value for a 10-fold serial dilution.  
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Figure 4.  Effects of initial template DNA concentration on Ct values.

The Ct value, then, is the key to calculating the initial DNA template concentration in a RT-PCR assay.  The Ct value is directly proportional to the starting concentration of DNA, but is subject to the efficiency of amplification of the particular DNA being amplified, as well as the particular primers being used in the assay.  For this reason, the initial concentration of DNA template is compared to a standard curve of DNA template of known concentrations.  This is referred to as an absolute quantification method.  In order to perform absolute quantification of an unknown, a standard curve must be generated.  Figure 5 shows the fluorescence curves that are generated from serial dilutions of a known amount of initial template, in this case, 10 fold serial dilutions from 106 down to 100 copies.  A standard curve of log template quantity vs. Ct value is then plotted.  
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Figure 5.  Standard curve of template DNA for absolute quantification of assayed DNA template concentration.

Chemistries for monitoring the RT-PCR reaction
SYBR Green 1 (SG1) is a DNA binding dye that binds non-discriminately to double stranded DNA.  The fluorescence of SG1 increases dramatically upon binding of double stranded DNA.  As the PCR reaction progresses, the amplified product accumulates exponentially, more SG1 binds, and fluorescence increases.  This is similar to the action of ethidium bromide, but unlike ethidium bromide, SG1 does not interfere with the taq polymerase, so it can be added directly to a PCR reaction mixture.  

The advantage of the use of SG1 is its simplicity.  It allows for easy experimental design since you only need the forward and reverse amplification primers.  No additional probes are required.  So, if you already have a PCR assay for a particular target, you may be able to convert it to a SYBR Green 1 real time qPCR assay using by following some of the optimization guidelines that will be discussed later in this presentation.

The disadvantage to its use is its nonspecificity:  it will bind to any double-stranded DNA.  You cannot distinguish between the amplification of target DNA from the amplification of primer dimers.  An agarose gel can be run on the reaction products (endpoint PCR) in order to verify that primer dimers were not formed.  Alternatively, one can perform post amplification melting curve analysis on the RT-PCR instrument to distinguish reaction products and analyze reaction specificity, eliminating the need for agarose gel analysis of reaction products.  It is complementary to running a gel, except Tm is used to distinguish the reaction products.  The principle of the melting curve is that the temperature is ramped from a low temp (all sequences annealed) to a high temp to cause strand dissociation.  As the dsDNA melts, SG1 is released and a decrease in fluorescence is observed.

Melting curve analysis is based on the melting temperature of the products in SYBR experiments. The melting temperature is determined predominantly by the nucleotide content. In general, amplicons with high GC content require a higher temperature to melt and will subsequently have a higher Tm compared to AT-rich amplicons. Nucleotide sequence length can also affect the Tm, allowing for detection of primer dimers.  In
In a typical melt curve, the fluorescence intensity is plotted against the temperature.  The fluorescence decreases as the temperature increases.  There are two distinct stages to the curve.  Software can also plot the negative derivative of the rate of change of fluorescence vs. temperature (-dI/dT). This allows us to better visualize inflection points and the Tm is easily identified by a single peak.  Melt curve is higher throughput and discriminates by melting temperature. For the validation assay it is recommended that you run a melt curve and a gel of representative samples.  After the validation assay it is not necessary to run a gel.

An additional disadvantage to the use of SYBR Green 1 chemistry is that only one amplicon can be monitored in a given PCR reaction.  The use of fluorescently-labeled PCR primers allows for monitoring of multiple amplification reaction in the same tube, when the primers carry different colors.  This is called multiplexing.

For example, TaqMan probes are target-specific hybridization probes containing a 5’ fluorescent reporter and a 3’ quencher molecule.  When the probe is not annealed to its target, excitation of the reporter fluorophore results in the transfer of energy to the quencher through a process known as Fluorescence Resonance Energy Transfer or FRET.  The now excited quencher emits light at a longer wavelength or dissipates the energy as heat.  In a real time qPCR assay, the probe hybridizes to a target sequence during the annealing step of PCR and it will remain annealed during the extension.  The probe is partially displaced by the polymerase during extension.  Next, the probe is cleaved by 5’- 3’ nuclease activity of the polymerase, which allows the now free reporter molecule to absorb light and emit fluorescence at its characteristic wavelength.

Compared to SYBR Green 1 chemistry, TaqMan probes have the advantages of target specific fluorescence, and the ability to be used in multiplexing reactions since the probes specific to different targets can be labeled with different fluorophores.  Multiplexing has the advantages of avoiding experimental errors caused by reduced PCR efficiencies from sample to sample that can be due to contaminants or pipetting errors.  In a multiplexed reaction, both the target gene and the normalization housekeeping gene can be amplified in the same reaction tube, and the effects of many of these experimental errors can be eliminated.

The disadvantages of TaqMan probes are that there is a high initial cost and a more difficult assay design process due to the need for a hybridization probe as well as amplification primers. 

Optimization of RT-PCR

It is imperative that good laboratory practices are followed when performing real-time qPCR experiments.  Note that ethanol is not an effective way to clean you work area.  DNA is not soluble in ethanol and does a poor job of removal.  A 10% bleach solution is probably the best approach as it will hydrolyze as well as dissolve the DNA.  Any consumer pump spray like 409 or Fantastic are less noxious and effective alternatives.  Screw cap tubes prevent spray of your sample when you open the tube.  Aerosol-resistant micropipetter tips prevent cross contamination.  Calibration of pipets is important.  Most people cannot pipette 2 uL reproducibly, and it is very difficult to visually determine pipetting accuracy. Preparing ample amounts of master mix for use in every sample can help reduce the negative effects of pipetter accuracy. Remember to vortex and spin down samples before use, especially after thawing them.

The lack of reproducibility of the reverse transcription step is a major source of experimental error.   Many researchers do not validate this aspect of their assay and many take the quality of their sample preparations for granted.  One way to validate the RT step is to perform a 10 fold serial dilution of RNA, perform a reverse transcription experiment on each of the dilutions, and then perform a qPCR experiment on the resulting cDNA.  The resulting data should be identical to data produced by performing a serial dilution of cDNA directly.  You should see an even 3.3 cycle spacing between each dilution.  Another way of looking at this is to interrogate the RT reaction with different concentrations of purified RNA and comparing qPCR of a similar concentration range of purified cDNA. 

In this lab exercise, we will prepare standard curves of purified DNA from the BioRad CSI kit and measure Ct values with SYBR Green I fluorescent dye..  We will use different primers (also provided in the BioRad CSI kit) to evaluate their effects on reaction efficiencies.  

Protocol.

1. Find the BioRad Crime Scene Investigation (CSI) kit reagents from the freezer, and place them on ice to thaw.  

2. Label seven 1.5 ml microfuge tubes with your initials and number them 1 through 7.  These will be used to prepare 10-fold serial dilutions of DNA.  Use tube 8 for the negative control.

3. Add 900 μl of sterile deionized water to each of your microfuge tubes, and prepare 10-fold serial dilutions of DNA.  Thoroughly mix your dilution by pipetting up and down at least six times.  Spin down the tubes.  

4. Obtain a PCR tube strip and cap. Label the cap and tubes with numbers 0 to 8, along with your initials.  Add 12.5 μL of sterile deionized water into tube zero, and transfer 12.5 μL of your DNA dilutions to the appropriately numbered PCR tubes.  Spin down the tubes.

5. Prepare a PCR master mix in a fresh 1.5 mL microfuge tube labeled “MMX”.  Transfer 1.0 mL of iQ SYBR Green Supermix to the MMX tube.  Transfer 20 μl of the Crime Scene Kit Primers (blue) to the MMX tube.  Mix thoroughly by gentle inversion and microfuge to force all of the solution to the bottom of the MMX tube. 

NOTE:  Adjust the volume of master mix to meet the needs of the class.  Each PCR tube will require 12.5 μl of master mix.  Make an excess of 25 μL master mix to make sure that you do not run out.  The preparation of the master mix may already have been done for you.

6. Add 12.5 μl of mastermix to each of the PCR tubes.  Cap the tubes carefully and mix well; keep on ice until ready to load into the thermal cycler.  Spin down the tubes.

7. Program the thermal cycler with the following protocol:

	Cycle
	Repeats
	Steps
	Temperature
	Elapsed time
	Rate of temperature change

	Cycle 1

	Repeat 1
	Step 1
	94°C
	00:03:00
	

	Cycle 2

	Repeat 40
	Step 1

Step 2
	94°C

52°C
	00:00:10

00:00:30
	

	Cycle 3

	Repeat 1
	Step 1
	95°C
	00:01:00
	

	Cycle 4

	Repeat 1
	Step 1
	94°C
	00:03:00
	

	Cycle 5

	Repeat 8
	Step 1
	55°C
	00:03:00
	


8. Insert the tube strips into the thermal cycler, begin the program and view results.  Insert with the most concentrated dilution at the top and the negative control at the bottom.

9. Optional: At the end of the run, load your samples on a 3% agarose gel with 1 μg/mL ethidium bromide.  Add 5 μL Orange G loading dye to each 15μL sample prior to loading on the gel.  Load 15μL into the wells.  Run at 120V for 30-45min.

Questions for Unit 10

1.  Print out the fluorescence progress curves of your qPCR reactions, along with your melting curve analysis.

2.  Which suspect has DNA matching the DNA found at the crime scene?  It is important to note that matching the crime scene DNA does not mean the suspect is guilty.  That must be determined in a court of law!

3.  Can you account for any discrepancies between your results and those of the rest of the class?  Include in your discussion the relative size of your amplicons and the quality of your pipetting while preparing your serial dilutions.

4.  Did you have any primer dimers in any of your PCR reactions?

a. What evidence do you have for your answer?

b. What are primer dimers?

c. What effects do primer dimers have on PCR reactions and melt curve analyses?
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Exponential increase in product is limited, eventually reaching a plateau


PCR end-point analysis is not appropriate for quantification


Real-time qPCR enables quantification during the exponential phase
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