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Polymerase Chain 
Reaction

• How do you make enough genetic material to 
characterize it?
– Tens of thousands of specific sequences and millions to billions 

of bases in any genome (besides viruses)
• Pull out and manipulate the 3000 nucleotides of interest

• Polymerase Chain Reaction –
– 1988, Saiki, Mullis et al. in Science

• using a polymerase purified from an organism characterized by 
Brock from Yellowstone N.P.

Paper 1971
Nobel: 1968

Paper 1988
Nobel: 1993
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Polymerase basics 
• XNA Polymerases 

– Substrate: DNA or RNA
– For dsDNA- first unwind, then copy each 

strand
– The new strand is made in the 5’ to 3’ 

direction
– The pol. binding site must be ds

• If a small oligonucleotide sits on the larger 
template it is called the ‘primer’ 

– It sits at the 3’ end of template, becoming 
the 5’ end of new strand

• Functionally: add subunits complementary 
to the template, forming covalent 
phosphodiester bonds

– Result: two dsDNA molecules, each can be the 
template for two more rounds of copying

• Rinse and Repeat: 
• You will end up with 1+ 2n copies– hence 

Chain Reaction. 
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PCR steps

• Template preparation: 
– Separate template strands  - possibilities are thermal, enzymatic, chemical.

– Add Primers, anneal to template

• Initiation: add polymerase. It binds to the double-stranded primer-
template complex

• Bond catalysis: add nucleotides.  The polymerase catalyzes the 
phosphodiester linkage of dNTPs to primer ends: extension

• Elongation: polymerase advances 3’ 5’ down template strand, 
making duplex DNA

• Termination: at the end of the template the polymerase dissociates 
from the completed ds molecule. 

– Dissociation also occurs ~2000 bp so ‘pausing’ happens.
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Thermo-cycling 
• The easiest way to separate strands and not 

cause template damage is to use heat. The 
concept :
– Thermo-melt duplex DNA so the strands separate, 
– Cool the reaction quickly so they don’t re-anneal
– Add short primers (in excess) that complement the 

single strand somewhere
– Add polymerase and factors, and extend
– Cycle: repeat the process. 
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Taq

• Thermus aquaticus : Great Fountain in the West 
Thumb Geyser Basin (photos at Flickr, Russ 
Finley, James Neeley)

• The heat-stable polymerase:
– First one was from the microorganism Thermus aquaticus

(isolated from a hot spring mat in Yellowstone Park by Brock)
– The organism and its enzymes are stable at close to 100C, so it 

survives the repeated rounds of heating. 
– This allows the cycling part of the process to be a one-tube, one-

step set-up procedure.
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A thermocycler is the instrument in which PCR is 
performed.

• A carefully engineered heating/cooling block
• Drilled holes enclose sample tubes; insulated lid for evaporation. 
• Controlled rates of heating or cooling and holding temperature 
give reproducible results.

http://sentrabd.com/_borders/T1b.jpg
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Instrument 
considerations

• Accuracy of thermocycling (rate of temp change, overshooting, 
variance in reaching and staying at a temp and accuracy).

• Accuracy/sensitivity/discrimination of optics 
– How many dyes can you use and how many together with what 

overlap
• Raw or massaged data available
• How much of intermediate cycle data is available for analysis 

(iCycler from BioRad)
• Does it sample frequently enough and have the sensitivity to look at 

probe behavior within a cycle (initial binding of probe as well as 
extension). (Light Cycler)
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PCR methodology

• Reaction components
– A template: DNA that has sequences complementary 

to the primers you will add to the reaction

– Primers: primers of defined sequence that are 
complementary to specific regions of the template

– A thermostable DNA polymerase, such as Taq with its 
working components (buffer, Mg++)

– dNTPs for making new copies
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Errors from misincorporation
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Taq Pfu Vent Deep Vent UlTMa Exo-Pfu
8.0 1.3 * 2.8 2.7 50 50*10^-6

2.3mM MgSO4
100-300uM dNTP
pH 8.5-9.1

Enzyme Opt conditions Rate is mut.freq. / 
bp / duplication

As pH 8 9 the error rate of Pfu decreased 2X, but exo- Pfu increased 9X.
This increase is seen for Taq (naturally exo-) and Klenow.
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Classifying PCR Experiments
• Type I: to target amplification of a 

known region of nucleic acid
– Sequence is known, primers are as 

specific as possible to the target region

– Either RNA or DNA may be the target 
(PCR vs RT-PCR)

– A quantitative and real-time assay may 
be performed

• Type II: to randomly amplify 
fragments given known primer(s) 
but unknown complement(s). 

– A genome-wide fingerprinting approach

– Polymorphism rather than identity is 
sought
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Type I: Gene-specific PCR Assay
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Type II PCR

http://www.usask.ca/agriculture/plantsci/classes/plsc416/projects_2002/pawlin/res
ources/rapd1.jpg

http://www.usask.ca/agriculture/plantsci/classes/plsc416/projects_2002/pawlin/resources/rapd1.jpg
http://www.usask.ca/agriculture/plantsci/classes/plsc416/projects_2002/pawlin/resources/rapd1.jpg
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PCR yields
• As product increases, 

primer and dNTPs are 
used up.
– The reaction saturates 

and no more product is 
made

– The amount of product 
depends on the 
amount of input 
template and the 
number of amplification 
cycles
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Single-locus PCR
• Quality control: do you get 

only one product? is the 
correct product made? is the 
yield in the expected range?
– Why would  you not get one 

product? 
• Primers may interact to give non-

template product (primer-dimer-
multimer)

Wikipedia



PCR QC
• Did primers amplify an unintended locus?

– If the length is correct: sequence or restrict the product
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Touch-down PCR, Hot-Start PCR



Product validation
• Length may not be perfect.

– Two alleles are naturally 
present

• Clone and sequence 
both fragments

• Use a restriction 
endonuclease

– A gene family is present, 
or a common motif
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Single PCR product detection
• End-point detection

– Gel analysis – saturation versus log-phase
– Use a dye to discriminate between ss and 

ds
– Standardization - competicons
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Fluorogenic 5’nuclease PCR 
assays

• End-point versus real-time 
results
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PCR assay design
• The success of PCR lies in the combination of the primer 

and the annealing conditions.
– For a single target, each primer must uniquely bind a single site 

in the target genome, flanking the desired region
– The polymerase is most active at ~72C
– Primers  come as a pair per target.
– Primers should form stable duplexes with target between 55-

72C.
• usually 18-20 nucleotides in length

– Primers need not have identical length
• Binding constants should match (approx by Tm) – approx equal GC
• no internal H-bonding
• Accessible target sequence

– Sufficient primer and dNTPs must be added to fuel the desired 
level of product – both are incorporated into the product

• Above 1ug/ml product the reaction will saturate.
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Rules: Primer/Probe design
• For multiple product yields to be balanced: amplicons

should be 50-150 bp in length. 
– GC proportion at 20-80%, and primers as similar as possible
– Avoid runs (>4 in a row) of the same nt, especially Gs
– The last 5 of the 3’-end nts should have at most 2 of either G or 

C
– The Tm of the primers is usually 58-60C.
– For fluorogenic assays

• The 5’ most base is not a G
• The probe is close to, but not overlapping, the 3’ end of the 5’ 

primer. 
• Design the probe to the strand that lets C rather G predominate.
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Primer 3

• Good for sequence specificity
• Free
• The most-used non-proprietary package

– Does not incorporate newest information 
about biophysical properties of duplex 

– Depending on site, may not access most 
recent reference sequence versions
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Primer3 Input Help
• Requirements:

– avoid sequence of low or uncertain quality, 
– remove vector sequences, and scan for repetitive 

sequences. 
– Avoid partially homologous sequences 

• screen candidate oligos against a Mispriming Library
• Source Sequence

– The template sequence: the basis from which to 
select primers or hybridization oligos. 

• Sequence Id
– An identifier that is reproduced in the output to enable 

you to identify the chosen primers. 
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Primer 3 vocabulary
• Targets – a region on the source that must be in the 

PCR product
– If one or more Targets is specified then a primer pair must flank 

at least one of them.
– A Target might be a simple sequence repeat site (for example a 

CA repeat) or a single-base-pair polymorphism. 
– Specify with a space-separated list of start,length pairs

• start is the index of the first base of a Target
• length is its extent in nt. 

• Excluded Regions
– A region that primer oligos may not overlap.

• Specify with an associated value that is a space-separated list of 
start,length pairs
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Primer 3 parameters
• Product Size Range

– A list of product size ranges, for example 150-250 
100-300 301-400 Primer3 first tries to pick primers in 
the first range. If that is not possible, it goes to the 
next range and tries again. 

• Product Size
– Minimum, Optimum, and Maximum lengths (in bases) 

of the PCR product. Primer3 will not generate primers 
with products shorter than Min or longer than Max, 
and with default arguments Primer3 will attempt to 
pick primers producing products close to the Optimum 
length. 
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Other Primer Design Software

• Oligowiz, OligoArray are for microarray 
design, but have useful features for PCR 
design as well.

• Oligonucleotides Properties Calculator
• There is also a server with some free 

software at the MolBioNet site (next slide)
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Design a Primer!

• We need to test the Phaseolus DNA and 
the Glycine primers do not work. 

• Design primers for the first exon in actin 
and tubulin – beta subunit.
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