10/15/17

=[=]

_ m\! 1 Techniques in Molecular
University ]
ySan Diego B|0|ogy

Polymerase Chain Reaction:

The ‘Swiss Army Knife’ of molecular
biology - d

Slide materials both original
and web-"borrowed”

Umve@% Basics of PCR

by San Diego

Primers
— 15-60bp (60bp is limit synthesized by IDT)
— Annealing temp ideally >55C (portion that anneals to your template)
— Hairpins Tm<50 ?
—  Self dimers—only important if they are 3’ annealing dimers
- Silent mutants—better to have themon 5’ end than on 3" end
Cycles
— Denature
+ Can be extended in GC rich templates
— Anneal
« Standard is 5C below Tm of primer (the portion that anneals to your gene)
« Can do gradient on our thermocycler
— Extend
.+ 68-72C
Polymerases
— TAQ—faster and better at amplifying long genes
«  Adds aAto sequence
« Error prone
— PFU—slow but provides proofreading
+Used for mutagenesis primarily

— TAQ:PFU mix—qualities of both

_ PCR Instruments.
University

ySan Diego

=)

Reguiar profie tube

/k% Minimal DNA synthesis
University

7 San Diedo components:

+ Template DNA (single
stranded)

« Oligonucleotide primer ||

e dNTPs: (dATP, dCTP,
dGTP, dTTP)

+ DNA Polymerase

[proper conditions — for
fidelity and read length]
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U[ﬂw@t@ Heat-stable DNA Polymerase @zﬁ
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Given that PCR involves very high temperatures, it
is imperative that a heat-stable DNA polymerase
be used in the reaction.

« Most DNA polymerases would denature (and thus not
function properly) at the high temperatures of PCR.

Taq DNA polymerase was purified from the hot
springs bacterium Thermus aquaticus in 1976
Taq has maximal enzymatic activity at 75 °C to 80
°C, and substantially reduced activities at lower
temperatures.

A m’?ﬁ@olymerases used for PCR
University

b San Diego
The original: Taq polymerase

from Thermus aquaticus, first isolated from Yellowstone N.P. hotsprings

Some polymerases used for PCR

TABLE 6.1. Thermostable DNA polymerases differ in their enzymatic activities

b A . £&8
d /k% Properties of DNA T
ot |
iversitv P S . 55\'
ko oty Polymerase: (for PCR) W

Relative Error Extension

Enzyme efficiency< rate? Processivity© rate? 3"105" exo 5103 exo
Tag Pol 88 2% 104 55 75 no yes
Tli Pol (Vent) 70 4% 10-3 7 67 yes no
Pfu Pol 60 7% 107 nd. nd. yes no
tTth nd. nd. 30 60 no yes

@ Percent conversion of template to product per cycle.

b Frequency of errors per ncorporated.

© Average number of nucleotides added before dissociation. AMG p. 147
4 Average number of nucleotides added per second.

n.d = not determined.

Note: values will vary depending on method of measurement

» Elongation - Rate of
synthesis (e.g., nts
synthesized / min )

- Processivity (e.g. nts DAL ™, = LA

synthesized / initiation

even) . .
Lowprocessivity  Highprocessivity

nealing & c . ;
7 1153877 ’Wm,a.fﬂﬂfm,w%m,

xtension time {min): 1 1.5

Desired amplicor

Highly processive DNA polymerases have higher
affinity for substrates with longer reads per
binding event
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m Properties of DNA 3 /5 Properties of DNA
[University - & [University -
be, ~ Polymerase: (orPCR) 5, ~ Polymerase: (for PCR)
Specificity = Thermostability "
* Nonspecific amplification impacts - » Half life of Taq limits its GC Rich
yield and side reactions. usability above 900C. 20 A'D“&f‘e‘[‘”
v" Results from misprimed targets, w s Important when Tm of £ e
prestarting pol activity before primer- = i e primers is high Higher temps o - - .- . .-
target dimers form. .. e RS are needed for GC rich regions .
v One way to avoid this is to keep all = v Longer reads (half life issues) or
reactions on ice to reduce pol activity. - = higher temps may need to re-
v Using Hot Start, chemically modified pol supply Taq
or salts and additives can help | oo » v Other pol have higher half lives —
i . L, 0% s o butotherissu " Tag KTQ
e fidelity... 1h @: 95° 96° 97° 95° 96° 97°C
- e . = Taq vs klenow Fragment
- ¥, 200 bp — =
— _ 100 bp —= - .
50 bp — .- 1

Properties of DNA
Polymerase: (for PCR)

[ niver
ySan Diego

Fidelity

* Proofreading increases accuracy and ensures
correct bases are incorporated into growing
strands

Platinum SuperFi

Q5 Hot Start High-Fi
KOD Hot St

Pwo ¢

PfuUltra Il
KAPA HiFi
HotStar HiFi

0 50 100 150 200

University
by San Diego

Polymerases also have exonuclease activities

Nomenclature reminders:

Exonuclease — removes nucleotides from 5' or 3'
end of nucleic acid

Endonuclease — cleaves within nucleic acid chain
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Synthesis Reaction (5' - 3' polymeg
University )
'Vbaﬂ Dietn Primer -> oH
5'-AACGTTAACGTAGCT =" 3’
(RN RRRRRRREE
3'-TTGCAATTGCATCGATCGATCCCGATCGTGCGATCTATCGA - 5°'

DNA Template

5'- AACGTTAACGTAGCT -3’
CUELIEEE gy +dATe

3'-TTGCAATTGCATCGATCGATCCCGATCGTGCGATCTATCGA - 5

+ DNA Polymerase

5'-AACGTTAACGTAGCTA - 3"
(RRRRRRRERRRNRRE
3'-TTGCAATTGCATCGATCGATCCCGATCGTGCGATCTATCGA - 5

+PPi

DNA Synthesis Reaction

5'-AACGTTAACGTAGCTA - 3"
(RN RRNRRRRRREN
3'-TTGCAATTGCATCGATCGATCCCGATCGTGCGATCTATCGA - 5!

+ DNA Polymerase
Primer -> +dNTPs

5'-AACGTTAACGTAGCTAGCT - 3'
(RERRERRRRERRERRREE
3'-TTGCAATTGCATCGATCGATCCCGATCGTGCGATCTATCGA - 5!

DNA Template

Synthesis 5'to 3'

g fal
. m_r-”
University

ySan Diego

Proof-reading activity (3'-5' exonuclease)

GCGATG GCGATG GCGATGCATT
TRYIITEIRt y P HPREIRYGETIRE ) P HPRPIRTEINLY

/ V4 VA V4 I
incorrect nucleotide nucleotide removed 5'-3' synthesis continues
incorporated

%A% 5'-3' exonuclease activity
University )
by San Diego Nick
5 I I
3’ — 5

Bind E. coli
DNA polymerase |

. Simultaneous degradation of
ahead of nicK an synt esls
‘ DNA ahead of nick and hesi
& @ v of DNA behind nick
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, m\@ Strand displacement activity £.0°
[ n )
S Nick
5 I I
3 I 5
Bind

DNA polymerase
+dNTPs poly

Displacement of DNA
ahead of nick and synthesis
of DNA behind nick

Newly synthesized DNA

T ﬁ . &
University
b San Diego

E. coliDNA Pol I activities can be separated:

Klenow fragment:
5'- 3' polymerase (synthesis)

3'- 5' exonuclease (proof-reading)

lacks 5' - 3' exonuclease

L Template DNA and PCR
University S
ySan Diego

Composition, sequence, type

(gDNA vs cDNA, or plasmi DNA)

and mass all impact yield and

specificity.

«  Higher processive and specific
polymerases do not need the same
mass of template

* Increasing DNA pol does not ensure
better results

«  Primer design and concentration is
crucial

« dNTP and MgCl2 concentration is
important

Plasmid

mM of dNTPs (each)

001 005 01 02 05 10

VAPT
University
b San Diego ¢
The basis of PCR is temperature changes and the effect that these temperature
changes have on the DNA.
In a PCR reaction, the following series of steps is repeated 20-40 times
(note: 25 cycles usually takes about 2 hours and amplifies the DNA fragment of
interest 100,000 fold)

Step 1: Denature DNA

The three main steps of PCR %

At 95°C, the DNA is denatured (i.e. 100 t Cycle 1 f— Cycle2 —
the two strands are separated) 90 —, —_
| Template *,
Step 2: Primers Anneal g  denature

At 40°C- 65°C, the primers anneal '(';9([”)‘9 = / \

(or bind to) their complementary 60 DNA

sequences on the single strands of i ‘e SyNthesis
DNA 50—/ Primer
anneal

Step 3: DNA polymerase Extends the
DNA chain 1

At 72°C, DNA Polymerase extends T R T R T
the DNA chain by adding nucleotides 1 2 3 n 5 s )
to the 3’ ends of the primers.

Time (mins)
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PCR

conceived by Kary Mullis,
developed at Cetus Corp.

First publication using PCR in Science, Saiki et al., 1985

21 POLYMERASE CHAIN REACTION 337

PICOMOLES.

12 3

4 5 6

Fic. 2. (A) Reactions were performed as in Method 1. DNA target was pBR328 g, 118 =~ Rl
oligonucicotides were PCO3 and PCOS at 10 M, and ANTPs were labeled with a-%P at $00

8 9 10

Cilmol

analyzed on  145% polyacrylamide gel in 90 m Tris-borate and 2.5 mM EDTA at pH 8.3
‘and 24 V/cm for 2.5 hr. The completed gel was soaked 20
addition of 0.5 g/l ethidium bromide, washed with the original buffer, and photographed
in UV light using  red filter. The numbers on the left margi

1-10) were
min in the same buffer with the

i indicate the sizes of DNA in

base pairs. (B) The 110-bp fragment produced was excised from the gel under UV light and
by Ce

of the form pmol/10 4l = 0.01[(1 + y)* = yN = 1], where N represents the number of cycles
and y the fractional yield per cycle, was optimal with y = 0.615. (C) The 8-ul aliquots from
the tenth cycle of a reaction similar 10 the above were subjected 10 restriction analysis by
addition of 1 4l BSA (25 mg/mi) and 1 4 of the appropriate enzyme (undilued, as supplied
by the manufacturen); reacted at 37° for IS hr; PAGE e
$X174/Haelll digest, (2) no enzyme, (3) 8 units Hinfl. (¢) 0.5 units M, (5)2 units Msill.
Jeft margin indicate DNA.

was performed as above. (1

(6)3.5 units Neol

Mullis KB, Faloona FA (1987) Specific synthesis of DNA in vitro via a polymerase-catalyzed chain reaction. Methods in Enzymology 155: 335-50)

FiG. 2 (continued). See lgend on p. 337

DANCING NAKEeD
intee MiND Fi@LD

MINNER OF TRE NOBEL PRILE 1N CHEMISIRY

Kary muLLis

“Kary M, pehige the werdest hsnan ever o win the Nebel Prizein Chemistry.
has wittn] 3 chtty, ambling, i, kosocast toar reugh the wandetazd
~THE WASHINGTON POST

Bats [vs] ming”

- )
@ The Nobel Prize in Chemistry 1993

"for contributions to the developments of methods within
DNA-based chemistry"

"for his invention of  "for his fundamental contributions to the

the polymera 1t of oligor ide- based,
chain reaction site-directed mutagenesis and its
(PCR) method" development for protein studies”

Kary B. Mullis Michael Smith
@ 1/2 of the prize @ 1/2 of the prize.
usa Canada
University of British
La Jolla, CA, USA Columbia
Vancouver, Canada
b. 1944 b,

1932
(in Blackpool, United Kingdom)
d. 2000

Basic Reaction

University
ySan Diego
Component Volume Final Concentration
10xTaq Buffer 2ul 1x
dNTPs (10 mM each) 0.4 ul 0.2mM each
10 pmol/pl Primer #1 0.4l 0.2 M
10 pmol/l Primer #2 0.4 4 0.2UM
DNA =500 ng/50 pl
Template DNA Xyl —
Bacteria liquid = 1l
PCR grade water Yl
Tag DNA Polymerase 0.4 ul 1.0U/50pl
Total reaction volume 20 ul

Parameters to vary

Template DNA concentration

Primer concentration

Mg* concentration

Temperature of annealing

dNTP concentration (may come as a master mix)

PCR exponential amplification is limited

1013

10" Exponential

Number of

9
templates 10

Plateau
phase

phase

| 1

10 20 30 40 50
Number of cycles
AMG Fig. 6.2b
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+ L%
double-stranded template . . . . Z -‘.ﬁ» >
5'-. . TCTCAAACGTTAACGTAGCTAGCTCGGGCTAGCT CGCTAGATAGCTGATCCTCTCTCTGCATCCGT. .~ 3 i /mjgg Prlmer deSIQn gmdellnes & %7
RN RN R RN NN R NN AR RN NN RN NN RN AR NN JTIVETSITy i i S
3. .AGAGTTTGCAATTGCATCGAT CGAT CCCGATCGTGCGAT CTATCGACTAGGAGAGAGACGTAGGCA . .~ 5 -/ SﬁnDngO CO"SIderatlonS

Denature (e.g., 95°)

5'-. . TCTCAAACGTTAACGTAGCTAGCTCGGGCTAGCTCGCTAGATAGCTGATCCTCTCTCTGCATCCGT. .- 37

3'-. . AGAGTTTGCAATTGCATCGAT CGAT CCCGATCGTGCGATCTATCGACTAGGAGAGAGACGTAGGCA. . - 5’

Lower temperature — primers anneal (hybridize)

5°-. . TCTCAAACGTTAACGTAGCTAGCTCGGGCTAGCTCGCTAGATAGCTGATCCTCTCTCTGCATCCGT. .- 37
(ARRRRRRARRRRNY]
3"~ TAGGAGAGAGACGTA -5

5'- AACGTTAACGTAGCT - 3'
(RN RRRRARRRRN
3'-. .AGAGTTTGCAATTGCAT CGAT CGATCCCGATCGTGCGATCTATCGACTCGGAGAGAGACGTAGGCA. .- 5"

Primer length: 18 —30nts  Keep Primer Tm within
+  too short: inadequate 5°C of each other

specificity « Tms should match if possible
»  too long: slow annealing

Primer T,: 65°-75°C
»  Determined by sequence

+ Ifthe Tmis low find more GC
content or extend length of
primer .

Aim for GC to be between
40-60% with a 3’ ending in
aCorG

* 10r2GC bp acts as a "clamp”

Helps to promote correct
binding at 3’ end due to 3H
bonding hybridization

* Too much GC in the clamp will
result in mis-priming of Pol

crude approximation: GC content
ATTTATATAAGCGGGCGCCC  20nts, 50% GC

ACTGTGACTAGTGATCTCAG  20nts, 50% GC

by one calculation method, 4° different

Primer design guidelines &
considerations

Avoid runs of 4 or more of a
single base or dinucleotide
repeats

AGCGGGGGATGGGG

or  AGCATATATATATGGCG

Univcfsity
ySan Diego

Avoid regions of
secondary structure
*  Hairpin structures

*  Primer dimer

«  Self complementation

Avoid intra-primer homology
(more than 3 bases that
complement w/in primer) or
inter-primer homology (forward
and reverse primers having
complementary sequences)

self-dimers or primer-dimers instead of
annealing to the desired DNA sequences

’y_',;g‘,_,
Pl

Don’t forget — primer design
adding restriction site!

N K‘m J
University
by San Diego

Primer should add 3-6 random bp upstream
of restriction site.

- watch for addition of hairpin structure. TAAGCA often
works.

54

£ nsert (YGOI)
il " Backbone
CTATGGATGCGCCTTACACCGTATAGAGCTTCATG
5

Backbone Nogt

GATACCTACGCGGAATGTGGCATATCTCGAAGTAC W TGGCATATCTCGAAGTACTGAGATACCTACGCGGA
ACCGTATAGAGCTTCATGACTCTATGGATGCGCCT

)5
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Selectivity of Primers

Primers bind to their complementary sequence on the
target DNA

— A primer composed of only 3 letter, ACC, for example, would
be very likely to encounter its complement in a genome.

— As the size of the primer is increased, the likelihood of, for
example, a primer sequence of 35 base letters repeatedly
encountering a perfect complementary section on the target
DNA become remote.

i
University
b San Diego

Probability in Genetics

* There are 4 bases in the DNA molecule A,C,G,T

* The probability of encountering any of these bases in the code is 0.25 (1/4)
* Soletus look at the probability of encountering a particular sequence of bases

Event Probability

A 0.25 =0.25

AT 0.25x0.25=0.0625

ATA 0.25 x0.25 x 0.25 =0.015625

ATA,G,G (0.25)° =0.0009765
ATA,G,GTTTAAC (0.25)1 =0.000002384
ATAG,GTITAACCTGGT  (0.25)% =0.0000000002384

So it become increasing unlikely that one will get 16 bases in this particular sequence
(1 chance in 4.3 billion). In this same way, one can see that as the primer increases in
size, the chances of a match other than the one intended for is highly unlikely.

>+

A RFLP

[ niversity

‘Ré%ﬂig@tion Fragment Length Polymorphi
Cutting a DNA sequence using restriction

enzymes into pieces - specific enzymes cut
specific places

Starting DNA sequence:
5’ -TAMKTTCCGTTAGTAICAAGCGTTAGGACC
3’ -ATTRAAGGCAATCANGTTCGCAATAATGG

Enzyme X Enzyme X

5’ -TTC- 5’ -TTC-

37-AAG- 37-AAG-
5’ -TAATTT 5’ _CCGTTAGTT 5’ -CAAGCGTTAGGACC
3’ ATTAAA 3’ _GGCAATCAA 3’ -GTTCGCAATAATGG

+ ol
ZndSE
/;‘ RFLP BE
[University o

' SPNAZLan be processed by RFLP either directly’
you can get enough DNA from an environment) or
from PCR product

T-RFLP (terminal-RFLP) is in most respects identical
except for a marker on the end of the enzyme
Works as fingerprinting technique because different
organisms with different DNA sequences will have
different lengths of DNA between identical units
targeted by the restriction enzymes

— specificity can again be manipulated with PCR primers

Liu et al. (1997) Appl Environ Microbiol 63:4516-4522




10/15/17

University

ySan Diego
Fragmentation products of differing length
are separated — often on an agarose gel bed

by electrophoresis, or using a capilarry
electrophoretic separation

Electrophoresis

Terminal Restriction Fragment Length
o PolymorphismAnalysis (TRFLP) ‘
S =W E HHIHHHHHI LA

7
\l\lku 7 i - Gel ‘
— Electrophoresis
S0 of terminal

V= e - restriction

v fragments

Extract w_ _

DNA = 3

iy “Il
I Iy (i . .
Mmoo, i T
| . B — — -
el L A A
PCR Il” [” i I I’ A s
168 rRNA "ol I |f|n n —
genes wih iy Py el -
Ll I’ l Cut DNA with
__primer " Ml 1 || " \JRestriclion Enzymes

mﬁﬁ
Um\ ersity

fSan Diego
Purpose
— Study regulatory regions of the genes
— Study structure-function relationship of protein
— Alter activity of enzymes or proteins

Types
— Random Mutagenesis
— Site-directed Mutagenesis

Mutagenesis

Dpnl__ Bacterial

Protein
— &

Introduction of Restriction Site (Aflll)

Removal of PAM sequence
ACAAATAGGCAA  ——>

*

Par _)DCR - 5 > lutagenize
P Amplification Digest  Recovery Plasmid

Mutagenized

TITCTCAAGTTG  ——>  TTTCTTAAGTTG

ACAAATACCCAA

Error Prone PCR

University
by San Diego

» Non-proofreading polymerase, i.e. Taq
* Low annealing temperature

* Low/unequal dNTP concentration

* High Mg+

* High cycle number 40-80

* Incorporation of Mn2* ion (0.5-.5 mM)
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i Site-Directed : s
Unive@ %

ySan Diego M utagenesis %
PCR-based mutagenesis Addgene
- stratagene Quickchange Website

Digest a Digest parental
DNA template

desired mutation X : Mutated plasmid

Transform u
Mutagenic primers
“ Temperature cycle to
Cycle extend and incorporate
mutation primers resulting
in nicked circular strands

Gene in plasmid
with mutation target site

Denature plasmid and
anneal primers containing

Transform the resulting
annealed double-strands
nicked DNA molecules

Atter transformation,
XL10-Gold E. coli cell
repairs nicks in plasmid

T ﬁ . &
niversity
b San Diego

Real Time PCR

Real-time (rt) or quantitative (q)PCR is a sensitive and
reliable method for detection and quantitation of nucleic
acids (DNA, cDNA & RNA) levels.

» Based on detection and quantificaiton of fluorescence
emitted from reporter molecule at real time during
thermocycling (PCR) process

» Detection Occurs during accumulation of PCR
product at EACH CYCLE of amplification during early
and exponential phase where the first significant
increase is the amount of PCR product correlates to
the initial amount of target template

» Differs from traditional “endpoint” assays — gel of PCR
product/Southern blot or mRNA blotting (northern
blot)

alart What is tPCR used for?

University
ySan Diego

Real-Time PCR has become a cornerstone of molecular biology:

Gene expression analysis
— Cancer research
— Drug research

Disease diagnosis and management
— Viral quantification

Food testing a4 /
— Percent GMO food 1 L

Animal and plant breeding I T
— Gene copy number

o]

University
b San Diego ] ‘
Consider : ; Cyde2
traditional : —7 4 Copies
PCR ! !
§ Cycle 3
H 5 8 Copies

10
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(fa (f8
_ dalat  falatt
University University
ySan Diego : by San Diego
To understand real-time PCR, let’s imagine
ourselves in a PCR reaction tube at cycle
number 25...
What'’s in our tube, at cycle number 25?
Imagining Imagining
. . A soup of nucleotides, primers, template,
Real-Time Real-Time  amplicons, enzyme, etc.
PCR PCR

1,000,000 copies of the amplicon right now.

o o
| |
University University
ySan Diego b San Diego
Imaainin Imaainin If we were to graph the amount of DNA in our
9 . 9 What was it like last cycle, 24? 9 . g tube, from the start until right now, at cycle
Real-Time Almost exactly the same, except there were Real-Time 25, the graph would look like this:
PCR only 500,000 copies of the amplicon. pC R
And the cycle before that, 23?
) Almost the same, but only 250,000 copies of .
How did we the amplicon. How did we
2 And what about cycle 22? 2
get here’ Not a whole lot different. 125,000 copies of get here’ [}
the amplicon. //

11
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Imagining
Real-Time
PCR

How did we
get here?

So, right now we’re at cycle 25 in a squp with
1,000,000 copies of the target.

What'’s it going to be like after the ngxt cycle,
in cycle 26?7

T~

af
University

by San Diego
ini What's it going to be like after the next cycle, in cycle 26?
I m ag nin g Probably there will be 2,000,000 amplicons.
Real-Time  Andawezr
Maybe 4,000,000 amplicons.
PC R And at cycle 2007

In theory, there would be
1,000,000,000,000,000,000,000,000,000,000,000,000,000,00

0,000,000,000,000,000 amplicons...

Or 10”35 tonnes of DNA...

To put this in perspective, that would be equivalent to the weight
of ten billion planets the size of Earth!!!!

So where are
we going?

g fal
fal o}t
University

ySan Diego

Imagining
Real-Time
PCR

we going?

So where are

A clump of DNA the size of ten billion planets
won’t quite fit in our PCR tube anymore.

Realistically, at the chain reaction progresses,
it gets exponentially harder to find primers,
and nucleotides. And the polymerase is
wearing out.

So exponential growth does not go on
forever!

yA %3
Umvergi;y
b San Diego
Imagining If we plot the amount of DNA in our tube
. going forward from cycle 25, we see that it
Real-Time  ctually looks like this:
PCR RN
//
So where are //
we going? /
I
/

12
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Imagining
Real-Time
PCR
Measuring
Quantities

How can all this be used to measure DNA
quantities??

University

b San Diego

Imagining
Real-Time
PCR

Measuring
Quantities

ERap

Let’s imagine that you start with four times as
much DNA as | do...picture our two tubes at
cycle 25 and work backwards a few cycles.

Cycle 25 mm—lp A ‘ ‘
Cycle Me You
23 250,000 | 1,000,000
24 500,000 2,000,000
25 1,000,000 | 4,000,000

g fal
. m_r-”
University

ySan Diego

Imagining
Real-Time
PCR

Measuring
Quantities

So, if YOU started with FOUR times a much
DNA template as | did...

...Then you’d reach 1,000,000 copies exactly
TWO cycles earlier than | would!

University

b San Diego

Imagining
Real-Time
PCR

Measuring
Quantities

What if YOU started with EIGHT times LESS
DNA template than | did?

Cycle Me You
25 1,000,00 125,000
26 2,000,000 250,000
27 4,000,000 500,000
28 8,000,000 1,000,000

13
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University University
ySan Diego What if YOU started with EIGHT times LESS emplate rSan Diego We describe the position of the lines with a Val
than | did? rep the cycle ber where the trace crosses an
arbitrary threshold.
. s You’d only have 125,000 copies right now at cycle 25... - This is called the “Ct Value”.
| mag|n|ng |mag|n|ﬂg Ct values are directly related to the starting quantity of
_Ti And you’d reach 1,000,000 copies exactly THREE cycles _Ti DNA, by way of the formula:
Real-Time  pdvowdreach ! Real-Time
PCR PCR Quantity = 2ACt
/ / / ‘”“““:I Ct Values: II { { i
Measuring 1 Measuring pE; =
Quantities Quantities -

g fal
. m_r-”
University

ySan Diego

Imagining
Real-Time
PCR

Measuring
Quantities

Let’s recap...

4:: unzi;s élu;i; 1/8 unit
[[ ]

[] ]

[]]

[]]

[ ]

[]]

J]

/] /

University

b San Diego

Imagining
Real-Time
PCR

Measuring
Quantities

There’s a DIRECT relationship betwe:
starting amount of DNA, and the cycle number
that you’ll reach an arbitrary number of DNA
copies (Ct value).

DNA amount = 2 Cycle Number
Copy Number vs. C, - Standard Curve
\ V= 3317 39772
R’= 0.9967

Log of copy number (10")

14
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@i . & Understanding Kinetics of
University % niversity
ySan Diego IO . &F Ly San Diego nMPCR
How sensitive is Real-Time P
Gopy Mumber vs.6, . Stancae Curee Amplification Plot (Linear scale)
T 457
) R’ =0.9967 40
E a5
& 30/ 7 4 Reactions start varying due to
] ~—<—‘<— reagent depletion & decreased
T g c2s / PCR efficiencies (enzyme activity,
Ultimately, even a single copy can be § d a0 ‘/c More |p'md““ competing for primer
measured! In reality, typically about 100 copies| S s / annea’ing
is around the minimum amount. = R R I /
101 ” 107 /108/10 Real time PCR does early phase detection at
525100 A e il
. . 05 . the state
One hundred copies of a 200-bp gene is ": /" o L
equivalent to just twenty attograms (2 X 1 0' 204 6 8 102 W 161N 2UNDANDKERAL I
17 Cycle
g) of DNA! Precisely proportional to input amounts

4, ) . .
University University Wide Dynamic Range
ySan Diego b San Diego

Detect the reporter signals DEFINITION: The range of initial template concentrations over which
can be achi

at early and exponential

phase " e
* Precisely detect the
amplicon during each a0 F > s i
. o AQ® 10° 107 105 10° /104 10° 10210"/
cycle proportional to the VAR e
initial template amounts i )i 7
. ve # 1
 Increased dynamic range " 1/ 7117/ )
of detection over F11Y/ T v
o ™ |
traditional PCR 1
A e - r " ol |
VIAGENSUNIEENIARENRTNGL TR EUREEER LTS P « Increased sensitivity: o L iy 1t B!
- . - — detect as smallasa 2-fold TR |
Look different Look similar change At least 7-log difference range can be detected to accommodate varying
: initial sample input amounts/gene expression levels, in contrast to <2-log
* No-Post PCR processin
P 8 difference by traditional PCR (End point analysis by gel electrophoresis)

The RNA was reversed transcribed to cDNA followed by real-time or end necessary.
point analysis by gel electrophoresis. (A) same starting amounts of RNA;
(B) Different starting amounts. Y, in linear scale; M: DNA marker.
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How do we measure DNA in

al ot
[University
fSan Diet}go rtPC R?
Samples

¥ v
RNA (total, mRNA, small RNA) “
Reverse transcription | :

v
|

control

-,
Real Time PCR Set Up

1 Instrument Set up & thermal cycling
s A

v

Data Output & Analysis

Rt Steps — An Overview

C. Master Mix

University
b San Diego

A. Templates

10 - 1000 copies of nucleic acids
100 pg to 1 pg DNA or cDNA/RNA

it DNA Polymerase
Reverse Transcription Mg+
dNTP

l T Buffer
*Passive reference dye

{Two-step qPCR: (1) RT (2) gPCR J

—

[One-step qPCR: one tube reaction J

Denaturation J —>[ Annealing }—>[ Extension }

[ Denaturation } — [ Annealing/Extension ]

Uni\'crhsiéym Detection
ySan Diego

Ethidium bromide and SYBR
Green | dye are two such
reagents.

They bind to double-stranded
DNA and emit light when
illuminated with a specific
wavelength.

SYBR Green | d¥|e fluoresces
much more brightly than
ethidium.

We use reagents that fluoresce H A
in the presgnce of amplified Ethidium Bromide

hitpiwwweweb virginia edu/Heidichapter!
SR

s
University
b San Diego
Dye binds to DNA in Major
groove. Only after
interaction (intercalation) with
i bond orbitals will the dye
uoresce, excitation of blue
light (lambda max=497nm
and emission of green (52!
nm)
- Non mutagenic (Ames test)

SYBER Green |

Fold increase in revertants

Teststrain

Ames test results from Molecular Probes
Singer et al., Mutat. Res. 1999, 439: 37- 47

/

300 %0 00 450 500 550 00 850 700
wavelength (nm)
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Fluorescent Dyes in PCR

Intercalating Dyes

+

Umve;@ﬁ Fluorescent DNA Binding Dye ¢

o San Diego
Non fluorescent SYBRI -

SYBR | binds to double-strand DNA but not
single strand DNA. Little fluorescence emitted
from SYBR | in solution.

. LI ° “ & denaturation

SYBR | upon binding to double-strand DNA
emits fluorescence very brightly
Simple & cost saving

Fluorescent SYBR |

The SYBR | signal intensities correlate with
DNA amplified (amplicon amount) thus the
initial sample input amounts

High Specificity Is Required when using SYBR Green

since SYBR | binds all double-strand DNA (non-specific or primer dimmer).

Hydrolysis Based Probe

da
University
7SN Diegor Tagman Probe Assay
Fluorophore Quencher
Forward PCR primer TagMan ’ -
= 2 The of the reporter dye is suppressed
: ~— | bythe h
Reverse PCR primer
' Ampification Assay
Polymerization
...
primer g olowed by exens ]
I _—
N -
. ;q
Probe cleavage by Taq to free the reporter dye thus
- 'R:s:k' “ 77 | the fluorescence intensity correlates with the initial
v JE— sample input amounts.
. » Taq has 5’ 3’ exonuclease activity
PCR Products Cleavage Products -

Each amplicon needs a sequence-specific probe (cost & time)

+

r
University

ySan Diego

Multiplexing — Read several
genes at one time.

Multiplex PCR (process overview)

1) Multiplex PCR with
plasmid-specific primers
Prmrpac2

Primer pair1 primer Pair3
2 < & =
Replicon 1 Roplicon 3 (Missing)

Replicor|2
POR Product 1 poRproalkiz Mo product

2) Asymmetric Primer Extension
with Blotin
§ o
& &
e ey

3) Hybridization with 1

Luminex® xTAG beads
Addition of SA-PE §

MEL

e e

17
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 falard
UE]IVC]SSJY}V
rSan Diego . Y
¢ g The real-time software converts the

fluorescent signals in each well to
meaningful data.

What Type of
Software is
used with
Real-Time

1. Set up PCR protocol.
2. Set up plate layout.
3. Collect data.

4. Analyze data.

&3 + 3
& ; x ‘(* What Type of Instruments are £ ‘(»
A Matching Dye and Quencher A . : 5 ,
University . o o  niversity used with Real-Time PCR?
avesity - for Multiplexing is not Trivial ™ QveIsity \ ’
ySan Diego by San Diego i . i N .
Real-time PCR instruments consist of THREE main
Ineinsment Ors1 D2 o Dyss Dyss ‘ components:
Applied Biosystems 7300 FAM HEX™ or JOE .
| Applied Biosystems 7500 FAM HEX™ or JOE  Cy3 or Tye™ 563 Cy5 or Tye™ 665 1 - Thermal cyCIer (PCR maChlne)
femlled Blosysteme 7900 v e 2. Optical Module (to detect fluorescence in the
Applied Biosystems StepOne™ FAM  HEX™ or JOE ! = - tubes during the run)
Applied Biosystems StepOnePlus™ FAM HEX™ or JOE TAMRA 3 o~
(Soplied Blosytems Vil 7 FAM - (RO L N 3. Computer (to translate the fluorescence data into
: N
Bio-Rad CFX384™ FAM HEX™orJOE  Cy3orTye™ 563 i34 L aVRTa o) ~ .
Bio-Rad CFX96™ FAM  HEX™orJOE Cy3orTye™563 (i34 CuiiavRors Maslat) . | meanlngful results)
Bio-Rad iCycler iQ™ FAM HEX™ or JOE [CZXIR O TE Ml TEX615™ CyS or Tye™ 665
Bio-Rad Miniopticon™ FAM  HEX™ or JOE LED array Photodiodes
Bio-Rad MyiQ™2 FAM  HEX™ or JOE \ o
Bio-Rad MyiQ™5 FAM HEX™ or JOE TAMRA Cy5 or Tye™ 665 N s
Roche Lightcycler® 480 FAM  HEX™ or JOE Beam splitter X,‘
tratagene Mx3000P™ FAM  HEX™oriOE | \ s -
[stratagene Mx3005P™ FAM _ HEX™OrJOE € & s
FAM 495 520 lowa Black® FQ/ZEN™
HEX™ 538 555 lowa Black® FQ/ZEN™
3 550 564 lowa Black® RQ - — Fresnellens
TEX 615™? 596 613 lowa Black® RQ
LC Red 640" 620 635 lowa Black® RQ
Tye™ 665 645 665 lowa Black® RQ
Cy5 648 668 lowa Black® RQ
+ A% + £&8
Pi y & H e
fa TR Real-Time PCR AP

University

b San Diego

Actual Data

This is some actual

data from a recent
real-time PCR run.
Data like this can i

easily be generated
by preparing a

dilution series of

DNA.

18
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University

£
éiz,?; )
(

ySan Diego . _'
The same data set in log view
- —%:7
/l'/ //
Real-Time PCR
Actual Data

[RE] .
niversity | Once threshold is set, Ct values
SanDiegor can be calculated automatically
by software.

Real-Time PCR

Setting
Thresholds

* Ct values can then be used to calculate quantities of
template DNA.

Lo
pE
University
ySan Diego
Before nucleic acid level can be qualified, the raw data must be analyzed
and baseline & threshold values set

T [~== sample A
—o— Sample B |/ P,

. ¢
8 Log-linear / P4
g phase [ ]
8 / 4
3 / Threshold
I
- I
g !
o Baséline i . i
o 10 20 30 40

Cycle number

Figure 8. Typical amplification plot. Amplification plots
showing increases in fluorescence from 2 samples (A and
B). Sample A contains a higher amount of starting template
than sample B. The Y-axis is on a linear scale.

o
University

b San Diego
08/ s —
Tt s
o7 i 08 7
08 / 1 05 /
05 Sample / AR”l i Sample/‘
(e} / 2\
\Zg4 / 1o |
= / f %La
i !
02 2600 Threshold / H o2ggyr—Threshald.. -
_ g 01 /
] !
0 Baseline Ct PYYE o I S 0 0 O [ S 15~ ct
tiibtinuunwdZARRDRNRROQ TR EEEEETE YT PR R R TR Y]

Oyce Cyele
B Rn: Fluorescence signal normalized with passive reference dye signal (Fluorescence/dye
signal)
B Ppassive Reference Dye: An internal reference to correct well to well non-PCR
fluctuations. ROX is the most commonly used reference dye.
B ARn: Fluorescence signal with baseline subtracted (background signal subtracted)

W Baseline: background noise level before a significant amplification occurs (3-15 cycles)
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M A%\E’ﬁ
University

ySan Diego

08 R Em—
07 /- t o8 L
L / 1 05 y

05 Sample / ARn: il Sample

&9 / | (5 /

A HEAC) B
021600 Threshold / ) 0214y Threshold

01 7,___‘_’_____*;'1 01 l

0 Baseline Ct LRSS N -~} ct

CiitiNuuMNIZAARDDNRB B @

IREEEEEEE EEEEEEER]

Cyele
B Threshold: At which significant & specific amplification occurs (auto or manual set)

Cyce

- exponential phase (linear doubling phase of amplification)
- above the highest baseline values.
- 10 x Rn standard deviations
B C, (Threshold cycle): The cycle number at which the fluorescence signal crosses
threshold. Also called Cp (Cross point cycle) for LightCycler terminology.

-inversely correlates with initial template concentrations (amounts)

o s _m! %
University

Setting up Baseline

Cycle

b San Diego
Linear Amplification Plot
08 3 s
o7 A
08
051 ‘//
F 041
034
021642 /
" Baseline &
UD‘J2-"1BUQ\.’HVEJJBZLA!&IJ]J)&hEMJZ

-Automated Baseline Option

if an instrument has a adaptive baseline
function

-Define manually:
(1) Use linear view of the plot
(2) Set up the baseline reading from
cycle #2 to the cycle that 2 cycles before
the earliest visible amplification
(3) Usually a baseline falls in 3-15 cycles

Defining Threshold

o
fal ot
University

ySan Diego

Log View Amplification Plot

gm— Use log view of amplification plot

L6 Exponentiay/
"' Threshold

Threshold should be higher than
baseline (higher than the noise level)

hase

B Threshold should at LOWER 1/3 or 1/2]

g \oot / of the linear phase of amplification

Linear phase = exponential phase

0t AN ‘ B Different runs across samples for the

same experiments should have the

| o}

i same threshold for comparison
2PN N2 B20

Cyele

T . ﬂ_fl m
University

by San Diego

The fluorescence data
collected during PCR

tells us “how much” ...
but there is another
type of analysis we
can do that tells us

J:

“what”!

Eaumll
<

266000
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m‘\ﬁ Real-Time PCR — the Concept
[University of MELT CURVES...

. fl _Yi m
University

Tm & Melt Curve

ySan Diego

* This is only for SYBR rtPCR —
Tagman is not fluorescent

*  When 50% of DNA is melted

Mett curve

=Tm. Inflection point on
curve

» Best analyzed by derivative
(1st negative dF/dT)

+ Tm varies based on length,

Normalized Fluorescence Signal
Rn

sequence and GC Content. ! x\§2" "‘:::esce"ce
* Heat to 940C to denature \ :
+ Cool to 600C to anneal. \
+  Slowly heat at 0.20C/sec e
+ Astemp increases DNA meli Tm: B
and the F signal should Temperature

decrease

ySan Diego b San Diego
Melt curves can tell Melt curves e
us what products are can tell us
in a reaction.
Based on the
principle that as DNA é& é& é& what products . RFU VST
melts (becomes) B - i) o 01 g are in a N
single stranded), ] %
intercalating dyes will 3‘“ ﬁa ﬁi“ . |
no longer bind and reaction. %«.M
fluoresce. é §\‘ . I .
e — |3 =
5 —_— g
Eﬂ\ E = A i
K . dRFU/dT
3 s = "K‘ %
2 . |z S
; i fSF

. ﬂ _fl m
University

b San Diego

1st Negative Derivative Plot €]

Plot - - -1t negative Derivative Reporter

|| Gene B

P———

-delta F/delta T (the change rate)

Single melt curve of each amplicon
is required for specificity validation!|

Temperature
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Different

peak.

amplicons will H
have different i

melt peaks. N ’{ﬂ‘
Primer-Dimers - A ﬁ/'/
will have avery .. - VA

different melt

Color key: Green=100X, Red=10000X, Blue=1000000X , Black=NTC.

Umw”rgigfﬁ Absolute Quantification
b San Diego

Typical standard curves showing determination of concentration of sample of interest

Goal: absolute/exact concentration of a sample is desired.

“7

. = Stondord sample| g The known standard & an unknown target
should have very similar characteristics:

. 301 *Amplicon & adjacent sequences

PRl -
251 Gl *Primer binding sites

onknown |

20 1 i *PCR efficiencies
i

15 4 | One standard curve ---- One GOI
{ Initil concentration &
4 of unknown

; é ‘3 B At least 5 serial dilution points needed for
Log amount of standard the known standard

Limited Throughput - - - Often applied to assays of single to a small number of genes

(For example, viral load and copy number counting)

o
falatd
University

San Diego

A Fold Change of Expression =

Comparative Ct Method
Quantification

Gene Expression Profiling Analysis

Focused on Changes in Gene Expression Across Samples

nAnv changes upon treatment?

Gene of interest A in untreated cells GOI A in drug treated cells

Ct-untreated Ct-treated

by relative measurement

2 delta (Ct-treated - Ct-untreated)

(Up or down regulation) = 2 ACt (Treated — Untreated)

/ﬁ% Housekeeping/Reference
B0 Genes for Normalization

@ Any changes?
Gene of interest A in untreated cells GOl Ain drug treated cells

Reference Gene B in untreated cells Ref Gene B in drug treated cells

The expression level of a reference gene remain consistent under
experimental conditions or different tissues

B A Reference Gene is aimed to normalize possible variations during:
B Sample prep & handling (e.g use the same number of cells from a start)
B RNA isolation (RNA quality and quantity)
M Reverse transcription efficiency across samples/experiments
M PCR reaction set up

W PCR reaction amplification efficiencies
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Normalization Calculation

m Any changes?
Target Gene A in control cells Target Gene A in drug treated cells

Reference Gene B in control cells Ref Gene B in drug treated cells

University
ySan Diego

==p ACtl = Ct (Target A -treated) — Ct (Ref B-treated)
==p ACt2 = Ct (Target A-control) — Ct (Ref B-control)

== A A Ct = ACt1 (treated) — ACt2 (control)

Normalized target gene expression level = p L

University
b San Diego

AACt = ACt (TNFQ,,-GAPDH, ) - Act (TNFa[

Fluorescence

800
750
700

600
550

DD Ct Analysis

——— GAPDH (control)
— capDH (roameny REF
- (contro)
(rosimen) GOI
—— analysis line

10 . EE——

Goi

2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Cycle number

treat’

The fold change = 224Ct

‘control

-GAPDH

controt)

=

Gene symbol Relative expression level®

Gene Human Mouse Human Mouse

18S ribosomal RNA RRN18S Rn18s R -

Actin, beta ACTB Actb 4 et

Glyceraldehyde-3-phosphate dehyd GAPDH Gapdh e et

Phosphoglycerate kinase 1 PGK1 Pgkl o ++

Peptidylprolyl isomerase A PPIA Ppia - .

Ribosomal protein L13a RPLIZA Rpl13a 4 p

Ribosomal protein, large, PO RPLPO 4t

Acidic ribosomal phosphoprotein PO Arbp ++

Beta-2-microglobulin B2M B2m e 4t

Tyrosine 3-monooxygenase/iryptophan YWHAZ Ywhaz R +

5-monooxygenase activation protein,

zeta polypeptide

Succinate dehydrogenase complex, SDHA Sdha ++ +

subunit A, flavoprotein (Fp)

Transferrin receptor TFRC The -+ +

Aminolevulinate, delta-, synthase 1 ALAS] Alas] + +

Glucuronidase, beta GuUsB Gusb + +

Hydroxymethylbilane synthase HMBS Hmbs + - e

H hine phosphoribosyltransh 1 HPRT1 Hprtl + +

TATA box binding protein 8P Thp + +

Tubulin, beta TuBsB +

Tubulin, beta 4 Tubb4 +

“+" indicates relative abundance of the transcripts.
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