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Me, DNA and real-time PCR - a brief history

Part Il — Two things about real-time PCR

« \WWhy microarray hybridization cannot be as
sensitive or have the dynamic range of PCR

« \Why thermocycling iIs an advantage over
Isothermal amplification

Application of real-time PCR to quantitative genetics
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A general method for cloning eukaryotic structural gene sequences
(complementary DNA /messenger RNA sequencing/gene isolation /terminal transferase)

Russ HIGUCHI*, GARY V. PADDOCK*, RANDOLPH WALL', AND WINSTON SALSER*
* Department of Biology and Molecular Biology Institute, and ' Department of Microbiology and Immunology, School of Medicine, and Molecular Biclogy

Institute, University of California, Los Angeles, Calif.
Communicated by Paul D. Boyer, July 7, 1976

ABSTRACT Complementary DNA, transcribed in vitro
from purified rabbit globin meﬂengr RNA and made double-
stranded, has been inserted into Escherichia coli plasmids
pSC101 and pMB9 by the poly(dT)/poly(dA) “tailing” and an-
nealing technique. E. coli transformants given by this DNA
ration have been shown to contain gﬁbin sequences by
the hybridization of globin RNA to DNA from clones
lysed in situ on nitrocellulose filters. An estimate of the amount
of inserted globin sequences has been ded by fingerprint
analysis of globin mRNA sequences hybridized to the purified
plasmid chimeras. Inserted sequences so far subjected to de-
tailed analysis have been ascribed to the rabbit beta globin

chain. The susceptibility of inserted beta globin sequences to
the restriction endonuclease EcoRI confirms the existence of
a site already found through previous nucleotide sequence

analysis.
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DNA sequences from the quagga,
an extinct member of the horse family

Russell Higuchi*, Barbara Bowman*, Mary Freiberger™,
Oliver A. Ryder+ & Allan C. Wilson™*

* Department of Biochemistry, University of California, Berkeley.
California 94720, USA

T Research Department, San Diego Zoo, San Diego,

California 92103, USA

To determine whether DNA survives and can be recovered from
the remains of extinct creatures, we have examined dried muscle
from a museum specimen of the quagga, a zebra-like species (Equus
quagga) that became extinct in 1883 (ref. 1). We report that DNA
was extracted from this tissue in amounts approaching 1% of
that expected from fresh muscle, and that the DNA was of
relatively low molecular weight. Among the many clones obtained
from the quagga DNA, two containing pieces of mitochondrial
DNA (mtDNA) were sequenced. These sequences, comprising 229
nucleotide pairs, differ by 12 base substitutions from the corre-
sponding sequences of mtDNA from a mountain zebra, an extant
member of the genus Equus. The number, nature and locations of
the substitutions imply that there has been little or no postmortem
modification of the quagga DNA sequences, and that the two
species had a common ancestor 3—4 Myr ago, consistent with fossil
evidence concerning the age of the genus Equus®.




Mad scientists are cloning d

GGHEAD SCIENTISTS are secretly cloning
dinosaurs — and terrified humans may soon
be fleeing for their lives from gigantic mons-

ters belonging to the prehistoric past.
Realizing that a nuclear war could end the world, both U.S.
and Soviet scientists plan to conquer the world with invasions

of destructive monsters.

This is the incredible analysis of alarmed scientific and
religious leaders, as well as anmnmcma]m%

\unrdrm. to a re-
spected source close to
the Washington scien-
tific establishment,
genetic material from
long-dead dinosaurs
found deep-frozen in
Siberia, China and the
Antarctic is already

Monsters would

be last line

of defense in

nuclear war

being reproduced in
clandestine laboratories.

Word of the dangerous ex-
periments on dinosaurs being
conducted in super secrecy
began to leak after disclosure
that scientists in California
have reproduced gene frag-
ments from an cmnct rela-
tive of the horse and zebra.

Said the Washington in-
sider: **These experiments
— onthe Berkeley campus of
the University of California
— are, of course, perfectly
legitimate, and I can under-
stand the excitement over the
possibilities of-someday re-
producing a long-extinct spe-
cies.

**But it doesn’t take much
imagination to conceive. of
the horror and potential des-
truction to man and environ-
ment if this kind of know-
ledge is used to reproduce
gigantic, flesh-eating, repti-
lian monsters of 20 to 40
tons. ;

**And we know that a cer-

[ syLewsscurton |

tain radical clique of scien-
tists is doing exactly that in
secret laboratories in the
USSR, the American South-
west — and possibly in Chi-
na and Japan.”’ :

In Russia, Dr. Sver-
bighooze Yasmilov of the
University of Irkutz has
already implanted ‘Indian
elephants with frozen mam-
moth egg cells found in
Siberia, and produced eight
living mammoths covered in
yellow-brown hair.

Nature

The outrageous tampering
with nature has also drawn
dire wanings from the Re-
verend James Tumer, a Bib-
lical scholar, former church
pastor and current traveling
evangelist- throughout the
Southwest.

Turner first heard more
than 10 years ago of the

inosaurs

as weapons of the future

FLESH-EATING BEASTS disappeared from Earth over 200 mrmon years ago

wacko experiments on gene
fragments extracted from re-
covered dinosaur remains.
‘“*We are moving here
from the province of science
to the province of God, and it

could mean the ultimate des-'

truction of mankind,”” he
warned.

“*These hideous lizards
disappeared from this Earth
more than 200 million years
ago for a good reason, and no
matter how far advanced sci-
entifically we may have been
allowed to become — it’s not
our business to try to bring
them back.™

Environmentalists are alsg

known to be shaken by the
prospect of the huge beasts
lumbering through our re-
maining forests, swamplands
— and cities.

Said Jack Turner, a trapper
and hunting guide in the
Pacific Northwest. who is no
relation to the evangelist:

**] can’t tell you how much
truth there might be to this
story, but I've heard it. And

there’s no way 1 want to share
the outdoors with those
things. They're unnatural.”™

The critics of the plan to
bring back the dinosaur say
the Berkeley experiments
provide chilling proof that
the time when dinosaurs
again walk the Earth may be
fast approaching.

The California scientists

‘reported they were working |

with DNA, the building
block of hife

obtained from an anmimal cal

chemical

led a quagga

The quagga was cextermn
ated duning the late ) cen
tury by South Afncan far
mers who wanted the grazin
land for crops

Amazingly, the
preserved 140 years ago and
kept in a museum 1in Wesl
Germany before a tiny po
tion was sacnficed for tf
laboratory expeniments

Report

Significantly, the Ber
keley‘scientists said n o re
port to the Amenican Society
of Biological Chemists on
the startling results with the
quagga gene fragments

“‘The initial success re-
ported today may open the
way 10 regover intact L.’\.’T'l\_‘\
from the muscle of frozen
mammoths, as wellas from
bones and tecth of species

14th

flesh was

The report was presentied
by Dr. Russell Higuchi, 2
leading authority in analysis
and faboratory reproduction

[ DNA.

ﬂ

‘\

" the
hunt ers .
ear

Advertsoment




Reprinted from Nature, Vol. 332, No. 6164, pp. 543-546, 7 April 1988
© Macmillan Magazines Lid., 1988

DNA typing from single hairs

Russell Higuchi, Cecilia H. von Beroldingen®,
George F. Sensabaugh* & Henry A. Erlich

Department of Human Genetics, Cetus Corporation, Emeryville,

California 94608, USA Cetus Corp.

* Forensic Sciences Program, University of California, Berkeley,

California 94720, USA 1986 -1991
Human Genetics Dept.

The characterization of genetic variation at the DNA level has

generated significant advances in gene and disease mapping', and
2

in the forensic identification of individuals®®. The most common Dept Director: Henry Er| |Ch
method of DNA analysis, that of restriction fragment length

polymorphism (RFLP), requires microgram amounts of relatively
undegraded DNA for multi-locus typing, and hundreds of
nanograms for single-locus comparisons’. Such DNA frequently
cannot be obtained from forensic samples such as single hairs and
blood stains, or from anthropological, genetic or zoological
samples collected in the field. To detect polymorphic DNA sequen-
ces from single human hairs, we have used the polymerase chain
reaction (PCR), in which specific short regions of a gene can be
greatly amplified in vitre® ' from as little as a single molecule
of DNA'’. We have detected genetically variable mitochondrial
and nuclear DNA sequences from the root region of shed, as well
as freshly-plucked, single hairs; mitochondrial DNA (mtDNA)
sequences have been detected in a sample from a single hair shaft.
We have used three different means of DNA typing on these
samples: the determination of amplified DNA fragment length
differences, hybridization with allele-specific oligonucleotide
vrobes, and direct DNA seguencing.



First PCR
forensic DNA
typing kit

Perkin-Elmer Cetus
Amplitype DQa,

(circa 1990)




First real-time PCR

20ng of male DNA
' ' . 125
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Fifty Years of Molecular (DNA/RNA) Diagnostics
Clin Chem. 2005 Mar;51(3):661-71 (C.Wittwer, ed.)
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Normalized growth curves
from CCD camera approach
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Integrated CCD camera
approach - 1995

'\L 1r|1 Tight Enc
‘ with Door

Dichroic Mirror
Sample Compartment

PE-ABI 5700 - 1997



Cetus (PCR - 1984; real-time PCR - 1990)

l

Perkin-Elmer — PECI (1988 - 1991)

Instruments/research / 1 Chemistries/diagnostics

Perkin-Elmer Roche Boehringer Mannheim
Apolied | (Biochemicals)
BIOSyStemS SDS/Prism systems
Idaho Technologies
Tagman
PE-ABI LightCycler — 1996
; Hyb probes
1 ABI 7700 - 1996 SYBR green
ABI Roc_he -
l Molecular Biochemicals
Celera » Applera |
— ! Roche
atl Pl Applied Science
| Diagnostics |
Founded — 2000
T. White
J. Sninsky

K. Ordonez



Part Il — Two things about real-time PCR

« \WWhy microarray hybridization cannot be as
sensitive or have the dynamic range of PCR

« \Why thermocycling Is an advantage over
Isothermal amplification

Application of real-time PCR to quantitative genetics



Accelerated Publication

Transcript Abundance 1n Yeast
Varies over Six Orders of
Magnitude®

In the current era of functional genomies, it is remark-
able that the intracellular range of transcript abun-
dance is largely unknown. For the yeast Saccharemyces
cerevisiae, hybridization-based complexity analysis and
SAGE analysis showed that the majority of yeast mRNAs
are present at one or fewer copies per cell; however,
neither method provides an aceurate estimate of the full
range of low abundance transeripts. Here we examine
the range of intracellular transeript abundanee in yeast
using kinetically monitored, reverse transcriptase-initi-
ated PCR (LRT-PCR). Steady-state transcript levels en-
coded by all 85 genes on the left arm of chromosome 111
and 185 transcription factor genes are guantitated.
Abundant transeripts encoded by glyeolytie genes, pre-
viously quantitated by kRT-PCR, are present at a few
hundred copies per cell whereas genes encoding physi
ologically important transeription factors are expressed
at levels as low as one-thousandth transcript per cell. Of
the genes assessed, only the silent mating type loci, HWL
and HMR, are transcriptionally silent. The results show
that transcript abundance in yeast varies over six or-
ders of magnitude. Finally, kRT-PCR, cDNA microarray,
and high density oligonucleotide array assays are com-
pared for their ability to detect and quantitate the com-
plete yeast transeriptome.

© 2002 by The Americ

Mike Holland
Dept. of Biological Chemistry
UC Davis



Overview — Thing |

o Kinetics of DNA hybridization
 Kinetics of kinetic (real-time) PCR

* \WWhy you can’t get there (low copy
detection) from here (hybridization on
microarrays)



DNA hybridization Kinetics in solution

dfcrick] _ —k[ Watson| [Crick]

dT

The rate of disappearance of Crick (appearance of
dsDNA) at any time (T) Is proportional to the
concentration of Crick and of Watson



Hybridization kinetics when
[Watson] >> [Crick]

dfcrick] _ —k| Watson, | [Crick]

dT

[Watson] essentially does not diminish and can be
substituted for by the constant initial concentration
[Watson_]. The reaction profile over time is
determined by the diminishing [Crick]

Wetmur, JG, Critical Reviews in Biochemistry and Molecular Biology,
26:227-259 (1991)



Hybridization of cDNA to immobilized probe
approximates conditions where [Watson] >> [Crick]
where Watson = cDNA and Crick = probe

Caveats:
* Works If [cDNA] iIs high enough

 |f not, hybridization is also diffusion-limited and
the rate Is slower

* This i1s why we gently rock our hybridizations



Immobilized probe-based equation

dfssProbe] _ —k|cDNA, |[ssProbe]

dT

The rate of disappearance of single-strand probe

(appearance of bound target sequence) at any time (T)
IS proportional to the remaining ssProbe



Integrate the equation from T to T

[ssProbe] o KT[eONA,

[ssProbe, |

The left side, the fraction of remaining unbound, ssProbe, goes
from 1 to O with increasing time. One could think of the amount
of bound cDNA increasing from 0O to 1 at the same time

ssProbe kT
bound cDNA = 1—J—1— 1-g ¥TIONA, |

|ssProbe, |



Let’s graph, keeping T constant and
varying [cDNA]

0.0001 0.001 0.01 0.1 1 10 100 1000
conc. of cDNA




Let’s add some noise (S/N = 20)
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conc. of cDNA




Hold this thought: an RNA profile on a
microarray IS a hybridization experiment with
a mixture of multiple different, sequence-
specific cDNAs at widely different
concentration (> 6 logs).

In other words, the experiment we just
graphed



Atwood model of primer-limited PCR

eff.
Cona=Cox[ 1+ aC,
I:)o - Cn

C,, = product copy# @ cycle n

eff. = initial replication efficiency

P, = initial primer concentration

a = strand reassociation vs. primer annealing

Conversion to detected relative flourescence

= ﬂuorcyclei =1+ (Copy#cycle i /Copy#cycle infinity)(x'l)



Curve-fitting the Atwood model to data
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Vary intial copy number in the PCRs

startir#g target
copy

Y
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Let’s add some noise (S/N = 20)

=

startir#g target
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relative fluorescence
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Dynamic range Is unaffected



Mike Holland’s experiment

 RNA profile yeast gene expression of 250
genes using kinetic RT-PCR

 Early log phase cultures of strain BY4742
In YPD medium

o Compare to published profile of same genes
from same strain under same conditions
measured using microarray hybridization



Microarray hybridization measurement of mMRNA
level In yeast vs kinetic RT-PCR measurement
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M. Holland, J. Biol. Chem. 277:14363-66 (2002)



One can conclude from this:

Yeast mRNA transcripts vary over six orders of
maginitude

Lowest level transcripts are at 1 copy per 1000
cells

These transcripts are probably functional

Microarrays are three orders of magnitude In
sensitivity away from detecting these lowest level
transcripts

Problem should be worse in mammalian cells



How can mRNASs at < 1 copy per cell
mean anything?

MRNAs are labile; proteins are the more stable
effectors of function

Measuring the average level in many cells at
different stages of cell cycle - catching only a few
cells “in the act” of transcription

Tissues are heterogeneous

Regulatory proteins are low-level (lac repressor at
few copies/cell)



To enhance dynamic range, could you do the
same trick with hybridization, 1.e., make
measurements over time?

* Yes, but to get greater sensitivity need to
hybridize longer

« 10-fold greater sensitivity requires 10-fold longer
nybridization

* Hybridization times are already 24 hr

 Longer hybridization = higher background
fluorescence




Could you increase the concentration of
cDNA?

* Yes, but many microarray experiments have
limited mMRNA to begin with and use as small a
volume hybridization as Is reasonable to work
with

« 10-fold gains In sensitivity require 10-fold
Increases In concentration

e “Volume excluders”, e.g., PEG, are already used



Conclusions

Many interesting mRNAs are below the
level of detection by microarrays

The dynamic range of quantification by
microarray hybridization is limited

Kinetic RT-PCR has a much broader
dynamic range and much greater sensitivity

The number of mMRNASs testable with
microarrays Is much larger in one
experiment (bigger “bandwidth™)



Having your cake and eating It too

e A dense microarray of PCRS

* Microfluidic partitioning of sample and
master mix



Thing Il - why Is thermocyling good for quantification?
(or why 1s the “gq” in gPCR as good as It 1S?)

e Exponential processes like PCR are not supposed
to be easily reproducible

« Small efficiency differences early on (due, say, to
temperature differences) can be magnified into
large differences by late cycles

e Common misperception

* The “stop/start” of temperature cycling
synchronizes all reactions

* Advantage of PCR over isothermal amplifications



Big Problem in gene discovery by “genome-
wide SNP association” - Huge number of
genotype determinations required

e 200,000 to 1,000,000 SNPs required for
genome-wide coverage

e 500 case + 500 control x 200,000 SNPs
= 2 x 108 genotype determinations

 Total output of RMS + collaborators, last
10 years maybe 5 x 106

Promise of genome-wide SNP screens: genes for
genetically complex disorders - heart disease,
cancer, osteoporosis, etc.



How to do a billion genotypes

e Multiplex the DNA samples (i.e., pool equal
amounts of them)

— Use allele frequency in pool as measure of allele
frequency in population

— Look for allele frequency difference between case and
control larger than expected “by chance”

— Erlich, H, Arnheim, N and Strange, C (1985). Proc.
Natl. Acad. Sci. 82: 6970-6974. —

— Germer, S, Holland, M and Higuchi, R (2000) Genome
Res. 10(2):258-66. —

o Multiplex the assays (as many genotypes as
possible per assay) - AffymetrixTM, ParalleleTM

* Multiplex both - PerlegenTM



Principle of Our .
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Exacerbation of “winner’s curse”
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How about limiting to amino acid
substitutions?

e Some 20,000 missense SNPs In
databases

e Botstein and Risch

— Most known Mendelian (single-gene)
disorders are due to misense mutations —

why should complex (multi-gene) disorders Pl
be different? { '

— Ascertainment bias (you get what you look 18
‘- I ¥ 4

o /£ mmrHlerE'
» Celera Diagnostics (J. Sninsky) i~'HTG e
— Allele-specific, kinetic PCR A FUTURE

Biatech Chronicles




“Mama always said life was like a
box a chocolates, never know what
you're gonna get.”

- Forrest Gump



