True or False?

There exists a Nude mouse which is a mouse strain that has no
hair and also no immune system. These mice have been used for
the production of human ears.

STORY SO FAR…

If the K-T boundary isotopic spike is
indeed the result of impact-related acid rain,
the oceanic strontium isotope record may
reveal other large impacts. The seawater
strontium curve of Burke et al. (9), which
spans the past 500 million years, shows at
least two other prominent high spikes in the
ratio, one in the mid-Cretaceous, at
87Sr/86Sr
-100 million years, and the other in the
Pennsylvanian, at -290 million years. The
first appears to precede by a few million
years the mass extinction event at the Cenomanian-Turonian boundary. There is also a
large increase in 87Sr/86Sracross the Permian-Triassic boundary (9), the time of the
most extreme mass extinction in the Phanerozoic record (17). However, the increase
appearsto be rather gradual, extending over
20 million to 25 million years, and is thus
quite different in character from the K-T
spike. Nevertheless, data are sparse for this
interval, and more work will be required to
determine the exact nature of the increase.
The occurrence of a spike toward higher
values in the seawater 87Sr/86Srrecord at the
K-T boundary is tantalizing evidence for
enhanced continental weathering, possibly
due to impact-related acid rain. Detailed
strontium isotopic studies through this and
other intervals where such spikes appear are
required to determine precisely the nature of
the isotopic variations with respect to stratigraphy, and particularly with respect to
mass extinctions.
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Primer-Directed Enzymatic Amplification of DNA
with a Thermostable DNA Polymerase
RANDALL K. SAIKI, DAVID

H.

GELFAND, SUSANNE STOFFEL,

STEPHEN J. SCHARF, RUSSELL HIGUCHI, GLENN T. HORN,
KARY B. MULLIS,* HENRY A. ERLICH
A thermostable DNA polymerase was used in an in vitro DNA amplification
procedure, the polymerase chain reaction. The enzyme, isolated from Thermus aquaticus, greatly simplifies the procedure and, by enabling the amplification reaction to be
performed at higher temperatures, significantly improves the specificity, yield, sensitivity, and length of products that can be amplified. Single-copy genomic sequences were
amplified by a factor of more than 10 million with very high specificity, and DNA
segments up to 2000 base pairs were readily amplified. In addition, the method was
used to amplify and detect a target DNA molecule present only once in a sample of 105
cells.

T

HE ANALYSIS OF SPECIFIC NUCLEO-

tide sequences, like many analytic
procedures, is often hampered by the
presence of extraneous material or by the
extremely small amounts availablefor examination. We have recently described a method, the polymerase chain reaction (PCR),
that overcomes these limitations (1, 2). This
technique is capable of producing a selective
enrichment of a specific DNA sequence by a
factor of 106, greatly facilitating a variety of
subsequent analytical manipulations. PCR
has been used in the examination of nucleotide sequence variations (3-5) and chromosomal rearrangements (6), for high-efficiency cloning of genomic sequences (7), for
direct sequencing of mitochondrial (8) and
genomic DNAs (9, 10), and for the detection of viral pathogens (11).

fragment, approximately 2", where n is the
number of cycles.
One of the drawbacks of the method,
however, is the thermolability of the
Klenow fragment of Escherichiacoli DNA
polymerase I used to catalyze the extension
of the annealed primers. Because of the heat
denaturation step required to separate the
newly synthesized strands of DNA, fresh
enzyme must be added during each cycle-a
tedious and error-prone process if several
samples are amplified simultaneously. We
now describe the replacement of the E. coli
DNA polymerase with a thermostable DNA
polymerase purified from the thermophilic
bacterium, Thermus aquaticus (Taq), that
can survive extended incubation at 95?C
(12). Since this heat-resistant polymerase is
relatively unaffected by the denaturation

Again:

100bp DNA fragment means there is NO Alu
insertion at the Chromosome 8, TPA-25 locus.
400bp DNA fragment means, YES, there is an Alu
insertion at the Chromosome 8, TPA locus.
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Biochemistry

DNA sequencing with chain-terminating inhibitors
(DNA polymerase/nucleotide sequences/bacteriophage 4X174)

F. SANGER, S. NICKLEN, AND A. R. COULSON
Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 2QH, England

Contributed by F. Sanger, October 3, 1977

A new method for determining nucleotide seABSTRACT
quences in DNA is described. It is similar to the "plus and
minus" method [Sanger, F. & Coulson, A. R. (1975) J. Mol. Biol.
94,441-4481 but makes use of the 2',3'-dideoxy and arabinonucleoside analogues of the normal deoxynucleoside triphosphates,
which act as specific chain-terminating inhibitors of DNA
polymerase. The technique has been applied to the DNA of
bacteriophage 4bX174 and is more rapid and more accurate than
either the plus or the minus method.

The "plus and minus" method (1) is a relatively rapid and
simple technique that has made possible the determination of
the sequence of the genome of bacteriophage 4X174 (2). It
depends on the use of DNA polymerase to transcribe specific
regions of the DNA under controlled conditions. Although the
method is considerably more rapid and simple than other
available techniques, neither the "plus" nor the "minus"
method is completely accurate, and in order to establish a sequence both must be used together, and sometimes confirmatory data are necessary. W. M. Barnes (J. Mol. Biol., in press)
has recently developed a third method, involving ribo-substitution, which has certain advantages over the plus and minus
method, but this has not yet been extensively exploited.
Another rapid and simple method that depends on specific
chemical degradation of the DNA has recently been described
by Maxam and Gilbert (3), and this has also been used extensively for DNA sequencing. It has the advantage over the plus
and minus method that it can be applied to double-stranded
DNA, but it requires a strand separation or equivalent fractionation of each restriction enzyme fragment studied, which
makes it somewhat more laborious.
This paper describes a further method using DNA polymerase, which makes use of inhibitors that terminate the newly
synthesized chains at specific residues.
Principle of the Method. Atkinson et al. (4) showed that the
inhibitory activity of 2',3'-dideoxythymidine triphosphate

a stereoisomer of ribose in which the 3'-hydroxyl group is oriented in trans position with respect to the 2'-hydroxyl group.
The arabinosyl (ara) nucleotides act as chain terminating inhibitors of Escherichia coli DNA polymerase I in a manner
comparable to ddT (4), although synthesized chains ending in
3' araC can be further extended by some mammalian DNA
polymerases (5). In order to obtain a suitable pattern of bands
from which an extensive sequence can be read it is necessary
to have a ratio of terminating triphosphate to normal triphosphate such that only partial incorporation of the terminator
occurs. For the dideoxy derivatives this ratio is about 100, and
for the arabinosyl derivatives about 5000.

METHODS
Preparation of the Triphosphate Analogues. The preparation of ddTTP has been described (6, 7), and the material is
now commercially available. ddA has been prepared by
McCarthy et al. (8). We essentially followed their procedure
and used the methods of Tener (9) and of Hoard and Ott (10)
to convert it to the triphosphate, which was then purified on
DEAE-Sephadex, using a 0.1-1.0 M gradient of triethylamine
carbonate at pH 8.4. The preparation of ddGTP and ddCTP
has not been described previously; however we applied the
same method as that used for ddATP and obtained solutions
having the requisite terminating activities. The yields were very
low and this can hardly be regarded as adequate chemical
characterization. However, there can be little doubt that the
activity was due to the dideoxy derivatives.
The starting material for the ddGTP was N-isobutyryl-5'O-monomethoxytrityldeoxyguanosine prepared by F. E.
Baralle (11). After tosylation of the 3'-OH group (12) the
compound was converted to the 2',3'-didehydro derivative with
sodium methoxide (8). The isobutyryl group was partly re-
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BLAST search demo.
1. We need a name (first and last). Best if it
doesn’t have the letters B, J, O, X, Z, but
it’s doable if they do exist.
2. Next, we’ll enter that protein sequence to
see if it occurs in any sequence data
published to date (go to https://
blast.ncbi.nlm.nih.gov/Blast.cgi)
3. Then for fun, we’ll see whether that name
(that string of amino acid letters) has a
match.
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THE (HUMAN) GENOME

True or False?
Evidence shows that mice are attracted to their mates based on
genetic diversity. This they can somehow tell from the smell of
their urine. There is also currently some weak evidence that
humans indirectly do the same thing.

Text

GENOME: In modern molecular biology and genetics, the genome
is the entirety of an organism's hereditary information. It is encoded
either in DNA or, for many types of virus, in RNA. The genome
includes both the genes and the non-coding sequences of the
DNA/RNA
GENOMICS: is a discipline in genetics concerning the study of the
genomes of organisms

HUMAN GENOME PROJECT: collaborative and public (as in
data would be open) large scale public project to figure out the
entire sequence of the human genome. Started in earnest in 1990.
Projected to take 15 years, at a cost of $3 billion. (Note that
samples used were from 30 different human cell lines commonly
used in medical research).
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derstanding human evolution, the causation
of disease, and the interplay between the
environment and heredity in defining the human condition. A project with the goal of
determining the complete nucleotide sequence of the human genome was first formally proposed in 1985 (1). In subsequent
years, the idea met with mixed reactions in
the scientific community (2). However, in
1990, the Human Genome Project (HGP) was
officially initiated in the United States under
the direction of the National Institutes of
Health and the U.S. Department of Energy
with a 15-year, $3 billion plan for completing
the genome sequence. In 1998 we announced
our intention to build a unique genomesequencing facility, to determine the sequence of the human genome over a 3-year
period. Here we report the penultimate milestone along the path toward that goal, a nearly
complete sequence of the euchromatic portion of the human genome. The sequencing
was performed by a whole-genome random
shotgun method with subsequent assembly of
the sequenced segments.
The modern history of DNA sequencing
began in 1977, when Sanger reported his method for determining the order of nucleotides of

DNA using chain-terminating nucleotide analogs (3). In the same year, the first human gene
was isolated and sequenced (4). In 1986, Hood
and co-workers (5) described an improvement
in the Sanger sequencing method that included
attaching fluorescent dyes to the nucleotides,
which permitted them to be sequentially read
by a computer. The first automated DNA sequencer, developed by Applied Biosystems in
California in 1987, was shown to be successful
when the sequences of two genes were obtained
with this new technology (6). From early sequencing of human genomic regions (7), it
became clear that cDNA sequences (which are
reverse-transcribed from RNA) would be essential to annotate and validate gene predictions
in the human genome. These studies were the
basis in part for the development of the expressed sequence tag (EST) method of gene
identification (8), which is a random selection,
very high throughput sequencing approach to
characterize cDNA libraries. The EST method
led to the rapid discovery and mapping of human genes (9). The increasing numbers of human EST sequences necessitated the development of new computer algorithms to analyze
large amounts of sequence data, and in 1993 at
The Institute for Genomic Research (TIGR), an
algorithm was developed that permitted assembly and analysis of hundreds of thousands of
ESTs. This algorithm permitted characterization and annotation of human genes on the basis
of 30,000 EST assemblies (10).
The complete 49-kbp bacteriophage lambda genome sequence was determined by a
shotgun restriction digest method in 1982
(11). When considering methods for sequencing the smallpox virus genome in 1991 (12),
a whole-genome shotgun sequencing method
was discussed and subsequently rejected owing to the lack of appropriate software tools
for genome assembly. However, in 1994,
when a microbial genome-sequencing project
was contemplated at TIGR, a whole-genome
shotgun sequencing approach was considered
possible with the TIGR EST assembly algorithm. In 1995, the 1.8-Mbp Haemophilus
influenzae genome was completed by a
whole-genome shotgun sequencing method
(13). The experience with several subsequent
genome-sequencing efforts established the
broad applicability of this approach (14, 15).
A key feature of the sequencing approach
used for these megabase-size and larger genomes was the use of paired-end sequences
(also called mate pairs), derived from subclone libraries with distinct insert sizes and
cloning characteristics. Paired-end sequences
are sequences 500 to 600 bp in length from
both ends of double-stranded DNA clones of
prescribed lengths. The success of using end
sequences from long segments (18 to 20 kbp)
of DNA cloned into bacteriophage lambda in
assembly of the microbial genomes led to the
suggestion (16 ) of an approach to simulta-
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THE HUMAN GENOME
A 2.91-billion base pair (bp) consensus sequence of the euchromatic portion of
the human genome was generated by the whole-genome shotgun sequencing
method. The 14.8-billion bp DNA sequence was generated over 9 months from
27,271,853 high-quality sequence reads (5.11-fold coverage of the genome)
from both ends of plasmid clones made from the DNA of five individuals. Two
assembly strategies—a whole-genome assembly and a regional chromosome
assembly—were used, each combining sequence data from Celera and the
publicly funded genome effort. The public data were shredded into 550-bp
segments to create a 2.9-fold coverage of those genome regions that had been
sequenced, without including biases inherent in the cloning and assembly
procedure used by the publicly funded group. This brought the effective coverage in the assemblies to eightfold, reducing the number and size of gaps in
the final assembly over what would be obtained with 5.11-fold coverage. The
two assembly strategies yielded very similar results that largely agree with
independent mapping data. The assemblies effectively cover the euchromatic
regions of the human chromosomes. More than 90% of the genome is in
scaffold assemblies of 100,000 bp or more, and 25% of the genome is in
scaffolds of 10 million bp or larger. Analysis of the genome sequence revealed
26,588 protein-encoding transcripts for which there was strong corroborating
evidence and an additional !12,000 computationally derived genes with mouse
matches or other weak supporting evidence. Although gene-dense clusters are
obvious, almost half the genes are dispersed in low G"C sequence separated
by large tracts of apparently noncoding sequence. Only 1.1% of the genome
is spanned by exons, whereas 24% is in introns, with 75% of the genome being
intergenic DNA. Duplications of segmental blocks, ranging in size up to chromosomal lengths, are abundant throughout the genome and reveal a complex
evolutionary history. Comparative genomic analysis indicates vertebrate expansions of genes associated with neuronal function, with tissue-specific developmental regulation, and with the hemostasis and immune systems. DNA
sequence comparisons between the consensus sequence and publicly funded
genome data provided locations of 2.1 million single-nucleotide polymorphisms
(SNPs). A random pair of human haploid genomes differed at a rate of 1 bp per
1250 on average, but there was marked heterogeneity in the level of polymorphism across the genome. Less than 1% of all SNPs resulted in variation in
proteins, but the task of determining which SNPs have functional consequences
remains an open challenge.
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SOME KEY FINDINGS
• The HGP has revealed that there are probably about 25,000 to 40,000 (since
updated to a count of ~20,500 human genes)
• Human genome is remarkably similar to other genomes in terms of total gene
humbers and gene functions, although most genes are more complex.
(Comparitive Genomics)
• Between 1.1% to 1.4% of the genome's sequence codes for proteins.
Nonfunctional regions appear to account for ~97%. 12% of human genomic
DNA is due to copy number variations - CNVs

• ~2 million single nucleotide polymorphisms - SNPs (~0.1 to 0.3% of total
genome)
25

• ~2 million single nucleotide polymorphisms - SNPs (~0.1 to 0.3% of total
genome)
is a DNA sequence variation occurring when a single nucleotide — A, T, C, or G
— in the genome (or other shared sequence) differs between (human) members.

AGCTTAGCGAGTGACCGGTCAGCTTACGCAGATCGAGGAGCTTACG
AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG
AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG
AGCTTAGCGAGTGACCGGTCAGCTTACGCAGATCGAGGAGCTTACG
AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG
26

2 ALLELES A vs C in GENE X

2 ALLELES G vs T in GENE Y

True or False?

Research based on psychogenomic analysis have determined
genetic sequences involved in your love/hate relationship
with brussel sprouts.

Current Biology, Vol. 15, 322–327, February 22, 2005, ©2005 Elsevier Ltd All rights reserved.
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The Molecular Basis of Individual Differences
in Phenylthiocarbamide and Propylthiouracil
Bitterness Perception
Bernd Bufe,1,5 Paul A.S. Breslin,2,5,*
Christina Kuhn,1 Danielle R. Reed,2
Christopher D. Tharp,2 Jay P. Slack,3
Un-Kyung Kim,4,6 Dennis Drayna,4
and Wolfgang Meyerhof1,*
1
German Institute of Human Nutrition
Potsdam-Rehbruecke
Arthur-Scheunert-Allee 114–116
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2
Monell Chemical Senses Center
3500 Market Street
Philadelphia, Pennsylvania 19104
3
Givaudan Flavors Corporation
1199 Edison Drive
Cincinnati, Ohio 45216
4
National Institute on Deafness
and Other Communication Disorders
National Institutes of Health
5 Research Court
Rockville, Maryland 20850

Summary
Individual differences in perception are ubiquitous
within the chemical senses: taste, smell, and chemical
somesthesis [1–4]. A hypothesis of this fact states
that polymorphisms in human sensory receptor genes
could alter perception by coding for functionally distinct receptor types [1, 5–8]. We have previously reported evidence that sequence variants in a presumptive bitter receptor gene (hTAS2R38) correlate with
differences in bitterness recognition of phenylthiocarbamide (PTC) [9–11]. Here, we map individual psy-

example, pharmaceuticals and selected phytochemicals.

Results and Discussion
The TAS2R38 Variant from a Sensitive Individual
Responds to PTC and PROP, and the Variant
from an Insensitive Individual Does Not
The haplotypes of TAS2R38 indicate that this gene, or
transcriptionally functional portions of it, determines
PTC sensitivity. The three most common polymorphisms observed in TAS2R38 occur at amino acid position 49, where either a proline or an alanine is encoded,
at position 262, where either an alanine or a valine is
encoded, and at position 296, where either a valine or
an isoleucine is encoded, giving rise to two frequent
haplotypes, PAV and AVI, plus the less common haplotypes AAI, PVI, and AAV. We cloned PAV and AVI alleles
of hTAS2R38 from genomic DNA of two homozygous
individuals. Their receptors were functionally expressed
in HEK293 cells [9]. Micromolar concentrations of PTC
elevated cytosolic [Ca2!]i in cells transiently transfected
with the hTAS2R38-PAV variant in a concentrationdependent manner (Figure 1A). Moreover, stimulation
of receptor-expressing cells with the related compound
PROP resulted in an equally strong response at micromolar concentrations (Figure 1B). hTAS2R38-AVI did not
respond to PTC or PROP concentrations as high as
1 mM.
Three less common haplotypes were also characterized. PVI, AAI, and AAV [10] responded to PTC and PROP
in the functional expression assay with EC50 values that
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MICROARRAY
DNA CHIP

34

~10,000,000 SNPs

True or False?

According to established data within the senecense field, people
who take longer to “sh*t” arguably should live longer.

JUST SEQUENCE THE ENTIRE
THING?

THE PROBLEM: DATA SET IS TOO BIG. YOU’LL ALWAYS
FIND COORELATIONS.

http://miserycat.deviantart.com/art/Free-Unicorn-Icon-180216460?q=&qo=

THE PRICE IS RIGHT!

Illumina NovaSeq 6000
~$1000,000

Ion GeneStudio S5
~$100,000

Illumina iSeq
~$20,000

MinION
~$1,500

17

source: http://www.illumina.com/

18

source: http://www.illumina.com/

19

20

source: http://www.illumina.com/

source: http://www.illumina.com/

Up to 40 Billion clusters per run.

1990: Several machines to sequence the human genome. Est. time and cost: 15 years and $3 billion
1998: Celera (shotgun estimate). 3 years and $300 million.

23

2003: Human Genome Project finished. Final price tag for a “draft” version was $150 million.
2006: ~$14 million.
2012: One machine can sequence an entire human
genome in about 8 days at a cost of about $10,000

}

Around here is when Next Gen
Sequencing started to take off.

2013: One machine can sequence an entire human genome in about 3 days at a cost of about $5,000
2014: One large scale set up (HiSeq X Ten) can sequence an entire human genome’s worth of data in
about 1 day at a cost of $1,000 (set up is tens of millions of dollars).
2015: Oxford Nanopore MinION sequencer released for sale (sequencing device at ~$1500, but 30%
error rate)
2016: One machine can sequence an entire human genome in about 1 day at a cost of about $1,200
2017: Illumina NovaSeq 6000: ~48 genomes per 45hrs (3000Gb). less than $1000 each (this includes
set up costs ~$1000,000). Illumina keeps talking about an end goal of $100 per human genome.
2018: Illumina just released their iSeq (~$20,000 for the device). 1.2Gbp output in 9 hours.
MinION error rate with appropriate software analysis currently can be dropped to about 4.25% to 0.2%
(other platforms is < 0.05%)

http://miserycat.deviantart.com/art/Free-Unicorn-Icon-180216460?q=&qo=

http://miserycat.deviantart.com/art/Free-Unicorn-Icon-180216460?q=&qo=

True or False?

A transgenic mouse, affectionately known as the "Doogie" mouse
has been produced with superior intellect and mental prowess.

NOW THAT YOU KNOW THE CODE,
HOW ABOUT THE ABILITY TO EDIT
THAT CODE IN YOUR GENOME?

Outside the cell (in a test tube)

Make the change
outside (in the test
tube - in vitro)

Try to incorporate
new DNA seq
into host cell

Make a precise
edit inside
(within the
cell - in vivo)
host genome

Inside the living cell

Outside the cell

Make the change
outside (in the test
tube - in vitro)

This is what “gene editing”is all
about. And yes, CRISPR is a big
deal, because this got a lot easier*
and cheaper.

Try to incorporate
new DNA seq
into host cell

Make a precise
edit inside
(within the
cell - in vivo)
host genome

Inside the cell
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A Programmable Dual-RNA–Guided
DNA Endonuclease in Adaptive
Bacterial Immunity
Martin Jinek,1,2* Krzysztof Chylinski,3,4* Ines Fonfara,4 Michael Hauer,2†
Jennifer A. Doudna,1,2,5,6‡ Emmanuelle Charpentier4‡
Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems
provide bacteria and archaea with adaptive immunity against viruses and plasmids by using
CRISPR RNAs (crRNAs) to guide the silencing of invading nucleic acids. We show here that in a
subset of these systems, the mature crRNA that is base-paired to trans-activating crRNA (tracrRNA)
forms a two-RNA structure that directs the CRISPR-associated protein Cas9 to introduce
double-stranded (ds) breaks in target DNA. At sites complementary to the crRNA-guide sequence,
the Cas9 HNH nuclease domain cleaves the complementary strand, whereas the Cas9 RuvC-like
domain cleaves the noncomplementary strand. The dual-tracrRNA:crRNA, when engineered as a
single RNA chimera, also directs sequence-specific Cas9 dsDNA cleavage. Our study reveals a
family of endonucleases that use dual-RNAs for site-specific DNA cleavage and highlights the
potential to exploit the system for RNA-programmable genome editing.

B

acteria and archaea have evolved RNAmediated adaptive defense systems called
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
(Cas) that protect organisms from invading viruses and plasmids (1–3). These defense systems
rely on small RNAs for sequence-specific detection and silencing of foreign nucleic acids.
CRISPR/Cas systems are composed of cas genes
organized in operon(s) and CRISPR array(s) consisting of genome-targeting sequences (called
spacers) interspersed with identical repeats (1–3).
CRISPR/Cas-mediated immunity occurs in three
steps. In the adaptive phase, bacteria and archaea
harboring one or more CRISPR loci respond to
viral or plasmid challenge by integrating short
fragments of foreign sequence (protospacers)
into the host chromosome at the proximal end
of the CRISPR array (1–3). In the expression and
interference phases, transcription of the repeatspacer element into precursor CRISPR RNA
(pre-crRNA) molecules followed by enzymatic
1
Howard Hughes Medical Institute (HHMI), University of California, Berkeley, CA 94720, USA. 2Department of Molecular
and Cell Biology, University of California, Berkeley, CA 94720,
USA. 3Max F. Perutz Laboratories (MFPL), University of Vienna,
A-1030 Vienna, Austria. 4The Laboratory for Molecular Infection Medicine Sweden, Umeå Centre for Microbial Research,
Department of Molecular Biology, Umeå University, S-90187
Umeå, Sweden. 5Department of Chemistry, University of California, Berkeley, CA 94720, USA. 6Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA
94720, USA.

*These authors contributed equally to this work.
†Present address: Friedrich Miescher Institute for Biomedical
Research, 4058 Basel, Switzerland.
‡To whom correspondence should be addressed. E-mail:
doudna@berkeley.edu (J.A.D.); emmanuelle.charpentier@
mims.umu.se (E.C.)
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cleavage yields the short crRNAs that can pair
with complementary protospacer sequences of
invading viral or plasmid targets (4–11). Target recognition by crRNAs directs the silencing
of the foreign sequences by means of Cas proteins that function in complex with the crRNAs
(10, 12–20).
There are three types of CRISPR/Cas systems
(21–23). The type I and III systems share some
overarching features: specialized Cas endonucleases process the pre-crRNAs, and once mature,
each crRNA assembles into a large multi-Cas
protein complex capable of recognizing and
cleaving nucleic acids complementary to the
crRNA. In contrast, type II systems process precrRNAs by a different mechanism in which a
trans-activating crRNA (tracrRNA) complementary to the repeat sequences in pre-crRNA triggers
processing by the double-stranded (ds) RNAspecific ribonuclease RNase III in the presence
of the Cas9 (formerly Csn1) protein (fig. S1)
(4, 24). Cas9 is thought to be the sole protein
responsible for crRNA-guided silencing of foreign DNA (25–27).
We show here that in type II systems, Cas9
proteins constitute a family of enzymes that require a base-paired structure formed between
the activating tracrRNA and the targeting crRNA
to cleave target dsDNA. Site-specific cleavage occurs at locations determined by both base-pairing
complementarity between the crRNA and the target protospacer DNA and a short motif [referred
to as the protospacer adjacent motif (PAM)] juxtaposed to the complementary region in the target DNA. Our study further demonstrates that
the Cas9 endonuclease family can be programmed
with single RNA molecules to cleave specific DNA
sites, thereby raising the exciting possibility of
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developing a simple and versatile RNA-directed
system to generate dsDNA breaks for genome
targeting and editing.
Cas9 is a DNA endonuclease guided by
two RNAs. Cas9, the hallmark protein of type II
systems, has been hypothesized to be involved
in both crRNA maturation and crRNA-guided
DNA interference (fig. S1) (4, 25–27). Cas9 is
involved in crRNA maturation (4), but its direct
participation in target DNA destruction has not
been investigated. To test whether and how Cas9
might be capable of target DNA cleavage, we
used an overexpression system to purify Cas9
protein derived from the pathogen Streptococcus
pyogenes (fig. S2, see supplementary materials
and methods) and tested its ability to cleave a plasmid DNA or an oligonucleotide duplex bearing
a protospacer sequence complementary to a mature crRNA, and a bona fide PAM. We found that
mature crRNA alone was incapable of directing
Cas9-catalyzed plasmid DNA cleavage (Fig. 1A
and fig. S3A). However, addition of tracrRNA,
which can pair with the repeat sequence of crRNA
and is essential to crRNA maturation in this system, triggered Cas9 to cleave plasmid DNA (Fig.
1A and fig. S3A). The cleavage reaction required
both magnesium and the presence of a crRNA
sequence complementary to the DNA; a crRNA
capable of tracrRNA base pairing but containing
a noncognate target DNA-binding sequence did
not support Cas9-catalyzed plasmid cleavage
(Fig. 1A; fig. S3A, compare crRNA-sp2 to
crRNA-sp1; and fig. S4A). We obtained similar
results with a short linear dsDNA substrate (Fig.
1B and fig. S3, B and C). Thus, the trans-activating
tracrRNA is a small noncoding RNA with two critical functions: triggering pre-crRNA processing
by the enzyme RNase III (4) and subsequently activating crRNA-guided DNA cleavage by Cas9.
Cleavage of both plasmid and short linear
dsDNA by tracrRNA:crRNA-guided Cas9 is sitespecific (Fig. 1, C to E, and fig. S5, A and B).
Plasmid DNA cleavage produced blunt ends at
a position three base pairs upstream of the PAM
sequence (Fig. 1, C and E, and fig. S5, A and C)
(26). Similarly, within short dsDNA duplexes,
the DNA strand that is complementary to the
target-binding sequence in the crRNA (the complementary strand) is cleaved at a site three base
pairs upstream of the PAM (Fig. 1, D and E, and
fig. S5, B and C). The noncomplementary DNA
strand is cleaved at one or more sites within three
to eight base pairs upstream of the PAM. Further
investigation revealed that the noncomplementary
strand is first cleaved endonucleolytically and
subsequently trimmed by a 3′-5′ exonuclease activity (fig. S4B). The cleavage rates by Cas9 under single-turnover conditions ranged from 0.3 to
1 min−1, comparable to those of restriction endonucleases (fig. S6A), whereas incubation of wildtype (WT) Cas9-tracrRNA:crRNA complex with
a fivefold molar excess of substrate DNA provided evidence that the dual-RNA–guided Cas9
is a multiple-turnover enzyme (fig. S6B). In
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because the efficiency of transcription initiation
correlates with the binding affinity of T7 RNAp
(25). We therefore inserted DNA templates used
in vitro (fig. S15) into the chromosome of
Escherichia coli and measured the expression
level of lacZ using the Miller assay (Fig. 4A)
(26). Indeed, the gene expression level oscillates
as a function of L with a periodicity of ~10 bp
(Fig. 4B). Similar oscillations of T7 RNAp activity were observed on plasmids in E. coli cells
by using a yellow fluorescent protein as a reporter (fig. S16). The oscillation of gene expression levels with a 10-bp periodicity was also
seen in a classic experiment on lac operon with
a DNA loop formed by two operators (27). However, our T7 RNAp result illustrates that DNA
allostery results in such an oscillatory phenomenon
even without a DNA loop, which is consistent
with a recent study in which E. coli RNA polymerase was used (10).
Pertinent to eukaryotic gene expression, DNA
allostery may affect the binding affinity of transcription factors near nucleosomes that are closely
positioned (28, 29). We placed GRE downstream
of a nucleosome (Fig. 4C) and observed a similar DNA allosteric effect in the koff of GRDBD
(Fig. 4D and fig. S17). To evaluate DNA allostery in an internucleosomal space, we used two
nucleosomes to flank a GRE (Fig. 4C). At the
same separation L, GRDBD resides on GRE for
a relatively longer time with a single nucleosome
nearby than it does with a pair of nucleosomes
on both sides of GRE (Fig. 4D). Nonetheless, the
fold change between the maximal and minimal
koff is larger for GRDBD with two nucleosomes

(approximately sevenfold). This indicates moderately large cooperativity between the two
flanking nucleosomes in modifying the binding
affinity of GRDBD, which is in line with previous in vivo experiments (30, 31). The fact that
histones modify a neighboring transcription factor’s binding suggests that allostery through DNA
might be physiologically important in affecting
gene regulation.
References and Notes

1. J. Monod, J. Wyman, J. P. Changeux, J. Mol. Biol. 12, 88
(1965).
2. D. E. Koshland Jr., G. Némethy, D. Filmer, Biochemistry
5, 365 (1966).
3. F. M. Pohl, T. M. Jovin, W. Baehr, J. J. Holbrook,
Proc. Natl. Acad. Sci. U.S.A. 69, 3805 (1972).
4. M. Hogan, N. Dattagupta, D. M. Crothers, Nature 278,
521 (1979).
5. B. S. Parekh, G. W. Hatfield, Proc. Natl. Acad. Sci. U.S.A.
93, 1173 (1996).
6. J. Rudnick, R. Bruinsma, Biophys. J. 76, 1725
(1999).
7. D. Panne, T. Maniatis, S. C. Harrison, Cell 129, 1111
(2007).
8. R. Moretti et al., ACS Chem. Biol. 3, 220 (2008).
9. E. F. Koslover, A. J. Spakowitz, Phys. Rev. Lett. 102,
178102 (2009).
10. H. G. Garcia et al., Cell Reports 2, 150 (2012).
11. S. Kim, P. C. Blainey, C. M. Schroeder, X. S. Xie, Nat. Methods
4, 397 (2007).
12. Materials and methods are available as supplementary
materials on Science Online.
13. B. F. Luisi et al., Nature 352, 497 (1991).
14. M. Newman, T. Strzelecka, L. F. Dorner, I. Schildkraut,
A. K. Aggarwal, Science 269, 656 (1995).
15. F. K. Winkler et al., EMBO J. 12, 1781 (1993).
16. M. Lewis et al., Science 271, 1247 (1996).
17. C. G. Kalodimos et al., EMBO J. 21, 2866 (2002).
18. K. J. Durniak, S. Bailey, T. A. Steitz, Science 322, 553
(2008).

Multiplex Genome Engineering
Using CRISPR/Cas Systems
Le Cong,1,2* F. Ann Ran,1,4* David Cox,1,3 Shuailiang Lin,1,5 Robert Barretto,6 Naomi Habib,1
Patrick D. Hsu,1,4 Xuebing Wu,7 Wenyan Jiang,8 Luciano A. Marraffini,8 Feng Zhang1†
Functional elucidation of causal genetic variants and elements requires precise genome
editing technologies. The type II prokaryotic CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas adaptive immune system has been shown to facilitate RNA-guided
site-specific DNA cleavage. We engineered two different type II CRISPR/Cas systems and
demonstrate that Cas9 nucleases can be directed by short RNAs to induce precise cleavage at
endogenous genomic loci in human and mouse cells. Cas9 can also be converted into a nicking
enzyme to facilitate homology-directed repair with minimal mutagenic activity. Lastly, multiple
guide sequences can be encoded into a single CRISPR array to enable simultaneous editing of
several sites within the mammalian genome, demonstrating easy programmability and wide
applicability of the RNA-guided nuclease technology.

P

recise and efficient genome-targeting technologies are needed to enable systematic
reverse engineering of causal genetic variations by allowing selective perturbation of individual genetic elements. Although genome-editing
technologies such as designer zinc fingers (ZFs)
(1–4), transcription activator–like effectors (TALEs)
(4–10), and homing meganucleases (11) have be-

gun to enable targeted genome modifications, there
remains a need for new technologies that are scalable, affordable, and easy to engineer. Here, we report
the development of a class of precision genomeengineering tools based on the RNA-guided Cas9
nuclease (12–14) from the type II prokaryotic clustered regularly interspaced short palindromic repeats (CRISPR) adaptive immune system (15–18).
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The Streptococcus pyogenes SF370 type II
CRISPR locus consists of four genes, including the Cas9 nuclease, as well as two noncoding
CRISPR RNAs (crRNAs): trans-activating crRNA
(tracrRNA) and a precursor crRNA (pre-crRNA)
array containing nuclease guide sequences (spacers)
interspaced by identical direct repeats (DRs) (fig.
S1) (19). We sought to harness this prokaryotic
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Guide sequence (RNA)
CRISPR
set up

ATCG

GCTTAGCTTGC
|

|

|

|

ATCG
Cas Cutting
Enzyme

DNA code that
makes this vector
“happy” in the cell
you put it in.

A precise cut.

CRISPR “vector”

*

GCTTA
Cas

Cutting
Enzyme

GCTTGC

Cell tries to fix, but
usually screws up

INSIDE A CELL

AS USUAL, THINGS AREN’T SIMPLE

True or False?

The song you are listening to is the title track of a Billboard number
one CD. The song and CD are specifically written about and
dedicated to the first human clone.

TRUE!

Some issues with CRISPR/cas:
Technical:

1
2

It’s not that easy. There’s a fair bit of a hype around the methodology,
in that it is way easier than previous gene editing tools, but still requires
trained hands, and considered expert thought.
It’s not perfect - both in terms of it working 100% of the time (i.e.
sometimes, no edit occurs); but also not perfect in the sense that
mistakes can be made (where the wrong part of the genome is edited).

TYPE OF CELL?

3

This is an amazing system for basic research. i.e. I’m working on a cell/
model organism and I want to see what happens when I change the
GERMLINE
CELL?
DNA code.
CRISPR/cas has made this research query much much
easier (this is why you see it being used more and more, and goes hand
(Designer
Babies)
in hand
with the sequence data. i.e. great for testing the seq to
phenotype correlations) BUT, as a tool for gene therapy, or genetic
modification, then… things get a little tricky.

Some issues with CRISPR/cas:
Ethical:

1

With the issue of errors/mistakes in what gets edited, what is the
appropriate risk to use this for gene therapy (i.e. medical uses). Does
the degree or seriousness of the disease factor in? And where do
enhancements fit? For that matter, what is the line between a treatment
and an enhancement?

2
TYPE OF CELL?

One also needs to consider the cell type.
Specifically, is it a somatic cell target, or
a germline cell target? Editing a germline
cell also comes with additional risks.

germline

GERMLINE CELL?

3

somatic

As these tools get cheaper and more efficient, and essentially easier to

(Designer
Babies)
do, then
can we assume that policy can provide appropriate regulations
to make sure unethical uses are avoided? There’s already a discussion
around concepts of whether even expert scientists have the
necessary training to navigate the ethical considerations.

Finally: your DNA sequence is also a bit more
complicated than just the code in your “genome.”

Epigenetics

Mosaicism

Microbiome

Mitochondria DNA

Briefly:
Epigenetics: The letters (A’s, T’s, C’s, and G’s) in your human genome don’t dictate
everything. Sometimes, how certain regions of your DNA are folded up will matter
(i.e. the shape of the DNA, not the letters). Sometimes, the environment will cause
chemical additions to your code, which in turn modifies how it’s read and utilized by
your cell. All to say, that there is yet another layer of complexity that determines how
genes are turned on and off.
Mitochondrial DNA: Your cells also have additional DNA that is found in the
mitochondria (an organelle involved in the energetics of your cell). It’s kind of like a
genome plug-in and codes for a few important things, and is inherited in a strictly
maternal fashion. Still, it means that human cells could (with manipulation) have
DNA derived from 3 different places.
Mosaicism: Not all your cells have the same exact genome code. Cells undergo
mutations all the time, and these cells in turn, grow and divide, so that a person may
actually have clusters of cells with slight sequence differences. In fact, there is
evidence to suggest that some of your cells may even be maternal in origin.
Microbiomes: There are at least as many bacteria, as there are human cells in/on
your body. This means that being “human” can be thought of as being a community
of living organism. Turns out, this community (in its various places) plays a huge
role in how you function.

