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First isolated in the late 19th century,
viruses are potent carriers of genetic
information. Their ability to enter a cell
and hijack its machinery to produce viral
proteins makes them an ideal system
for cellular transduction. Viral vectors
are one of the most efficient ways to
get genetic material into cells, but their
use in research requires a balancing
act of multiple parameters, including
insert size, target cells, expression time,
and biosafety. This chapter of Plasmids
101 will introduce you to four classes of

Schematic for the generation of lentivirus containing a gene of interest. common viral vectors and discuss key
The process for producing other types of viruses is similar. points of each system.

Viral vector systems based on modified retroviruses were first introduced in 1983. These two-piece systems
were composed of packaging cell lines and transfer vectors. Packaging cell lines contained a mutated retrovirus
(provirus) that produced retroviral proteins but could not package itself. A transfer vector expressing a gene

of interest could be generated by cloning a transgene into a partial retrovirus genome. Once transfected into
the packaging line, the transfer vector was efficiently packaged into viral particles, which were subsequently
released into the media and could be collected for experimental use. Importantly, these particles were
replication-incompetent because the packaging information was not included in the transfer vector but rather
expressed in trans by the packaging cells. This type of system, called a helper-free system, represents the first
method of creating viral vectors without the use of a wild-type virus, and the first step towards creating user-
friendly viral vectors.

The 1990s marked the introduction of adenoviral and lentiviral vector systems, designed using similar principles
to those detailed above. A few years later, adeno-associated viral (AAV) vector systems that split transfer vector
and packaging genes were introduced. The major caveat associated with early viral vector systems is safety.

In some systems, just one recombination event between transfer vector and helper genome could produce
replication competent virus, a true biosafety hazard. Subsequently, safer systems have split packaging genes
across multiple plasmids, thereby increasing the number of recombination events necessary to generate
replication competent virus. In the case of lentiviral systems, which are based on the HIV genome, many
unnecessary proteins have been deleted to increase the safety of these vectors.

Once efficient viral packaging methods had been identified, attention quickly turned to customizing these
vectors. Viruses of the same subtype share certain characteristics, like capsid or envelope proteins, but the
specific proteins found in each virus alter viral infectivity and tropism, the types of cells a virus can infect. To alter
tropism and improve infection rates, scientists began pseudotyping vectors by combining genes from multiple
viruses. One common example is the VSV-G envelope, still used today with retroviral and lentiviral vectors to
convey wide tropism and high infectivity. Conversely, pseudotyping may also be used in vivo to precisely define
a set of cell types a vector can infect, as is the case with AAV-derived vectors.
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Each of the four commonly used viral vector systems has its own advantages and disadvantages. Retroviral
vectors have a large packaging capacity, but unlike the other vectors they can only transduce dividing cells.
Lentiviral vectors integrate into the genome, potentially causing cellular transformation. Adenoviral vectors very
efficiently transduce a gene of interest, but expression is transient and accompanied by a substantial immune
response. AAV vectors provide long-lasting gene expression, but their packaging capacity is limited to about 4.5
kb.

Current work focuses on optimizing these vector systems for both research and clinical uses. To decrease the
immune response, some groups have used vectors with most of the viral genes removed or hybrid vectors.
Improved targeting is another important goal, with work on pseudotyping and the use of antibody-conjugated
vectors to preferentially target certain cell types ongoing. Increasing packaging capacity, especially with regard
to AAV, would broaden the applications of these vector systems.

The optimal viral vector would have a large genetic capacity, low immune response, and high infectivity. Precise
control over tropism and duration/level of transgene expression are also desirable characteristics. Although

no viral vector system currently fits all of these criteria, viral vectors remain among the most useful tools for
manipulating gene expression, and future research will likely further improve their utility. For help thinking about
what type of virus you should use for a particular application, consult the following table:

Lentivirus Stable <8 Kb Dividing/Non- Yes Low
dividing
AAV Transient or ~4.5Kb Dividing/Non- No* Very Low
Stable dividing
Adenovirus Transient >8 Kb Dividing/Non- No High
dividing
y-Retrovirus Stable <8 Kb Dividing Yes Moderate
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The use of viral vectors in research is beneficial for a
Transher number of reasons, including but not limited to: helping
Plasmmid to get difficult-to-deliver DNA into mammalian cells,

increasing the efficiency of gene transduction, allowing
for control over which cells are infected through viral
Packaging pseudotyping, and ease of vector cloning and modification.

Plasmids M At the most basic level, viral vectors consist of a viral
genome that has been adapted into a plasmid-based
technology and modified for safety through the removal

:J:‘:I'TI::::' - of many essential genes and the separation of the viral

components. Of the many viruses out there, only a
subset are commonly used in the lab: gamma-retrovirus,
lentivirus, and adeno-associated virus.

Adeno-associated Virus (AAV)

Adeno-associated virus or AAV is a small parvovirus that infects humans and some other primate species, but
is not currently known to cause disease. If AAV is exclusively used to infect human cells, it stably integrates

at a specific chromosomal site as part of its lysogenic life cycle; however, the addition of a helper virus such
as adenovirus or a helper plasmid containing the specific viral proteins E1A, E1B, E2A, E4, and VA will cause
AAV to enter a lytic cycle and replicate. There are at least eleven different serotypes of AAV, with more likely to
be discovered. The most studied and experimentally used serotype is AAV2; however, many factors including
species and cell type may make other serotypes more desirable.

Gamma-retrovirus and Lentivirus

A retrovirus is an RNA virus that uses reverse transcriptase to make a DNA provirus which can be incorporated
into the host’'s genome. There are two common genera of retrovirus used by scientists: Gamma-retrovirus (many
times shortened to just “retrovirus”) and lentivirus. From these two genera, the most studied types are murine
leukemia virus (MLV) and human immunodeficiency virus-1 (HIV-1), respectively. Since these viruses are closely
related, their life cycle and the required components are basically the same, although differences do exist at

the sequence level. This means that plasmids containing virus-specific elements such as long terminal repeats
(LTRs) or structural proteins are not interchangeable; however, other, more general, viral components such as a
heterologous envelope or a post-transcriptional regulatory element can be used across either system. The most
notable difference between gamma-retrovirus and lentivirus is the fact that lentivirus can infect both dividing and
non-dividing cells, whereas gamma-retrovirus is restricted to dividing cells only.

Common Viral Vector Elements

When developing viral vectors, scientists strive for a number of features: low risk, high expression, large payload
capacity, ability to infect target cells, no immune response from the host, and easy to develop/use in the lab. In
virtually all viral expression systems employed by scientists, non-essential components are stripped away and
the remaining native genes are spread over multiple plasmids to ensure safety. The choice for how the elements
are divided up is dependent on whether the component needs to be provided in cis (on the same plasmid) or

in trans (on a separate plasmid) as your insert. The tables on the following pages list some components most
commonly found in viral vector systems.
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Table 1: AAV Elements

R e
Type

ITR

Cloning

in cis

Inverted terminal repeat; 145 bases each. Symmetry of ITRs is required for
efficient multiplication of the AAV genome. Forms a T-shaped hairpin that
serves as the origin of viral DNA replication. Contains D region required for
packaging. Cloning capacity between the ITRs is ~4kb.

Rep

Packaging

in trans

Packaging proteins with four possible variants: Rep78, Rep68, Rep52, and
Rep40; Required for genome replication and necessary for integration. Rep
proteins from most serotypes can be interchangeably used with any ITR
serotype.*

Cap

Packaging

in trans

Structural capsid proteins with three variants: VP1, VP2, and VP3; VP1
possesses phospholipase A2 activity, which is likely necessary to release the
AAV particles from late endosomes. VP2 and VP3 are crucial for correct virion
assembly. Determines the serotype/viral tropism.

*Exception is AAVS5, which requires AAV5 Rep and AAV5 ITRs for packaging.

Table 2: Gamma-retroviral and Lentiviral Elements

Transfer in cis Long terminal repeats; U3-R-U5 regions found on either side of a
retroviral provirus (see below). Cloning capacity between the LTRs
is ~8.5kb, but inserts bigger than ~3kb are packaged less efficiently.

U3 Transfer in cis Unique 3’; region at the 3’ end of viral genomic RNA (but found

(subelement at both the 5’ and 3’ ends of the provirus). Contains sequences

of LTR) necessary for activation of viral genomic RNA transcription.

R Transfer in cis Repeat region found within both the 5’and 3’ LTRs of retro/lentiviral

(subelement vectors. Tat binds to this region.

of LTR)

us Transfer in cis Unique 5’; region at the 5’ end of the viral genomic RNA (but found

(subelement at both the 5’ and 3’ ends of the provirus).

of LTR)

5 LTR Transfer in cis Acts as an RNA pol Il promoter. The transcript begins, by definition,
at the beginning of R, is capped, and proceeds through U5 and the
rest of the provirus. Third generation vectors use a hybrid 5’LTR
with a constitutive promoter such as CMV or RSV.

TAR Transfer (2nd in cis Trans-activating response element; located in the R region of the

generation only) LTR and acts as a binding site for Tat.

3 LTR Transfer in cis Terminates transcription started by 5’ LTR by the addition of a poly A
tract just after the R sequence.

cPPT Transfer in cis Central polypurine tract; recognition site for proviral DNA synthesis.
Increases transduction efficiency and transgene expression.

Psi (@) Transfer in cis RNA target site for packaging by nucleocapsid.
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Transfer in cis Rev Response Element; sequence to which the Rev protein binds.
WPRE Transfer in cis Woodchuck hepatitis virus post-transcriptional regulatory element;
sequence that stimulates the expression of transgenes via
increased nuclear export.
Gag Packaging in trans Precursor structural protein of the lentiviral particle containing
Matrix, Capsid, and Nucleocapsid components.
Pol Packaging in trans Precursor protein containing Reverse Transcriptase and Integrase
components.
Rev Packaging (on in trans Binds to the Rev Response Element (RRE) within unspliced and
separate plasmid partially spliced transcripts to facilitate nuclear export.
from Gag/Pol in
third generation
systems)
Tat Packaging in trans Trans-activator; binds TAR to activate transcription from the LTR
(second promoter.
generation only)
VSVG Envelope in trans Vesicular somatitis virus G glycoprotein; Broad tropism envelope
protein used to psuedotype most lentiviral vectors.
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VIRAL VECTOR ELEMENTS (CONT’D)

Looking for Viral Vectors? Check out Viral Vectors at Addgene:

Addgene’s most popular lentiviral plasmids
Addgene’s most popular retroviral plasmids
Addgene’s collection of AAV plasmids
Check Out Our Viral Service

Learn More:

Overview of Lentiviral Packaging Plasmids
Lentiviral Protocols and Resources

More Lentiviral FAQs Answered by Addgene
Didier Trono Lab: Lentivectors Toolbox
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Lentiviruses are useful and efficient tools to introduce your gene of interest into cells. Unlike gamma-
retroviruses that can only infect dividing cells, lentiviruses
can infect dividing and non-dividing cells.

Addgene has an extensive collection of lentiviral plasmids
created for a variety of applications including cDNA
expression, shRNA-mediated knockdown, Tet and Cre-
regulated expression, CRISPR genome editing, and more.
Not surprisingly, Addgene receives many questions from
scientists all over the world looking for some additional
information or clarification on lentiviral vectors.

Transfier Plasmid

Frequently Asked Questions

How are lentiviral particles produced?

This useful resource from Addgene Depositor (and lentiviral expert) Didier Trono’s lab webpage explains how
lentiviral particles are produced by co-transfecting three essential ingredients: the lentiviral packaging vector,

a transfer vector including the gene of interest, and the plasmid coding for an envelope. Three generations of
lentiviral packaging systems have been developed over the years based on HIV-1; however, the 1st-generation
vectors are never used as they pose too much of a biosafety risk to scientists. Second-generation vectors

are likely sufficient for most experiments; however, the 3rd-generation packaging systems offer the maximal
biosafety available for the technology. The minor limitation in using the 3rd-generation system is that it involves
transfecting four different plasmids into the producer cells (two packaging plasmids, an envelope plasmid, and
the lentiviral transfer vector), rather than the three used for 2nd-generation systems.

Are retroviruses and lentiviruses the same thing? Can | package lentivirus with retroviral
packaging plasmids (and vice versa)?

Lentiviruses are part of the retroviral family. What scientists often refer to as “retroviruses” are technically
gamma-retroviruses - another, separate member of the retroviral family. While both lentiviruses and gamma-
retroviruses use the same genes for packaging (that’s gag, pol, and env), the isoforms of these proteins, as well
as the viral long terminal repeats (LTRs) are different. As a result, lentiviral and retroviral packaging vectors are
not interchangeable.

Can | use lentiviral transfer vectors for transient transfections?

It is not recommended to use viral plasmids transiently. This is especially true if the transfer vector does not
contain an independent promoter and instead exclusively uses the viral LTR promoter to drive expression, since
the LTR is not strong enough to drive expression of the insert transiently. Virus must be produced and your
target cells infected in order to see adequate expression.
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LENTIVIRAL PLASMID FAQS ANSWERED (CONT’D)

2nd vs. 3rd Generation Lentiviral Plasmids

How can you tell 2nd- and 3rd-generation transfer vectors apart?

Addgene defines 2nd- or 3rd-generation transfer vectors based on whether or not they have a chimeric 5’LTR.
Second-generation transfer plasmids have a wildtype 5’LTR, which requires the presense of the Tat protein to
work, while 3rd-generation transfer plasmids have a chimeric 5’LTR that includes a CMV or RSV promoter as
well as a portion of the 5’LTR. Including a chimeric 5’LTR removes the requirement for the HIV Tat protein, thus
decreasing the probability of creating replication-competent lentivirus in your target cells.

How do the packaging systems differ between 2nd- and 3rd-generation vectors? What
does this mean for transfer vectors?

The lentiviral packaging systems differ in two ways: 1) Second-generation systems consist of two plasmids while
3rd-generation systems require three plasmids. 2) Second-generation systems express HIV Tat; 3rd-generation
systems do not.

Second-generation transfer plasmids MUST be packaged with a 2nd-generation system because the wildtype
5LTR promoter requires Tat to function. Third-generation plasmids can be packaged with either system. Please
note that the generation used to package the virus does not change the generation of the transfer vector.

What envelope glycoprotein will be expressed on virus particles?

This depends on the envelope plasmid you use; however, the choice of envelope dictates the tropism of the
virus. The VSV-G envelope is very common due to its broad host range, but viruses can be easily pseudotyped
by utilizing an alternative envelope plasmid as described here.

Are transfer plasmids replication competent? What is SIN?

Most (if not all) Addgene transfer plasmids are replication-deficient meaning they can be used to create virus that
is capable of infecting target cells, but cannot produce any new viral particles after the initial infection.

SIN is shorthand for self-inactivating, which is achieved by deleting a large portion of the 3’LTR. This results
in short, inactivated 5’ and 3’ LTRs after integration and further reduces the possiblity of creating replication-
competent virus. Both 2nd and 3rd generation transfer vectors can be SIN.

Which genes are deleted or modified to result in replication deficiency? What percent of
the vector components are HIV-based?

No single plasmid contains all the components necessary to produce viral particles. The components are divided
as follows:

» Transfer vectors contain minimal cis-acting HIV components: LTRs, PPT, RRE, and psi packaging
signal. Viral components typically total <1.5kb, which is rarely more than 30% of the transfer plasmid.
Many transfer vectors are SIN.
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LENTIVIRAL PLASMID FAQS ANSWERED (CONT’D)

* Packaging plasmid(s) contain the minimal number of HIV genes required for virus production (3 or 4).
Third-generation vectors contain gag, pol, and rev. Second-generation vectors contain those three
genes plus tat.

* The envelope plasmid provides a heterologous envelope for pseudotyping and is not HIV-derived.

Concerning the Safety of Lentiviral Transduction

You mentioned biosafety. What are the major risks when it comes to lentiviruses in terms
of biosafety?

According to the American Biological Safety Association, “the two major risks of lentiviral vectors are: 1) the
potential generation of replication competent virus [usually HIV-1]; and 2) the potential for oncogenesis through

insertional mutagenesis. These risks are largely based upon the vector system used and the transgene insert
encoded by the vector.”

Biosafety should always be considered with respect to the specific experiments being performed and you should
understand the guidelines for using such reagents as outlined by your institution or country.

The table below breaks down the biosafety concerns associated with various aspects of lentiviral transduction
along with suggestions on how to lower the risk.

Vectors Two plasmids (1st gen) used to Three (2nd gen) or four (3rd gen)
produce virus; expression of viral plasmids used to produce virus; removal
genes of viral genes

Insert/Transgene Oncogenic, apoptotic, or toxic Non-oncogenic, nonapoptotic, non-toxic

Envelope/Host Pantropic/amphotrophic Ecotropic/non-permissive

Propagation Large scale Lab scale (less than 100mL)

More biosafety resources can be found on the Addgene Biosafety Page.
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Adeno-associated virus (AAV) has emerged as a favorite viral tool for both research and clinical applications.
AAV can be used to transiently express a gene of interest in a variety of cell types. It was first described about
50 years ago as a contaminant of adenoviral preparations, hence the name (Atchison et al., 1965). AAV is

a single stranded, DNA virus belonging to the family Parvoviridae. It has a “simple” genome packaged in an
icosahedral capsid. It does not have a lipid coat, also called an envelope, and thus cannot support the addition
of a glycoprotein, such as VSV-G, to its surface. In research applications, the genome is typically gutted so
that precious cargo space is opened for gene delivery, and for safety. You can easily complement the virus in a
tissue culture setting, in other words “in trans”, by supplying the genes that encode the replicase functions and
capsid proteins. This gives researchers the ability to produce more virus in a controlled setting. Even though
AAV is isolated from a wide range of organisms, it has not been associated with disease, and it is considered a
biosafety level 1 (BSL1) viral agent.

4 Considerations for the Perfect Recombinant AAV (rAAV) Tool

AAV can used in a wide variety of applications including transient gene expression in a particular cell type,
CRISPR genome editing, optogenetics, and chemogenetics experiments. If you are new to utilizing rAAVs as
gene delivery tools, here are some things you should consider before getting started:

1. Cargo capacity: Even the gutted version of rAAV has a cargo capacity of ~ 4.7 kb, which is one of the key
limitations of the virus for gene delivery. However, if your gene(s) of interest is small enough, you can design
single rAAV vectors with two genes packaged in them, and use elements such as |IRES or 2A, to co-express
them from one promoter. Co-infection rates for different rAAVs are also quite high if the titers are high, so if you
cannot fit both your genes in one vector, you can coinfect (although this may not always work efficiently in vivo).

2. Specificity: There are a few different rAAV components that can drive gene expression in specific cells/
tissues; these include the promoter, Flp or Cre dependent gene switches, and the serotype (serotype will be
discussed more below). If you are aiming for broad expression, a broadly active promoter, such as CAG (chicken
beta actin promoter with CMV immediate early enhancer), is a good choice. If you have a specific target cell
type, you may want to try a different promoter, e.g. Camklla for a neuron-specific one. rAAV vectors with Cre- or
Flip-dependent gene expression, on the other hand, can be injected into animals with Cre or Flp expressed in
specific cell types resulting in gene expression only in these cells.

3. Serotype: Capsid proteins are very important rAAV vector components and drive the biology of these vectors.
Although multiple studies have shown that different serotypes differ in their ability to infect different cell types,

a recent study showed that most (or all) serotypes use the same receptor (AAVR) (Pillay et al., 2016). The
observed tropisms may be due to other factors, such as the attachment of the virions to the cell surface, or
perhaps steps subsequent to entry, such as uncoating.

AAV nomenclature can be confusing. You will likely see designations such as AAV2/2 or AAV2/8, but what do
these numbers actually mean? The first number stands for the inverted terminal repeat (ITR) type. ITRs are
short DNA sequences that flank the AAV genome and allow it to form concatemers in host cells. They, along with
the Rep protein, facilitate integration into the human genome at the AAVS1 site on chromosome 19, something
that is only observed with wild type AAV — not the vector forms. Almost all vectors contain type 2 ITRs. Type 2
ITRs can be packaged with a variety of capsid types. The type of capsid used to package an rAAV vector, i.e the
serotype - is denoted by the second number. For example, if an rAAV vector has an ITR of type 2 and a capsid
of type 8, it will be denoted AAV2/8.
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By A. Max Juchheim, Addgene | September, 2015

Luminescent (or “light-emitting”) molecules are a very useful class of tools to scientists because light is
something that we can easily detect and measure. Proteins that give off light include fluorescent proteins, like

Green Fluorescent Protein (GFP), as well as chemiluminescent ones, like |luciferases. These molecules occur
naturally in bioluminescent organisms, but their real power lies in the clever adaptations scientists have made
allowing their use in the laboratory.

The story of how GFP (as well as other fluorescent proteins
derived from it) came to be used as a research tool is particularly
interesting. Although humans have known about bioluminescent
organisms, and their characteristic radiance, for some time —
there are records describing them dating back to the first century
A.D. — the first time anyone truly examined what caused this
glowing phenomenon wasn’t until much later. In the 1960s,
Osamu Shimomura studied the bioluminescent properties
observed in the crystal jellyfish Aequorea victoria (left) in
molecular detail.

On the underside of the “umbrella” of A. victoria there is a ring
that glows with a faint green light. To investigate this green
glimmer, Shimomura collected many, many jellyfish specimens
from Puget Sound in the Pacific Ocean, off of the coast of Washington state. Using these samples, he was able
to isolate two proteins from the jellyfish’s photoorgans; the first, which he called aequorin, gives off a faint blue
light when it binds calcium ions, and the second, which we now call GFP, absorbs that blue light and glows
green.

Aequorea victoria. Attribution: Sierra Blakely

In the late 1980s, another researcher, Douglas Prasher, got the idea that this new glowing green protein could
be used to measure gene transcription as well as to track protein localization. And as it turns out, he was right!
He began to study the A. victoria gene responsible for encoding GFP, and, in 1992, he reported its sequence.
Soon after that, in 1994, Prasher’s collaborator Martin Chalfie expressed GFP in exogenous organisms (E.
coli, and later C. elegans) for the first time. It was then that scientists began to truly realize the potential of GFP
as a research tool, and the number of people studying it grew. In particular, studies in the laboratory of UCSD
biochemist Roger Tsien resulted in much of our understanding of the mechanism of GFP’s function. His lab
described the protein’s structure and also discovered many mutations that alter and improve its function.

The importance of GFP was recognized in 2008 when the Nobel Prize in chemistry was awarded to Shimomura,
Chalfie, and Tsien for their work on the protein. This great honor serves to highlight how useful luminescent
proteins like GFP really are. In this chapter, we’ll take a closer look at how they’re used, and give some tips on
deciding which one is right for you, so | invite you to read on!
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Bioluminescence and fluorescence from proteins such as Green Fluorescent Protein (GFP) has likely existed

in creatures such as jellyfish for millions of years; however, it took until the 1960s for scientists to begin to study
GFP and deduce its biochemical properties. Now GFP and its fluorescent derivatives are a staple in the lab. GFP
is used in research across a vast array of biological disciplines and scientists employ GFP for a wide number of
functions, including: tagging genes for elucidating their expression or localization profiles, acting as a biosensor
or cell marker, studying protein-protein interactions, visualizing promoter activity, and much more.

Why Green Fluorescent Protein?

GFP is a ~27 kDa protein consisting of 238 amino acids derived
from the crystal jellyfish Aequorea victoria. It has a fluorescent
emission wavelength in the green portion of the visible spectrum
(hence the name), which is due to a chromophore formed from
a maturation reaction of three specific amino acids at the center
of the protein (Ser65, Tyr66, and Gly67). When first discovered,
one of the most surprising aspects of GFP was the fact that

the chromophore forms spontaneously and without additional
co-factors, substrates, or enzymatic activity — it only requires
the presence of oxygen during maturation. This meant that the
protein could be taken directly from A. victoria and expressed in
any organism while still maintaining fluorescence.

Image source: Wikimedia Commons, accessed: 5/15/2014.
Photo author: Ingrid Moen, et al.

The protein structure, first reported in 1996, is an eleven B-sheet-
containing “barrel” shape, with the chromophore concealed at the center
of the structure, shielded from quenching by aqueous solvent. This tightly-
packed structure explains the importance of the entire GFP protein, which
is almost completely required to maintain fluorescent activity; very little
truncation is tolerated, however, point mutations are acceptable. GFP’s
main advantage over conventional fluorescent dyes of the time was the
fact that it was non-toxic and could be expressed in living cells, enabling
the study of dynamic, physiological processes.

Re-engineering GFP to Increase its Range of
Color and Application

. . . . Image source: Wikimedia Commons,
Almost as soon as its sequence was elucidated, scientists began accessed: 5/15/2014. Photo author: Masur.

engineering new versions of GFP through mutagenesis in order to improve

its physical and biochemical properties. In 1995, Roger Y. Tsien described an S65T point mutation that increased
the fluorescence intensity and photostability of GFP. This also shifted its major excitation peak from 395 nm to
488 nm, effectively ameliorating the deficiencies found in the wildtype protein and facilitating its widespread use
in research. Many other mutations have since been introduced to GFP and new iterations of fluorophores are
constantly being engineered.
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GREEN FLUORESCENT PROTEIN (CONT’D)

Table 1 below lists a few common fluorescent proteins and their mutations relative to wildtype GFP. Although not
listed here, many permeations within each color also exist with only slight variations separating them.

Table 1: The Specific Mutations Comprising Common Fluorophores

Fluorescent Protein Mutations Relative to Wildtype GFP

EGFP F64L; S65T

EYFP S65G; V68L; S72A; T203Y

mYFP S65G; V68L; Q69K; S72A; T203Y; A206K

Citrine S65G; V68L; Q69K; S72A; T203Y

ECFP F64L; S65T, Y66W; N1491; M153T, V163A

mCFP F64L; S65T, Y66W; N1491; M153T; V163A; A206K

Cerulean F64L, S65T, Y66W, S72A, Y145A, H148D, N149I, M153T, V163A
EBFP F64L, S65T, Y66H, Y145F

Please note that many fluorescent proteins found on the red side of the spectrum are not GFP derivatives, but
are instead related to the dsRed protein isolated from Discosoma sp. Similar work has been done to expand the
red-fluorescent protein repertoire; however, these proteins are unique from GFP and the mutation definitions
found in Table 2 below may not apply.

Table 2: Functional Role of Specific Mutations in GFP Derivatives

S65T Increased fluorescence, photostability, and a shift of the major excitation peak to 488 nm

F64L Increased folding efficiency at 37C

Y66W Causes the chromophore to form with an indole rather than phenol component (cyan derivatives)
Y66H Blue-shifts the wavelength (blue derivatives)

Y145F Increases quantum yield for BFP

Y145A and H148D Stabilizes the structure of Cerulean derivatives

F99S, M153T, V163A | Improves folding at 37C, reduces aggregation at high concentrations

T203Y Red-shifts the wavelength (yellow derivatives)

A206K Interferes with dimer interface (monomeric derivatives)

K26R, Q80R, N146H, | Neutral mutations
H231L, (and probably
others)
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A Multitude of Applications

Due to its size and ease of use, GFP and other fluorescent proteins have become a mainstay in molecular
biology. Scientists can easily utilize GFP-containing plasmids as a means to many functional ends. We've listed
our favorites below, but many other uses currently exist, and new GFP technology is constantly being developed!

+ Fusion Tagging: One of the most common uses, GFP can be fused to the N- or C-terminus of a
protein, which allows the scientist to visualize when and where the gene is expressed. Click here to
view Addgene’s collection of empty backbones for constructing fluorescent fusions.

- Transcription Reporter: Placing GFP under the control of a promoter of interest can be used to
effectively monitor gene expression from that promoter in a given cell type. This type of transcription
reporting was among the earliest uses of GFP.

+ Forster Resonance Energy Transfer (FRET): This is used to study the interactions between two
proteins or between two domains of a protein that undergoes conformational change. Typically, two
fluorescent proteins with overlapping excitation/emission spectra are used; one fused to each protein or
domain being tested. Find FRET plasmids here.

« Split EGFP: An alternative to FRET, split enhanced GFP (EGFP) has also been used to study protein-
protein interactions. In this case, two portions of EGFP are fused to the proteins of interest, and when
they come into close proximity, the two halves of EGFP undergo folding, maturation, and fluorescence.

+ Biosensors: Awide array of GFP-based fluorescent biosensors has been designed to detect a
variety of intracellular conditions, including ion (such as Ca?*) concentrations and pH, using a range
of strategies such as FRET, calmodulin, and others. Review Addgene’s collection of fluorescent
biosensors here.

+ Optogenetics: Scientists can use light to detect, measure, and control molecular signals, cells, and
groups of cells in order to understand their activity and visualize the effects of alterations to this activity.
Learn more about optogenetics at OpenOptogenetics and find optogeneic actuators and sensors at

Addgene.

« Cell Marking/Selection: Expression constructs like plasmids often include GFP as a marker to help
identify which cells have successfully taken up the plasmid. This can serve as an alternative to antibiotic
selection. Plasmids of this type may have the GFP under the control of an additional promoter from
that of the gene of interest, or expressed from the same transcript as the gene of interest, but after an
internal ribosome entry site (IRES). This is oftentimes used in conjuction with FACS (see below).

+ Fluorescence-Activated Cell Sorting (FACS): This is a type of flow cytometry that separates mixtures
of cells into distinct populations based on fluorescent signal. Thus, FACS can be used to separate cells
expressing GFP from cells that are not.

- Developmental/Transgenic Uses: Because of its stability, GFP can be used in lineage tracking
capacities in cell fate studies. It can also be used, when put under control of promoters of interest,
to visualize the developmental stage at which these promoters are active. Further, GFP can label
transgenically modified ES cells, which can then be used for implantation and generation of transgenic
mice
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GREEN FLUORESCENT PROTEIN (CONT’D)

« Purification: GFP can be used as a general epitope tag for protein purification and a number of
commercial antibodies to GFP are available.

« Others: We've really just scratched the surface of the potential applications for GFP. It has also been
used to identify particular cell populations in drug screens, to visualize micrometastases in nude mice
in cancer studies, to act as a reporter for DNA double strand break repair, and to label pathogenic
intracellular microbes to visualize host/pathogen interactions. New uses for GFP are being realized all
the time — maybe you’ll even invent your own!
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WHICH FLUORESCENT PROTEIN SHOULD | CHOOSE?

By Gal Haimovich of greenfluorescentblog | May 20, 2014

FPs Classified by the Emission Color (Emission Wavelength Range)
FPs are usually classified by emission color as outlined below (or emission wavelength range). By mutating GFP,

the variants blue FP (BFP), (CFP), and (YFP) were derived. Many of the orange FPs and
the Red FPs from which they were derived come from the coral Discosoma sp.

. Coor Wavelength of Light

Blue 424 - 467 nm
474 - 492 nm
Green 499 - 519 nm
524 - 538 nm
Orange 559 - 572 nm
Red 574 - 610 nm
Far-Red 625 - 659 nm
Infra-Red =670 nm

Unique Categories of FPs

In addition to emission wavelength range, there are other traits that need to be considered when choosing an
FP:

- Photoactivatable/Photoconvertible: These proteins can switch their color when activated by
a specific excitation wavelength. This means that the emission wavelength can change. In a few
cases, the initial state of the protein is non-fluorescent, thus allowing very low background level of
fluorescence. Examples for such photoactivatable or photoconvertible proteins are PA-GFP, Dendra2,
and the mEOS proteins. Some proteins are reversibly switchable (e.g. rsEGFP, Dreiklang).

+ Fluorescent Timers (FT): These proteins change their color over time. Therefore, these can be used
as “timers” for cellular processes following their activation. The four main FTs are called Slow-FT,
Medium-FT, Fast-FT, and mK-GO.

« Large Stokes Shift (LSS): Stokes shift (hamed after George G. Stokes) is the shift in wavelength
from excitation to emission. For most FPs, Stokes shift is less than 50 nm (often much less). For LSS
proteins, the Stokes shift is 2 100 nm. Specifically, these proteins are excited by UV light or blue light
and their emission is green or red light. For example, T-Sapphire, LSSmOrange, and LSSmKate.

« Fluorescent Sensors: These FPs change their excitation/emission behavior upon environmental
changes (e.g. pH, Ca?" flux, etc). The most commonly used are GEClIs - genetically encoded calcium
indicators (e.g. GCaMP). Others include: pHluorin & pHTomato (pH sensors), HyPer (H,O, sensor),
ArcLight (voltage sensor), and iGluSnFr (glutamate sensor). More examples of these biosensors can be
found at Addgene.
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8 Points to Keep in Mind When Choosing an FP

1. Excitation & Emission (ex/em):

» Each FP has its unique ex/em peak. Therefore, choose FPs that your system can excite, and
detect the emission. For example, if your microscope has only two lasers, at 488nm and 561nm,
you will not be able to use far-red FPs. If you do not have a filter that will pass blue light to the
detector/camera, then BFPs are of no use to you.

*  When using more than one FP, make sure their emission light does not overlap in wavelength.
In many microscopes the filters are not narrow enough to distinguish between closely related
colors. Furthermore, most FPs have a broad range of emission which will be detected by longer-
wavelength filters (e.g. GFP also emits yellow light).

2. Oligomerization: The first generations of FPs were prone to oligomerize, which may affect the
biological function of the FP-fusion protein. Therefore, it is recommended to use monomeric FPs (usually
denoted by an “m” as the first letter in the protein name, e.g. mCherry).

3. Oxygen: The maturation of the chromophore on many FPs (particularly those derived from GFP)
requires oxygen. Therefore, these FPs cannot be used in oxygen-deprived environments. Recently, a new
GFP isolated from the Unagi eel was shown to mature independently of oxygen, making it suitable for use
in anaerobic conditions.

4. Maturation Time: Maturation time is the time it takes the FP to correctly fold and create the
chromophore. This can take anywhere from a few minutes after it is translated to a few hours. For example,
superfolder GFP (sfGFP) and mNeonGFP can fold in <10 min at 37°C, mCherry takes ~15 min, TagRFP
~100 min and DsRed ~10 hours.

5. Temperature: FPs maturation times and fluorescent intensity can be affected by the temperature. For
instance, enhanced GFP (EGFP) was optimized for 37°C, and is therefore most suited for mammalian or
bacteria studies, whereas GFPS®T is better suited for yeast studies (24-30°C).

6. Brightness: Brightness is calculated as the product of extinction coefficient and quantum yield of the
protein, divided by 1000. In many cases the brightness is compared to that of EGFP which is set as 1.
Some proteins are very dim (e.g. TagRFP657, which has a brightness of 0.1) and this should be taken into
account.

7. Photostability: Fluorescent molecules get bleached (i.e. lose the ability to emit light) after prolonged
exposure to excitation light. Photostability can be as short as 100ms (EBFP) or as long as 1 hour
(mAmetrine1.2). However, for most FPs it is a few seconds to a few minutes.

8. pH Stability: This parameter is important if you are planning to express the FP in acidic environments
(e.g. yeast cytosol, which is slightly acidic, or synaptic vesicles). Some FPs have different ex/em spectra
(e.g. mKeima) or change fluorescent intensity upon pH changes (e.g. pHluorin, pHTomato).
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Keep this list handy to plan your next experiment or to share with the next labmate who asks you, “Which
fluorescent protein should | use?” And if you're looking for more fluorescence microscopy tools and techniques
to aid your work, head over to greenfluorescentblog.

Further Reading

1. Fluorescent proteins as biomarkers and Biosensors: Throwing color lights on molecular and cellular
processes. Stepaneko et. al. (2008). Curr. Protein. Pept. Sci. 9(4):338. PubMed PMID: 18691124.

2. Fluorescent proteins and their applications in imaging living cells and tissues. Chudakov et. al. (2010).
Physiol. Rev. 90:1103. PubMed PMID: 20664080.

3. Modern fluorescent proteins and imaging technologies to study gene expression, nuclear localization,
and dynamics. Wu et. al. (2011). Curr. Opin. Cell. Biol. 23:310. PubMed PMID: 21242078.

FP guide at Addgene

Fluorescence Spectrum Viewer from BD Bioscience

Fluorescence SpectraViewer at Invitrogen (Life Technologies) site

Evrogen Spectra Viewer at Evrogen

ilovegfp — a site with very comprehensive data sheets on many FP variants

NGO~

;addgene 1081 Fage

A better wav to share plasmids


http://greenfluorescentblog.wordpress.com/
http://www.ncbi.nlm.nih.gov/pubmed/18691124
http://www.ncbi.nlm.nih.gov/pubmed/20664080
http://www.ncbi.nlm.nih.gov/pubmed/21242078
https://www.addgene.org/fluorescent-proteins/?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=plasmids
http://www.bdbiosciences.com/research/multicolor/spectrum_viewer/index.jsp
http://www.invitrogen.com/site/us/en/home/support/Research-Tools/Fluorescence-SpectraViewer.html?s_kwcid=TC|12303|spectraviewer||S|b|8516649614&cid=covinvggl89100000002320s
http://www.evrogen.com/spectra-viewer/flash/viewer.html
https://sites.google.com/site/ilovegfp/Home

Chapter 5: Plasmids That Glow Plasmids 101: A Desktop Resource (3" Edition)

By Kurt Thorn of the Nikon Imaging Center at UCSF | Oct 9, 2014

A common requirement for live cell imaging experiments is the ability to follow multiple fluorescently tagged
species simultaneously. To do so with fluorescent protein labels requires multiple fluorescent proteins whose
excitation and emission spectra differ sufficiently for them to be imaged in distinct fluorescent channels on the
microscope. With the proliferation of fluorescent proteins in recent years, there are many fluorescent protein
combinations that can be imaged together, but this also means that the choice of fluorescent proteins requires
some thought.

The first step in choosing fluorescent proteins for your multi-color imaging experiment is to be aware of what
fluorescent proteins are available. With new fluorescent proteins being published every month, deciding on the
best protein for a given application is a challenge. To help keep you abreast of the latest fluorescent proteins, |
maintain an interactive graph and table of the best fluorescent proteins currently available.

Choosing Compatible Fluorescent Proteins

To choose a set of fluorescent proteins to be imaged together, you will need to consider the same factors as
when choosing an individual fluorescent protein (brightness, photostability, and so on; see the previous section
for more discussion of these factors). In addition, you will also need to choose fluorescent proteins that can

be distinguished from one another and that can be imaged with the optics on the microscope(s) you intend to
use. An accurate determination of whether two fluorescent proteins can be separated from each other requires
knowledge of their excitation and emission spectra, but a good rule of thumb is that both the peak excitation
wavelength and peak emission wavelength of the two proteins should be separated by 50-60 nm. For
example, CFP (ex 430 nm /em 474 nm) and YFP (ex 514 nm / em 527 nm) can be imaged together but CFP
and GFP (ex 488 nm / em 507 nm) show some crosstalk between the two fluorescent proteins. If you must
image fluorescent proteins whose spectra overlap, there are techniques, like spectral unmixing, which can be
used to separate the fluorescent proteins, but these are beyond the scope of this eBook.

Are Your Fluorescent Proteins Compatible with Your Microscope’s Optics?

To determine if the fluorescent proteins you are interested in are compatible with your microscope optics, you
will want to compare the excitation and emission spectra of your protein with the filter sets or lasers on your
microscope. Ideally, you would like to have substantial overlap between the excitation and emission filters

and the excitation and emission spectra of the protein, so that the protein is well excited by your microscope
and the fluorescence emission of the protein is efficiently collected by the microscope. To compare the match
between a fluorescent protein and a filter set, many filter set vendors provide tools to plot the fluorescence
spectra of proteins and dyes and their filters (see Chroma’s, Semrock’s, or Omega’s). While these don’t contain
all fluorescent proteins in common use (particularly not the most recently published ones), they can be a good
starting point. In many cases it is sufficient to use a spectrum for a closely related protein, if you know that

your protein of interest has a similar spectrum. For example, here’s a screenshot from the Chroma Spectra
Viewer comparing a standard Cy3 or Rhodamine filter set (Chroma #49004) to the spectra of both mCherry and
TagRFP.
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CHOOSING YOUR FLUORESCENT PROTEINS FOR MULTI-COLOR IMAGING (CONT’D)
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Here, the TagRFP spectrum is shown in the darker colors and the mCherry spectrum is shown in the lighter
colors; excitation spectra are blue and emission spectra are red. Neither is a perfect match to the filter set but
the excitation filter excites more of the peak of the TagRFP and the emission filter collects a larger fraction

of the TagRFP emission than the mCherry emission. For this filter set, we would expect TagRFP to give a
brighter signal than mCherry. In general, filter sets designed for Rhodamine / Cy3 will work better with shorter
wavelength red fluorescent proteins like TagRFP or mRuby2 than longer wavelength proteins like mCherry. For
background on fluorescence and filter sets, see the Introduction to Fluorescence Microscopy lecture at iBiology.

Commonly Used Filter Sets and Relevant Fluorescent Proteins

Commonly used filter sets for multicolor imaging include ones designed for CFP, YFP, and RFP or the Sedat
Quad filter set, designed for DAPI / Fluorescein / Rhodamine / Cy5 (e.g. Semrock’s) and the similar 4-laser
combination on a confocal (405 /488 / 561 / 640 nm). In our hands the best fluorescent proteins for imaging

with this set are mTagBFP2, EGFP or one of the improved GFP variants, mRuby2 or TagRFP-T, and an infrared
fluorescent protein such as iFP1.4 or iFP2.0. Beware that these infrared fluorescent proteins require biliverdin as
a cofactor and so you may need to supplement your cells with biliverdin for maximal brightness. In mammalian
cells, one of the improved folding variants of EGFP like mEmerald or Clover is probably best; mNeonGreen is

an even newer green fluorescent protein that is supposed to be extremely bright. In S. cerevisiae, we’ve tested

a number of green and red fluorescent proteins with this filter set and have reported brightness measurements.
Here, EGFP outperforms the improved folding variants, presumably due to the lower growth temperature.

€ >addgene 1101 Page

A better wav to share plasmids


http://www.ibiology.org/ibioeducation/taking-courses/introduction-to-fluorescence-microscopy.html
http://www.ibiology.org/
http://www.semrock.com/SetDetails.aspx?id=2929
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0067902

Chapter 5: Plasmids That Glow Plasmids 101: A Desktop Resource (3" Edition)

This also suggests, however, that there is no single fluorescent protein optimal for all organisms and that if you
want the brightest signal, you may need to try several proteins in your system of interest. Finally, in this set of
proteins, the green and red proteins are generally the most detectable and so should be used to tag your least
abundant proteins, with the blue and infrared channels used for more abundant proteins or marking subcellular
compartments.

| hope this sheds some light on multicolor imaging with fluorescent proteins. With the right microscope and the
right choice of fluorescent proteins, imaging four colors simultaneously should be pretty straightforward.

Further Reading

1. Spectral imaging and its applications in live cell microscopy. Zimmermann, Timo, Jens Rietdorf, and
Rainer Pepperkok. FEBS letters 546.1 (2003): 87-92. PubMed PMID: 12829241.

Improved blue, green, and red fluorescent protein tagging vectors for S. cerevisiae. Lee, Sidae, Wendell
A. Lim, and Kurt S. Thorn. PloS one 8.7 (2013): e67902. PubMed PMID: 23844123.
3. Addgene’s Fluorescent Protein Guide
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By Benoit Giquel, Addgene | Nov 5, 2014

The first time | heard about FRET during a journal club, my guitarist brain automatically thought about the raised
element found on the neck of my guitar ... not really useful for a biologist you would say. The student was of
course talking about the now well-known technique called FRET, or Fluorescence (Forster) Resonance Energy
Transfer, which allows the detection of molecules’ interactions, modifications or dissociations in situ. Used since
the mid-90s, this technique has revolutionized the way we apprehend molecular complexes and is still a very
useful tool.

Like a guitar hero (that I'm not), FRET loves playing “live”. Indeed, FRET was one of the first techniques

that enabled the measurement of single molecule interactions in living cells using a microscope. Historically,
molecular interactions were detected by indirect means often using probes with the potential to target several
molecules. By analogy, it was like pointing out a group of students in a university hall but not knowing if these
students knew or interacted with each other. FRET enhanced our perception about molecular interactions.

What is FRET?

In their 2003 JCB paper, Sekar and Periasamy defined FRET as “a distance-dependent physical process

by which energy is transferred non-radiatively from an excited molecular fluorophore (the donor) to another
fluorophore (the acceptor) by means of intermolecular long-range dipole-dipole coupling.” The emission of the
acceptor fluorophore can be measured using microscopy techniques. FRET measurement sensitivity makes

it suitable for studying interactions within living cells. By coupling fluorophores to proteins, pioneers of this
technique were able to directly detect protein/protein interactions in living cells. Since then, FRET has also been
used to measure conformational changes, cleavage activity using FRET-based biosensors, and interactions
between DNA and proteins. FRET, in theory, is an easy technique, but it is very important to follow some simple
rules to avoid common pitfalls and to use it at its best.

What Are the Parameters that Affect FRET?

FRET occurs when the two fluorophores used are in close vicinity. Thus, the distance between the two
fluorophores and their orientation to one another can affect FRET. When it comes to studying an unknown
interaction between two proteins, these parameters are difficult to overcome but they have to be considered
when analyzing data from your FRET experiments. You may have to design several different constructs to find
one that could be used for the purpose of your studies. These parameters are less important when designing a
biosensor, as the distance between the two fluorophores and their spatial orientation will be fixed.
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TIPS FOR USING FRET IN YOUR EXPERIMENTS (CONT’D)

The quantum yield of the donor (number of
emitted photons per absorbed photons) and

the extinction coefficient of the acceptor
(linking the quantity of absorbed light at a given
wavelength to the concentration of fluorophore
in solution) are two additional parameters that
can affect FRET efficiency. These issues can be
overcome by choosing a complementary pair of
fluorophores. To maximize the FRET signal, you
should choose the highest quantum yield donor,
the highest absorbing acceptor, and fluorophores
with significant overlap in their spectra. The

pair CFP-YFP was the first to be used to study
protein-protein interactions and several other
pairs have been used since including:
mCerulean/mVenus, mCerulean/Amber,
mCerulean/SYFP2A, and mTurquoise/mVenus
among others. CFP-YFP is still one of the best
and most used pairs to measure FRET.

The table below lists plasmids that can be used
to create your choice of fluorescent fusion
protein with your gene of interest:
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R >> 10 nm

Distance (nm)

Modified from Wikipedia, onginal author Maurel Damien. Accessed 11/4/2014.

Table 1: Plasmids that Can Be Used to Make Fluorescent Protein Fusions

" psma | Color | Exprsson | owserpton

pPROEX Aqua Cyan Bacterial Expresses Aquamarine with N-terminal His tag
pAquaN1 Cyan Mammalian Expresses mammalian optimized Aquamarine
mCerulean N1 Cyan Mammalian Expresses a gene of interest fused to the
N-terminus of monomeric Cerulean
mCerulean C1 Cyan Mammalian Expresses a gene of interest fused to the
C-terminus of monomeric Cerulean
mTurquoise2 Cyan Mammalian Constructs to target mTurquoise2 to various
subcellular compartments
pCEP4CyPet-MAMM [ Cyan Mammalian Expresses mammalian optimized CyPet
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TIPS FOR USING FRET IN YOUR EXPERIMENTS (CONT’D)

Table 1: Plasmids that Can Be Used to Make Fluorescent Protein Fusions (cont’d)

mm

pCyPet-His Cyan Bacterial Expresses CyPet with C-terminal His tag
SCFP3A Cyan Mammalian Expresses a gene of interest fused to the
C-terminus of SCFP3A
Amber N1 Yellow Mammalian Expresses a gene of interest fused to the
N-terminus of Amber
Amber C1 Yellow Mammalian Expresses a gene of interest fused to the
C-terminus of Amber
mVenus N1 Yellow Mammalian Expresses a gene of interest fused to the
N-terminus of monomeric Venus
mVenus C1 Yellow Mammalian Expresses a gene of interest fused to the
C-terminus of monomeric Venus
pCEP4YPet-MAMM | Yellow Mammalian Expresses mammalian optimized YPet
pYPet-His Yellow Bacterial Expresses YPet with C-terminal His tag
SYEP2 Yellow Mammalian Expresses a gene of interest fused to the
C-terminus of SYFP2
Clover Green Mammalian Expresses Clover (a GFP variant) commonly used
with mRuby2
pLSSmOrange-N1 Orange [Mammalian Expresses a gene of interest fused to the
N-terminus of LSSmOrange
pLSSmOrange-C1 Orange [Mammalian Expresses a gene of interest fused to the
C-terminus of LSSmOrange
mRuby?2 Red Mammalian Expresses mRuby2 (a RFP variant) commonly used
with Clover
pGWEFA1 Cyan & Bacterial Gateway-compatible vector to express a gene of
Yellow interest fused between ECFP and Venus
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Other issues that can affect FRET measurements include: the brightness of a fluorophore pair,
donor:acceptor stoichiometry, and cross-talk between the two fluorophore colours. Experts in FRET recommend
using two fluorophores that have a similar brightness - even though in the most popular pair, CFP has five-fold
less brightness than YFP. The stoichiometry of donor:acceptor is difficult to address, especially when you are
investigating unknown molecular complexes, but it is a parameter that you have to keep in mind when analyzing
FRET results. The cross-talk between the two fluorophores is linked to their excitation spectrum overlap. If you
choose a pair too close to each other in the spectrum, you can easily directly excite the acceptor with the laser
used to excite the donor. In that case the cross-talk is high and your background signal may be higher than the
signal generated by the energy transfer. On the contrary, if you choose a pair whose members are too far from
each other, you don’t have any cross-talk but you also don’t have any resonance transfer. You have to find a
balance between FRET efficiency and cross-talk (see figure above).

Methods to Measure FRET for Cell Biology Studies

Several methods have been used over the past 20 years to measure FRET and there is not one that is better
than another. It is often recommended by FRET experts to use as many measurement methods as feasible
when first beginning to establish the FRET methodology for a given experiment. You can then choose the most
efficient approach for your own system.

The simplest and the most popular one is the sensitized emission method, where the donor is excited by

a specific wavelength of light and the signal is collected by using emission filters chosen for the donor
fluorescence and the acceptor fluorescence. Additionally, this method could be the best option if there is no
cross-talk between FRET pairs. Unfortunately cross-talk between fluorophores does exist in the real world
and corrective approaches and appropriate controls are required to make this method useful for dynamic
experiments in which FRET changes are large.

Two other methods are commonly used to measure FRET: the acceptor photobleaching method and the
fluorescence lifetime imaging microscopy (FLIM) method.

The acceptor photobleaching method is simple but limited to a single measurement. This method is based on
the fact that the donor is quenched when FRET occurs. By photobleaching the acceptor, you release the donor’s
quenching and the fluorescence of the donor is increased. This method is straightforward and quantitative, but it
is destructive and cannot be used for dynamic measurements. Extra care should be taken so as not to destroy
the donor molecule.

FLIM has been developed more recently and is the most rigorous method for measuring FRET. FLIM measures
the fluorescence decay time of the donor. When FRET occurs between the pairs, donor fluorescence is
quenched and the fluorescence decay time of the donor is shortened, allowing FLIM to give an unambiguous
value of FRET efficiency. As you don’t measure acceptor fluorescence, this method is also less sensitive to
direct acceptor excitation artifacts and it is possible to use a non-fluorescent acceptor. It should be noted that
FLIM is a slower imaging method, limiting its use in many FRET experiments. In addition, other environmental
factors, such as pH or autofluorescence background, can change the fluorescence decay time and have to be
taken into account when interpreting data.
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FRET is 20 years old but as you can imagine not old-fashioned at all. With the development of new fluorescent
pairs and the emergence of faster measurement systems, this technique still has many good days and good
“gigs” ahead...No offense to BRET (Bioluminescence resonance energy transfer), CRET (Chemiluminescence
resonance energy transfer), and other RET techniques which have never outclassed the Master.

Further Reading

1. Fluorescence resonance energy transfer (FRET) microscopy imaging of live cell protein localizations.
Sekar, Rajesh Babu, and Ammasi Periasamy. The Journal of cell biology 160.5 (2003): 629-633. PubMed PMID:
12615908.

2. Addgene’s FRET pages
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By Jason Niehaus, Addgene | Jun 24, 2014

Luciferases are a class of enzymes capable of catalyzing
chemical reactions in living organisms resulting in the
emission of photons. The most familiar bioluminescent organism
for most people is the firefly (Photinus pyralis) and perhaps not
surprisingly it is also the most commonly used bioluminescent
reporter. This beetle emits a yellow-green light with a peak emission
at 560 nm. Shortly after the initial article describing the cloning of
firefly luciferase was published in 1985, several studies utilized
luciferase as a genetic reporter in plant and mammalian cells.
Luciferase assays have since become a gold standard in gene
expression analysis and a luciferase gene (one of many available to
choose from) is now a common feature in reporter plasmids.

wwmimedia Commbns. accessed:
6 . Photo author: Art Farmer

Reporter Gene Assays

A reporter gene, such as luciferase, usually serves as an indicator of transcription within cells, where detection
of the reporter protein or its enzymatic activity is measured. The effect of promoters or enhancer regions on
gene expression can be determined by detection of the reporter in a specific assay, which ideally would have
low background signal, high sensitivity and, of course, be quick, accurate, and safe. In the case of a luciferase
assay, one measures photon emission resulting from the catalysis of a chemical reaction requiring luciferin, ATP,
and oxygen as substrates. Production of photons by this bioluminescent reporter occurs slower than fluorescent-
based methods, such as excitation of Green Fluorescent Protein (GFP) because of the nature of the chemical
reaction compared to using a high-intensity laser to rapidly excite GFP. As a result of the different mechanisms
to produce photons, chemiluminescent reporters are generally less bright than fluorescent proteins, but have the
advantage of lower background levels and improved signal sensitivity since photons are simply measured — they
are not required to initiate the reaction.

Biological Sources of Luciferase

Although luciferase isolated from the firefly beetle (Photinus pyralis) is the most frequently used bioluminescent
reporter, other luciferases have been identified in various species with differing kinetics, substrate requirements,
and photon emission wavelengths. Renilla luciferase from the sea pansy (Renilla reniformis) emits a blue

light with a peak emission at 480 nm upon catalyzing a chemical reaction with the substrate coelenterazine

and is likely the second most commonly used luciferase. Other organisms from which luciferases have been
cloned include click beetles (Pyrophorus plagiophthalmus), railroad worm (Phrixothrix hirtus), and a variety of
marine crustaceans. Many of these luciferases have been subjected to further engineering to improve upon

the properties of the native enzyme. Table 1 below compares some general advantages and disadvantages of
luminescence versus fluorescence while table 2 describes some of the important details to consider when using
various luciferases.
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LUCIFERASE (CONT’D)

Table 1: Properties of Luminescence Versus Fluorescence

Property Luminescence Fluorescence

Source of Emitted Photons Chemical reaction High-energy photons
Kinetics of Photon Generation Slower Faster
Cofactors/Substrates Required Not Required

Signal Strength Lower Higher

Sensitivity Higher Lower

Background Lower Higher
Post-translational Modification Not Required Required
Photobleaching/Phototoxicity Not susceptible Susceptible
Subcellular Imaging Improving Well-established
High-throughput assays Improving Well-established

Table 2: Properties of Native Luciferases

Peak
Emission Cofactor Secreted
(nm)
19

Luminous shrimp (Oplophorus 455 Coelenterazine None Yes
gracilirostris)

Luminous Japanese ostracod (Cypridina 465 62 Cypridina None Yes
noctiluca) (Vargulin) luciferin

Sea firefly (Cypridina hilgendorfii)

Sea pansy (Renilla reniformis) 480 36 Coelenterazine None No
Deep sea coceopod (Gaussia princeps) 480 20 Coelenterazine None Yes
Maine planktonic copepod (Metridia longa) 480 24 Coelenterazine None Yes
North American firefly (Photinus pyralis) 560 61 Luciferin ATP No
Japanese firefly (Luciola cruciate/lateralis) 562 64 Luciferin ATP No

Italian firefly (Luciola italic)
Southern Russian firefly (Luciola

mingrelica)

Jamaican click beetle (Pyrophorus 544-593 64 Luciferin ATP No
plagiophthalamus)

Railroad worms (Phrixothrix hirtus) 630 64 Luciferin ATP No
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Common Uses for Plasmids Expressing Luciferase

Luciferase Reporter Assay
The typical luciferase-containing plasmid is most often used to investigate the effect of regulatory elements,
such as promoters, enhancers and untranslated regions, or the effect of mutations of these regulatory
elements on gene expression. The regulatory element (wild-type or mutant) is cloned upstream of the
luciferase gene in the plasmid, which is then introduced into the desired mammalian, plant, or bacterial
cells. Expression of luciferase as the reporter gene is measured via its ability to produce light, often with a
luminometer or scintillation counter, and the activity measurement can then be used to quantify the effect of
the regulatory element. Depending on the specific luciferase used, a compatible substrate must be provided
for the enzyme to catalyze the light-producing reaction. Many luciferase assays require cell lysis as the most
efficient means to disrupt the cell membrane and deliver the substrate; however, secreted luciferase or the
use of alternative substrate reagents can permit measurements of luminescence from live cells.

Monitor miRNA Knockdown
Expression of luciferase can be monitored as a downstream measurement of miRNA efficiency on a
target sequence. The gene of interest is cloned into a plasmid downstream of luciferase containing a stop
codon, which is then transfected into the desired cells. A hybrid mRNA transcript containing luciferase and
the gene of interest permits translation of functional luciferase, until the miRNA targets and degrades the
mMRNA sequence, resulting in a decrease in luciferase activity. This experimental protocol can readily screen
miRNAs for effectiveness.

Analyze Cell Signaling Pathways
Known cellular signaling pathways can be investigated in a high-throughput screen using luciferase activity
as a measure of signaling activity. Multiple response elements are cloned into a plasmid upstream of a
minimal promoter linked to luciferase. Activation of the pathway will result in luciferase expression and more
complex cell treatments can be designed to further explore the pathway.
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PROTEIN TAGS

By Eric J. Perkins, Addgene | Dec 11, 2014

Protein tags are usually smallish peptides incorporated into a translated protein. As depicted in the
accompanying cartoon, they have a multitude of uses including (but not limited to) purification, detection,
solubilization, localization, or protease protection. We've already covered GFP and its related fluorescent
proteins, which are sometimes used as tags for detection; however, those constitute just one (admittedly large)
class of common fusion protein tags. Biochemists and molecular biologists who need to overexpress and

purify proteins can face any number of technical challenges depending on their protein of interest. After several
decades of trying to address these challenges, researchers have amassed a considerable molecular tool box of
tags and fusion proteins to aid in the expression and purification of recombinant proteins.

Different Uses for Protein tags. Left: Affinity tags. Middle: Solubility tags. Right: Cleavage tags. Image by Eric Perkins.
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PROTEIN TAGS (CONT’D)

Tags for Stability and Solubility

What are some of the hurdles to overcome in order to overexpress a recombinant protein? It is not generally
in a cell’'s best interest to overexpress a protein; energy and cellular resources are spent to make something
the cell doesn’t need to make. Eukaryotes and some bacteria deploy proteosomes to degrade what the cell
might consider junk protein. Though there are a number of chemical and peptide-based proteosome inhibitors,
glutathione S-transferase (GST), which can be fused to recombinant proteins for one-step purification with
glutathione, can also protect against proteolysis.

That’s one form of instability. Prokaryotes can also have a hard time folding eukaryotic proteins. You can get your
bacteria to produce massive amounts of protein, but if it's not folded correctly, there’s no point in crystallizing

it or testing its function. Small ubiquitin-related modifier (SUMO) can help with folding and stabilization, as can
maltose-binding protein (MBP). Overexpression can also lead to insolubility, and aggregated protein is not useful
protein. MBP tags can help with solubility issues, but scientists may also choose to add smaller proteins, such as
Thioredoxin A (TrxA) that improve disulfide bond formation in order to help keep a protein of interest soluble.

Tags for Affinity and Purification

An affinity tag, generally a relatively small sequence of amino acids, is basically a molecular leash for your
protein. If you're working with an uncharacterized protein, or a protein for which a good antibody has not been
developed (and just because your protein has a commercially available antibody, that doesn’t mean it's a good
one), then your first step towards detecting, immunoprecipitating, or purifying that protein may be to fuse an
affinity tag to it. The ELAG, hemaglutinin antigen (HA), and c-myc tags have been the workhorses of the affinity
tag world for years, and deciding on which one to use will depend on your application (see table below). The
antibodies available for these tags really are good and can be used for western blots, IP, and affinity purification.

Arguably the simplest affinity tag is the polyhistidine (His) tag. Small and unlikely to affect function, His-tagged
proteins can be purified using metal-affinity chromatography, usually using a Ni2+ column. Like other affinity
tags, a His tag can be fused to either the N- or C-terminus of a protein. Unlike other epitope tags — which when
doubled or tripled increase the tag size quickly — modifying the length a polyhistidine tract does not greatly alter
the size of the tag.

Table 1 — Common Protein Tags

KRRWKKNFIAVSAANRFKKISSSGAL Affinity and Binding and elution steps use
Purification | very moderate buffer conditions
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Table 1 — Common Protein Tags (CONT’D)

Tag

FLAG

Epitope

DYKDDDD or DYKDDDDK or DYKDDDK

Affinity and
Purification

Good for antibody-based
purification; has inherent
enterokinase cleavage site

GST

Large Protein

26

Purification
and Stability

Good for purification with
glutathione; protects against
proteolysis, but may reduce
solubililty

HA

YPYDVPDYA or YAYDVPDYA or YDVPDYASL

1.1

Affinity

Frequently used for western
blots, IP, co-IP, IF, flow-

cytometry; can occasionally
interfere with protein folding

HBH

HHHHHHAGKA GEGEIPAPLA GTVSKILVKE
GDTVKAGQTV LVLEAMKMET EINAPTDGKV
EKVLVKERDA VQGGQGLIKI GVHHHHHH

Combo

Consists of a bacterially-derived
in-vivo biotinylation signaling
peptide (Bio), flanked by
hexahistidine motifs (6xHis)

MBP

Large Protein

40

Solubility
and
Purification

Can improve solulibility and
folding of eukaryotic proteins
in prokaryotes; single step
purification with amylose, but
wicked huge

Myc

EQKLISEEDL

1.2

Affinity

Frequently used for western
blots, IP, co-IP, IF, flow-
cytometry, but rarely used for
purification as elution requires
low pH

poly His

HHHHHH

0.8

Affinity and
Purification

Very small size, rarely affects
function
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Table 1 — Common Protein Tags (Cont.)

Tag Epitope
S-tag KETAAAKFERQHMDS 1.8 Solubility Abundance of charged and
and Affinity polar residues improves
solubility; good for antibody-
based detection
SUMO ~100 amino acid protein 12 Stability At N-terminus, promotes
folding and structural integrity;
cleavable. Not great for
purification; too cleavable in
eukaryotes
TAP GRRIPGLINP WKRRWKKNFI AVSAANRFKK 21 Combo See text
ISSSGALDYD IPTTASENLY FQGEFGLAQH
DEAVDNKFNK EQQNAFYEIL HLPNLNEEQR
NAFIQSLKDD PSQSANLLAE AKKLNDAQAP
KVDNKFNKEQ QNAFYEILHL PNLNEEQRNA
FIQSLKDDPS QSANLLAEAK KLNDAQAPKV
DANHQ
TRX MSDKIHLTD DSFDTDVLKA DGAILVDFWA 12 Solubility Assists in proper folding
EWCGPCKMIA PILDEIADEY QGKLTVAKLN
IDQNPGTAPK YGIRGIPTLL LFKNGEVAAT
KVGALSKGQL KEFLDANLAG SGSGHMHHHH
HHSSGLVPRG
V5 GKPIPNPLLGLDST 14 Affinity and | Good for antibody-based
Purification purification

Combo and Cleavage Tags

Frequently, a single tag is not enough. What if you need one tag to increase solubility and one tag for
purification? Or you want to combine a fluorophore with a tag that localizes your protein to the nucleus? Or
you want multiple rounds of purification to get your protein as pure as possible? Vectors that offer different

combinations of tags are readily available, and though adding too many tags and fusion proteins to your protein
of interest will eventually get ridiculous (you generally don’t want more tag than protein), 2-3 tags is increasingly
common. Tandem affinity purification (TAP) once referred specifically to a combo tag comprised of a calmodulin
binding peptide (CBP), a TEV cleavage site (more on that in a moment), and 2 ProtA IgG-binding domains. TAP
has since come to encompass several other tag combinations, though frequently those combinations still include
at least one element from the original TAP tag. The terms dual-labeling and dual-tagging are also used. Due
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PROTEIN TAGS (CONT’D)

to their small size and the ease with which they can be added to a purification scheme, His tags are frequently
combined with other tags for dual-labeling.

The problem with all these tags is that many of them serve a one-time purpose, and you don’t necessarily want
them to stick around after that purpose has been served. At this point, proteases can be your friend rather than
your enemy. Two common tags (SUMO and FLAG) are cleaved by specific proteases without requiring the
addition of an independent cleavage recognition site. In fact, SUMO cannot be used in eukaryotes because
there is already too much SUMO protease around, but it is convenient when used with purified protein since the
enzyme cleaves the SUMO tag in the same manner as it would have in the context of a cell. FLAG tags can be
cleaved by enterokinase, which recognizes DDDDK”"X, cleaving after the lysine. The efficiency of this cleavage
depends on the identity of X.

A number of other proteases are available, but scientists would need to incorporate their recognition sites into
their protein tag in order to use them effectively. One of the best optimized is the tobacco etch virus (TEV)
protease. A TEV protease cleavage site is frequently placed between two tags being used for two rounds of
purification, with the cleavage reaction taking place between column runs. The TEV protease itself, with various
mutations used to increase its stability activity, can be readily purified using plasmids found in this paper
(available at Addgene).

Table 2 — Protease Recognition Sites Commonly Used with Tags

TEV ENLYFQS Cleaves between the Gln and Ser residues
Thrombin LVPRGS Cleaves between Arg and Gly residues
PreScission LEVLFQGP Cleaves between the GIn and Gly residues

This section is not a comprehensive guide to all tags, but rather a quick overview of why scientists use tags, with
a few time-tested tags and fusion proteins as examples. The tables list more common tags than are described in
the post, but have been categoriezed to help you better assess their function. More detailed information and
some protocols can be found in the references provided.

Further Reading

1. Recombinant protein expression and purification: A comprehensive review of affinity tags and microbial
applications. Young CL, Britton ZT, Robinson AS. Recom Biotechnology Journal 2012 , (7): 620-634. PubMed
PMID: 22442034.

2. A complete list of free handbooks for protein purification is provided by GE Healthcare Life Sciences.
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TAG YOUR FAVORITE YEAST GENES WITH EASE

By Julian Taylor-Parker, Addgene with contributions from Marcy Patrick, Addgene | Nov 19, 2013

.

Modified from Lee S, et al. (2013)
PLoS ONE 8(7): e67902.

Homologous recombination is the process by which nearly all domains of
life repair genomic damage, specifically double strand breaks. Researchers
have long taken advantage of this natural process to integrate protein tags into
the genomes of S. cerevisiae and S. pombe. The protocol is surprisingly simple,
requiring only a PCR product containing the modifying sequence flanked by
approximately 50 base pairs of sequence homologous to the chromosomal

site of insertion. The linear PCR product is introduced into the cell by direct
transformation. A given insert will typically contain both a protein modification
sequence and a selectable gene product for isolation of successful transformants.

Addgene distributes several ready-to-use, modular plasmids, combining
fluorescent tags, epitope tags, protease sites, and selection markers. These are
especially useful in protein complex studies where tagging of multiple protein

products is desired, as multiple selection markers can ensure that all desired tags have been integrated. Simply
design your amplification primers with the desired targeting homology—in frame, of course—and start tagging!

Yeast-Optimized Fluorophores for Imaging

Many imaging studies rely on direct fusion of fluorescent proteins

(FPs) to a yeast gene of interest. These fluorescently tagged
genes are expressed under native conditions and allow scientists
to not only track the abundance, movement, and localization of
individual proteins, but also investigate protein-protein interactions
via FRET. Sidae Lee, Wendell Lim, and Kurt Thorn at UCSF have

recently developed a series of blue, green, and red FPs that are
codon optimized specifically for expression in yeast. These tagging
vectors are based on previously described pFA6a-link vectors and
include a Kan, SpHIS5, or CaURAS selection marker. Lee et al.
assessed many of these fluorescent tags in S. cerevisiae, looking
at their performance in categories such as brightness, stability,
and disruption of the tagged protein. Based on their findings, the
authors recommend optimal FP combinations for use in yeast
imaging, categorized by specific filter sets and experimental output
requirements. Select from these yeast-optimized fluorophore
tagging vectors for your single- or multi-color imaging experiments.

If you’re looking for a great resource about imaging techniques, —— .. P— ..
check out Kurt Thorn’s microscopy blog.

A variety of fluorescent proteins expressed in yeast.
Adapted from Lee S, et al. (2013). PLoS ONE 8(7): e67902
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Interested in Epitope Tags?

Others may be interested in attaching epitope tags to their genes of interest, allowing for easy capture

and detection of proteins and complexes, without the artifacts sometimes associated with plasmid-based
overexpression. Tim Formosa, at the University of Utah, has built a complete collection of yeast tagging modules
with each possible combination of protease site (TEV or PreScission), epitope tag (12xHis, 2xStrep, 3xFlag,
Protein A, or V5), and selection marker (KanMX, HphMX, or His3MX). Each PCR product from this collection

will yield an insert with the format: (protease site)-6xGly linker-(epitope tag)-ADH1 terminator-(selection marker).
Additionally, Dr. Formosa has deposited six plasmids with a multiple cloning site in place of the epitope tag for
creation of your own unique protein fusions. This collection is ideal for tandem affinity purification of protein
complexes.

John Pringle and Jurg Bahler have deposited a large collection of plasmids with Addgene for genome
modification in yeast. These were developed by Dr. Pringle’s former lab at UNC Chapel Hill. Bahler et al.
describe a modular collection of plasmids for a wide variety of genome modifications in S. Pombe, including full
and partial gene deletion, overexpression (by promoter substitution), and tagging at either the N- or C-terminus
(3xHA, 13xMyc, GST, or GFP). Longtine et al. describe a complementary set of plasmids for use in S. cerevisiae,
with the additional benefit of multiple selection markers for combining modifications within a single strain.

In addition to the collections featured above, many other modular yeast tagging systems have been developed in
the labs of Anne Robinson, Eishi Noguchi, and Melissa Moore, to name a few.

Further Reading

1. Improved blue, green, and red fluorescent protein tagging vectors for S. cerevisiae. Lee S, Lim WA,
Thorn KS. PLoS One. 2013 Jul 2;8(7):e67902. PubMed PMID: 23844123.
2. Heterologous modules for efficient and versatile PCR-based gene targeting in Schizosaccharomyces

pombe. Bahler J, Wu JQ, Longtine MS, Shah NG, McKenzie A 3rd, Steever AB, Wach A, Philippsen P, Pringle
JR. Yeast. 1998 Jul;14(10):943-51. PubMed PMID: 9717240.

3. Additional modules for versatile and economical PCR-based gene deletion and modification in
Saccharomyces cerevisiae. Longtine MS, McKenzie A 3rd, Demarini DJ, Shah NG, Wach A, Brachat A,
Philippsen P, Pringle JR. Yeast. 1998 Jul;14(10):953-6. PubMed PMID: 9717241.
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INTRODUCTION TO GENOME ENGINEERING

By Mary Gearing, Addgene | August 26, 2015

Genome engineering has made it possible to not
only dissect complex gene interactions, but also
to build new pathways through synthetic biology.
The past few decades have seen tremendous
advances in both the number and feasibility of
genome engineering techniques, many of which
are available from Addgene.

Genome engineering was born in the late 1970s,
when multiple groups showed that exogenous
DNA could be taken up by yeast or bacteria and
randomly integrated into the genome. Subsequent
work showed that this process could also occur

in a targeted fashion. Addgene depositor Mario
Capecchi realized that DNA microinjection into a
cell’s nucleus would stimulate cellular homologous
recombination, permitting targeted genome
modification. In 1989, he, Martin Evans and Oliver
Smithies created the first knockout mouse, a
watershed moment for genome engineering.

Cre-recombinase complexed to DNA Guo et al. 1997

Cre-Lox

The late 1980s also marked the introduction of Cre-lox recombination, a system derived from P1 bacteriophage
now widely used to control gene expression. Today, Cre recombinase under the control of various promoters,
or in its inducible form, provides sophisticated spatiotemporal control of gene expression, especially in mouse
transgenics.

Homologous Recombination and the Journey Towards CRISPR/Cas9

Homologous recombination is a cornerstone of genome engineering, but with the caveat that it occurs at

low frequencies, limiting editing efficiency. To improve editing rates, researchers hijacked the function of
endonucleases, which create difficult-to-repair DNA double-stranded breaks. Targeting these enzymes to a
given locus results in DNA cleavage and forces the cell to undergo either non-homologous end joining (NHEJ)
or homology-directed repair (HDR). NHEJ occurs if no DNA repair template is provided, and its error-prone
nature often leads to inactivating mutations. In the case of HDR, a repair template specifies desired genomic
modifications, enabling precise editing. In addition to introducing point mutations or recombination sites, repair
templates can also be used to introduce a gene of interest into a given locus.
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INTRODUCTION TO GENOME ENGINEERING (CONT’D)

Zinc Finger Nucleases

Zinc Finger
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Zinc finger nucleases (ZFNs) represent the first step towards efficient, targeted nucleases. To create ZFNs, a
series of zinc fingers is designed to bind to a specific genomic locus, and subsequently fused to Fokl nuclease.
Paired ZFNs recognizing two adjacent sites cleave DNA, initiating HDR. The utility of ZFNs is limited by their
long synthesis time and nonmodular assembly process. Although computational tools helped improve targeting,
it's not possible to design suitable ZFN pairs for every genomic locus.

TALENSs

First reported in 2011, TALENSs represented a huge step forward for genome engineering. This modular system
is based on TAL effector DNA binding proteins, isolated from Xanthomonas spp, fused to Fokl endouclease.
Whereas it might take an experienced scientist six weeks to make a ZFN, a newbie could make a TALEN in just
a few days! TALEN technology was rapidly adopted by the research community, with the Golden Gate TALEN
kit becoming Addgene’s most popular kit. The customizable DNA-binding properties of TALENSs also enabled the
design of custom transcription factors to modulate gene expression.
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INTRODUCTION TO GENOME ENGINEERING (CONT’D)

CRISPR
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CRISPR

Just when we thought genome engineering couldn’t get any better, along came the CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas9 system. CRISPR is an important component of the bacterial
immune system that allows bacteria to remember and destroy phages. In genome engineering applications,
Cas9 endonuclease is targeted by guide RNA (gRNA) sequence homology to a given locus, where it induces

a double stranded break. Like ZFNs and TALENs, CRISPR/Cas9 employs HDR, but the use of RNA to specify
editing makes the system much less expensive and time-consuming, as well as more precise and scalable.

For this reason, CRISPR/Cas9 has proved to be incredibly valuable for high-throughput genome engineering.
CRISPR/Cas9 can also target multiple loci in one organism, and like TALENSs, the system has also been adapted
for other functions. CRISPRs are even more accessible to the research community than TALENSs, with new
papers using this technology published every week.

Check out the CRISPR 101 eBook for More Information on CRISPR and Its Applications

Other Important Genome Engineering Tools

With the success of CRISPR, it's easy to forget about other genome engineering methods...but you shouldn’t!
Another HDR-based method, recombineering, is commonly used in E. coli to make edits to the genome or

a bacterial artificial chromosome (BAC). 50 bp homology arms flanking the repair template specify the site

of recombination, catalyzed by phage recombinases. Since repair templates can be quickly generated using
PCR, recombineering is easily scalable just like CRISPR. In addition to its applications in bacterial genome
engineering, recombineering is also useful for creating BAC-based repair templates for other HDR genome
engineering methods.

Outside of HDR, an exciting new gene transfer method is the Sleeping Beauty transposon, reconstructed from
fossils of ancient fish. Transposons are mobile DNA elements, and are thus ideal for gene transfer. This system
is divided across two plasmids, one containing the gene of interest (GOI) flanked by inverted repeats, the other
carrying the transposase. Following cotransfection, the transposase cleaves the GOI from the plasmid and
facilitates a double strand break to allow the GOI to integrate into the genome. Sleeping Beauty was named
2009’s Molecule of the Year, and it represents a robust alternative to viral vector-mediated gene transfer.
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INTRODUCTION TO GENOME ENGINEERING (CONT’D)

Conclusion

With multiple robust and efficient genome engineering methods at our fingertips, we have entered a Golden Age
of genome engineering. Current work focuses on refining these techniques to ensure high specificity and activity,
whatever the desired target locus (or loci) may be, with the hope that these methods will be useful clinically.
What we at Addgene find most exciting is the democratization of genome engineering, which has and will
continue to allow researchers all over the world to use these tools in their research.

Further Reading

1. Structure of Cre recombinase complexed with DNA in a site-specific recombination synapse. Guo, Feng,
Deshmukh N. Gopaul, and Gregory D. Van Duyne. “.” Nature 389.6646 (1997): 40-46. PubMed PMID: 9288963.
2. Addgene’s Genome Engineering Guide
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CRE-LOX

By A Max Juchheim, Addgene | Jan 13, 2015

Previously, we examined a number of important plasmid
elements — promoters, origins of replication, protein tags,
and antibiotic resistance markers (just to name a few).
Here, we’re going to take a look at a very interesting tool
that can be used for creating (excuse the pun) specific,
targeted DNA modifications in transgenic animals,
embryonic stem cells, and/or tissue-specific cell types:
Cre-lox recombination.

What is Cre-Lox?

The Cre-lox system is a technology that can be used
to induce site-specific recombination events. The
system consists of two components derived from the Cre recombinase dimer bound to DNA. Image released to public domain.
P1 bacteriophage: the Cre recombinase and a loxP Source: Wikipedia accessed 17/2015. Author: Williamog1990.
recognition site. The P1 bacteriophage uses these

components as part of its natural viral lifecycle, and researchers have adapted the components for use in
genome manipulation.

Cre recombinase, originally named because it “causes recombination” (although later referred to as the
“cyclization recombinase”), is a 38 kDa protein responsible for intra- and inter-molecular recombination at loxP
recognition sites. A key advantage of the system is that Cre acts independently of any other accessory proteins
or co-factors, thus allowing for broad applications in a variety of experiments.

LoxP (locus of X(cross)-over in P1) sites are 34-base-pair long recognition sequences consisting of two 13-

bp long palindromic repeats separated by an 8-bp long asymmetric core spacer sequence. The asymmetry in
the core sequence gives the loxP site directionality, and the canonical loxP sequence is ATAACTTCGTATA-
GCATACAT-TATACGAAGTTAT. The loxP sequence does not occur naturally in any known genome other than
P1 phage, and is long enough that there is virtually no chance of it occurring randomly. Therefore, inserting loxP
sites at deliberate locations in a DNA sequence allows for very specific manipulations as discussed below.

How Does it Work?

As alluded to above, the Cre recombinase catalyzes a site specific recombination event between two loxP sites,
which can be located either on the same or on separate pieces of DNA. Each 13 bp repeat sequences on a
single loxP site are recognized and bound by a Cre protein, forming a dimer. The two loxP sites then align in a
parallel orientation, allowing the four Cre proteins to form a tetramer. A double-strand DNA break occurs within
the core spacer of each loxP site and the two strands are ligated, resulting in the reciprocal crossover event.
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CRE-LOX (CONT’D)

This event can have three general outcomes based on the location and orientation of the loxP sites:

Inversion Deletion Translocation
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Inversion: If the loxP sites are on the same DNA strand and are in opposite orientations, recombination results
in an inversion and the region of DNA between the loxP sites is reversed.

Kauaoy

Deletion: If the sites face in the same direction, the sequence between the loxP sites is excised as a circular
piece of DNA (and is not maintained).

Translocation: If the sites are on separate DNA molecules, a translocation event is generated at the loxP sites.

How Can | Use Cre-Lox?

The Cre/lox system is a well-established research tool, especially in the field of mouse transgenics. A few of the
most common uses are listed below.

« Cre-dependent gene expression — placing a stop codon with loxP sites on either side (often called
a “lox-stop-lox” or “LSL” cassette) upstream of a gene of interest will prevent gene expression in the
absence of Cre. In the presence of Cre, the stop codon is excised, and gene expression proceeds. One
popular lox-stop-lox plasmid is from Tyler Jack’s lab: Lox-Stop-Lox TOPO.

+ Cre-dependent gene knockout — conversely, putting the loxP sites on either side of a gene (called
“floxing”, for “flanked by loxP”), will permit gene expression until Cre is present, at which time the gene
will be disrupted or deleted.
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« Selection marker removal — in conventional mouse targeting, targeted clones are selected for using a
selection marker; however, it is often desirable to remove the marker after the initial selection process.
By floxing the selection marker, Cre can be used to easily perform this eviction.

+ Regulated Cre expression — by placing Cre downstream of promoters that are active only in certain
cell or tissue types, during certain stages of development, or by making the Cre inducible (such as with
tamoxifen or doxycycline), the Cre recombinase can be expressed only in specified cells or at specified
times. Combining this with some of the loxP methods described above, a genetic modification can
be restricted based on experimental constraints. This has been used for a wide range of purposes,
including activating an oncogene only in a particular organ, or bypassing embryonic lethality.

To facilitate the use of Cre-lox technology, transgenic mice have been constructed that express Cre under a
variety of ubiquitous and regulated promoters, and many loxP-containing alleles have also been constructed.
Additionally, Cre-containing adenovirus (Ad-Cre) or AAV (AAV-pgk-Cre) has been used to successfully introduce
Cre into cells of interest.

What If | Need Two Separate Recombination Events?

One potential limitation of using loxP sites is the inability to tightly control which loxP sites recombine if more
than two are present; intramolecular events happen with greater frequency than intermolecular events, but

any two sites can potentially recombine. To account for this, alternate mutant versions of the loxP site have

been created, which contain a unique asymmectric spacer “NNNTANNN”, where “N” indicates which bases

may vary from the canonical sequence. Among these are loxN (GtATACcT), lox2272 (GgATACtT), and lox511
(GtATACAT). These variant lox sites undergo recombination with other sites of the same type, but are not cross-
compatible. Using different lox site variants allows Cre to catalyze more than one specific recombination event in
a single system.

The Saccharomyces cerevisiae FLP-FRT recombination system is another site-directed recombination
technology very conceptually similar to Cre-lox, with flippase (Flp) and the short flippase recognition target (FRT)
site being analogous to Cre and loxP, respectively. The FLP-FRT technology can be an effective alternative to
Cre-lox, and has also been used in conjunction with it, allowing for two separate recombination events to be
controlled in parallel.
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Further Reading

1. Bacteriophage P1 site-specific recombination. |. Recombination between loxP sites. Sternberg, N. and
Hamilton, D. 1981. PubMed PMID: 6276558.
2. Site-specific DNA recombination in mammalian cells by the Cre recombinase of bacteriophage P1.

Sauer, B. and Henderson, N. 1988. PubMed PMID: 2839833.
3. Tissue— and site—specific recombination in transgenic mice. Orban, P.C., Chui, D., and Marth, J.D. 1992.
PubMed PMID: 1495975. PubMed Central PMCID: PMC49604.

4, Independent control of immunoglobulin switch recombination at individual switch regions evidenced
through Cre—loxP—mediated gene targeting. Gu, H., Zou, Y.R., and Rajewsky, K. 1993. PubMed PMID: 8513499.
5. Independent control of immunoglobulin switch recombination at individual switch regions evidenced

through Cre—loxP—mediated gene targeting. Gu, H., Zou, Y.R., and Rajewsky, K. 1993. PubMed PMID: 8513499.
6. Addgene’s Cre-Lox Guide
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KNOCKOUT/KNOCK-IN PLASMIDS

By Benoit Giquel | December 1, 2016

One of the most powerful strategies to investigate a gene’s function is to inactivate, or “knockout”, the gene

by replacing it or disrupting it with an piece of DNA designed in the lab. Specially constructed plasmids can be
used to replace genes in yeast, mice, or Drosophila through homologous recombination. The concept is simple:
deliver a template with a modified version of the targeted sequence to the cell which will recombine the template
with the endogenous gene. Here, we'll describe the techniques and the plasmids used to inactivate specific
genes in mammalian cells. Despite the popularity of CRISPR-based knockout/knock-in systems, these systems
remain valuable, especially in cases where CRISPR cannot be used (e.g. there are no suitable PAM sequences
nearby or your gene of interest is difficult to target specifically with a gRNA). Be sure to keep these techniques in
mind when choosing a knockout strategy!

Knockout Plasmids

Homologous recombination is a mechanism to accurately repair harmful double stranded breaks, in which
nucleotide sequences are exchanged between two similar or identical molecules of DNA. Gene targeting takes
advantage of this natural process to replace a targeted genetic locus with homologous sequence using a
specially designed vector that contains sequence homology to the locus of interest. To give you an idea of the
process, we’ll walk through an experiment designed to knock out exon 2 of a given gene.

Targeting
vactor

Target locus
in chromosome

Chromosome
with targeted insertion

Figure 1: A knockout targeting vector designed to insert a resistance gene. The vector contains a neomycin resistance gene (NeoR) flanked by homology
arms. The negative selection marker HSV-tk is used to select against random recombinants.

1. Design your targeting construct. For recombination to occur in a cell, a minimum of 2 kb of sequence
homology is required, but 6 to 14 kb of homology is typical for targeting constructs. In the example shown in
Figure 1, large sequences corresponding to exons 1 and 3 of the targeted gene have been cloned into the vector
on either side of an antibiotic resistance gene. To avoid selecting for cells in which the construct has randomly
integrated into the genome, a negative selection marker like the HSV thymidine kinase (HSV-tk) is included just
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KNOCKOUT/KNOCK-IN PLASMIDS (CONT’D)

outside one of the homology arms. When we select cells later, we will frist perform a positive selection for the
antibiotic resistance gene and then a counter selection for the negative selection marker - this latter step will kill
off many of the cells that have randomly integrated all or large portions of the plasmid.

2. Deliver your construct to your target cells. After recombination, exon 2 of the targeted gene will be removed
from the chromosome and and replaced by the resistance gene.The gene is thus disrupted, or knocked out.

3. Use positive and negative selection to find correctly recombined cells. Recombination is a rare event, so

you must select as opposed to screen for cells where recombination has occured. Neomycin, puromycin, and
hygromycin resistance genes are commonly used for positive selection. While the positive selection marker
selects for recombination, the negative selection marker selects against improper, random recombination into a
different locus. Correctly recombined cells will not contain the negative selection marker, but cells with random
recombination may incorporate the negative selection marker into the genome. This final product of non-
homologous recombination can survive positive selection, but it will be sensitive to negative selection.

4. Remove the positive selection marker. Since an antibiotic resistance gene can affect a cell’'s phenotype,
researchers usually remove it after selection using the Cre/Lox recombination system. After “floxing” the
resistance gene through the insertion of flanking LoxP sequences, you can remove the gene through the
addition of Cre recombinase (Figure 2).

Targeting HSW-tk
- N T ~—
Target locus

in chromosome

Chromosome

with targeted insertion

Target locus

after Cre-mediated excision
Figure 2: A knockout targeting vector designed to insert and later remove a resistance gene. In this construct, the neomycin resistance gene is floxed so
that it can be removed post-selection through Cre-mediated recombination.
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KNOCKOUT/KNOCK-IN PLASMIDS (CONT’D)

Knockout/Knock-In Plasmids

Gene targeting methods also make it possible to insert, or knock-in, any gene, tag, or mutated exon into the
genome. For this purpose, the sequence to be inserted is cloned into the vector between the homologous
sequences together with the positive selection marker. In order to both knockout a given gene and insert

GEFEP into the genome, we’d create a plasmid similar to the one shown below, where the sequence of GFP is
cloned together with the Neomycin resistance (NeoR) gene between exon 1 and 3 of the targeted gene. Upon
recombination, the GFP/NeoR cassette is inserted in place of exon 2. Thus, the targeted gene is disrupted
(knocked out) but the inserted GFP is expressed (knocked in). As seen in the above example, you can remove
a floxed resistance gene using Cre recombinase. If GFP is under control of an endogenous promoter, you can
use GFP expression to track cells participating in development or other physiopathological events to which the
chosen promoter responds. You can also use this method to tag an endogenous protein with GFP, as seen in
blue flame plasmid OCT4-eGFP-PGK-Puro from the Jaenisch lab.

Targeting
vector

Target locus
in chromosome

Chromosome
with targeted insertion

Target locus
after Cre-mediated excision

Figure 3: A knockout/knock-in targeting vector designed to insert GFP into a given locus.
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KNOCKOUT/KNOCK-IN PLASMIDS (CONT’D)

Conditional Knockouts

The methods and plasmids described in the preceding sections are simple ways of knocking out a non-essential
gene of interest. However, if your gene of interest is essential, a true knockout can be lethal, and you’d instead
want to create a conditional knockout.

To make a conditional knockout, researchers often use the Cre/Lox system described earlier. In this case, you
design your targeting vector such that a set of three LoxP sites flank the resistance gene and the targeted exon
in the gene of interest (Figure 4). When recombination occurs, the gene still functions normally because one of
its exons has simply been replaced with the same sequence flanked by LoxP sites while the resistance cassette
has been placed into an intron.

Targeting
vector

Target locus
in chromosome

with targeted insertion

-L-b-——

PCR screen for floxing
of exon 2

Second round of Cre
recombination

Figure 4: A targeting vector to create a floxed allele for a conditional knockout. This experimental design requires two rounds of recombination - the first
removes the selection marker, the second the floxed exon.

After recombination has occurred, you'll first remove the resistance marker using Cre recombinase. Since there
are 3 loxP sites, recombination can occur in multiple ways. The desired recombination event will remove NeoR
only and leave exon 2 floxed, as seen in line 4 of Figure 4. Since the loxP sites are located in intronic regions,
this gene will still be expressed. You'd first screen for this specific recombination outcome using PCR and then
generate a monoclonal cell line with the floxed exon. You can then conditionally remove this exon (and hence

Oaddgene 140 | Page

A better wav to share plasmids




Chapter 7: Genome Engineering Plasmids 101: A Desktop Resource (3 Edition)

knock out the gene) through a second round of Cre recombination.
The Future of Knockout Plasmids

Although these methods have been used to create many knockout cell lines and animal models, their efficiency
is very low, ranging from undetectable to 0.1%. In contrast, new genome editing techniques such as CRISPR are
easier to use and are more efficient at inactivating genes. CRISPR can target a genomic sequence and create a
break that can be repaired by homologous recombination using a repair template. These templates can include
loxP sites to create conditional floxed alleles. Although CRISPR is very good at making knockouts, knocking in
large sections of DNA can be more difficult. Addgene depositors have developed new CRISPR-based methods
for various knock-ins, discussed in our CRISPR 101 eBook.

I's hard to believe that the first knockout mouse was created in 1989, less than thirty years ago. As traditional
knockout and new CRISPR tools continue to be perfected, the production of cells and mouse knockout lines
should increase. New genome engineering tools also offer hope for the creation of new knockout animal models
in species that were previously difficult to engineer, like rats. If you have tools for creating knockout animals or
cell lines, please consider sharing them by depositing with Addgene!

Further Reading

1. Hall B, A Limaye, & AB Kulkarni. (2009) “Overview: Generation of Gene Knockout Mice”. Curr Protoc Cell
Biol. 19: 1217. PubMed PMID: 19731224. PubMed Central PMCID: PMC2782548.
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Overview of TALEN Technology

OVERVIEW OF TALEN TECHNOLOGY

By Eric J. Perkins, Addgene | 2011

Zinc fingers were once the go-to technology

for targeting enzymes and other useful protein
A domains to a specific DNA sequence but TAL
effector and CRISPR based technologies have

clrlrlclalc|r]alr]s UEEEELEEUEER recently gained much greater prominence
alclr ] al 1] Al clelc] ] Ar]r]alc] 7] & e g P '
t z £ In 2009, groups led by Jens Boch at the

Martin-Luther-University Halle-Wittenberg and
Adam Bogdanove at lowa State University
published the nucleotide recognition code of
the TAL effectors, which were isolated from
the plant bacterial pathogen Xanthomonas.
The central TAL targeting domain is composed
of 33-35 amino acid repeats. These repeats
only differ from each other by two amino
acids, their repeat-variable di-residue (RVD).
Ultimately, it is this RVD that determines which
single nucleotide the TAL effector (TALe) will

recognize: (Figure 1B) HD targets cytosine,
Figure 1: (A) Representation of a zinc finger (ZF) nuclease. Zinc fingers recognize NI targets adenenine. NG targets thymine and
triplets and the Fokl nuclease operates as a dimer, cutting in the spacer region between | ’ v
two distinct ZF target sites. (B) A TAL effector nuclease (TALEN). Similar in principle to NN targets guanine (though NN can also bind
the ZF nuclease, the components of the array recognize individual nucleotides. adenenine with lower specificity).

With the template for studying this type of technology already laid by the zinc finger community (see interview
with Adam Bogdanove), progress on TALe research has been swift. The incentives are high. Since ZF targets
are confined to sequences composed of triplets with corresponding zinc fingers, potential targetable sites in your
average genome are every 500 bp. TAL effectors have some restrictions (for example, the target must start with
a T), but they still have potential targetable sites approximately every 35bp.

Perhaps one of the most appealing features of the TAL effector arrays is the ease with which they can be made.
Intuitively, one would expect that assembling relatively small, repeat-laden DNA regions into a single construct
would be technically challenging. Thanks to efforts by the Bogdanove group and Daniel Voytas’s group from

the University of Minnesota, arrays can be assembled in a matter of days. In an open access Nucleic Acids
Research article that came out in the spring of 2011, the groups describe a set of customized plasmids that can
be used with the recently developed Golden Gate cloning method to assemble “multiple DNA fragments in an
ordered fashion in a single reaction.” Using these plasmids, which are available as a kit from Addgene, custom
arrays consisting of 12-31 repeats can be assembled and inserted into a variety of backbones in just a few steps
(Figure 2). The Bogdanove group also hosts web-based software to help scientists find potential TAL effector
targets.
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OVERVIEW OF TALEN TECHNOLOGY (CONT’D)

The Voytas/Bogdanove TALEN kit came online

in the summer of 2011 and is one of the best- Step 1 @ Modul
. e y . . odule

selllng’ kits in Addgene’s history. Dr. Keith . @ plasmids

Joung’s lab at Massachusetts General Hospital ""‘

@
also released a TALEN kit through Addgene. '@ @ \*(D @ @
This kit, first described in Nature Biotechnology @ @ @ @ @ @

in August 2011, uses a serial ligation protocol to

assemble arrays. Dr. Joung, co-founder of the
Zinc Finger Consortium with Dr. Voytas, has
GColden Cate Reaction
(type IS restriction endonucleases
+ ligase)
pFUS_A wfarray

considerable experience in the DNA targeting
field. A third kit, the TALe Toolbox, from Dr.
Feng Zhang’s group at the Broad Institute,

is also available at Addgene. Dr. Zhang's lab
published a paper on TAL effectors in Nature
Biotechnology early in 2011 and they described
their kit for assembling TAL effector arrays in a
2012 issue of Nature Protocols. The Zhang lab Step 2
also hosts a helpful TAL effectors website that

provides several TAL effector resources.

X

pFUS_B w/array

Whether you work in a C. elegans lab and
have been struggling to mutate a specific
gene or you're anxiously investigating gene

therapy options for a rare disease in humans, O Backbone

TAL effectors could become a key tool in your Last Repeat (pPTALL1-4)
plasmid toolbox. Addgene has rapidly become plasmsid

an important resource for this new technology,

and we hope to continue to have a strong

scientific partnership with both the labs that Colden Cate Reactlon
hone these tools and the researchers who {digestion and ligation)
are learning to wield them. Learn more about

Addgene’s TAL effector and TALEN kits here. 1L—-2-3 _

" |
TAL effector or TALEN

Figure 2: Simplified representation of the Voytas/Bogdanove Golden Gate TALEN kit.
In this example, the final array is composed of 18 TAL effector repeats. The Kit can be
used to make arrays from 12-31 repeats.
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Further Reading

1. Efficient design and assembly of custom TALEN and other TAL effector-based constructs for DNA
targeting. Cermak T, Doyle EL, Christian M, Wang L, Zhang Y, Schmidt C, Baller JA, Somia NV, Bogdanove AJ,
Voytas DF. Nucleic Acids Res. 2011 Jul;39(12):e82. Epub 2011 Apr 14. PubMed PMID: 21493687 .

2. Targeted gene disruption in somatic zebrafish cells using engineered TALENs. Sander JD, Cade L,
Khayter C, Reyon D, Peterson RT, Joung JK, Yeh JR. Nat Biotechnol. 2011 Aug 5;29(8):697-8. PubMed PMID:
21822241.

3. TAL effectors: customizable proteins for DNA targeting. Bogdanove AJ, Voytas DF. Science 2011 Sep
30;333(6051):1843-6. PubMed PMID: 21960622.

4, Efficient construction of sequence-specific TAL effectors for modulating mammalian transcription. Zhang,
F., Cong, L., Lodato, S., Kosuri, S., Church, G. M., & Arlotta, P. Nat Biotechnol. 2011 Feb;29(2):149-53. PubMed
PMID: 21248753.

5. TALESs for the masses. Rusk N. Nat Methods 2011 Mar;8(3):197. PubMed PMID: 21473016.

6. Move over ZFNs. Nat Biotechnol. 2011 Aug 5;29(8):681-4. PubMed PMID: 21822235.
7. See the Q&A with Dr. Adam Bogdanove and his thoughts on the TALe technology here.
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By Marcy Patrick, Addgene | September 3, 2015

Although the Clustered Regularly Interspaced Short Palindromic Repeats or CRISPR sequences were initially
discovered in E. coliin 1987, the concept that these sequences operated as a safeguard against bacteriophages
did not come to light until twenty years later. Initial experiments exposed S. thermophilus to predatory phages

to test if the exogenous DNA would be incorporated into the bacterial genome. The results of these studies led
scientists to hypothesize that prokaryotes developed an adaptive immune system that utilized various CRISPR-
associated, or Cas genes, not only to store a record of invading phages, but to also destroy the phage upon
re-exposure. More specifically, the Cas proteins snip the foreign DNA into small fragments of ~30 bp in length
and insert it into the CRISPR sequence. RNA from these CRISPR loci is transcribed and used to guide a Cas
nuclease to the specified exogenous DNA complementary to the target. Once the CRISPR/Cas complex binds to
this foreign DNA, a cut is made to destroy the invader.

Check out the CRISPR 101 eBook for More Information on CRISPR and Its Applications

CRISPR/Cas-inspired genome editing was initially described by Cong et al. and Mali et al. in January 2013 and
is currently the most commonly used technology for genome engineering. There are two distinct components
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disruption editing
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to this system: (1) a guide RNA and (2) an endonuclease, in this case Cas9 (see image below). The guide
RNA combines a unique 20-nucleotide target sequence and a Cas9-recruiting tracrRNA sequence into a single
chimeric guide RNA (gRNA) transcript.

When expressed in the cell, the gRNA/Cas9 complex is recruited to the target sequence by base pairing
between the gRNA target sequence and its complement in the genomic DNA. For Cas9 to successfully bind to
DNA, the target sequence in the genomic DNA not only must be complementary to the gRNA sequence, but
must also be immediately followed by the correct protospacer adjacent motif (PAM) sequence. Note, the PAM
sequence is present in the DNA target sequence but not in the gRNA sequence, and any DNA sequence with the
correct target sequence followed by the PAM sequence will be bound by Cas9. The functional consequences of
Cas9 binding to the DNA are dependent on which Cas9 is expressed.
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The Following Cas9 Uses Have Been Developed

Cut: Wild type Cas9 efficiently generates double strand breaks at sequences homologous to a
co-expressed gRNA. These double strand breaks are normally repaired by non-homologous end
joining (NHEJ) which can result in gene disruptions. If a repair template containing homology to
the cut region is provided, the cut can be repaired by homology directed repair (HDR) resulting in
specific, targeted mutations or gene insertions (gene editing) (see image above).

Nick: A mutated “nickase” version of the Cas9 enzyme generates a single-strand DNA break
(Nick), instead of a double-strand DNA break (Cut). When targeted to two unique, proximal sites in
the genome, nickases can generate double stranded breaks with higher specificity than wt Cas9
due to the requirement for two isolated, proximal cutting events.

Interfere: A catalytically inactive Cas9 (dCas9) can knockdown gene expression by interfering with
transcription. The dCas9 can sometimes be fused to an additional repressor peptide potentially
enhancing gene knockdown.

Activate: A catalytically inactive Cas9 (dCas9) fused to an activator peptide can activate or
increase gene expression when targeted to promoter or other regulatory regions.

dCas9-Fokl: A catalytically inactive Cas9 (dCas9) fused to Fokl nuclease to generate double
strand breaks (Cut) at sequences homologous to two co-expressed gRNAs.

Purify: Isolate specific genomic regions of interest using a catalytically inactive Cas9 (dCas9)
fused to an epitope tag(s).

Visualize: Visualize specific genomic regions of interest using a catalytically inactive Cas9
(dCas9) fused to a fluorescent protein.

IO o O Tl 1

The above-listed Cas9 variants are all based on the S. pyogenes version of the nuclease; however, Cas9
nucleases from different species such as N. meningitidis, S. aureus, and others are currently being investigated
for their genome editing capabilities. In late 2015, researchers from Feng Zhang’s lab additionally discovered

a new Cas9 homolog, Cpf1, which, in addition to requiring only 1 RNA molecule for gene targeting, generates
staggered cuts at target sites with a TTN PAM sequence. These staggered cuts may make Cpf1 better suited for
HDR mediated gene editing than Cas9 and its variants.
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OVERVIEW OF CRISPR TECHNOLOGY (CONT’D)

Further Reading

1. A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Jinek, Martin et al.
Science 337.6096 (2012): 816-821. PubMed PMID: 22745249.

2. Multiplex Genome Engineering Using CRISPR/Cas Systems. Cong, Le et al. Science 339.6121 (2013):
819-823. PubMed PMID: 23287718.

3. RNA-Guided Human Genome Engineering via Cas9. Mali, Prashant et al. Science 339.6121 (2013):
823-826. PubMed PMID: 23287722.

4, Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system. Zetsche, Bernd, et al. Cell
(2015). PubMed PMID: 26422227 .
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By Michelle Cronin | April 28, 2016

In a previous post from our Plasmids 101 series, we learned how the Cre-loxP recombination system can be
used to induce site-specific recombination events, and that the orientation of the flanking loxP sites directs the
Cre recombinase to invert, translocate, or excise a DNA fragment. The availability of both wild-type and mutant
loxP sites has allowed scientists to leverage this system in new, creative ways. This section will focus on one
such strategy--the FLEx switch--which utilizes recombination elements to turn off expression of one gene, while
simultaneously turning on the expression of another!

What Are FLEx Switches

FLEXx (or “flip-excision”) switches were designed as a genetic tool for researchers to conditionally manipulate
gene expression in vivo using site-specific recombination. The FLEXx switch takes advantage of the orientation
specificity of the site-specific recombinases (SSRs) Cre and FLP. SSRs bind DNA at target sites to induce site
specific recombination events: Cre recombinase binds loxP sites, while FLP binds FRT sites. When a DNA
sequence is flanked by target sites (floxed) in opposing orientations, an SSR will invert the DNA sequence
between the sites. If a DNA sequence is floxed in the same orientation, the SSR will excise the DNA fragment.
By manipulating the number, orientation, and type of target sites that flox your genes of interest, a powerful FLEXx
switch can be created for your specifc experimental needs.

How Does the FLEx Switch Work?

Let’'s say you want to design a genetic FLEx switch that turns BFP expression off, while turning on mCherry
expression. For this FLEx switch to successfully work, the cassette would need to contain the BFP coding
sequence in the sense orientation, followed by the mCherry coding sequence in the antisense orientation (Figure
1, top). The entire DNA cassette would be flanked by two pairs of target sites- one wild-type pair (loxP, black
arrowheads) and one mutated pair (for example- lox511, white arrowheads). It is necessary to use two different
pairs of target sites for this strategy to work effectively. Both loxP and lox511 are recognized by Cre but lox511
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sites can only recombine with other lox511 sites, not with loxP sites. Alternatively, you could use a pair of loxP
sites and a pair of FRT sites and include both Cre and FLP recombinases.

promoter

Alsayow

loxP loxG11 looP loxS11

P rsicn / \ Inversion
using loxp +Cre using lox511

mCherry d418 ‘ ‘

Excision / \ Excision
using koxp using lom511

mCherry

mCherry

Figure 1. This basic FLEx switch will express BFP in the absence of Cre recombinase or mCherry in the presence of Cre recombinase (adapted from
Schnutgen et al. Nat Biotech 2003).

Once the SSR of choice is introduced, recombination can proceed either by first utilizing the loxP sites or the
lox551 sites. Regardless, the first recombination step will invert the intervening DNA fragment using either

loxP or lox511 sites, leaving two identical sites on one end of the DNA fragment (Figure 1, middle). A second
recombination event then excises the DNA between the identical loxP or lox511 sites (Figure 1, bottom). Since
only one loxP and lox511 site will remain on either side of the DNA fragment, any additional recombination
events are impossible even in the presence of Cre recombinase. This plasmid now specifically drives expression
of mCherry instead of BFP.

Beyond Switching Fluorophores, Why Is FLEx Useful?

The power of the FLEXx system lies in the ability to conditionally turn off one gene and activate another. In the
field of mouse genetics, FLEX is currently being used to study a wide variety of in vivo conditional gene rescue
experiments, as well as for improvement of optogenetic adeno-associated virus (AAV) vectors. Listed below are
a few additional uses for FLEx switches:

. Conditional Rescue for a Gene Knockout: To test if the phenotype you are observing is really due to
a single gene deleted in your knockout mouse, you can design a FLEXx switch conditional knock-in cassette that
uses Cre to activate gene expression as shown in Figure 2. The cassette should contain a reporter DNA se-
quence (such as GFP) in the sense orientation, followed by coding sequence of the gene you would like to res-
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cue with in the antisense orientation (let’s call the gene
“GeneR”). The key to this experiment is the placement
of the two pairs of target sites. By flanking the reporter promoter

with one loxP site and one lox511 site in the same orien-

tation, and placing the additional loxP and lox511 sites m =@ ) 4
after the inverted GeneR sequence in the opposing ori- I loa511 loaP loxS11
entation, you have created a cassette that will express Iroversicn l E

GeneR only in the presence of Cre. In this example, e
Cre would first invert the reporter and GeneR fragment.
Then the second recombination event would excise the GeneR odl m 4
reporter from the cassette, allowing for expression of
GeneR. This allows a researcher to test whether or not rcision l

expressing GeneR alone rescues the phenotype being wrsing lowp
studied.

o Introduction of a Conditional Point Mutation -W'

or Functional Mutation in vivo: Similar to a conditional
rescue experiment with a wildtype copy of a gene, you
can also design FLEx switches to conditionally test the Figure 2. In the presence of Cre, GFP expression is lost, allowing for rescued
function of various point mutations and truncations in ~ ©Xression of Gener.

the absence of the endogenous gene.

. Spatio-temporal Expression of Optogenetic reporters: Since most optogenetic reporters are deliv-
ered using AAV injection, the majority of the cells surrounding the injection site will become infected and would
have the potential to express the transduced reporter gene. Generating a FLEX switch to control expression of
an optogenetic reporter would ensure that the reporter remains silent until a cell or tissue-specific Cre is provid-
ed. Since the FLEx switch ensures Cre-dependent reporter expression, the potential for background expression
of the reporter will be greatly reduced, allowing for clearer characterization of the location, morphology, and
circuit mapping of a targeted neuronal population.

Sometimes also referred to as DiO (Double-floxed inverse Orientation), FLEx systems are generally considered
“Cre-On” meaning that your gene of interest starts in the inverse/antisense “off’ position and is flipped to the
sense (on) orientation in the presence of Cre. A similar strategy can be employed for “Cre-off” (i.e. your gene of
interest starts in the sense orientation and Cre is used to flip it to “off”’). These Cre-off switches may be referred
to as DO (Double-floxed Orientation) and could be used to study the physiology or behavior of certain cell
populations.

Further Reading

1. Schnitgen F, Doerflinger N, Calléja C, Wendling O, Chambon P, and Ghyselinck NB. A directional
strategy for monitoring Cre-mediated recombination at the cellular level in the mouse. 2003 PubMed PMID:
12665802.

2. Branda, CS and Dymecki, SM. Talking about a Revolution: The Impact of Site-Specific Recombinases on
Genetic Analyses in Mice. 2004. PubMed PMID: 14723844.

3. Atasoy D, Aponte Y, Su HH, and Sternson SM. 2008. A FLEX switch targets Channelrhodopsin-2 to
multiple cell types for imaging and long-range circuit mapping. PubMed PMID: 18614669. PubMed Central
PMCID: PMC2593125.
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FLEX VECTORS (CONT’D)

4, Saunders A, Johnson CA, Sabatini BL. 2012. Novel recombinant adeno-associated viruses for Cre

activated and inactivated transgene expression in neurons. PubMed PMID: 2286602. PubMed Central PMCID:
PMC3406316.
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SLEEPING BEAUTY AWAKENS FOR GENOME ENGINEERING

By Emma Markham, Addgene | June 30, 2015

Transposons are sequences of DNA that can move around in a genome. In a laboratory setting, transposons
can be used to both introduce genes into an organism’s genome (see figure 1) and to disrupt endogenous genes
at the site of insertion. In both of these cases, transposons combine the advantages of viruses and naked DNA
while eliminating some of the drawbacks. Specifically, viruses are able to infect and replicate in host cells, but
they are susceptible to cells’ defense mechanisms. The use of non-viral vectors, like transposons, avoids many,
though not all, of these defenses. For some applications of genome engineering - such as certain forms of gene
therapy - avoiding the use of viruses is also important for social and regulatory reasons.

®

franspotase Transposase Vector System
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Figure 1 — (1) The transposon consists of a mirrored set of inverted repeats (green) flanking the gene of interest (blue) in a plasmid backbone. A separate
plasmid contains the transposase gene (red) for expressing the transposase enzyme. (2) The transposase enzyme is expressed (red stars) and binds the
inverted repeats (green); and an endonuclease reaction occurs which cuts the DNA. (3) The released transposon can now bind a strand of DNA with a TA
dinucleotide (there are many such sites in the human genome). The original plasmid is empty following the removal of the transposon; the plasmid is then
degraded by the cell. (4) The transposase creates a double strand break in the DNA and allows the tranposon to integrate. Additionally, the TA sequence is
duplicated near the gene of interest insertion site.

The Sleeping Beauty Transposon System

The Sleeping Beauty (SB) transposon system is one such system which has been designed to perform gene
transfer in vertebrates. The system is comprised of 2 components: 1) an SB transposase, the enzyme required
for catalysis of transposition; and 2) a transposon containing the gene-expression cassette that can translocate
within the genome. The Sleeping Beauty transposase gains its name from the fact that it was recreated from

a defective transposase found in fish. This transposase has been found in the genomes of many different fish
species in a variety of non-functional forms and is believed to be millions of years old. The first functional SB
system was synthesized by fusing and modifying various extinct transposases. Improvements have been made
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since then by increasing the consensus between a greater number of extinct transposon sequences and then
testing various combinations of changes.

The basic functional version of the Sleeping Beauty transposon (SB10), developed in 1997, continues to

be altered in order to improve its gene insertion efficiency in primary cells. In 2009, Zsuzsanna Izsvak’s lab
screened many SB tranposase variants for hyperactivity in mammalian cells. Their efforts resulted in a new
and improved SB transposase, SB100X, that is approximately 100-fold more efficient than the first-generation
transposase (as determined by transposition assays of antibiotic-resistance genes conducted in HeLa cells).
In their Nature Genetics paper, the lab showed that efficiencies of stable gene transfer using SB100x were
comparable to stable transduction efficiencies of integrating viral vectors.

New Sleeping Beauty Transposase Vectors

Bicistronic

Constitutive Gene Expression (pSBbi) g:’ur‘;t;::ive

—4-—;‘_)

Fluorescent Antibiotic
Inducible Gene Expression (pSBtet)

Protein Resistance

Inducible Promoter Constitutive Promoter

—ﬁ_(_'—

Fluorescent Tetracycline- Antibiotic

Protein controlled Resistance
transactivator

Even more recently, Eric Kowarz’s lab developed two new types of vectors for the SB transposase system -

one set of vectors for robust constitutive expression (pSBbi derivatives) and one set of vectors for inducible
expression (pSBtet derivatives). The constitutive and inducible expression vectors were developed into 16
variants with different selection markers (blasticidin, neomycin, puromycin, hygromycin) and fluorescent protein
reporters (GFP, BFP, RFP, no FP). The vectors each contain two Sfil restriction sites with different overhangs
depending upon whether they are on the 3’ or 5’ end of the gene of interest allowing for insertion in the correct
orientation. These plasmids use a novel synthetic RPBSA promoter, which is made up of a fragment of the
RPL13a promoter fused to a region of the RPL41 gene, to drive the selection/reporter parts of each construct.
This new tool kit allows the rapid generation of stable transgenic cell lines which can robustly express your gene-
of-interest, either constitutively or regulated by doxycycline.
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The Sleeping Beauty transposase is proving an exciting tool for producing specific genetic mutations and gene
disruptions without the use of viral vectors. In 2009, it was named Molecule of the Year. Additionally, in 2014
researchers at MD Anderson Cancer Center presented results from a clinical trial using the Sleeping Beauty
transposase as a nonviral vector for CD19-directed chimeric antigen receptor (CAR) therapy. SB is a valuable
tool and an alternative to CRISPRs for genome engineering whose use is only likely to grow in the coming
decades.

Further Reading

1. Optimized Sleeping Beauty Transposons rapidly generate stable transgenic lines. Kowarz E, et al.
Biotechnol J. 2015 Feb 4. doi: 10.1002/biot.201400821. PubMed PMID: 25650551.

2. Molecular evolution of a novel hyperactive Sleeping Beauty transposase enables robust stable gene
transfer in vertebrates. Mates L, et al. Nat Genet. 2009 Jun;41(6):753-61. Epub 2009 May 3. PubMed PMID:
19412179.

3. A new approach to gene therapy using Sleeping Beauty to genetically modify clinical-grade T cells to
target CD19. Singh H, et al. Immunol Rev. 2014 Jan;257(1):181-90. doi: 10.1111/imr.12137. PubMed PMID:
24329797.
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HOW TO NAME YOUR PLASMID IN 3 EASY STEPS
By Matthew Ferenc, Addgene | Feb 13, 2014

Hello There are no universal rules for naming plasmids but here are some good
guidelines to follow in order to ensure that people can quickly and easily identify

what your plasmid contains and other important information.
plontihFOXO1-GFP

Pro Tip!
A lowercase “p” is often used as the first letter of a plasmid name and simply denotes that
the object is a ‘plasmid’. “p” is for plasmid.

PXXXXX-XXXX

Step 1: Backbone Name

Include the empty backbone name in your plasmid name. This simple piece of information can often convey
many important details. Once you know the backbone a plasmid is based on, you can usually derive: a) the
bacterial antibiotic resistance, b) the promoter that drives the insert, and c) whether the plasmid has any
selection markers for use in other cell types (e.g. eukaryotic cells).

PBACKBONE-XXXXX

Pro Tip!
For a catalog of published and commercially available empty backbones, visit the Addgene
Vector Database.

Step 2: Insert Name

Include information about the insert in your plasmid name. This is often a 3-6 letter representation of the
gene (or DNA sequence).
pPBACKBONE-hGene

Pro Tip!

Often researchers will add a lower case letter to the beginning of their insert abbreviation to
specify what species it is. Example: ‘h’ is for Human (homo sapiens), ‘m’ is for mouse (mus
musculus), ‘r’ is for rat (rattus rattus or rattus norvegicus), etc.

Step 3: Add Your Tags

Add any tags or fusions that are on your insert. Typically you would list any tags or fusion proteins in the
order they appear in the plasmid and their relative position to the insert. For example, if you have a Flag tag
on the N-terminus of your insert, you would list it first.

pPBACKBONE-Flag-hGene

If there was also an EGFP fused to the C-terminus of your insert you would list it after the insert.
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pPBACKBONE-Flag-hGene-EGFP

Other Considerations:
If your insert contains a mutation or modification, this should be included in the plasmid name. Mutations
are generally listed as the amino acid change and not a nucleotide change. The proper way to denote an
amino acid mutation is to list the one letter abbreviation of the wild type amino acid immediately followed

by its position (number) relative to the start Methionine (Met) followed by the one letter abbreviation of the
mutated amino acid currently at that position.

In contrast, unmutated or Wild Type (wt) versions of the insert are often denoted by “wt” either directly
before or directly after the insert name.

Example: If the Glutamine at position 295 was mutated to an Alanine, Q295A.
Mutant version: pBACKBONE-Flag-hGene(Q295A)-EGFP
Wildtype version: pBACKBONE-Flag-hGene-EGFP or pPBACKBONE-Flag-hGene(wt)-EGFP

These simple rules allow any scientist to know what is in a plasmid and often how it can be used just by
reading the name.
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By Lianna Swanson, Addgene | Aug 28, 2014

Congratulations, you have a plasmid expressing your gene of interest

. (YGOI) and are ready to dive into your functional experiments! Whether
e you’ve cloned the plasmid yourself or obtained it from a colleague down the
b ""'-.E hall, it is always a good idea to take some time to confirm that you are working
__--.‘.“.__"m with the correct construct, and verify that the plasmid you received matches
. the expected sequence. Here at Addgene, we process all of the plasmids we
- _—-‘ distribute for quality control purposes in order to confirm the integrity of the
- = DNA.
l'ﬂr’” =il ,5/ Below we discuss Addgene’s two recommended methods for plasmid DNA
verification: sequencing and diagnostic restriction digest.

Image is released to public domain.
Source: Wikipedia, accessed 8/27/2014.
Author Giac 83.

Sequencing

Sequencing determines the precise order of nucleotides within the DNA molecule, in this case a plasmid. To get
started, you will first need to design and synthesize primers that perfectly complement your plasmid sequence.
We recommend starting with a backbone-specific primer that will sequence over the Multiple Cloning Site (MCS)
and into YGOI. This way you can avoid designing multiple primers to verify unique genes inserted into the same
backbone. Addgene has curated a comprehensive vector database that will help you find reference sequence for
many commonly used backbones, as well as the specific primers used to confirm their integrity. You can also find
a list of our most commonly used sequencing primers here. It usually takes a couple of days to receive results
after submitting your sample to a sequencing core (depending on the core facility and services available at your
institution); however, it will save you time in the long run knowing that you are working with the correct plasmid.

Diagnostic Restriction Digest

Diagnostic digests can be used to confirm the relative structure of the plasmid based on the predicted sizes

and organization of different features within the plasmid. One benefit of restriction analysis is that it can be used
successfully without actually having full plasmid sequence available to you. This method is relatively quick and
can be done right in your lab in less than a day (as long as you have purified DNA). Diagnostic restriction digests
are comprised of 2 separate steps: 1) incubating your DNA with the selected endonucleases which cleave the
DNA molecules at specific sites; and 2) running the reaction on an agarose gel to determine the relative sizes of
the resulting DNA fragments.

The most common way of utilizing a restriction digest is to confirm the presence of an insert in a particular vector
by excising it from the backbone. This is accomplished by using a combination of specific endonucleases that
flank the insert. You will need to know both the approximate size of the vector backbone as well as the predicted
size of the insert. You can search NCBI for YGOI to find the particular reference sequence if necessary.
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The example plasmid on the right has a total size of

7.3kb, with the insert comprising 1.2kb of the total. The
plasmid was digested with 2 unique enzymes (Hindlll and &7
BamHI) and run on an agarose gel. The resulting gel image
includes a 1kb ladder (lane 1) that has bands ranging from
about 500 bp to 10 kb, with the 3.0 kb fragment having
increased intensity to serve as a reference band. The uncut
DNA (lane 2) shows 3 possible plasmid conformations,

with relaxed and nicked marked with asterisks (*). The
digested samples in the last 3 lanes include Hindlll and
BamHlI alone resulting in a single band of the full size of the
plasmid, ~7.3 kb, and one double digest with Hindlll and

;
S ok E
I

rnd il {RED}

| FPLAZSMID

| THIE bp
BamHi {21085

BamHI together, matching the backbone size of about 6kb
and the released insert at about 1.2 kb (red box). The results on the gel match the predicted sizes inferred from
the plasmid information.

Check out Our Diagnostic Restriction Digest Video

Restriction Digest Tips and Tricks:

The following tips for your digest and for your gel will make it easier for you to obtain a useful and informative
diagnostic restriction digest.

For your digest:

Try choosing unique enzymes. Enzymes that only cut once allow you to more easily and accurately
visualize the full size of your construct.

Consider buffer and temperature compatibility when digesting with more than one enzyme.
Consult the manufacturer’s manual for the optimal working conditions for each enzyme.

Watch out for methylation issues. Enzymes like Xbal and Clal are sensitive to methylation and their
activity may be blocked. If you have to use these enzymes for your digest, you will need to purify your
DNA from a dem or dam methylation-deficient bacterial strain such as JM110 or INV110.

Avoid star activity. Some endonucleases (for example BamHI) are capable of cleaving sequences
which are similar, but not identical, to their defined recognition sequence. Most enzyme manufacturers
make High Fidelity versions of the endonucleases and/or supply custom buffers as means to avoid this
issue.

For your gel:

Add ethidium bromide (EtBr) to your gel before pouring it. EtBr binds to the DNA and allows you to
visualize the DNA under ultraviolet (UV) light, and adding it to your gel will save time!

Don’t forget to add loading buffer to your digest reactions before loading them. The glycerol in
the buffer will make sure your sample settles in the gel well and the dyes provide a visual reference
point so you can easily assess how far the gel has run. Bonus: The dyes also run at predicted sizes so
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you can estimate how far down the gel your bands have travelled based on the dye!

Always run a ladder. Ladders allow you to interpret the bands that you get in your sample lanes.
Choose your ladder based on the expected band sizes.

Always run control uncut DNA to ensure your enzymes are working. WWhen uncut plasmid DNA is
isolated and run on an agarose gel, you are likely to see 3 bands. This is due to the fact that the circular
DNA takes on several conformations the most abundant being: supercoiled, relaxed and nicked. If your
digest lanes look like your uncut lane then there is something wrong!

Quantify your DNA. Loading too much DNA will make it difficult to obtain crisp bands and analyze the
results. Bonus: knowing how much DNA you have loaded in each well will allow you to approximate the
DNA mass of comparably intense samples of similar size.

Run the gel at 80-150V until you have good separation between your bands. Stopping the gel
when the bromophenol blue dye line is approximately 75-80% of the way down the gel will ensure you
keep smaller bands from running off; however, you may need to run the gel for longer to achieve good
separation of larger DNA fragments.

Further Reading

1.
2.

Learn how to set up your digests
Learn how to pour and run a DNA gel
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By Beth Kenkel | May 12, 2016

Molecular cloning requires some method of screening colonies for the presence of an insert. Traditionally this
has been done with restriction enzyme digest; however colony PCR can accomplish the same thing in less time
and for less money. The key steps to colony PCR are: 1) design primers to detect the presence of your insert;
2) set up a standard PCR reaction (primers, dNTPs, polymerase) using the supernatant of lysed bacteria as
template; and 3) run your PCR product on a gel to analyze product size. This section discusses some of the key
things to consider when performing colony PCR.

Insert
| _Insert | -
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&

1. Design primers 2. Set-up PCR 3. Analyze PCR product

Designing Colony PCR Primers

The first and perhaps most important step to colony PCR is designing primers. There are 3 strategies for primer
design: 1) insert-specific primers, 2) backbone-specific primers, and 3) orientation-specific primers.

Designing Colony PCR Primers

1. Insert-specific primers: Insert-specific primers are designed to anneal to an insert-specific sequence.

This is a “yes or no” kind of test, with a positive clone amplifying a product and a negative clone resulting in no
product. Additionally, this type of primer only tells you if your specific insert is present but not if it's in the correct
orientation or even if it's in your plasmid backbone.

2. Backbone-specific primers: A second option is to design backbone-specific primers. These primers are
designed to anneal to sites that flank the insert site. A positive clone will produce a larger size product then a
negative clone without the insert. This type of primer pair can tell you if the insert is the correct size and whether
it's within your backbone. This type of primer pair is also great for screening clones created with the same
backbone but that contain different inserts. When you design primers to anneal outside the cloning site, it doesn’t
matter what the sequence of the insert is, allowing you to use the same primer pair to screen for the presence

of many different inserts. The downside: this type of primer does not provide information about the orientation of
the insert.

3. Orientation-specific primers: If you need information about insert orientation, then you might consider
designing orientation-specific primers. Blunt end cloning is an example of when you might want to know the
orientation of the insert. One member of this type of primer pair anneals to a sequence flanking the insert and
one primer anneals to the insert. A simple way to create this type of primer pair is to mix-and-match insert-
specific and back-bone specific primers.
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COLONY PCR (CONT’D)

1. Insert-specific 2. Backbone-specific 3. Orientation-specific

[ 2 -

P
<
s
=
6
o

[N - -

c
S \
% No product Smaller product No product
L
2

Each approach has advantages and drawbacks, which are summarized in the table below. The type of primers
you use depends on your preferences. Either way, make sure to test your colony PCR primers before using them
to screen colonies. The best way to do this is by using your vector with and without an insert to verify that the
primers amplify the expected size PCR products.

Primer

Design

Insert Simple “yes or no” test result . Insert orientation not determined
Specific . Requires new primer pair for each

insert

Tells you the orientation of the insert . Requires new primer pair for each
Tells you if the insert is in the plasmid insert
Great for blunt end cloning
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PCR Set-Up

Setting up colony PCR reactions is nearly identical to preparing a standard_ PCR reaction: combine template,
primers, polymerase, and dNTPs and then incubate with a standard PCR thermocycling program. One key
difference is the plasmid DNA must be released from the bacteria in order to serve as PCR template. Dealing
with this and a few other colony PCR tips are highlighted below.

1. Preparing the Template: Pick a single colony with a sterile flat toothpick or pipette tip and swirl in a small
amount of sterile water. Pick 3-10 colonies in total to test, depending on the number of background colonies on
your no ligation control plate. The more background, the more colonies you will need to screen.

2. Saving clones for later culture: At this point, you will want to hang onto your clones for later use. There are
a few ways you can do this. If you are going to complete your colony PCR analysis in the same day, you can
save the leftover bacteria-water suspension and use them to start cultures of your positive clones. If you want

to store your clones longer term, just streak the colonies on an LB plate. You can use this plate to start liquid
cultures. Lastly, you can start small overnight liquid cultures with the clones you pick and only mini-prep the
positive ones. Regardless of which method you choose, make sure to use the appropriate antibiotic for selection.

3. Lysing bacteria and setting up PCR reactions: The remaining bacteria-water suspension will serve as the
template for your PCR reaction. You just need to lyse the bacteria to release the plasmid DNA by either briefly
boiling the sample before use or by directly adding a small volume of the sample to the PCR reaction. The
bacteria will be lysed during the initial heating step of the PCR reaction. A standard Taq polymerase is sufficient.

4. Controls: Controls can make or break an experiment. The best controls for a colony PCR are the same ones
used to verify if the colony PCR primers work in the first place: the backbone vector with and without an insert.
These controls are quick references you can use when you run your PCR products out on a gel to determine if
the colonies contain an insert. They also serve as controls for your PCR reaction. Running a no template control
PCR reaction for detecting contamination is also a good idea.

Analyzing PCR Product Size on a Gel

- * - * - +

1. Insert-specific primers 2. Backbone-specific 3. Orientation-specific
primers primers
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Now that your PCR is complete, it’s time to run the products on an agarose gel to determine their size. Make
sure to use an appropriate molecular weight standard for reference and to add a loading dye with glycerol to
your samples before pipetting them onto the gel. The figure above summarizes generalized expected results
for the three primers previously described. When using insert-specific primers (1), positive clones (+) will give
a band, while a negative clone (-) will not. Backbone-specific primers (2) give larger sized products for positive
clones (+) compared to negative clones. Finally, orientation-specific primers (3) give the same band (+) or no
band (-) result as insert-specific primers but also tell you whether the insert has the correct directionality.

Verifying the Insert Sequence with Sanger Sequencing

After identifying a few positive clones, the last step is to mini-prep these clones and submit the plasmids for
Sanger sequencing. Sequencing allows you to confirm the sequence of the insert, insert orientation, and the
sequences of the junctions between the plasmid and insert DNA. Colony PCR will greatly reduce the number of
clones you’ll need to send for sequencing, but won't tell you if your products have any mutations.

There are lots of different cloning strateqgies, but regardless of which is your favorite, colony PCR is a useful tool
to have in your molecular biology tool kit. Consider giving it a try next time you’re screening for positive clones!

Tips and Tricks from the Bench

. Don’t pick too large of a colony. Too many bacteria can inhibit your PCR reaction or cause non-specific
products to show up on your gel.

. Beware of false positives. Just because you get the expected sized PCR product doesn’t mean there
aren’t mutations in your insert. Make sure to submit multiple positive clones for sequencing to verify the insert
sequence before proceeding with your experiment.

. Shorter amplicons tend to be better. Shorter amplicons make for shorter PCR programs and are more
likely to work in a PCR reaction that has bacterial debris.

. Use a positive control. A good positive control is bacteria transformed with the same backbone plasmid.
If this control doesn’t amplify a product, then you know there could be something wrong with the PCR setup and/
or the primer design.

. Use a negative control strain. A good negative control strain is an untransformed culture of the same
strain of bacteria you used for cloning. This type of control is especially important for insert-specific primers. If
your negative control amplifies a product of the expected size, you know the genome of your bacteria already
contains your target sequence.

Further Reading

1. Promega Overview of Screening for Recombinants
2. New England Biolabs Overview of Colony PCR
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6 TIPS FOR ANALYZING SANGER SEQUENCING RESULTS

Originally published as blog on BitesizeBio. By Lianna Swanson, Addgene | Jun 26, 2014

cAarcece AccTcT Addgene scientists analyze hundreds of sequencing reactions a week. Here are
some good habits that we wanted to pass on to you to make sure you are getting the
most out of the data you get back from your sequencing runs.

When you run a restriction digest on a gel you always include proper controls like
uncut DNA and the proper ladder. These controls help you properly visualize your
results. The most important control for sequencing is to always look closely at the
trace file (or chromatogram) of the sequencing results you get back from your favorite
sequencing facility.

When it comes to DNA sequencing the chromatogram is your visual control. And, like
all controls, leaving it out is a big mistake.

An Example of Where the Chromatogram Can Come to Your Rescue for
Analyzing and Troubleshooting Your DNA Sequencing Results

Above (top left) is an example of a seemingly clean DNA sequence (no Ns in sight). If you never looked at the
trace you would be happy.

But look closer, the overlapping peaks in the chromatogram suggest the results are not as certain as the
sequence may suggest. In fact this is so ambiguous that the DNA sequencing reaction should be repeated.

Here Are a Few Guidelines to Help with DNA Sequencing
Troubleshooting and Analysis

1. You can use any of the following programs to view your .ab1 chromatogram file
e 4Peaks (Mac)

SnapGene Viewer (Mac/PC)

FinchTV (Mac/PC)

Sequence Scanner (PC)

Chromas (PC)

i AG TGCC TG TTTC

2. You should see individual, sharp and evenly spaced peaks A
...like the peaks in the image to the right.... “

3. Expect to get 500-700 bases of clean reliable DNA sequence
Anything less and you might suspect contamination in your sample or consider
asking your sequencing facility to apply a special protocol for a difficult template.
Anything more and you’re venturing into the uncertain terrain.

150 160

4. Never trust the first 20-30 bases of a DNA sequencing read
The peaks here are usually unresolved and small, so | suggest designing your primer at least 50bp
upstream of the sequence of interest.
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6 TIPS FOR ANALYZING SANGER SEQUENCING RESULTS (CONT’D)

5. Use assilica spin column for purification of the samples you send for DNA sequencing

If your sequencing facility requires you to perform your own Big Dye PCR amplification reaction (as opposed to
using the all-inclusive service some companies offer), you can purify the product either via the Sodium Acetate/
isopropanol precipitation method or using a silica spin column available from several vendors. The precipitation
method has an unfortunate side effect of messing up the reaction around base 70-75 of the read (see image
below), so | would strongly recommend using a silica spin column. They can be pricey, but well worth it.

6. Edit your DNA sequence GAATAA TCCGAA

Finally, when you do see a miscalled peak, don’t be shy. Feel free to edit it.
Most chromatogram viewing programs (even the free ones) allow you to edit the
sequence.

We hope these tips will help you get the most out of your DNA sequencing results ﬂf'
and troubleshoot any problems that come up. Good luck analyzing your sequences! }

More DNA Sequencing Resources:

6 AC T CNT caAcC 6

o Tips for Using BLAST to Verify Plasmids

Acknowledgements:

« Thank you BitesizeBio for originally publishing this article and allowing us
to share it with our readers!

« The chromatograms in this article were created with SnapGene.
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By Jason Niehaus, Addgene | June 24, 2014

At Addgene, we continually use the Basic Local Alignment Search Tool
(BLAST) provided by NCBI. BLAST helps us compare the sequencing
results of the plasmids in our repository with known reference sequences,
such as full plasmid sequences provided by the laboratories that deposit
their plasmids with us or other entries in NCBI’s numerous databases.

As our repository has grown over the years (we now have over 50,000
plasmids!), the number of sequencing results we analyze as part of our
quality control process has steadily grown. On a busy week, we may
need to analyze more than 100 sequences each day as part of our quality
control process. Consequently our team has refined our use of the BLAST
web browser interface as efficiently as possible. If you find yourself frequently on the BLAST website to verify
plasmids or validating your new clones, try these tips to make the most of your time and sequence!

Choosing a BLAST Program

Of the five BLAST programs available, we primarily use Standard Nucleotide BLAST (blastn), Standard Protein
BLAST (blastp), and Translated BLAST (blastx), depending on the plasmid region sequenced. NCBI has a
terrific getting-started guide for BLAST, which includes a simple explanation of the different BLAST programs,
databases, and elements of the BLAST search pages.

At Addgene, we use blastn to compare our sequencing results with empty vector or gene sequences to first
determine how much of the result is trustworthy. Then we identify any discrepancies in the nucleotide sequence,
such as mismatches, deletions, or insertions. We use blastp or blastx to compare our sequencing results to
protein sequences to check open reading frames (ORFs) and determine the potential effect of any nucleotide
discrepancies. The blastp and blastx programs are optimized differently and you may want to select one (or
both) depending on the information you want to verify. We will delve into these differences below.

Optimizing blastn Searches

On the Standard Nucleotide BLAST page, the first decision we make is whether to compare our sequencing
result to a single known reference sequence or to a BLAST sequence database. If you know the expected
nucleotide sequence, check the “Align two or more sequences” checkbox and paste your reference sequence
into the Subject Sequence box that appears. Aligning two nucleotide sequences is probably the fastest BLAST
search to perform and will save you time compared to other types of BLAST searches.
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TIPS FOR USING BLAST TO VERIFY PLASMIDS (CONT’D)

Recent Results  Saved Strategies  Help

 » NCBU BLAST/ blastn suite Standard Nucleotide BLAST

blastn | blastp | blastx | tblastn | tblastx |
BLASTN prog search leotid using a nucleotide query. more... Resetpage  Bookmark|
Enter Query Sequence
Enter accession number(s), gi(s), or FASTA sequence(s) & Clear Query subrange &)
From
To
Sp TR | Browse... | No file selected. )
Job Title
Enter a descriptive title for your BLAST search &)
I [”] Align two or more sequences &) I

If you do not know the exact reference sequence for your result, choose one of the BLAST sequence databases
from the dropdown menu. Typically, we use the default nucleotide database “Nucleotide collection (nr/nt)” as it
contains a composite of GenBank, EMBL, DDBJ, and PDB sequences and may be the most comprehensive for

searching.

Choose Search Set

Database 'Human genomic + transcript ' Mouse genomic + transcript @ Others (nr etc.):
| Nucleotide collection (nr/nt) - @
Organism
Optional
Enter organism common name, binomial, or tax id. Only 20 top taxa will be shown &)
Exclude ") Models (XM/XP) [ Unculturedienvironmental sample sequences
Optional
Entrez Query
Optional

Enter an Entrez query to limit search @

Pro Tip!

[ Exclude '+

Youllflll§ Create custom database

If you know the species that your sequencing result should match, enter the common or scientific
name into the Organism box. This small piece of information can significantly reduce your wait

time for blastn, blastp, and blastx searches!

) Exclude .t

Choose Search Set
Database ) Human genomic + transcript 'Mouse genomic + transcript & Others (nr etc.):
| Nucleotide collection (nr/nt) 2@
Organism
Optional
Enter organism commaon name, binomial, or tax id. Only 20 top taxa will be shown &
Exclude ["] Models (xM/XP) [ Unculturedrenvironmental sample sequences
Optional
Entrez Query
Optional
Enter an Entrez query to limit search @

Youllflll§ create custom database
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Before You Click the BLAST Button...

Consider the Program Selection parameter, as this will affect the amount of time to perform the search as well as
the overall alignment results. The default setting is “Optimize for Highly similar sequences (megablast)’, which

is very fast and works best when the identity between your sequence and the reference/database sequence is 2
95% (Our QC process would be trouble-free and much faster if 95% of our results were always correct!).

Since sequencing reactions are imperfect and sequence near the beginning or end of a reaction is often
unreliable, we routinely select the “Somewhat similar sequences (blastn)” program for blastn so that we can
extract practically every single, reliable basepair from our results.

Program Selection

Optimize for _ Highly similar sequences (megablast)

More dissimilar sequences (discontiguous megablast)
@ somewhat similar sequences (blastn)

Choose a BLAST algorithm &)

" BLAST Search database Nucleotide collection (nrint) using Blastn (Optimize for somewnhat similar sequences)

Show results in a new window

Algorithm parameters

This option is not as fast as megablast, but can return longer alignments to compare with your sequencing
trace file. Unlike megablast, the regular blastn program uses a smaller word size and lower scoring penalties for
mismatches and gaps in the alignment. If you are curious about the differences in the blastn programs, check
out the BLAST Help webpage.

Optimizing blastx Searches

Once we have used blastn to determine the reliable portion of a sequencing result and noted any potential
mismatches or gaps in the nucleotide sequence, we typically run a Translated BLAST (blastx) search to check
for expected ORFs, mutations or truncations. A primary advantage of blastx is that you do not have to decide on
a reading frame for your sequencing result — blastx checks all six possible frames against the database. Another
benefit is that a frame shift mutation present in the ORF is readily apparent when viewing blastx results.

€ »addgene 1091 Fae

A better way to share plasmids


http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastDocs&DOC_TYPE=ProgSelectionGuide#pstab
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_TYPE=BlastSearch

Chapter 8: You’ve Made a Plasmid...Now What? Plasmids 101: A Desktop Resource (3" Edition)

TIPS FOR USING BLAST TO VERIFY PLASMIDS (CONT’D)

:-' BLAST® My NCBI

-
Home  Recent Results  Saved Strategies  Help an In] [Reqister’

»  NCBIWBLASTI blastx

blastn blastp | blastx | tblastn thlastx |

BLASTX search protein databases using a translated nucleotide query. more... Resetpage  Bookmark
Enter Query Sequence

Enter accession number(s), gi(s), or FASTA sequence(s) & Clear Query subrange &)

From

To

£l EEEEAE | Browse... | No file selected. @
Genetic code | standard (1) &
Job Title

Enter a descriptive title for your BLAST search &)

[Z] Align two or more sequences &

Choose Search Set

I':’alabase | Non-redundant protein sequences (nr) @ I
Organism -
Optional ] Exclude |+
Enter organism common name, binomial, or tax id. Only 20 top taxa will be shown. &)
Exclude "] Models (xM/XP) [ Uncultured/environmental sample sequences
Optional
Eggf:alQuery YoulTf§ Create custom database

Enter an Entrez query to limit search &)

When using blastx at Addgene, we use the default “Non-redundant protein sequences (nr)” database as it
contains the largest number of protein sequences. Just below the BLAST button, you may have noticed the
“Algorithm parameters” link. Click on this link to view advanced BLAST options and for our suggested blastx
customization. Similar to nucleotide sequences, proteins often have repeated or highly homologous regions,
which by default are ignored in a standard blastx search. An alignment omitting repeated regions can be
confusing, such as when you attempt to verify the starting methionine of a gene but the blastx results start the
alignment at a more distal amino acid. We consistently run our blastx searches with the “Low complexity regions’
filter unchecked so that these regions are included in the search to maximize the alignment length. While this
recommendation is not infallible, we have found it saves analysis time to remove this default setting.
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TIPS FOR USING BLAST TO VERIFY PLASMIDS (CONT’D)

Search database Non-redundant protein sequences (nr) using Blastx (search protein databases using a translated nucleotide query)

[ show results in a new window

(= Algorithm parameter: Note: Parameter values that differ from the default are highlighted in yellow and marked with ¢ sign
eneral Parameters

Max target | 100 -

sequences S —— ; : 5
Select the maximum number of aligned sequences to display &

Expect threshold 10 @

Word size |.3 @

Max matches in a 0
query range

Scoring Parameters

Watrix BLOSUMG2 3| ©
Gap Costs | Existence: 11 Extension: 1 2| @
C?_""P‘fsmf’"a‘ | Conditional compositional score matrix adjustment =K

Filters and Masking

—) Filter +/) Low complexity regions &

Mask ["] Mask for lookup table only &)
"] Mask lower case letters &)

Pro Tip!

blastx searches are inherently slower than blastn or blastp, due to the additional searches
involved in translating the nucleotide sequence into all six possible reading frames. If you know
the expected protein sequence, use the “Align two or more sequences” option to drastically reduce
waiting time for search results.

Optimizing blastp Searches

Depending on the sequencing result, we often choose between a Standard Protein BLAST (blastp) and blastx
search to verify expected protein sequence in a plasmid. If you know which reading frame to choose for your
sequencing result and can easily translate it, we recommend using blastp over blastx. The primary advantage is
time savings but an added benefit is that blastp searches do not filter low complexity regions by default, meaning
that you do not have to remember to adjust any blastp algorithm parameters. We use the default scoring matrix
BLOSUMG62, but you may want to check the description of the other matrices to see if another would be more
advantageous for your search.
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TIPS FOR USING BLAST TO VERIFY PLASMIDS (CONT’D)

,‘Z'._-; BLAST® My NCBI

Home RecentResults Saved Strategies = Help [Sign In] [Reqgister]

» NCEU BLAST/ blastp suite Standard Protein BLAST
blastn | blastp | blastx | tblastn | thlastx |
BLASTP programs search protein databases using a protein query. more... Resetpage  Bookmark
Enter Query Sequence
Enter accession number(s), gi(s), or FASTA sequence(s) & Clear Query subrange &)
From
To
2SI IS | Browse... | No file selected. @
Job Title

Enter a descriptive title for your BLAST search &)

L] Align two or more sequences &)

Choose Search Set

| Database | Non-redundant protein sequences (nr) e
Tganism

Optional [ Exclude

+

Enter organism common name, binomial, or tax id. Only 20 top taxa will be shown. &)

Exclude [ Models (xMixP) [ Uncultured/environmental sample sequences
Optional
E::::fuew Youllll[§ Create custom database

Enter an Entrez query to limit search &

Pro Tip!

Note that protein databases available are unlikely to have an exact entry for your favorite gene
fused to an epitope tag or fusion protein. If your sequencing primer was chosen to confirm a tag
or fusion protein is in-frame, we recommend using blastx with the “Align two or more sequences’
option and pasting your expected protein sequence into the Subject Sequence box.

BLAST Alternatives

Depending on your sequencing result and desired analysis, BLAST may not always be your optimal choice.
For difficult sequence alignments that BLAST is unable to handle, Clustal is our frequent choice for pairwise or
multiple sequence alignments of nucleotide or protein sequences. We also use COBALT for aligning multiple
protein sequences, particularly for comparing different isoforms. In addition to our favorites, there are a number
of sequence alignment tools available.

Try these resources for lists of alternatives to BLAST:
o EXPASYy - http://www.expasy.org/genomics/sequence_alignment
« EMBL-EBI - http://www.ebi.ac.uk/services
o http://www.ebi.ac.uk/Tools/webservices/#multiple_sequence_alignment_msa
o http://www.ebi.ac.uk/Tools/webservices/#pairwise _sequence_alignment_psa
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TIPS FOR USING BLAST TO VERIFY PLASMIDS (CONT’D)

More Resources:

« Sequence Analysis of your Addgene Plasmid
« Addgene Plasmid Guide
« Addgene Sequence Analyzer

Images:

« AllBLAST images in this section are modified screen shots from the NCBI BLAST website
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By Julian Taylor-Parker | May 26, 2016

Most of the time, plasmid prepping is a breeze. You get
your stab from Addgene, streak for single colonies, sub-
culture, and prep with one of the many commercially
available DNA prep kits or your lab’s favorite in-house
protocol. DNA yields for this procedure are typically

in excess of 100 ng/ul, more than enough DNA to
proceed with most applications, such as PCR, cloning,
transfection, or long-term storage. But what about
those pesky situations where your plasmid yield is
sub-optimal? If you have already purifed your plasmid,
you can try to concentrate the DNA using a speed-vac,

ethanol precipitation, or other chromatographic methods. But wouldn’t it be nice to avoid an extra concentration
step? If you are consistently getting sub-optimal plasmid yields from your prep, you may want to consider
optimizing your growth conditions. In this section, we will outline many of the variables that could affect DNA
yields and suggest steps to super-charge your plasmid preps.

Copy Number

The copy number of a given plasmid refers to the number of copies supported within each bacterial cell of your
culture. Copy number is ultimately limited by the plasmid’s origin of replication, but will also be affected, not
only by the size and nature of the insert, but also the propagation strain, growth conditions, and inoculum (see
below). To further complicate matters, plasmid copy numbers are often ambiguous at best and many times
should be viewed more as a guideline than a rule since they are typically based on the copy number of the
empty plasmid backbone or a researcher’s personal observations. If you are experiencing low yields from a
plasmid whose copy number is unknown, it is entirely possible that you are working with a low copy plasmid.

When working with low copy plasmids, the first step to improving yield is often to start with more culture volume
and many common plasmid prep kits explicitly state this in their protocols. A higher volume of lysate can be
passed over the binding matrix, improving yield in the eluate; however, you do need to be cautious to stay within
the recommended range of the filter. Overloading the column with too much lysate could clog the matrix and
inadvertantly lower the amount of DNA you purify! If you’ve reached your lysate volume limits, the copy number
of some some origins of replication (e.g. p15A, ColE1), can be increased by adding chloramphenicol to the
culture medium.

Bacterial Strain

There are many commercially available strains for the propagation and purification of plasmid DNA, and

often it is difficult to know which will work best in your particular experiment. For example, certain E. coli

strains such as HB101 and its derivatives may be appropriate for long term storage, but these also produce
carbohydrates, which could reduce lysis efficacy and plasmid yield. Other strains, such as Stbl3, are engineered
to reduce recombination and therefore better propage unstable plasmids, but are also endA+. endA encodes

a thermostable periplasmic endonuclease. If not properly removed during the wash steps of your purification
protocol, EndA can co-purify with your plasmid DNA, and may shear the plasmid causing a smear when run on a

gel.

DHb5alpha has consistently been shown to give good, high quality preps due to its endA1, recA1, relA1 genotype,
as these mutations improve plasmid stablilty and yield, and this strain (or one of its derivatives) is recommended
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OPTIMIZING PLASMID YIELDS (CONT’D)

whenever possible. While choice of strain will ultimately
depend on the particular features of your plasmid, it is
advisable to check out the genotype of your E. coli to
ensure it is suitable for your application. This publication
looked at the DNA quality of plasmids isolated from
different E. coli hosts. Addtionally, we have previously
reviewed many common lab E. coli strains on the

blog, and also recommend this handy guide from
OpenWetWare for a more extensive lising of common E.
coli strains.

Culture Media, Antibiotics, and
Inoculum

Culture conditions play a critical role in plasmid DNA
yield as is demonstrated in the figure on the right.
Different plasmids and strains will vary in their optimal
growth conditions. For many high copy plasmids,
standard LB broth and antibiotic concentrations will
work just fine; however, for low copy plasmids or
slower growing strains, a change in media may be
advantageous. Low copy plasmids produce fewer
transcripts of their antibiotic resistance genes, and
can therefore be cultured in media containing half the
normally_recommended antibiotic concentration.

Additionally, you can achieve higher cell density using
a nutrient-rich broth such as Terrific Broth, 2xYT, _ . _ . ____ _
or a home-brew optimized for plasmid yields (e.g.  JEW e o e T e et e
H15). Spiking your media with supplements such as less plasmid was isolated from this sample. Image courtesy of Amanda
magnesium salts, buffering agents, and/or supplying Hazen.

additional carbon sources such as glycerol or glucose

(in moderation) may also serve to increase cell density and plasmid yield. For best results and highest DNA
yields, it is always recommended to start from a single, fresh colony. Sub-culturing directly from a frozen glycerol
stock or agar stab may lead to loss of the plasmid, and using older plates could increase plasmid loss or
mutation.

e LU e - o

Time, Temperature, and Oxygen

Lastly, you can optimize your growth time, temperature, and shaking speed to maximize cell density and plasmid
yield as these factors are generally, but not perfectly, correlated. Typical growth times for high copy plasmids in
standard growth strains range from 12-16 hours, but cultures with lower copy plasmids often need to be grown
for 20 hours or more to achieve maximum plasmid yield. The optimal growth time should be determined for each
plasmid/strain combination individually, either by measuring OD or, ideally, by harvesting/miniprepping at various
timepoints.

Additionally, certain plasmids and strains are best suited for growth at temperatures other than the standard
37° C. This should be indicated in the plasmid information or growth strain instructions from the manufacturer.
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OPTIMIZING PLASMID YIELDS (CONT’D)

Finally, you will want to make sure your culture is getting the right amount of oxygen for optimal growth as
insufficient gas exchange will prevent your cultures from reaching the desired density. The volume of your flask
or culture tube should be at least 4x greater than your total culture volume and you should ensure the shaker
speed is fast enough for sufficient gas exchange in the overnight culture. Generally, large cultures in flasks may
be shaken around 220 RPM, but smaller cultures, especially those in deep-well plates, require a faster shaking
speed for proper aeration (260-300 RPM).

Further Reading

1. Sigma Microbial Media Guide
2. BitesizeBio: How to Get Better Plasmid Midiprep Yields
3. BitesizeBio: Better Plasmid Midipreps Part Il: What Causes Low Yields
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CONTROL PLASMIDS

By Chari Cortez, Addgene | Apr 9, 2015

There are many, many different types of experiments
carried out by scientists everyday. Although the designs
and outcomes may vary, one thing should be present in
every experiment-based investigation of a hypothesis:
proper controls!

For every experiment, an investigator needs a standard
against which the results can be compared; results from
an experiment lacking the proper controls are invariably
inconclusive and unreliable. Proper controls provide the
constant variables that enable the correct interpretation
of the effect of the independent variable you are testing.
Importantly, they demonstrate the functionality of your
experimental system and help identify opportunities for
troubleshooting or optimization within your experiment.
Read on to learn more about the various controls that can be used for plasmid-based experiments.

What Are Control Plasmids?

Generally, control plasmids help to ensure that the observed phenomenon in your experiment is specifically
associated with the independent variable you are testing and not some other unintended factor. Control plasmids
are used to minimize any effects of the non-independent variables.

To illustrate the importance of control plasmids, we will take a step beyond discussion in the abstract and follow

an example of a plasmid-based experiment, delineate its requisite control plasmids, and discuss why these
control plasmids are critical for the correct design of the experiment.

Expression Level of Gene X

Untraated Cells Plasmid A

Figure 1: Experiment — attempt to knock down the expression of Gene X using shRNA expressed from plasmid A
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The results shown above are from a single experiment wherein Plasmid A (encoding shRNA against human
Gene X in backbone Y) was transfected into human cells.

From this result one could simply conclude that the shRNA didn’t work, as the expression level of Gene X in
cells treated with Plasmid A is similar to the expression level of Gene X in the untreated cells—but can we be
certain? Do we know whether the plasmid delivered into the cells successfully? Is the shRNA target correct? Is
the purified plasmid DNA viable? Or cytotoxic? How and where did things go wrong? The use of proper control
plasmids would address and answer these questions.

Types of Control Plasmids

Part of planning your experiment includes determining what factors need to be controlled for in order to eliminate
any alternative interpretation of the results. Typically, plasmid-based experiments employ transfection, negative,
positive, and replicate controls.

Transfection Controls: Empty Vector and Internal Control

A transfection control measures transfection efficiency and enables observation of any effects of the transfection
itself (i.e., the vector used in transfection, transfection reagent, or transfection process) may have on the target
cells. One transfection control is an empty vector control; specifically, the plasmid without the independent
variable. Referring back to the experiment associated with Figure 1, the independent variable is the shRNA.
Therefore the empty control vector would be Plasmid A sans shRNA, or backbone Y alone. The empty vector
control allows you to examine if the transfection reagents or the transfection process itself has any cytotoxic
effects on the target cells.

Another type of transfection control is an internal control vector, which measures transfection efficiency. An
internal control may be a plasmid that constitutively expresses a reporter protein (e.g., GEP or |uciferase) that
is either co-transfected with the test plasmid or transfected into a separate well of your cells. Regardless, the
amount of reporter protein activity correlates to both the amount of DNA transfected into the cells and the ability
of the cells to express the protein.

In analysis of the result in Figure 1, an internal control, such as the GFP-expressing Plasmid B, could
demonstrate whether the cells were transfected successfully and expressing the protein. For example,
fluorescence microscopy images resulting from our experiment that includes the aforementioned internal control
and is consistent with the result in Figure 1 could look like those found in figure 2.

This result indicates that the transfection was not successful due to the absence of GFP fluorescence from the
living, viable cells. This result presents an opportunity for troubleshooting and optimization of the transfection
reagents and process. It is important to note that optimal experimental conditions, including how much plasmid
DNA to use for any individual or co- transfection, should be determined empirically.

Negative Controls: Untreated Cells, Empty Vector Control, and Non-Targeting Control
Negative control conditions and plasmids should produce a null effect (i.e., no phenomenon is observed). In any

plasmid-based experiment, untreated cells should be included as these provide the baseline/standard against
which other samples can be compared.
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Untreated Empty Vector Plasmid B

Brightfield

GFP [FES mm,/500% mm ]

Figure 2: shRNA knock down experiment transfection control

The Empty Vector Control (mentioned above) could also serve as an important negative control. In this context,
the empty vector control shows any effect of the vector/backbone itself on gene expression in your target cells.

In experiments employing gene targeting or genome editing technologies, such as RNAi or CRISPR, non-
targeting controls may be appropriate as they allow you to assess the specificity of your observed result. Non-
targeting controls are negative controls that produce a similar product, but do not target an endogenous gene

in your experimental cells. For example, in the experiment above, Plasmid A contains an shRNA that targets
human Gene X and human cells are being transfected. A proper non-targeting control in this experiment could be
an shRNA—in the same backbone as Plasmid A—that does not target any mammalian gene. This non-targeting
control is critical to the correct interpretation of the results because it provides an important reference point when
analyzing the specificity of the shRNA targeting human Gene X. The non-targeting control also assesses any
effects of the general introduction of shRNA into your target cells.

Positive Controls

Positive control plasmids should produce the expected phenomenon. One example of a positive control, the
internal control vector, was described earlier. Once you are sure your conditions are conducive to the successful
delivery of plasmid DNA into the cells, the internal control vector then serves as a positive control for transfection
because it produces the expected effect, which is green fluorescent cells (Figure 3).

Other positive controls are specific to the experiment and should be designed accordingly. If you are trying
activate a gene, you should design a control that shows maximal activation. Likewise if you are trying to repress
a gene, your control might be a system where expression of that gene is knocked out completely. These controls
may or may not be plasmid-based depending on the experimental needs. Using our experiment as an example,
the expected result of the shRNA targeting human Gene X in Plasmid A is the decreased expression of Gene X.
Ergo the positive control(s) should decrease the expression of Gene X.

fj gene 179 | Page



https://www.addgene.org/search/advanced/?q=scrambled?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=plasmids
https://www.addgene.org/search/advanced/?q=scrambled?utm_source=3rd_ed&utm_medium=ebook&utm_campaign=plasmids

Chapter 8: You’ve Made a Plasmid...Now What? Plasmids 101: A Desktop Resource (3" Edition)

Since the key feature of a control plasmid is to minimize the effects of the non-independent variables within
an experiment, both the design and selection of the positive control plasmids should be highly specific to the
experiment and the interrogation of the independent variable.

Replicate Controls: Technical and Biological

Untreated _ Empty Vector Plasmid B

Brightfield

GFP (389 nm /509 nm)

Figure 3: Successful transfection control

Reliable results are reproducible from properly controlled experiments. The observed phenotype associated
with the independent variable should be consistent over time and from different preparations of the purified test
plasmid expressing the independent variable. There are two types of replicate controls: technical and biological.

In general, technical replicates can be thought of as “plate controls”. They are NOT independent and are
typically derived from one source. Conversely, biological replicates ARE independent and can be thought of

as “reproducibility controls”. Biological replicates are what makes up your sample size (aka your n value) and
should come from multiple, independent sources. We'll describe these a bit more below, but the papers cited in
the reference section provide more in depth information.

An example of a technical control is the transfection of multiple separate wells (within the same plate) with
purified plasmid from the same aliquot/preparation. The replicate control isn’t measuring or assessing
reproducibility of the effect of the independent variable because the purified plasmid, cells, and media used

in each of the wells are not independent: they were derived from the same source and were incubated on the
same plate at the same time. Although the replicate control is important, it speaks to the consistency of the
reagents and hands performing the experiment, not the reproducibility or consistency of the observed phenotype
associated with the independent variable.
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In any given set of experiments, the biological controls are more time consuming and ultimately more important.
Ideally, each biological replicate should use fresh media, test independent aliquots of cells and plasmids, be
performed on different days, etc, but outside constraints may impose some limitations and you should be
cognizant of these when interpreting your results. The key to biological controls is independence: at the very
least you should repeat your whole experiment from start to finish multiple times and on different days. Using our
example above, we would test different preparations of Plasmid A in different aliquots of cells on several different
days. Biological replicates control for the reproducibility and consistency of the observed phenotype associated
with the independent variable and helps ensure the phenotype isn’t singular or associated with only one aliquot/
preparation of the test plasmid.

Let us now revisit our experiment. In Figure 1, it appeared as though the shRNA did not knock down expression
of Gene X but, as shown in Figure 2, this was likely due to the original transfection conditions. Now that we
have successfully transfected our cells (Figure 3), we can continue with our experiment, incorporating additional
positive and negative controls, performing multiple replicates, and ultimately getting interpretable results:

Expression Level of Gene X
10
a7 = T
a0 7
=10}
40

0

il

Untreated Cells  Non-targeting Plasmid Plasmid A Plasmid & Cells AGenex

Figure 4: Measuring the expression level of gene X with all appropriate controls

The design and selection of proper experimental controls is not a trivial endeavor, as biological systems have
many variables. However daunting designing and executing these steps may be, proper controls are a basic
tenet of responsible scientific inquiry and investigation.

Further Reading

1. The problem of pseudoreplication in neuroscientific studies: is it affecting your analysis? Lazic SE. BMC
Neurosci. Jan 14;11:5. (2010). PubMed PMID: 20074371.

2. BitesizeBio: How to Get Better Plasmid Midiprep Yields

3. Replicates and repeates — what is the differences and is it significant? Vaux DL, et al. EMBO Rep. Apr;
13(4): 291-296. (2012). PubMed PMID: 22421999.
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By Melina Fan, Addgene Co-founder | August, 2015

| founded Addgene as a nonprofit resource for scientists to share plasmids. The idea for Addgene came from
difficulties that | encountered when requesting materials from other labs during my PhD thesis. After speaking
to several Principal Investigators, it became clear that the reason labs were not sending materials was because
of logistical hurdles rather than philosophical ones. Turnover of lab members made it difficult to locate plasmids
and cloning data, and managing shipments took time away from busy research schedules.

When Addgene opened its (freezer) doors in 2004, the scientific community embraced the resource and began
sharing materials. Over 3,000 labs from around the world have contributed over 52,000 plasmids for use in a
wide variety of model organisms and research applications. In turn, we’ve helped those labs fulfill over 750,000
plasmid requests. From Nobel Prize winners to scientists who are just starting out, I've been inspired by the
community’s dedication to open science.

| encourage you to join today’s scientific leaders by making your materials globally available through Addgene.

Melina Fan, PhD
Cofounder and Chief Scientific Officer of Addgene

Melina is a cofounder and Chief Scientific Officer of Addgene. She received her
BS from MIT and her PhD from Harvard University where she studied diabetes
and obesity. She also cofounded LabLife, a lab management software company.
She loves that her job at Addgene connects her with scientists around the world
who are working on everything from cancer to biofuels.
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Various Addgenies | August, 2015

Addgene is a global, nonprofit plasmid repository dedicated to making it easier for scientists to share plasmids.
Scientists from labs like yours deposit plasmids to Addgene’s collection. Deposited plasmids are stored and
distributed for use in research and discovery worldwide.

Stay Organized...

Addgene manages archived samples for your lab, storing multiple copies at our site in Cambridge, MA and a
copy at a partner facility offsite. All of your lab’s deposited plasmids and cloning information are curated online
for easy access.

Save Time...
You can easily direct requests for your plasmids to your personalized Addgene page. When your plasmids are
requested, Addgene processes and ships your plasmids for you.

Increase Citations...
Scientists who request your plasmids cite your publication and acknowledge your lab in their published work.

Track Reagents...
Receiving monthly updates on how many times your plasmids have been requested and who requests them.

Improve Community Resources...
Contributed materials are available to the global research community.

Increase Visibility...
Addgene’s online plasmid database helps get your plasmids and your lab get exposure beyond your immediate
field.

Earn Free Plasmids...
As your plasmids are requested from Addgene, you earn reward points to use toward free plasmids.

Sign Fewer MTAs...

Addgene’s one-time deposit agreement means that once your plasmids are online, we’ll facilitate agreements
between your organization’s tech transfer office and that of your requesters so that you don’t have to.

Manage Support Queries...

Addgene’s knowledgeable and friendly support team answers questions about your deposited plasmids.
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By Tyler J. Ford | February, 2017

So you’ve made a plasmid (or plasmids) and would like to share them with the scientific community but don’t
know how to start. At Addgene, we try to make the plasmid deposit process as easy as possible. Our process
can be broken down into three simple steps:

1. Send Plasmid Information to Addgene
2. Send Physical Plasmids to Addgene
3. Quality Control and Materials Transfer Agreement approval (MTA)

Steps 2 and 3 are usually very easy - once we have all of your plasmid data we’ll send you prepaid shipping
materials (i.e. a deposit kit) with instructions on how to send liquid DNA or bacterial streaks of your plasmid back
to us. For step 3, our scientists will contact you if any issues arise during the QC process and our tech transfer
team will communicate with your university directly to make sure the MTA is taken care of. As the depositing
scientist, you will have the most involvement with step 1 and, while data entry can be a chore, we’'ve made it
easier than ever to send us your plasmid information with the Deposit Spreadsheet.

The Data Entry Process

On the Addgene home page, if you scroll over
the “Deposit Plasmids” tab at the top of the page 1 Submit Plasmids from a Published Article

and click “Start Degosit,” you’” see that you have « Look up your article as you would search on PubMed (i.e. title, author, or PMID).
. . o No PubMed ID yet? Please use the pre-publication/unpublished submission
three optlo_ns for data_ entry _(see_ image on the option belo.
Ieft) The first two Optlons will brlng you tO our . « Addgene will provide links from your plasmids to this article.
On“ne data entry pI'OCGSS. A thorough gUlde to thlS « Scientists will be asked to cite this article in future publications.
process can be found here. « Must be logged in to start deposit.

The third option - the Deposit Spreadsheet - is

relatively new but is gaining popularity and for 2 Submit Pre-Publication or Unpublished Plasmids

gOOd reason. |f you’re depOSiting 15 or more « Enter a descriptive title (e.g. Smith lab MAPK plasmids). e’
. . . . . « To hold plasmids for publication: enter HOLD + your descriptive title

plasmids, this is the quickest option. Simply (.. HOLD—Smith lab MAPK plesmids).

dOWnload the SpreadSheet and eaCh plasmld in o We can easily update the article information when the article becomes available.

your depOSit getS one row Whel'e y0u’|| input a” « Addgene encourages submitting pre-publication plasmids so they can be available online when the

paper is published.

necessary plasmid information as outlined by
the column headers and (required columns are
shown in red in the spreadshet and described
in the table below). Some cells have drop-down 3

« Must be logged in to start deposit.

. . Submit Plasmids Using a Spreadsheet

Optlons for yOU tO Choose from Whlle Others need - Recommended for depositing 15 or more very similar plasmids (e.g. gRNA plasmids
9 g-g
to be filled with short answer text. You can also in the same backbone).
direCtIy paste Sequence data into the appropriate « Copy and paste your plasmid data directly into our file.
. « Email the spreadsheet back to us at deposit@addgene.org along with your plasmid sequences,
fu” and partlal Sequence Ce”S- maps, or GenBank files, and shipping address.
o We can accept sequence files in any format.

The spreadsheet makes jt very easy to enter Download Deposit Spreadshest

information for a group of plasmids with the same
backbone - you just need to copy and paste any
repeated information into the appropriate rows.

If you ever have a question about what should go into a cell, hover over the cell and instructions will pop up. If
you plan on submitting more than 50 plasmids or have additional questions, please contact help@addgene.org.
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THE DEPOSIT SPREADSHEET (CONT’D)

Alternative Alternative Entrez Gene
Plasmid Name | Plasmid Type Purpose PubMed ID Gene or insert Name Geneflnsert | Gene/lnsert
Name 1 MName 2

Please enter a brief
description (<200
characters) of the
plasmid's purpose to
answer the guestion
"What does this plasmid
de?"

When you’re finished filling out the spreadsheet, save it in the format:

labname_addgene_batch_upload.xls

Replace labname with the name of your Pl and send the spreadsheet to deposit@addgene.org with any
associated plasmid maps and sequence files in any format as well as your preferred shipping address. From
there, we’ll use the information in the spreadsheet to generate plasmid pages that we’ll send you for review.
We'll also mail you a deposit kit you can use to send the physical plasmids back to us.

We hope the deposit spreadsheet will greatly expedite your data entry process and make it easier than ever to
share your plasmids with the scientific community.

Column Title Description

Plasmid Name The name of the plasmid as it appears in its publication or as it is commonly known in
your lab

Answer “What does this plasmid do?” in <200 characters

Relevant Mutations
Enter any mutations in the genel/insert. If WT, leave this empty.

Cloning Method Choose from restriction enzyme, TOPO cloning, Gateway cloning, ligation independent
cloning, Gibson cloning, or unknown
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THE DEPOSIT SPREADSHEET (CONT’D)

Column Title Description

High or Low Copy Choose from high or low copy. Choose “high copy” if a sufficient quantity of DNA is pro-
duced from a miniprep and “low copy” if special growth conditions are required or the
plasmid is difficult to grow.

Growth Strain Choose the strain addgene should use to distribute this plasmid. Choose from: DH5al-
pha, NEB Stable, ccdB Survival, or other

Patents or Licenses | If there are any patents or licences that could prohibit Addgene from distributing the
plasmid, select “yes” from the drop-down and contact Addgene.
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please contact us at blog@addgene.org.

Looking for more information about Addgene?
Connect with us!
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\ blog.addgene.org

facebook.com/addgene

twitter.com/addgene

linkedin.com/company/addgene

youtube.com/addgene
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