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A primer on cloning in E. coli

Overview of Cloning Methods and Strategies

“Cloning” as a molecular biology term refers to the manipulation of small DNA fragments to create DNA
assemblies that can be used to express RNAs and protein coding genes in organisms. E. coliis often used
because of the ease of manipulating DNA using this bacteria. Specifically, E. coli is simple to grow, grows
rapidly, can reliably be transformed with DNA and is highly efficient at amplifying plasmid DNA allowing for
rapid production of even milligram quantifies of DNA.

The techniques used in DNA molecular biology are limited in number and relatively easy to perform.
They include basic bacteriology to grow E. coli and basic biochemistry to manipulate DNA. Specifically, they
include production of competent cells for introducing DNA into E. coli, isolation of plasmid DNA, restriction
enzyme cleavage of DNA, gel electrophoresis, polymerase chain reaction amplification of DNA, and several
methods for assembly of DNA fragments into plasmids. An overview of restriction enzyme digestion and PCR
is provided for those unfamiliar with these techniques.

E. coli vectors
Types of E. coli vectors

The most commonly used E. coli vectors are called plasmids. These supercoiled circular DNAs
(ranging from ~ 2 kb to ~25 kb) are maintained in E. coli at medium to high copy number. Cosmids?
(maintained in E. coliin medium copy) and fosmids2 (maintained in E. coliin single copy) are plasmid-like
vectors that hold larger inserts up to around 40 kb in length. To manipulate even larger fragments of DNA up to
350 kb in size, bacterial artificial chromosomes (BACs) are used. This primer focuses on construction of
plasmids. Working with cosmids, fosmids, and BACs is more specialized for several reasons including the
difficulty of introducing large DNA molecules into E. coli, the difficulty of manipulating large DNA fragments
without breaking them by shearing, and the difficulty in characterizing large DNAs.

Components of typical plasmid vectors
All plasmids contain several elements that allow them to be maintained and manipulated in E. coli.

Origin of replication

All plasmids have an origin which is required for the plasmid to replicate in E. coli during cell division.
The vast majority of plasmids used in E. coli contain an origin derived from pUC plasmids, which is a mutant
version of a pBR322 origin. This origin keeps plasmid copy very high (usually >500 copies per cell). The
advantage of this is that they provide great yields of plasmid DNA. The disadvantage is that some sequences
which are toxic, recombine or are otherwise unstable, can be difficult to maintain in E. coli using these high
copy plasmids.

Other origins with lower copy numbers exist. The larger pBR322 origin keeps plasmid copy number
around 20-50, the P15A origin keeps copy number around 10-15 copies per cell, and the SC101 origin at
around 5 copies per cell.

In addition to these origins, two others are worth noting. One is called the R6K origin. This origin
requires a R6K plasmid encoded gene called pirto replicate. E. coli can be provided pir in trans. The
plasmids carrying the R6K origin will replicate in E. coli pir+ strains, but not in E. coli strains we standardly use.

1 Cosmids are based on a standard origin of replication, but unlike plasmids, they can be introduced into cells using
lambda phage packaging. Cosmids were designed to get around the intrinsic size limitation of DNA transformation in E.
coli. Larger DNA molecules transform less efficiently.

2 Fosmids are similar to cosmids but are based on the F’ origin of E. coli which limits these clones to single copy and
makes them more stable.



The other origin worth noting is the F1 origin from the single stranded phage F1. Plasmids containing
this origin can be induced to produce single strand DNA copies of the plasmid. These types of plasmids were
highly popular in the 1980s and early 1990s before the advent of and wide spread use of PCR. At that time
most DNA sequencing was performed through the synthesis of a second DNA strand in the presence of
ddNTPs (Sanger sequencing) using a single stranded DNA template with an annealed oligonucleotide.
pBluescript plasmids still commonly used today contain this origin.

Antibiotic resistance genes

The other key feature virtually all plasmids contain is a gene encoding a resistance to an antibiotic that
is used to select for plasmid maintenance in E. coli. There are multiple different resistance genes which work
using different mechanisms.

Ampicillin

Ampicillin is a B-lactam antibiotic that acts as an irreversible inhibitor of the enzyme transpeptidase,
which is needed by bacteria to make their cell wall. The most common resistant gene bla (also often labelled
ampR) encodes B-lactamase which confirms ampicillin resistance by cleaving ampicillin. It is secreted into the
periplasm of E. coli. Although technically bacteriolytic, in practice because 3-lactamase is secreted, selection
for plasmid containing cells is poor in liquid culture. Even, on agar plates, satellite colonies appear after the -
lactamase has lowered the concentration of ampicillin in the vicinity of the resistant colony. The typical working
concentration for ampicillin is 50-100 ug/ml. Some investigators use carbenicillin in place of ampicillin because
it is more stable, reducing the problem of satellite colonies and increasing selection in liquid culture.

Kanamycin

Kanamycin is an aminoglycoside that acts by binding to the 30S subunit of the bacterial ribosome and
inhibiting translation. The kanR gene, derived from the bacterial transposon Tn903 is a bacterial
aminoglycoside phosphotransferase, which inactivated kanamycin. Working concentration is 25-50 pg/ml.

Tetracycline

Tetracycline works by binding the E. coli ribosome and blocking protein synthesis. tetA encodes a
membrane protein that pumps tetracycline out of cells.3 Working concentration is 10-15 pg/ml.

Chloramphenicol

Chloramphenicol acts by binding the 50S subunit of the bacterial ribosome and inhibits translation. Cm,
the chloramphenicol acetyl transferase gene, confers resistance to chloramphenicol. Working concentration is
around 12.5 pg/ml .

Other antibiotics

Zeocin, bleomycin, hygromycin B and the aminoglycoside spectinomycin are others antibiotics for
which resistant genes have been incorporated into plasmids that are widely available for molecular biology.
Multiple Cloning Sites

Multiple cloning sites (MCS) are synthetic (not derived from natural sources) sequences that contain
multiple restriction sites that have been introduced into cloning vectors to facilitate insertion of DNA fragments
using a standard restriction enzyme approach.

LacZo

LacZo. is a small peptide from the LacZ B-galactosidase gene that will complement deletions of LacZo
in the E. coligenome in trans. This fragment is encoded in many plasmids to provide “blue-white” screening

3 tetAis often mis labelled as fetR. However, note that tetR is formally a different gene encoding another protein used in
molecular biology. This is a repressor that binds to the tetA promoter in the absence of tetracycline, but comes off to de-
repress the tetA gene in the presence of tetracycline. Tetracycline inducible systems used in mouse genetics use the tetR
repressor and operator sequences to control gene expression of mammalian genes in a tetracycline dependent manner.
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for insertion of DNA into a plasmid (usually at a MCS). Insertion of a fragment into the MCS disrupts
expression of LacZa, and the resulting bacteria cannot make B-galactosidase, and stay white, instead of
turning blue because they fail to cleave the B-galactosidase activity indicator X-gal. Using this system requires
the recipient strain to contain the appropriate LacZ mutation (often A(lacZ)M154) and to be have the operon
inducible on plates lacking lactose. Typically, isopropyl B-D-1-thiogalactopyranoside (IPTG) is added to plates.
IPTG acts as an inducer of the lac operon by binding /acR. This is necessary in cases where the /ac/d mutation
is present, a mutation which overexpresses the lac repressor to provide better control over induction of the lac
operon. Typically, 30 ul of 1M IPTG and 40 pl of 2 % X-gal are added to a 10 cm plate at the time of plating the
bacteria.

ccdB

The ccdB gene is a highly effective negative selection marker for E. coli. Plasmid DNA containing a
ccdB gene will not grow in most strains of E. coli, but can be grown in specialized strains. This can be a very
effective strategy to select against clones not containing an insert (which replaces ccdB). ccdB acts as a
negative selection by inhibiting the function of gyrA, a DNA gyrase. Plasmids containing the ccdB gene are
grown in strains resistant to the action of ccdB. DB3.1 and ccdB survival™ are two strains commonly used to
grow ccdB gene containing plasmids?.

4 often written lacZ DM15

5 DB3.1 contains a gyrA462 mutant resistant to the toxic effects of ccdB. ccdB survival™ is resistant because it
overexpresses ccdA which blocks the ccdB toxin. Note that ccdA is encoded on the F’ factor and any F’ positive E. coli
will be resistant to ccdB including multiple popular E. coli strains such as NEB Stable, JM109, and XL1 Blue.



Design of DNA constructs

There are many factors that should be considered in designing a cloning experiment to both simplify
and increase the efficiently of the methodology.

Choice of vector

DNAs that replicate in E. coli are called plasmids and are also often referred to as vectors. In many
cases the choice of vector can be very important for efficient long term progress in creating a series of
constructs for a project. For example, one might desire to express the same gene product under the control of
multiple different promoters to determine which tissue types are required for the expression of a phenotype. If
the vector is chosen wisely and a long term approach is taken which orchestrates the different clones being
created, the project can proceed much more rapidly than if a random vector is chosen. When deciding on
which vector to use consider 1) whether or not you are likely to use the DNA fragment in many parallel
experiments that require, distinct, but similar plasmids. If so you might consider using a Gateway style vector
system. You should also consider the drug resistance marker on the plasmid. The efficiency of several of the
common approaches used for cloning (such as Golden Gate cloning and Gibson assembly) benefit greatly
from swapping antibiotic resistance markers.

Source of insert

As with the vector, the source of the insert DNA can have significant impact on the efficiency of
progress and the level of certainty that one can have about the exact sequence of the clone that has been
created. Plasmids, endogenous sources of genomic DNA, Polymerase Chain Reaction (PCR) products, first
strand synthesized cDNA and chemically synthesized DNAs are the most common potential sources of DNA.

Plasmids

If a previously sequenced plasmid clone of the desired DNA insert is available this is usually the safest
approach to take. However, in many cases restriction endonuclease sites for cloning are not positioned in
appropriate positions or even present in the DNA of interest. Thus, a PCR is often used in combination with a
well-characterized clone to synthesize a fragment of interest in order to move it into another vector of interest.

Genomic or cDNA

Another common source of DNA is genomic DNA or cDNA (reverse transcribed RNA®) derived from an
organism. When using a genomic source of DNA one must consider the possibility that the sequence of the
gene from the source may not be identical to the “reference sequence” being analyzed in silico. It is important
to keep in mind that sequences can vary significantly from strain to strain in many species. Even the coding
region of genes can have 3rd base synonymous changes. Promoter, introns and 3' UTRs can have dramatic
differences including deletions and insertions and many nucleotide changes”. These can interfere with PCR
when choosing primers in upstream, downstream, and intronic sequences.

6 Reverse transcription is making a DNA copy of an RNA. Usually, mRNA is mixed with an oligo(dT) primer and dNTPs
and a reverse transcriptase is used to synthesize a DNA copy of the RNA.

7 Individual to individual sequence polymorphisms differ greatly by organism. For example, C. elegans is virtually clonal
and has no variation. In mouse, there is significant variation between strains, but specific inbred stains have little
variation. But, for organisms like zebrafish extensive individual to individual variation is found.



Synthetic DNA

In recent years synthetic DNA blocks from 100 bp - 3 kb (and increasingly larger) have become a
reasonably priced alternative8. Especially in cases where one might wish to alter codon usage® to improve
expression of a foreign gene, this is a great option.

Overview of different approaches to creating clones

Restriction enzyme based cloning

This time tested method is efficient, reliable, simple and usually inexpensive. A vector is cleaved with

one or more restriction enzyme(s) and one or more insert DNA fragment(s) with cohesive ends are ligated
together in vitro (Figure 1) then reintroduced into bacteria.

Pstl Pstl

mec-7p
EcoRl Ecif'dm \ECORI
/ Hindlll 7 Hin / Hindlll
Pstl
ori 5 mec-7p

EcoRI EcoRI
Hindlll

digest

GFP
\ \ ori
AmpR = Hindlll
ligate
EcoRI
EcoRI ‘
EcoRlI GFP AmpR
/
. GFP
ori Hindlll
Hindlll
EcoRl — Hindlll

Hindlll
digest

Figure 1. A simple schematic for sub-cloning of a DNA fragment from one plasmid into another plasmid
using traditional restriction enzyme cloning.

When executed appropriately fragments as large as 15-20 kb in size can be inserted into a vector with
the final plasmid size approaching 25 kb. The major limitation of this approach is the availability of restriction
sites in the vector and insert. In the case of the insert, the appropriate sites can often be introduced using a
PCR to synthesize the fragments being inserted. Many vectors have an MCS (multiple cloning site) with

8 as of June 2019, Twist Bioscience will synthesize 0.3 to 1.8 Kb fragments for $0.07 per base in under two weeks.

9 Most amino acids can be coded by several different codons. Since different organisms have different GC to AT
compositions, different codons often occur at different frequency in different organisms, and most highly expressed gene
utilize the more abundant codons (and also express higher levels of the tRNAs that carry those amino acids during
translation. Often altering codons that are rarely utilized to ones that are more often utilized will increase expression.
Thus, when one is expressing a foreign gene such as a fluorescent protein, different variations of the gene may codon
usage optimized for different organisms.
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numerous restriction sites at the appropriate position in the vector permitting easy insertion of a wide variety of
DNA fragments.

The general approach is to digest a vector DNA with restriction enzymes, and an insert DNA with the
same enzymes'0, then ligate them together (Figure 1). The behavior of DNA in ligations can also greatly
influence the cloning efficiency. Design of cloning strategies with these facts in mind can greatly increase the
probability of success.

Single vs. double cut method

Because unimolecular ligation is favored over bimolecular reactions, designing the vector such that it
cannot efficiently re-ligate in a unimolecular reaction will greatly increase the success rate. Using two distinct
restriction enzymes also forces the orientation of the insert in the resulting clones (Figure 2).

Blunt vs “sticky” restriction sites

Some restriction enzymes leave blunt 5’ and 3’ ends, while others leave a 5’ or 3’ overhang. These
overhangs drive specificity of interactions between DNA molecules, while blunt ended DNAs interact non-
specifically and will ligate with any other blunt fragment leading to greater flexibility in inserting a fragment, but
at the cost of greatly reduced ligation efficiency (~20 fold less). Using sticky A-sticky B or sticky-blunt, rather
than blunt-blunt ends to will lead to both increased efficiency and force the orientation of the DNA insertion.

When the only option is to insert a fragment into a single cut vector, de-phosphorylation! of the vector
is an option, but this can be tricky to perform efficiently. Use a heat labile phosphatase such as shrimp alkaline
phosphatase, and remember that zinc is an essential co-factor for these enzymes.

Typical methodology for restriction
enzyme cloning GAATTCCCTAGGAAGCTT GANTTC | AAGCTT
CFTAAGGGATCCTFCGAA CTTAAG TTCGAA

A typical cloning experiment

L . Digest w/EcoRI, Hindlll and purify
takes several days. Much of this time is

simply waiting for bacterial growth. The AATTC A
first step can be done in 4-5 hrs. The ETTAA hecrt ¢ IR
final step of characterizing the clone also v Ligate
takes ~ 3- 4 hrs.

In separate tubes, ~ 200 ng of = T
vector DNA is digested with one or more crrane NCERI - 0

enzymes and ~200 ng of insert DNA is

digested with one or more enzymes for
one hr. The vector and insert DNAs are
purified by gel electrophoresis, or using
DNA binding columns. This takes ~ 30 minutes.

DNAs are ligated for 30 minutes (this can be extended overnight) and the ligated DNA is transformed
into E. coli and the cells are plated on agar plates with the appropriate antibiotic for selection. The bacterial
colonies grow up in 12-16 hrs.

Individual colonies are then grown up overnight in liquid culture, and plasmid DNA is isolated and
analyzed (usually by restriction digestion) to identify clones of the correct structure.

Figure 2. Nucleotide level view of standard double -sticky
Restriction Enzyme sub-cloning experiment.

10 Or restriction sites with compatible overhangs.

1 Ligation of DNA requires a 5’ PO4. Removing the phosphates from the ends of the vector, but not the insert, allows one
phosphate bond to be form when an insert is ligated into the vector. E. coliligates the remain ‘nick’ after transformation.
11



Golden Gate style cloning

Golden Gate assembly is a derivative of standard restriction enzyme cloning. This methods was
originally described by Marillonnet (Engler et al., 2008; Engler and Marillonnet, 2014) and was made popular
and its power highlighted by the Golden Gate TALEN method devised by the Bogdanove and Voytas lab
(Cermak et al., 2011). The term Golden Gate cloning was first defined by Engler et al. 2008, for being a fast,
one-tube reaction that yielded close to 100% correct clones. The method takes advantage of a small set of
type IIS restriction enzymes that cut at asymmetric recognition sequences AND cut outside of the recognition
motif (Figure 3). This method permits building complex clones assembled from one vector and multiple distinct
insert fragments (sometimes as many as 10-20). The method works exceedingly well, but does have
limitations. The guiding principle behind the approach is that the final product does not contain the recognition
site of the enzyme used for cloning. The vector has restriction sites contained in the spacer eliminated in the
cloning, and the inserts have sites on the edges of the fragments being inserted. Because these enzyme cut
with overhangs of 3 or 4 base pairs that can be any sequence, a set of overlapping fragments each with
distinct sticky ends can be assembled with the fragments theoretically only being able to assemble in one
specific order. Furthermore, because the final product does not contain sites, a ligation-digestion cycle can be
performed repeatedly, re-digesting products that assemble incorrectly without effecting properly assembled
fragments, greatly increasing the efficiency of these reactions. Why not use this all the time? Because, a
significant limitation is that the fragments cannot contain the restriction site! Since these enzyme cleave at a 6
or 7 base recognition sites, these sites are found at between ~ 1 in 2000 to 1 in 8,000 bases in typical
sequences. If sites are absent, or engineered out of inserts, this is an efficient method for creating complicated
multi-insert clones. A detailed overview of the techniques was recently published (Marillonnet and Grutzner,
2020).

NNNANGAGACCAACCAAGGTCTCNNNNN AAGGTCTCNNNNN AGGTCTC NNNNNGAGACCAA
c uuuuncmmmmmwnun: Trccacacniinn I Y oot e cacacnan M

NNNNNCTCTGGTT TTCCAGAGNNNNN NNNNNCTCTGGTT

* Bsal v Bsal * Beal
NNNN NNNN
I o [

* Ligation

NNNN NNNN NNNN

Figure 3 A diagram of Golden Gate type cloning using a plasmid as a vector, and two PCR products as
inserts. Note that the reaction can also be performed with all plasmids, or even all PCR fragments. The
red, green, and blue NNNN each represent a different 4 bp sequence maoitifs.

Typical methodology for Golden Gate cloning

A single tube reaction containing ~ 50 ng of each insert DNA (either as preexisting plasmids or purified
PCR fragments), 50 ng of vector DNA and a type Il restriction enzyme and T4 DNA ligase is assembled and
cycled between rounds of 37°C incubation and 15°C incubation to repeatedly favor digestion, then ligation. If
all of the reagents are in hand, the reaction only takes a few hrs to perform. The resulting reaction is then
directly transformed into E. coli and plated on petri dishes containing the appropriate antibiotic containing
media. DNA is isolated from the resulting colonies and analyzed (usually by restriction digestion) to identify
insert containing plasmids.
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Gateway cloning

Gateway cloning is a specialized form of
cloning developed in the late 1990’s by Life

Technologies, Inc. and subsequently acquired by lambda
Invitrogen (Hartley, 2000). It uses lambda phage site- attP
specific recombinases to catalyze in vitro X
recombination between distinct plasmids (or linear E. coli _
DNA fragments) carrying derivatives of the attB, attP, 9enome
attL, and attR sites. nt "
integration iai
Two different enzymes catalyze the forward 9 excision

and backwards reaction of lambda phage integration

and excision into a specific 34 bp site inthe £. coli [l ot GRS,
genome (Figure 4). The Gateway strategy (Figure 5)
involves two steps. The first involves inserting linear _ _ L
fragments flanked by attB sites into a “Donor” plasmid Figure 4. Lambda integration and excision from the E.
that contain attP sites flanking a negative selection ~ €0/ génome form the basis for Gateway cloning.

ccdB gene. This yields “Entry” clones which contain

the insert flanked by attL sites. These clones are in turn recombined with “Destination” vectors to create the
final clones of interest. The Destination vector contains attR sites flanking a negative selection gene ccdB.
The Donor and Destination vectors containing ccdB are created and amplified in special strains that are
resistant to the killing effects of the ccdB gene. Once the Destination vectors and Entry vectors have been
created, simply mixing two plasmids with the appropriate recombinase enzyme catalyzes the recombination
between the two plasmids to create the final desired product. Derivatives of this method exist which use
several different flavors of att sites that allow for the insertion of multiple different fragments into a destination
vector similar to Golden Gate cloning (Figure 6).

lambda lysogen

BP reaction
Donor Vector — > Entry Clone
atte1 ] ccdB/CmR  |atP2 att 1 [ prOmoer a2
X X
POR a1 promoler  ate2
fragment BRl ccoBcmR  [ElRE
Entry Clone byproduct
LR reaction ccdB/CmR
—>

ccdB/CmR

Destination vector Expression clone

Figure 5. Diagrams of the recombination events in BP and LR reactions of the Gateway cloning system.
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The advantages of this system include 1) that the system is modular and fast (once the parts have
been built). The disadvantages are 1) that there is a 34 bp attB site between each junction in the final product,
2) that the destination vectors requires special competent cells of ccdB resistant E. coli, 3) that these ccdB
vectors are somewhat unstable and have a tendency to delete out the ccdB cassette, 4) that the reaction
mixes are expensive to purchase. Although popular in the last 10 years, the advent of Gibson assembly has
greatly limited the benefit of this method.

pSE Entry clone p3E Entry clone

byproduct

pME Entry clone _—

LR reaction

atP4]  ccaB/cmR | attP3

o2 il code/Cr® A Tol2 Toi2 a4 piomelr iBi Gane ai2 GFP a3 Toi2

Expression clone

Destination vector

Figure 6. Multi-insert cloning using the Gateway cloning system. Different sets of atftL and attR sites
that will not recombine with other atfL and attR sites allow for multiple inserts.

Typical methodology for Gateway cloning

If all of the component clones are already built, one simply mixes ~ 100 ng of each plasmid, adds the
LR Clonase™ mix, incubates an hr at 25°C, and incubates briefly with proteinase K to digest the enzymes, and
transforms E. coli. The reaction can easily be performed in 90 minutes including set up time.

If destination vectors or entry vectors need to be created then the methods are more complex.

Creating a new Entry vector involves amplifying the product with oligos that contain flanking attB sites, then
performing a BP Clonase™ reaction (similar to the LR Clonase™ reaction above).

Creating a destination vector involves inserting a ccdB resistant cassette with flanking attR sites into
the plasmid of interest. This requires transforming specific E. coli strains resistant to the toxicity of ccdB, which
can be purchased or made using a standard competent cell protocol.

14



Gibson assembly cloning

Gibson assembly works on the principle of using homology to assemble fragments (Gibson, 2011). It
uses a combination of an exonuclease, a polymerase, and a ligase in an in vitro reaction to assemble multi-
fragment constructs without using restriction endonucleases. It is feasible to insert assemblies of 6-10 different
fragments into a vector backbone using this approach. The advantages include that 1) no restriction enzymes
are required, 2) it is relatively inexpensive, 3) it does not introduce a site or scar like Gateway cloning, 4) it can
be used to assembly multiple fragments simultaneously, and 5) it requires fewer steps than traditional cloning.
Gibson assembly can be very efficient, but in my experience it is trickier than Golden Gate style cloning.
Furthermore, plasmids cannot easily be used as starting reagents, only linear DNA fragments. This is a
preferred option when Golden Gate cloning is not an option.

5 3
A ¥ 5 S 3 B
3 5

vector
+ 5' exonuclease
3
> ) promoter 3'UTR
S ORF GEP

@ o
o w

3

+ annealing

+ 1 hr Gibson assembly reaction

@

3'5'
3 5

@

+ polymerase fill in

wa
QW

+ ligation promoter GFP

5 3
3 )

Figure 7. Gibson assembly cloning. A) Fragments are incubated in exonuclease, polymerase and
ligase, whose coordinate action leads to fragment ligation. B) Multiple fragments can be introduced
simultaneously using this approach at high efficiency. Homology dictates the assembly, thus guiding the
formation of correctly structured clones.

Typical procedure for Gibson assembly

In Gibson assembly, most, if not all, of the fragments being inserted are amplified by PCR since
homology ends are required for the reaction. The vector source can be PCR amplified, or restriction digested.
The key to getting this protocol to work efficiently in our experience is making sure that background of uncut, or
single cut vector is minimal. Reactions are quick and simple to perform, but if multi-product assemblies are
being produced, multiple insert PCR products need to be created and purified at reasonably high
concentration. This can occasionally be challenging.
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Site directed mutagenesis outside L inside L

Site directed mutagenesis uses

oligonucleotides to make small modifications in inside R outside R
a plasmid clone. In the simplest incarnation
these simply incorporate changes introduced in
via an oligonucleotide into the clone using outside L
PCR. This technique can be used to create
point mutants, small additions or deletions of
sequences and are primarily limited by the outside R
length of oligonucleotides that can be +

£'3

¥

J[W

commercially synthesized. PCR overlap as a
mechanism for introducing changes

PCR overlap approach

In this method a fragment of a clone is
replaced by a PCR fragment that incorporates
the lesion using four oligonucleotides (Fig. 8).
Two that contain the lesion and two outside primers. The two fragments are amplified separately, then mixed
and re-amplified with only the outside oligonucleotides. This fragment is then reintroduced into the parental
clone using traditional cloning methods. This approach is often used when the plasmid being mutagenized is
large and has appropriate unique sites flanking the region being mutagenized. By avoiding amplification of the
whole plasmid, one can be more confident one has not introduced lesions into the rest of the construct.

Figure 8. Example using overlap PCR with oligonucleotides
containing lesions to incorporate changes in a PCR fragment.

Dpnl mediated site directed mutagenesis

This approaches mutagenizes the plasmid by making a PCR-based copy, then destroys the parental
plasmid using the restriction enzyme Dpnl. This is based on the fact that DNA from E. coli dam* strain (virtually
all E. coli strains are dam+) have GATC sequences methylated at A on both strains, and Dpnl will only cut
methylated GAMTC. Since PCRed DNA is not methylated, this selective cleaves the parental plasmid DNA.

Double primer method

This protocol uses two oligonucleotides, one containing the desired mutation (Fig. 9 & 10). One can
add or replace multiple different bases or even delete kb sized fragments. Additions are limited by the size of
the oligonucleotides. After the amplification reaction, the DNA is ligated, Dpnl digested, and transformed back
into E. coli. This protocol works exceedingly well for smaller plasmids, and can be successfully performed on
plasmids even as large as 15 kb. However, to be absolutely certain other lesions haven’t been introduced
during the amplification, one needs to re-sequence the whole plasmid. Other derivatives of this approach uses
two oligonucleotides that overlap and both contain the mutation (Fisher and Pei, 1997). In this case, no ligase
is used. Rather the final product is linear but contains a large duplicated end, which are repaired by
recombination after transformation. While this approach originally was considered a linear amplification, rather
than PCR, recent experiments suggest otherwise (Xia et al., 2015).

Megaprimer method to lesion multiple sites

The megaprimer method uses two primers each containing a lesion to amplify a large PCR product
containing the lesions (Tseng et al., 2008). This product is then purified and used as the primer for the Dpnl
mediated oligo protocol above. This works reasonably well.

Single primer method for multiple lesions

This approach uses one oligonucleotide per mutation site and can mutate more than one site at a time.
While this protocol is less reliable than the megaprimer protocol (only ~25% of colonies will contain the desired
mutations), if one is performing multiple mutations on the same piece of DNA than this can save significant
time. In this protocol there is an initial kinase (phosphorylation) reaction to allow the primers to be available for
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ligation. The polymerase will extend from one primer to another and then a thermostable Taq ligase is used to
seal the nicks. This allows multiple mutations to be introduced at the same time.

Typical procedure for site
directed mutagenesis

These protocols vary

significantly depending on the PCR Ligase
approach. For PCR based — et ™~
overlap mutagenesis, two PCR ori

reactions, are performed, then -

the purified products are mixed,

and re-amplified with only outside digoston

oligonucleotides. Following, that, Amp'\_ \_ —

the procedure is identical to a _ ) ] )
standard restriction enzyme sub- Fig. 9. Example of two primer Dpnl assisted PCR based mutagenesis.
cloning protocol.

Dpnl mediated mutagenesis involves a long PCR reaction to amplify the whole plasmid being
mutagenized. For large plasmids this PCR reaction can take many many hours, and optimizing the reaction
may be required in some cases. The parental unmodified vector is destroyed by a Dpnl digestion, followed by
transformation. In the megaprimer reactions, a PCR product is first purified, and this serves as the “primer” for
a standard Dpnl-mediated reaction.

The single primer reaction involves a series of step that first kinase the oligos, followed by a complex
PCR reaction that contains both a high temperature ligase and a polymerase. The term single oligo reaction is
a misnomer, since the are reverse primers (required for PCR to work), but they come from common vector
regions and thus the same primer can be used in every reaction.

-->

Dpnl
digestion

= N— —
PCR

ori

~ /
N
Amp’ repaired
in E. coli
—_—

Fig 10. Alternate two oligo mutagenesis method. In this
case the oligonucleotides are designed to overlap, so
we get a linear amplification. Parental plasmid DNA is
cleaved by Dpnl digestion. No ligase is used and the
nicks are repaired after transformation into E. coli.
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Detailed methodology for all five methods

In the following sections | provide a detailed protocol for performing all five types of cloning methods
outlined above. The approaches | describe are not the only viable methodology of performing these types of
protocols. | describe the specific methods that we have found to be most reliable.

Restriction enzyme cloning

In this traditional approach, a vector is digested with enzymes and an insert is digested with the same
enzymes or other enzymes that have compatible overhangs. The DNAs are purified, then ligated, then finally
transformed into E. coli.

For vector DNA one typically digests the vector with restriction enzymes rather than using PCR to
amplify the vector sequences of interest, though either is possible in many cases. The reasons why in many
cases one digests the plasmid rather than using a PCR to create the DNA fragment are two fold. First, in many
cases the vector is large and PCR amplification of large fragments can be challenging. Second, and more
importantly, PCR introduces errors at vastly higher rates (even using the most high fidelity polymerase) than
replication in E. coli. If one wants to be certain one hasn’t introduced errors into key elements of the vector
that are not selectable in E. coli (anything but the origin and drug selection marker), one needs to sequence
these after performing PCR!

Insert DNA is much more often created using PCR for several reasons. First, insert DNA is often not
available in clone form, and thus in many cases must be PCR amplified from a natural source. Second, insert
DNA is much less likely to have restriction sites at suitable positions. Indeed, vectors are often designed to
have restriction sites at ideal spots. Third, they often smaller. Fourth, one is occasionally introducing
modifications of an insert such as adding an epitope tag.

Transformation of DNA into E. coli is the limiting step of this protocol and the characteristics of the DNA
transformation method influence the choice in our design of cloning experiments. E. coli transformation is
effected by the structure of input DNA. Specifically, supercoiled DNA transforms more efficiently than closed
circles, and much more efficiently than linear DNA. Thus, it is critical that vector DNA is digested to
completion, and that insert DNA also be devoid of supercoiled DNA. Even 0.1% remaining supercoiled
parental vector or insert DNA can ruin an experiment.

Two distinct types of transformation methods are commonly used for E. coli. The chemical method
uses cells incubated in various divalent cations to make E. coli competent. This is the method we use almost
exclusively. The second method involves resuspending E. coli in very low salt buffer, and using electric pulses
to transform DNA. We avoid this method because of the limitations that the requirement for a low salt solution
place on the cloning methods.

Designing the cloning strategy

Determining which vector to use

In many cases several different options will be available and they may have different restriction sites
that are potentially usable. Check the insert sequence to see which are compatible (the site to be used should
be absent from the insert, and ideally the site should appear at the junction being created). If at all possible
design a strategy that uses two different restriction enzymes that create distinct overhangs to force the
orientation and prevent re-ligation of the digested vector. Remember that in many cases what is vector and
insert is somewhat arbitrary. For example, if you have a GFP vector and a promoter vector, one can insert
GFP into the promoter vector, or the promoter into the GFP vector. One direction may work better than the
other depending on how many different sources exist for each component.

Another consideration should be what additional experiments you might perform with the construct. For
example, if you intend to integrate the DNA into the genome, it may be wise to insert the DNA directly into the
integration vector.
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Designing the insert fragment

In the simplest cases, the insert will be nicely flanked by enzymes that match cloning sites in the vector
(usually because, the insert was cloned into a vector with a MCS, and a similar MCS is present in the vector in
which you would like to introduce the insert). However, in most cases this will not be the case, and PCR will be
used to create an insert with compatible ends. Consider whether you are likely to use the insert many times
and place it in many different vectors. If that is the case, it may be worth taking the the time to clone the insert
into a vector with an appropriate MCS and then use that clone to create the desired clone. If a long range plan
for creating many clones is adopted, cloning an insert into a standard MCS vector, and creating vectors with
the same MCS can provide significant versatility in creating clones.

Designing primers

If the insert must be amplified by PCR, you will need to design oligonucleotide primers. See the
designing primers for PCR section for details on this subject. After designing the oligonucleotides, create the
clone in silico to make sure you have frame correct, that you haven’t introduced a restriction site
unintentionally, and that you ordered the proper strand and proper complement for each primer. Double
checking here will save lots of time in the long run.

Vector preparation

If vector DNA has not been previously isolated, it must be prepared. If only DNA is available, the vector
must be transformed in to E. coli, then purified from E. coli. For >95% of all work we do, we use standard
Qiagen mini-prep DNA. It is quick to isolate and of more than sufficient quality for cloning. Occasionally, we
will perform a Qiagen midi-prep to isolate 100-250 ug quantities of DNA. This DNA can be of higher quality if
the prep is done correctly. But it is significantly more work.

Insert preparation

If the insert can be isolated by restriction digestion, then one can simply prepare the insert similarly to
the vector. However, in most cases, one will be using PCR to amplify the insert DNA. The source of template
can be a complicated decision. Sources of template for C. elegans work include C. elegans wild type genomic
DNA (~50 ng). Alternatively, if cDNA is being sought, a first strand cDNA synthesis can be used. Lastly, a
plasmid source can be used, if a clone of the insert is available. While a plasmid template is the easiest to
amplify from, it introduces the additional complication of potential contamination with template. If possible,
choose a plasmid with a different antibiotic selection marker which avoids the problem. If plasmid is the
template, even 1 ng is more than sufficient. Because, grabbing 1 ng often requires diluting a plasmid prep,
often much more is used. While this won’t harm the PCR, it does increase potential for contamination. When
plasmid template is used it must be removed or destroyed. This is usually done using the restriction enzyme
Dpnl which digests only dam* GmATC methylated DNA.
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Detailed protocol

Step 1: Design oligonucleotides to amplify the product of interest

Design a pair of oligonucleotides primers with appropriate restrictions sites at the 5’ end of each primer.
See design of oligonucleotide primers for PCR for an extended discussion of this issue.
Step 2: PCR amplification of insert DNA

See the PCR section for a discussion of PCR methods
Reaction (set up on ice2) total 25 ul

16-x pl H20 (cold)

5ul 5 X Q5 polymerase buffer

2 pl dNTPs 2.5 mM

X ul template DNA (see above)

12yl 25 pM primer A (55°C Tm)

12l 25 uM primer B (55°C Tm)

1/4 I Q5 polymerase

Amplify 98°C for 0:30 + 35 cycles (98°C for 0:10; 58°C for 0:30; 72°C for 1:00/kb of insert size)13

Optional- for plasmid templates- add 1/2 ul Dpnl, incubate 15 minutes at 37°C.
This only needs to be done if the selectable marker on the insert plasmid template is the same as the vector.

Optional- run out 1l on 0.8 % TAE agarose gel to see if reaction worked. If not, see Troubleshooting PCR.

This PCR reaction can be kept at -20°C for many days.

12 We start PCR reactions on ice, then transfer them to the PCR machine after starting the machine and it has gone above
72°C.

13 These PCR cycling conditions are specific to Q5 polymerase with 55°C Tm, and a ~ 1kb with an expected 1 kb PCR
product. Different high temperature polymerases will have very different conditions. For example, PrimeStar polymerase
required a very short annealing time, and Taq polymerase is less stable and will not tolerate 98°C denaturing.
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Step 3: Clean-up purification of PCR product

Add 150 pl 1:9 PBI'4 to PCR reaction (5-6 volumes of PBI).

Load onto Qiagen or Monarch mini elution column.

Spin 30 seconds in microfuge at full speed to bind to column. Remove binding liquid.

Add 300-500 ul PE buffer, spin 30 sec. Remove PE.

Add 300 pl PE buffer, spin 30 sec. Rotate tube 180 degree, Spin 1 minute.

Transfer column to new 1.5 ml Eppendorf tube.

Add 10 pl of TE. Spin in microfuges at lowest speed setting for 1 minute to drive TE into column.
Incubate 1 minute, then spin at full speed 1 minute to elute from column.

optional - to increase yield, but lower concentration, add another 10 ul TE and repeat elution.

optional - heating the column during the elution, by placing column in a 65°C bath before spinning at high
speed to elute DNA can help yield with large DNA fragments (>3 kb).

Determine concentration of DNA using a NanoDrop spectrophotometer. Yield for such PCR reactions should
be on the order of 1-2 ug (50-100 ng/ul product).

Step 4: Digestion of products
See the restriction digestion section for a detailed discussion of this topic

Vector digestion (order of addition Insert Digestion

(11.5-X) ul of H20 (11.5-X) ul of H20

1.5 pl 10X Buffer 1.5 pl 10X Buffer

X ul vector (~200 ng) X ul of insert PCR product (~200 ng)
0.5 pl enzyme A 0.5 pl enzyme A

0.5 pl enzyme B 0.5 pl enzyme B

Incubate 1hr at 37°C Incubate 1hr at 37°C

In most cases, a 1 hr digestion is more than sufficient to digest DNA, but in unusual cases more
extended digestions may be needed. See the restriction digestion section if digestion of DNA is problematic.

14 PB, a mixture of 5M guanidine HCI and 30 % ethanol, is a typical binding buffer used for most silica-based purification
column. The “I” is an indicator dye that turns from yellow to purple above pH 7.5. DNA will not bind to the column if the
pH is above 7.5. We use diluted PBI because, small ssDNAs (primers) and dsDNA (primer dimers) bind to the column
less tightly than larger DNAs, and in diluted PBI, small DNA are not purified. Using 5 volumes of PBI + 1X Q5 PCR
reaction buffer, we found using PBI > 33 bp dsDNA binds fully

1:1 (PBIl: H20) > 46 bp dsDNA binds fully, 33 bp dsDNA binds partially

1:4 (PBIl: H20) > 64 bp dsDNA binds fully, 46 bp dsDNA binds partially, < 33 bp dsDNA does not bind

1:6 (PBIl: H20) > 88 bp dsDNA binds fully, 64 bp dsDNA binds partially, < 46 bp dsDNA does not bind

1:9 (PBI: H20) > 200 bp dsDNA binds fully 148 bp dsDNA binds partially, < 100 bp dsDNA does not bind

PBI is diluted with water with the addition of 5 uyl of 3M KAc pH 6.0 per mi
Note that there is some sequence specificity to these cutoffs that we do not completely understand.
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Step 5: Gel purification of products
Pour 0.8% low melt agarose'® TAE6 gel.

Load 10 ul of vector and insert digests on gel in different wells. Run gel ~ 20-30 minutes until bands are well
separated. The DNA is visualized using ethidium bromide'” on a trans-illuminator with 300 nM UV bulbs. Use
100 ul capillaries to “punch out” vector and insert band and place in tube (Figure 11). Do not take the gel off of
the slide'®. Photograph gel. These punches can be kept in the refrigerator for weeks

Step 6: Ligation
Heat gel punches to 65°C for 3 minutes.

Vol A Vol A
Set up ligation e JE———
Ligation mix (in order of addition) - :_ \"— :_
14 pl H20 = N =
2 ul 10X ligase buffer — | o -

2 ul vector punch 19
2 ul insert punch Figure 11. Purify band by collecting DNA in a capillary.

1/4 I T4 DNA Ligase

Incubate at 15 C for 1 hr to overnight. 1 hris typical, but o.n. will increase efficiently somewhat. Even 5-10
minutes is sufficient for most double sticky-end cloning procedures. Blunt end ligations are 20 fold less
efficient and o.n. will often help these. This ligation can be frozen at -20°C for later transformation.

15 We pour gels on slides 50 mm x 75 mm using 10-12 ml of agarose. Surface tension holds the liquid on the plate. Use
the lowest concentration of agarose that is appropriate. If one is separating two similar sized ~ 400 bp bands, one may
need 1.5% or 2.0%. If one is purifying a very large plasmid insert, 0.5% agarose may be sufficient. Note that low melt
agarose gels are fragile. We pour them in the cold room. Pull combs out gently. We use exclusively SeaPlague low melt
agarose. It is expensive, but ligations work well in this agarose. If you accidentally pour a regular gel and the fragment
won’t melt, you can freeze the tube with the punch -20°C or briefly at -80°C or liquid N2, thaw, spin at high speed in a
microfuge for 5 minutes, then pull a few pl of the liquid from the top. Freezing breaks down the agarose, and releases
some of the DNA. This is much less efficient than a low melt agarose, but can save the day.

16 Do not use TBE (Tris Borate buffer). While it works better to run the gels, it is not compatible with ligation.

17 To visualize the DNA , we use ethidium bromide (.05 pg/ml) in the gel and buffer. Ethidium bromide does not interfere
with the ligation or transformation. Although ethidium bromide is often thought to be dangerous, it is actually not very
mutagenic or toxic. See http://blogs.sciencemag.org/pipeline/archives/2016/04/18/the-myth-of-ethidium-bromide

18 Direct visualization of DNA in a gel without a glass layer to shield from UV will very quickly damage DNA to the point
where it will not clone. If you wish to see the DNA through the glass slide efficiently using a standard trans-illuminator use
low iron glass slides. These look clear in cross section. Regular glass looks green in cross-section. UV transparent
plexiglas is also available and works fine.

19 |In theory, one would like to have about 1:1 molar ratio of insert to vector. But, this is highly flexible. My general
experience is that if you can see the DNA on the gel ,with the 10 pl punch you have sufficient material to perform the
cloning. If vector is very bright, or insert is very small adjusting these volumes of DNA addition (without increase fraction
of agarose > 30% reaction) can improve efficiency.
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Step 7: Transformation20 of E. coli DH5a

Thaw competent cells on ice (takes ~ 10 minutes).

Heat ligation to 65°C for 3 minutes to melt.

Meanwhile, aliquot 100 I of competent cells into pre-cooled 1.5 ml Eppendorf tubes.
Add 1-2 ul of ligation mix, quickly vortex and return to ice.

Incubate 30 minutes on ice.

Heat shock 40 sec at 42°C and return to ice

Incubate 5-10 minutes on ice.

Add 700 pl of SOC media.

Incubate 1 hr at 37°C while shaking.

Plate 100 ul on agar plate with appropriate selection marker. Incubate overnight.

The next morning one will have a plate with 0 to >10,000 colonies on it. Hopefully, between 100 and
1000 if one has done a good job performing the procedure.

Assessing ligation results

How many colonies you get depends on only two factors. How competent the cells are and how well
your ligation worked. However, more colonies does not necessarily mean the experiment went well. In an
experiment where one is ligating an insert with a vector, and the vector or insert did not get digested to
completion, uncut vector or insert plasmid both will transform with very high efficiency and result in many
colonies, but no correct colonies. On the other hand, if your cells are not very competent, you may get no
colonies even if your in vitro ligation worked very efficiently.

Controls for assessing experimental success

Typically two types of controls are performed to assess if an experimental ligation has worked well. An
experienced cloner often does not perform these controls as they use substantial reagents and time to perform
and offer very little benefit if the experiments are working well. But, if we are having troubles, we quickly revert
to using them to identify the source of a problem.

Experiment:
vector + insert + ligase

Control 1 (most useful):
Vector + insert (NO ligase)

Getting colonies on this control indicates a contamination of uncut plasmid in either the vector or the
insert. The typical sources of this contamination are poor digestion of the vector or insert or an external source
of contamination of plasmid DNA (e.g. someone went into the ligase with a DNA contaminated pipette tip).

Control 2 (often useful):

Vector + ligase (NO insert)
The usefulness of this control depends on the structure of the cut vector. If the vector is double cut and

20 There are two general types of transformation procedures. We use chemically competent cells which are made by
incubation with a divalent cation salt solutions. See preparing competent cells for details. Another type of procedure
involves electroporation of DNA into E. coli. These cells are prepared by incubating cells in low salt solutions (usually
water). DMSO or glycerol is also included in the last buffer for frozen cells. Frozen cells work equally well as fresh cells.
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the ends are not compatible this control often yields substantially fewer colonies than vector + insert2. If the
cut ends of the vector are compatible (e.g. single cut vector), then one expects many colonies, and should
yield many more colonies than control 1.

Control 3 (potentially useful)
Insert + ligase (NO vector)

If an insert is contaminated with linear DNA that carries an origin of replication and a drug resistance
marker or supercoiled uncut DNA one could get insert contamination. This control tests for this source of
contamination.

Troubleshooting experiments that yield many incorrect clones

While the controls above will of point to the source of the problem, they often don’t offer a solution.
Defining what the molecular structure of contaminating colonies will often point to the source of contamination.
For example if you mini-prep 12 colonies, if they all look like the parental vector this would suggest the parental
vector either was not digested or re-assembled during the ligation. On the other hand, if the colonies contain
DNA that looks like the parental insert clone, it would suggest the insert was not digested to completion. If they
look like neither, it would suggest an external source of contamination.

The above controls assess the quality of the input reagents and the efficiency of the ligase reaction.
However, under certain circumstances the source of contamination has noting to do with the ligation and DNA
inserts, but is another source of contamination.

Testing for contamination

Transforming competent cells with no DNA added will test for contamination of the competent cells
themselves, or the SOC growth media. Formally, colonies on a no DNA added control can result from
contamination of pipetters or pipette tips.

Water, ligation buffer, and ligase can also be transformed to identify a source of contamination, though
usually just tossing all these reagents and using fresh ones is a faster approach (unless such contamination is
occurring repeatedly, and the methodology driving contamination needs to be defined).

Troubleshooting failure to get any colonies

Apart from foolish errors like plating the ligation on the incorrect antibiotic selection plate, the usually
reason for failure to get any colonies usually results from using poor competent cells.

Competency of competent cells

Test the competency of the the competent cells by transforming with 10-100 pg of supercoiled DNA. If
you purchase competent cells, they often come with control DNA to test competency. For lab made competent
cells (which | highly recommend doing), one can simply use a standard lab vector. However, keep in mind that
competency is also effected by size of the plasmid 22. You will get a substantially higher competency if you use
a small plasmid for your assay.

Testing ligase

Another possibility is spoiled ligation buffer. It contains ATP and that can hydrolyze. Replace the
ligation buffer. It is also possible the ligase itself is dead. One can test if ligase is working by digesting a
plasmid that cuts several times with a “sticky end” enzyme, purifying the DNA, then ligating 100 ng in a 10 pl

21 With double cut vectors, it is possible to have the ligation work well and still have more colonies on the vector, no insert
+ ligase control, than on the experimental ligation. This is because colonies that appear on his no insert control usually
represent single cut vector re-ligated (one of the two enzymes did not cut to completion). In the experimental setting
these single cut DNAs are often ligated to insert, and yield linear products with non-compatible ends (and these do not
yield colonies). So effectively, background is lowered in the experimental condition.

22 First, the larger the plasmid, the less molecules per mass. Secondly, larger DNA transforms less efficiently into most E.
coli strains.
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ligase reaction for 5 minutes, and run the reaction out on a gel. Even a 1:50 dilution of ligase should ligate the
bands together into a smear at the top of the gel.

Damage of DNA during purification

Another common issue is damaging the DNA during gel purification. One must keep glass between the
gel and the UV light source. We use low iron glass slides, which block very little of the longer wavelength UV
and still allows us to see the DNA without low wavelength UV damaging the DNA.

Poor quality input DNA

A third common problem is poor quality of the input DNA due to salt or ethanol contamination. T4 DNA
ligase and transformation are both inhibited by high salt. Forgetting the PE wash in the mini prep, or not
spinning hard to remove all the PE buffer before eluting the DNA are common mistakes that cause really poor
quality DNA.

Skipping the PCR purification

While it may be tempting to skip the PCR purification if the reaction yields are high, do not do this. The
PCR purification is critical to perform because residual polymerase activity can re-fill or chew back overhangs
after DNA digestion.

Identification of correct clones

The three basic options for identifying proper clones are DNA restriction digestion, PCR, and
sequencing. In my opinion, PCR is the least appropriate method, though it is widely used by many. Why do |
think it is a poor method. Three reasons:

1) PCR is highly susceptible to contamination. A 1:100,000 contamination of new clone with a prior clone that
contains the same fragment new clone will yield PCR product. Contamination can come from many
sources including pipetters, buffers, water source or even (often) restriction enzymes. Lastly, in the specific
case for my lab, the fact that we often re-use columns for plasmid purification and insert isolation. In our
lab contamination is rare : only 1 clear case of contamination has been documented in my lab.
Oligonucleotide stocks were contaminated with a DNA template. We realized the problem quickly because
we were genotyping animals from a cross genotype ratios we extremely skewed. | would guess that we
have incorrect clones in our collection from our prior use of PCR for plasmid identification.

2) The second reason is that PCR is not comprehensive. PCR can document the existence of a fragment of
known size with known ends, but it does not interrogate the whole plasmid DNA molecule.

3) PCRis not time efficient. If cloning methods are working well, and one does a reasonable job in cloning
design, most colonies you isolate from cloning experiments will be correct. Certainly, for virtually all
experiments, greater than 1 of 6 colonies will be correct. Setting up a PCR reaction, running the reaction,
then running a gel to analyze it only tells you this colony might be correct. But one still has to grow up the
colony to isolate the DNA. So one spends a minimum of 2 hrs to identify the colony one should grow up.

Our approach is just go directly to plasmid DNA preps. They are quick to perform, and they need to be
performed on the correct clone regardless. Since | re-use my mini prep columns, there is little cost associated
with this. In addition, | argue this takes less time and effort compared to performing PCR, then subsequently
performing mini preps on a smaller set of clones.

How many colonies | prep depends on how many clones | am isolating, how hurried | am to get it, and
how well | feel the experiment went (depending on the quality of the products | amplified, the enzymes | used,
history of performing similar cloning etc). For example, if | am cloning a new sgRNA template into DR274 U6,
3 colonies will give me 3 successful clones 90% of the time. By contrast, if | am doing a 6 insert SapTRAP
clone, and the PCR arm products yields were sub-optimal, | might mini-prep 12 colonies.
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| inoculate test tubes containing 3 ml of LB23 with a colony using a pipette tip. 1.5 ml of the culture is
prepped up using the our standard mini prep protocol.

Analysis of clones

As | argued above, PCR is a poor method for confirming clone identity. Small levels of contamination
can easily fool you. Instead, to determine whether an isolated clone DNA encoded the correct plasmid, |
perform restriction digestions. Typically one wishes to digest the DNA with a restriction enzyme that will give a
unique pattern for the clone of interest that distinguished it from the parental plasmids (vector and perhaps
insert plasmid if the insert comes from a previously made plasmid). It is typically a bad idea to use the
enzymes used to create the clone to analyze the clones. While it will confirm the correct sized insert is in the
vector, it does not confirm the identity, and since one is often selecting for the size of the insert by purifying a
band of a select size, one would expect almost every clone to have that sized insert. The better approach is to
use and enzyme the cuts the vector and insert a few times (2-5 in total) that will produce a distinct pattern of
non-overlapping bands. | choose enzymes that work robustly whenever possible. These include BamHlI, Bglll,
Dral, EcoRl, EcoRYV, Hindlll, Kpnl, Ncol, Nhel, Pstl, Pvul, Pvull, Sacl, Sacll, Sall, Sphl, Smal, Xbal, Xhol.
Many others are suitable, but the enzymes listed above are highly reliable, not prone to unusual problems
associated with restriction digest analysis, and relatively inexpensive.

In certain circumstances sequencing is the best way, and occasionally the only way, to determine if you
have the correct clone. For example if you have created a specific mutant version of a gene and the lesion
does not alter a restriction site.

The only times | use PCR to characterize a clone is if | am having a serious difficult identifying the
correct clone among the colonies and | have reason to believe repeating the experiment will not improve my
ligation quality. However this is very rare. In these cases, | often pool colonies by touching each colony with a
sterile toothpick, streaking the colony on a plate, then placing the toothpick in a tube with 100 ul of water, and
spinning the toothpick to release some E. coliin the tube. | repeat this for 12 colonies, then use 1 pl of the
water E. coli mix as the template for PCR to test if any of the dozen colonies have the product | am looking for.
If | get a positive, | mini-prep each of the dozen colonies to isolate my clone. If this approach doesn’t yield a
positive in testing 72 colonies using 6 PCR reactions, something is very wrong with the cloning experiment.

Alternative Approaches

Hybridized oligonucleotides as inserts

A pair of complementary oligonucleotides with appropriate overlaps can be utilized as an insert.
Although the 5’ ends are not phosphorylated, a single bond on each end of the insert will still be formed during
the ligation, and the double nicked resulting circular molecule will be repaired in vivo.

Mix 1 pl of 100uM stock of each oligo in 100 pl of total volume of water or annealing buffer ( 10 mM Tris
pH 8.0, 50 mM NacCl, 0.1 mM EDTA). Heat to 95 for 5 minutes and slow cool (- 5 to 10 °C /minute). We
typically use 1 pl of this mix (~ 40 ng of a 60 bp oligo pair) with ~ 50-100 ng of vector in a 10 pl ligation. That is
1 pmol of insert for ~ 25- 50 fmol of vector. This is a high insert to vector ratio, but it works well for us. One
can use a gel purified insert for this protocol, but there is no purpose to purifying the hybridized
oligonucleotides.

23 | typically do not add antibiotics to my growth media to grow up plasmids. | find it does very little to improve yields. The
reason is that ampicillin does a horrible job of selecting for the plasmid containing cells in liquid culture. Carbenicillin,
kanamycin and tetracycline work better in liquid. | find the two things that correlate best with yield are how big the colony
is on the plate, 2) that the plates are fresh, and haven’t been stored in the cold for long periods of time.
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Gel Purification of large amounts of DNA

Occasionally, a PCR or some of DNA sample contains a mixture that can be separated by
electrophoresis, but that cannot be synthesized independently from each other. For example, a PCR from
genomic might yield both the correct sized product and an alternate product from a homologous locus. If one
is performing a reaction which requires large amounts of DNA, purification from a gel may be the only
alternative to isolate a pure product. In these rare cases, we run the DNA on a gel, “melt” the gel using
Qiagen’s QG buffer24, load it on a small DNA purification column, then elute the DNA.

Load the DNA samples in multiple wells so as to prevent smearing, use a razor blade to cut our the
band in as little gel as possible. Keep in mind that you want to do this on glass to prevent DNA damage.
Weigh the gel slice to calculate volume (1g/ml). Add 3 volumes of Qiagen QG buffer, heat to 50°C for 10
minutes. This will dissolve the gel (add more QG buffer it it does not), apply in 600 pl aliquots to a Monarch
mini-column (5 ug capacity). Wash with 600 pl of QG buffer, wash with 600 pl of PE, and then 300 ul PE, spin
dry for 1 minute, and elute in 10-40 pl of TE. Yields are typical 50-80% of input DNA. Qiagen claims that
adding 1 gel volume of Isopropanol after the 3 volumes of QG will increase yields for small (<500 bp) or (large
>4000 bp) fragments. | have not tried this.

24 5.5 M guanidine thiocyanate (GuSCN), 20 mM Tris-HCI, pH 6.6 (25°C).
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Golden Gate Cloning

Golden gate cloning is a powerful technique, but requires careful design of oligonucleotides and
specialized vectors that contain the type IIS restriction sites being used for the assembly only at the designed
positions in the insert fragments. We now use the method to create multi-insert plasmids both using the
enzyme Sapl to create vectors for integration (see separate document on SapTRAP vector assembly) and with
Bsal to create multi-insert vectors that feed into the SapTRAP protocol.

The basic methodology involves designing PCR products that contain the fragments of interest to be
assembled with the appropriate Type IIS sites on the ends of the PCR fragment, positioned to keep frame (if
appropriate) and with 3 or 4 base overhangs that are unique and appropriately complementary to create the
desired assembly. If an insert contains the site being used, the site can be “removed” by splitting the fragment
into to fragments, which modify the site when assembled together. If multiple sites are in the insert, one option
is to have the insert synthesized with the sites lesioned.

If an insert fragment will be used repetitively, one reasonable option is to clone the fragment with the
sites into another vector with a different drug resistance marker than the final desired assembly. Then the
plasmid, rather than a PCR product can be used in the assembly. With planning, many related constructs can
be efficiently create without the need to create new insert DNAs.

Detailed Methodology

Step 1: Design primers to amplify insert fragments

| find the best way to perform this design is to assemble the product you are trying to create in silico,
then design the oligonucleotides from that template creating the junctions through the addition of the flanking
Type IIS sites (usually Bsal or Sapl). For a Sapl reaction we are typically adding the sequence
AAGCTCTTCN/NNN 5’ of the homology section of the oligo, and for a Bsal reaction we are adding
AAGGTCTCN/NNNN. It should be noted that not all 4 bp overlaps are equally efficient for assembly and
optimal sets of overlaps have been defined (Potapov et al., 2018) and online program to preferentially use
these efficient overhangs (HamediRad et al., 2019). See designing primers for PCR for a discussion of primer
design, and the SapTRAP cloning guide for a detailed example of designing oligos for this methodology.

Note that small fragments (such as those encoding a His6 tag, or a FLAG tag) can also be added as
hybridized primer pairs. The hybridized oligonucleotides should create the proper overhangs. If fragments
consisting of oligonucleotides are not consecutive fragments in the assembly, they can even be added without
phosphorylating the oligonucleotides. The final product will contain unligated nicks that can be repaired by E.
coli. Some protocols recommend add T4 polynucleotide kinase to the reaction to phosphorylate the
oligonucleotides. This is essential if consecutive fragments in the assembly are primer pairs.

Step 2: PCR amplification of insert DNA
Perform as described in PCR amplification of insert DNA in the restriction enzyme cloning section.

Step 3: Clean up purification of each PCR product
Perform as described in Clean-up purification of PCR Products in restriction enzyme cloning section.

Step 4: Ligation

2 I 6X SAP reaction buffer

X pl H20 (to 12 pl total)

y pl vector (50 ng)

z1..zn Ml inserts (5 - 25 ng each 25)

1/2 pl Type IIS enzyme (e.g. Bsal or Sapl)

25 The idea is to have approximately a 1:1: ...1, ratio of the n inserts and a ~ 1/2 molar ratio of vector such that vector is
limiting. Very small inserts (<~100 bp can be problematic if added in too high a concentration as they compete with
complete cleavage of vector. The ratio becomes more critical as insert number increases.
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1/4 pl T4 DNAligase
1/4 pl - T4 polynucleotide kinase (optional)

Incubate 15 min 37°C, followed by 3 X (5 min at 15°C, 10 min at 37°C), 5 min at 55°C, 5 min 80°C25.
(optional) - add 1 pl of 10 mM ATP, 1 pl of Plasmid-Safe nuclease, and incubate 1 hr at 37°C27 .

Step 5: Transformation of DH5a
Perform as described in Transformation of E. coli using 1pl of ligation.

Typically one will get many colonies and >80% should be correct for assemblies with less than 5
inserts. For Sapl mediated SapTRAP assemblies (which usually have 6-8 inserts), usually > 50% of the
colonies are the correct structure.

Step 6: Analysis of clones by mini prep and restriction digestion

We usually grow up 4 colonies and prepare DNA using a standard mini-prep protocol and confirm the
structure of the clone by one or two distinct digests. Sequence confirmation of the clone is recommended.
Virtually all clones will be correct if one uses a high fidelity polymerase, and is careful about the restriction
digest analysis to confirm the structure of the clone.

Troubleshooting Golden Gate reactions

No colonies
The most likely possibilities are:
- Poor efficiency competent cells.
- Improper design of the assembly such that no circular product can be formed.
Clones are partial assemblies missing a specific fragment

The most likely possibilities are:
- Insert is contaminated with a primer dimer assembly that is used in place of the insert in the reaction
- Improper design of the assembly such that the insert is skipped.

Clones resemble input vector
The most likely possibilities are:
- Type II S enzyme is not performing properly (old enzyme, or not enough added)
- Sample was not well mixed and some vector did not “see” enzyme.
- Vector is in excess and the reaction was not heat inactivated. The ligase religated vector between
the end of the last high temperature digestion step, and the transformation.

Clones resemble other plasmid

26 Conditions for effective ligation are varied. For 10 inserts, the Voytas TALEN protocol recommends :
10X (37°C for 5 min, 16°C 10 min), 55°C for 5 min, 80°C for 5 min

NEB recommends:

1 to 4 inserts 37°C for 1hr, followed by 55°C for 5 min

5to 10 inserts 30X (37°C for 1 min, 16°C 1 min), 55°C for 5 min

11 to 20 inserts 30X (37°C for 5 min, 16°C 5 min), 55°C for 5 min

27 For TALEN vector assembly this ligation is followed by an incubation with plasmid safe nuclease to prevent linear
fragments from reforming circular plasmids after transformation. However, TALEN assembly is a special case where each
TALEN module is extremely homologous to the others and partial assemblies can be repaired via homology in E. coli.
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The most likely possibility is that an insert was prepared from a plasmid template with the same drug
selection marker as the final product, and it was not cleaved or removed during insert purification.
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Gateway Cloning

The Gateway cloning approach requires significant upfront cloning before deriving the benefit of rapid
construction of new clones. However, once the component parts have been built, creating working clones is
quite simple and usually very reliable. To establish the system, on must create a set of “Entry” vectors, and
either create or acquire appropriate “Destination” vectors. With both of those sets of vectors in hands, on can
create working plasmids by combining Entry and Destination vectors.

Detailed Methodology
Creating Entry vectors

Entry vectors are created by creating PCR products that contain attB sites on the ends of the product.
These sequences are appended to the 5’ of the primers being used to amplify the product. After purification,
these are mixed with a DONR plasmid in a BP reaction to create an entry clone.
Step 1: Designing Entry vector primers.

The attB sites used to recombine into pDONR 22128 are listed below. If one is creating entry clones for
a multi-insert gateway system, then one must make sure one is using the correct set of att sequences to create
the proper insert ends for a BP reaction into the proper donor vector2.

attB1 GGGG-ACA-AGT-TTg-tac-aaa-aaa-gca-ggc-tNN
attB2 GGG-GAC-CAC-TTT-GTA-CAA-Gaa-agc-tgg-gtN

Frame is marked in these vectors and should be maintained if fusion are being created. The gene
specific portion of the oligonucleotide should have a T, of >55°C.

Designing entry vectors for the multi-clone gateway system is more complicated. The oligo nucleotides
for classical pPDONR™ P4-P1R, and pDONR™ P2R-P3 are included in the footnotes. However, significant
planning should be performed before initiating an extensive set of multi-insert gateway cloning strategy.

Step 2: PCR the insert fragment
Perform as described in PCR amplification of insert DNA in the restriction enzyme cloning section.

Step 3: Clean up purification of each PCR product
Perform as described in Clean-up purification of PCR Products in restriction enzyme cloning section.

Step 4: Perform the BP reaction
PCR product ( ~75 ng) 1ul
pDONR221 (~150 ng) 1l

28 Improved and more efficient att sites used to recombine into pPDONR 221:
attB1.1 GGG-GCA-ACT-TTg-tac-aaa-aaa-gtt-gNN
attB2.1 GG-GGC-AAC-TTT-GTA-CAA-Caa-agt-tgN

29 The att sites used to recombine into pDONR P4-P1R:
attB4 GGGG-ACA-ACT-TTg-tat-aga-aaa-gtt-gNN
attB1r GGG-GAC-TGC-TTT-TTT-GTA-Caa-act-tigN

The att sites used to recombine into pPDONR P2R-P3:
attB2r GGGG-ACA-GCT-TTc-ttg-tac-aaa-gtg-gNN
attB3 GGG-GAC-AAC-TTT-GTA-TAA-Taa-agt-tgN
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5x BP reaction buffer 1ul

H20 1l
BP clonase 1l
2 5ul

Remove BP Clonase™ from -70°C, thaw on ice, vortex briefly, add 1ul to the reaction and return to -70°C.
Incubate reaction mix at 25°C for 1h, (then 4°C forever).
Add 1/2 pl 10 mg/ml proteinase K solution, incubate for 10 minutes at 37°C ( then at 4°C forever).

Step 5: Transform into DH5¢

Perform as described in Transformation of E. coli using 1 ul of reaction, and plate 100 ul of
transformation mix on LB + antibiotic and grow at 37°C overnight.

Step 6: Analysis of clones

Select 4 colonies to grow up and isolate DNA using the mini-prep protocol. Analyze the resulting
plasmid by restriction digestion. Confirm by sequencing if an exact sequence is essential.

Creating a destination vector

To create a destination vector one needs to insert the attR1/2 sites in the proper position in the vector of
interest. The aftR1/2 ccdB CmR cassettes come in all 3 reading frames (Figure 12) . The cassette must be
either amplified or purified by digestion from from appropriate Gateway cassette clone3°, and then inserted into
the vector using restriction enzyme cloning or Gibson assembly cloning. Remember that the ligation or Gibson
assembly reaction must be transformed into a ccdB resistant strain. Note that the Destination vector cannot
have the same antibiotic resistance as the Entry vector. Since pPDONR221, which is used to create entry
vectors is kanf, this means using either AmpR or tetf resistant vectors. A set of Zeocin resistant pPDONR vector
are also available.

Using the LR reaction to insert Entry clones into Destination clones

Final product vectors are created by a recombination event between an Entry vector and a Destination
vector using an LR reaction.

Step 1: LR reaction

pDEST vector (50-100 ng) 1ul
pEntry vector (50-100 ng) 1l
5x LR reaction buffer Tul
H20 1ul
LR Clonase™ 1l

Remove LR Clonase™ from -70°C, thaw on ice, vortex briefly, add 1pl to the reaction and return to —70°C.
Incubate reaction mix at 25°C for 1h, (then at 4°C forever).
Add 1/2 pl proteinase K (10 mg/ml), incubate for 10 minutes at 37°C, (then at 4°C forever).

30 NM1343 pBS RfAf, NM1344 pBS RfBf, NM1356 pBS RfC.1f
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Figure 12. Reading frame of the 3 attR cassettes from Invitrogen.

Reading Frame A
EcoRV

1/2 site

/—L\ attR1 attR2

