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DNA Cloning and PCR

Basic objective of cloning- separate and amplify, then find the DNA of interest in a specific clone.

Key features of plasmid cloning vectors and how they are introduced into cells.

Always think about all products of ligation + transformation and realize the need to search for, or at least confirm that a clone contains the DNA you want.

Lambda  phage vectors essential features including size.  Use in making genomic and cDNA libraries.  For a library always think about how well it represents the starting nucleic acids and of any artifacts (ligation of fragments that have nothing in common, loss of ends for cDNAs, changes in repeat sequences, sequences that cannot be cloned, random errors produced by polymerases).  For these reasons you should always be suspicious that a cloned molecule may have some inadvertent alteration (look at more than one clone or check against original nucleic acid).

BACs essentially single copy plasmids.

YACs very different- linear, essential elements of chromosome (including minimum size) and cloned in yeast.

Essential features of PCR- massive amplification of sequence between primer sites (low amounts of original DNA remain).  Primers can be extensively modified, especially at 5’ end so long as hybridization properties not compromised to create useful restriction sites or slightly alter starting sequences at ends.  PCR products can be cloned by T:A method or by using added enzyme sites. Cloning PCR products only appropriate in some cases.

More recent efficient DNA cloning achieved using either TOPO cloning (topoisomerase attached to specialized commercial vectors) or recombination cloning (in place of cutting & ligating), as in the Gateway system.  These methods are tailored to starting with PCR products.

Site-directed mutagenesis (use of oligonucleotides & PCR)
Cloning objective (p25-30):-

To isolate large amounts of pure DNA molecules of specific type from a mixture.



The mixture could be simple (2 or 3 different DNA fragments) as in “sub-cloning”, in vitro mutagenesis or “gene construction” experiments where you start with purified DNAs and are making new DNA molecules.  The mixture could also be as complex as a whole genome, as in isolating a specific gene.

Two major routes:- 

(i) use organisms (bacteria, phage) to separate individual DNAs & amplify them (“cloning”)

(ii) selective amplification of segment of DNA by PCR (“PCR amplification”)

Cloning using bacteria (key points) (p61-69)

Each bacterium generally takes up only a single DNA molecule (or none)

Individual bacteria that take up DNA can be identified and grown as a clone (bacteria form clonal colonies on agar plates).

If the DNA molecule can be replicated and maintained it will be amplified simply by growing the bacteria or phage that derive from addition of a single DNA molecule.

Plasmid or phage DNA readily separated from bacterial chromosomal DNA and can therefore be purified from the cloned bacterial or phage population.

The vector (plasmid or phage) confers the property of replicating any DNA that is part of the plasmid or phage and allows the purification of this DNA

Vectors from natural plasmids, phage

ColE1 based plasmids (multi-copy)

Lambda phage (lytic cycle)

Hybrids of above- cosmids (package DNA in phage, infect cells & replicate like plasmid)

M13 family phages (for single-stranded DNA; phagemids can replicate as M13 [with help] or plasmid)

F plasmid based BACs (single-copy plus regulated segregation)

P1 bacteriophage (similar to lambda but larger)

PACs combine some features of P1 and others of plasmids

Features of ColE1-based plasmid cloning vector:-


(i) origin of DNA replication – for high copy number & maintenance


(ii) antibiotic resistance genes for selection (because introduction into cells is not efficient)


(iii) small (better yield, easier introduction into cells)


(iv) restriction sites in convenient locations (multiple cloning sites)


(v) selection for recombinant plasmids (“blue/white”)



lacuv5, alpha-complementation, lac repressor overexpression

Host cell features:-

Inactivate restriction/modification, enzymes that cleave methylated CG, recombination enzymes, endonucleases.

Optional additional features may be required or helpful, e.g.

F factor encoding F pilus for M13 infection

LacZ status for “blue/white” test

Production of phage lambda or other proteins to bias lytic cycle vs. lysogeny choice

Protease mutations if used to produce “recombinant” protein

Transformation; Competent cells (50kb max.) or Electroporation (especially good for large DNA)

105-107 colonies per ng circular DNA

1ng of a 4kb piece of DNA is approx. 2 x 108 molecules

1-5 x 108 bacterial cells are typically used in a transformation experiment

Even though you may add a total of about 100ng of DNA to competent cells only a small proportion of the products of a typical ligation reaction (less than 0.1ng) is typically in a form (circular with origin and antibiotic resistance) that can be taken up and replicated.  Hence, relatively high transformation (transfection) efficiency is required to produce colonies harboring the desired products of ligation.

Practical cloning (p49-57);

 Consider all ligation products, any inefficiencies in cutting DNA and transformation potential of all DNAs, expected number of colonies & controls in order to devise a strategy. This usually includes purification of materials to be ligated (away from other DNAs), preventing vector ligation without inserts (alkaline phosphatase treatment of vector cut at a sngle site), using different overhangs for each end of fragment to be ligated.  

Change the ends of DNAs if necessary to allow ligation:-

Blunt ends (by filling-in or digesting 3’ to 5’)

Increase blunt-ended ligation efficiency by homopolymer tailing or adding linkers

Convert one type of overhang into another using adaptors.

Check the products (plasmids in individual transformed bacterial clones), for example by restriction enzyme digests (even blue/white selection is only an indication of what you have).

You only have the right clone when you know you have the right clone.

Most common size range for ColE1-based plasmids is 3-20kb


Methods of cloning that involve DNA topoisomerase or recombination instead of ligation are being used increasingly.

Lambda phage vectors (p69-78)

Life cycle- lysis or lysogeny; 20 mins for 100-fold amplification

12 nt complementary 5’ single-stranded overhangs; cleavage at COS sites for packaging

DNA must be 38-52 kb to be packaged

Efficient introduction of DNA into cells via packaging into phage (1% efficient)

Packaging extracts come from extracts of bacterial cells infected with defective phage (which nevertheless produce all of the proteins required to convert appropriate DNA (cos sites spaced 38-52 kb apart) into phage particles in vitro).

Packaging is efficient and most efficient for concatamers; hence high DNA concentrations optimal for ligation (contrast with plasmids).

Ligate, package and plate for clonal plaques; amplify phage by infecting growing bacteria.

Replacement vectors to clone larger pieces of DNA (arms 20kb & 9kb so insert must be around 20kb)

Insertion vectors for smaller pieces of DNA (typically cDNAs) up to 8kb

Selection for recombinants in hfl strains (hfl = high frequency lysogeny. cI gene is essential for lysogeny but disrupted by ligation of insertion fragment).

Libraries (p95-112; 122-8)

Genomic libraries should contain overlapping genomic fragments that together cover the whole genome (in many cases, several times over)

Making a representative lambda library:-

partial Sau3A cleavage to allow fairly equal representation of different regions of the genome (6-cutter would be highly biassed; shearing or sonicating DNA is more random but DNA ends are not ready for ligation) 

Size select to improve efficiency of ligation + packaging AND to minimize recovery of clones with two or more inserts ligated to each other (you would not easily know if this had happened)

Phosphatase treat inserts or vectors, depending on scheme- better is to engineer ends so that only possible ligations are between vector and insert.

Primary vs. Amplified libraries.  You cannot increase the complexity of a library by amplifying it but amplification can distort representation.

cDNA library

mRNA copied by reverse transcriptase (oligodT often, but not always, used as primer)

Second strand by homopolymer tailing, fold-back priming or smarter schemes.

Common problems are incomplete representation of 5’ (and less often) 3’ end of mRNA, ligation of two inserts, insufficient library size to include representatives of the rarest mRNAs, errors introduced by polymerase steps.  The presence and abundance of specific mRNAs will depend on the source material.  Hence, comprehensive cDNA analysis requires several libraries.
Vectors for larger DNAs (p78-79, 92-5)

Principle- functional cis modules

BACs  50-300kb (based on F factors).  Normal F-factor is 100kb but stable F’ factors can be much larger.  Stability relative to ColE1 is because of low copy number + partitioning.  Cis and trans sequences for replication and partition control are required for vector (about 7kb).

YACs  200-1000kb (for yeast; other yeast vectors can also be used for smaller pieces of DNA).  Essential features:- TEL, CEN, ARS, selectable markers (TRP1, URA3 etc.), must be long to be stably transmitted.

PCR (p135-147)

Kary Mullis, Cetus

Taq polymerase, thermocycler, template plus two primers, buffer, Mg2+, dNTPs

Melt 95C (1’); Anneal 55C (1’); Elongate  72C(1-2’)

(1+ 0.7)26 means 1pg converted to 1 g, 1 molecule converted to 1pg

A 1kb fragment is 1 in 3 x 106 in human genome, so 1mg genomic DNA gives about 300ng fragment

High error rate for Taq (2 x 10-4) but other thermostable polymerases are better (Pfu 7 x 10-7)

Specific polymerases (Taq + Pfu mix) also chosen for PCR of large fragments (more than 1-2kb)

Primers 18-24nt for specificity plus useful DNA at 5’ end; no hairpins etc.

< 1kb v. efficient.  Special polymerases and conditions for tens of kb

Adjust temp. & Mg2+ conc’n. to optimize

Run on agarose gel- input DNA not visible (but present)

Can clone amplified DNA in several ways [TA cloning, added enzyme sites, Topo cloning, Recombination cloning].  Cloning of PCR products is not always necessary.

Starting with RNA: RT-PCR

First use reverse transcriptase plus primer, starting with RNA (typically mRNA), then use ss cDNA for standard PCR.

Cloning using Topoisomerase or Recombinases instead of Ligases (p58-60)

TOPO cloning:- Vaccinia virus topoisomerase cuts after CCCTT in ds DNA, covalently joins to 3’ phosphate of T and is released as it joins this 3’ phosphate to the 5’-OH of another DNA strand. Invitrogen sells vectors with the covalently attached topoisomerase intermediate. Vectors are blunt or with T overhang (for TA cloning) or GGTG 5’ overhang on one end (directional cloning).

Recombinases:-

In organisms from E.coli to humans there are many enzymes that catalyze recombination reactions.  The net result is that DNA molecules are cut and then joined together at each site of recombination.  The key common property is that this cutting and joining can join two DNA molecules only if they share the same local DNA sequence (homologous recombination).  The end product is a perfect junction, i.e. the local shared sequence is unaltered.

Sequence-specific recombinases only recognize particular DNA sequences.  This type of recombinase and its recognition sites used by phage lambda were used to develop the “Gateway” cloning system (another similar, competing technology is the “Univector plasmid-fusion system”).  For Gateway cloning, PCR products are flanked by specific sequences to allow cloning by recombination into “Entry” vectors (or TOPO cloning is used). These DNAs can then easily be transferred by a recombination reaction into a different type of vector, chosen from among an array of commercially developed or custom-designed “Destination Vectors”. 

This approach has particular application for repetitive cloning tasks (such as transferring a complete set of cDNAs from one type of vector into another) because it is more efficient than ligation strategies.  

Another method (“MAGIC”) has been devised whereby two DNAs can be introduced into the same E.coli cell and undergo recombination (at sites which can be of any sequence but common to both DNAs, utilizing general rather than sequence-specific recombinases in the bacterial cell) to transfer the “insert” of one plasmid into the “vector” portion of another.  This is quite complex to understand, potentially very effective but not, I believe, widely used.

Ligation-independent cloning (simply by hybridization of reasonably long complementary single-stranded termini of DNA fragments) can also be achieved without any enzymes.  It is possible to generate complementary terminal sequences by adding them to PCR primers.  The ends are made single-stranded by the action of an exonuclease in vitro.  In the original strategy, T4 DNA polymerase is used and a precise end-point of digestion is defined by including a single type of dNTP. By doing this the single-stranded ends (generally 12-15nt) on different DNAs can be made precisely complementary. After annealing they could be sealed by DNA ligase but there is no need because the molecules remain joined during E.coli transformation and the bacterium repairs the nicks.  More recently it was found that the length of single-stranded region between annealing fragments need not be the same because resulting single-stranded gaps are efficiently and accurately repaired in the cell.  In this method, SLIC, the potentially, annealing complementary sequences do not need to have any particular sequence (no 12-15nt stretch lacking a specific nucleotide) and exonuclease digestion can be done in a variety of ways.  Furthermore, the method is efficient enough to allow several fragments (with different complementary ends) to assemble together to form a desired plasmid in one step.

Site-directed mutagenesis

The most important point is that new and variant DNA sequences can be created at will, cloned and checked.  Of course, some manipulations are more complicated than others or less efficiently accomplished.  This is a very important consideration in choosing methods for altering DNA and in deciding which molecules are really worth making (value of test to be made vs effort, cost and time required).

An altered DNA sequence can be incorporated into an expression vector to make an altered protein, for example deleting a region of the protein or changing a single amino acid or inserting a foreign segment (as already seen for adding tags).  Functions of DNA (for example as promoters) or RNA (in splicing, regulating translation or mRNA stability) can be probed analogously by making specific variants.

Methods

Originally, restriction enzymes (coupled to manipulation of ends of DNA with nucleases, linkers or adapters) were used extensively to create deletions, insertions and hybrids. PCR often replaces these methods nowadays (except where long segments of DNA are involved).

Use of an oligonucleotide of variant sequence to prime DNA synthesis is the basis of almost all point mutations or small, localized changes.

Originally single-stranded M13 templates were used to permit efficient DNA synthesis. Some methods rely on differences between template and synthesized DNA to destroy original templates, hence enriching synthesized, altered products (dU in bacteria or GATC methylation in vitro).

PCR methods are now heavily favored because of robust DNA synthesis (using more convenient dsDNA templates) and the direct production of altered molecules in the required plasmid (or other) background.  The methods are varied, often taking advantage of the facts that staggered end-points in products made from a circular template can hybridize together to produce circlular DNA with breaks. Circular plasmid DNA transforms E.coli at massively higher efficiency than linear DNA products (which are not wanted) and the DNA strand breaks are repaired inside E.coli.  Kits such as “Quik-change” incorporate these methods very efficiently.  

Nowadays, products of mutagenesis are almost always sequenced in their entirety or throughout regions where important changes might occur.  Occasional errors are seen in primer regions (some oligonucleotides were not pure or correct) or in PCR-synthesized regions (occasional PCR errors even with proof-reading enzymes) but correct variants can generally be made efficiently and rapidly.  Note that clustered changes can be made using a single primer (as can deletions and small insertions).  Multiple sets of alterations are probably built up in successive rounds of mutagenesis but two or more mutagenic primers can (in some hands) be used efficiently to introduce multiple mutations in a single round of DNA synthesis and cloning.
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