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Please read questions carefully. You always need to provide explanations in your answers.

1.  This question concerns some basic plasmid cloning procedures and design choices.  The overall task is realistic.  You have two pure (cloned) DNAs as starting materials. 

One is the cDNA for a particular mouse gene in an ampicillin resistant vector.  A full-length cDNA is a complete copy of an mRNA and therefore has sequences corresponding to 5’ untranslated sequence (5’ UTR), coding region (starting with the ATG triplet [AUG in mRNA] and ending with a stop codon) and 3’ UTR.  

The second DNA (also an ampicillin resistant plasmid) is a mouse expression vector. It has a DNA segment that acts as a strong promoter in the mouse tissue culture cells, followed by a sequence that directs the initiation of translation and encodes a short epitope tag sequence of amino acids.  Beyond the epitope tag segment are sequences that will form 3’ UTR and direct polyadenylation of the transcribed RNA (polyA signal sequences).  In mouse cells the promoter will direct transcription to start before the epitope tag sequence and the latter segment will direct translation of the resulting mRNA initiating at the ATG as diagrammed (next page).  The sequence of the first few amino acids and corresponding codons is shown.  This short stretch of amino acids (this particular epitope tag is known as a Flag tag) is used because it can be recognized by a commercially available antibody.  

If a cDNA segment is inserted appropriately between the epitope tag sequence and the polyA signal sequence and the resulting DNA is introduced into mouse cells an mRNA should be produced that is translated into a fusion protein containing the epitope tag at its N-terminus followed by the amino acid sequence encoded by the cDNA.  This requires that the mouse cDNA sequence is translated in the correct reading frame and contains the entire coding region.  Neither the 5’UTR nor the 3’ UTR of the cDNA are required in the expression construct because the expression vector includes sequences that substitute for these elements (allowing translation initiation and polyadenylation). Note that in mouse cells translation generally starts at the first AUG in an mRNA.  Thus, when the cDNA is placed downstream of the epitope tag sequence initiation of translation will still be at the AUG of the epitope tag (not at the first AUG of the cDNA).

You can assume (unless stated otherwise) that the restriction enzymes named in the diagrams cut only at the sites shown, and that the DNAs do not have sites for restriction enzymes that are not shown.

The questions below are about the process of successfully creating a cloned correct expression construct from the two starting DNAs.

(i) Isolating the two suitable Bam-Xba fragments would be very straightforward and therefore a good choice.  The expression vector has a second EcoRI site that would make it harder to generate the required EcoRI-XbaI fragment, although that could be achieved through a partial EcoRI digest and purification of the desired fragment on a gel, according to length. 

(ii) Ligation at the BamHI site would reconstitute a GGATCC sequence, so the resulting product would link the epitope tag and cDNA reading frames in phase, as written out below (for the “coding strand” - the DNA strand analogous in sequence to the mRNA that is produced).

……..GAC AAA GGA TCC ATG GTC TAT…….

……….D       K       G      S       M      V     F

(iii) If the cDNA fragment is not purified there will also be a vector Bam-Xba fragment present.  That would ligate to the cDNA fragment to reconstitute the original cDNA plasmid at a frequency similar to production of the desired construct (meaning roughly twice the number of colonies would need to be screened).  Furthermore, both cDNA and expression vector fragments could ligate to the unwanted vector fragment, diverting those DNAs from productive ligations (molecules with two vectors and hence two origins of replication are not stably propagated and will not be found in transformed colonies).  

Perhaps the biggest problem, however, is the danger of including small but highly potent contaminants due to incomplete cutting.  Uncut cDNA plasmid will transform competent cells at very high efficiency and any molecules cut only at the BamHI, or only at the XbaI site require only a single ligation to form circular DNAs competent for transformation.  Hence, the cDNA fragment will almost always be purified in such an experiment. 

(iv) The situation is similar here except that we are asked to assume that the small BamHI-XbaI fragment from the expression vector does not participate in ligations.  Hence, the main concern is simply whether there are uncut or partially cut contaminants that would produce background colonies directly or after one circularizing ligation.  A gel separation would not separate single-cut from double-cut molecules but it should be able to exclude circular DNA molecules.  Hence, purification will reduce background (expression vector) colonies.  The magnitude of that background will be variable but should not be too high when using two enzymes.  Hence, that purification could be skipped.  Some would routinely include the purification- if you are purifying one fragment why not purify the other at the same time?  Also, if you were going to use the same fragment in several similar cloning experiments it would definitely pay to purify it. 

(v) If you treated the vector fragment with phosphatase two vector molecules could not ligate together.  That is not really a problem anyway because such products do not yield transformants.  You would still recover the products you want but the efficiency of those required ligations may be reduced (there is no reason that you would know whether this is true in the absence of direct experience but you might reasonably guess that it is possible).  Also, the phosphatase treatment takes time and will involve some loss of material.  Hence, it is probably a net negative to include a phosphatase step when using vectors with two different ends. If your vector DNA preparation is heavily contaminated with single-cut molecules, then phosphatase treatment will reduce background colonies from circularization considerably.

When doing an experiment like this it is a good idea (though not universally done) to set up a ligation with vector only and transform that material in parallel to the real ligation experiment.  Comparison of the number of colonies produced gives you an idea of whether vector-only products are contributing significant background.  That sort of test can provide a good indication of the efficacy of phosphatase treatment.  In the experiment described here you would expect vector-only background to be low, making phosphatase treatment unnecessary.  If phosphatase treatment were used you would very likely produce fewer colonies from the real ligation (vector plus insert)- perhaps as much as 5-fold fewer.

(vi) No, there is rarely enough of the correct circular product to see clearly on a gel.  Also, if you can see it as a significant band a large proportion of colonies will contain the desired product without any opurification.  Another reason for avoiding purification is that very low amounts of material are not usually recovered efficiently from the purification.  Furthermore, it is hard to keep gel apparatus and solutions free from contaminating plasmids, tiny amounts of which can produce considerable background in your cloning experiment.

(vii) Transform competent cells (or electroporate) and plate out on ampicillin plates.

Pick some individual colonies (say 5-10 for this experiment- this may be over-kill but you want to be sure of success).  You can extract DNA directly sufficient for a PCR test using primers from known positions to amplify a band spanning one or more ligation junctions.  Alternatively, you can grow each colony in a small liquid culture and extract plasmid DNA from about 1ml of culture.  This will produce a few micrograms of DNA, sufficient for several analytical restriction digests (or for sequencing).  A suitable test digest would be BamHI plus XbaI to check that ligation reconstituted the sites perfectly and releases the two expected fragments of expected intensity proportional to size (indicating equal molar proportions).  Alternatively, it can also be a good idea to use flanking sites (like PstI and EcoRI in this example) to show that an insert of the expected size has been added to the expression vector.

(viii) 

(a) The adapter must have an NcoI-type overhang at one end and a BamHI compatible overhang at the other (you can choose what nucleotide is next in the double-stranded region and hence decide whether to reconstitute an NcoI site or a BamHI site in the final product).  The double-stranded region can be more or less any sequence provided that it keeps the ORFS (open reading frames) of the epitope and cDNA fragments aligned (in the same reading frame) and contains no stop codons.  Generally, you do not wish to add many extra amino acids to the fusion protein so you keep this segment short and hence use GC-rich sequences to shift the melting equilibrium to wards duplexes.  So, a suitable sequence would be

AAA  GGA  TCN  NNN  NNC  ATG GTC……

TTT   CCT  AGn    nnn     nnG  TAC  CAG…….  

(b) You can cut with NcoI, then ligate adapters, then cut with XbaI and purify the cDNA fragment with Bam and Xba compatible ends.  Using this order, the last purification removes vector and adapters at the same time, and during ligation to adapters the XbaI end is not undergoing any unwanted ligations.

(c) If the oligos are phosphorylated two or more successive adapters can ligate to the NcoI end. If unphosphorylated only one adapter can ligate, as desired.

(ix) 

(a) Here you would first fill in the NcoI end with DNA polymerase and dNTPS to produce a blunt end and then ligate linkers with a BamHI site (or another site that produces GATC overhangs). After ligation to the epitope tag sequences the two reading frames must be in phase.

For a final fusion that looks like below

AAA  GGA  TCC  NNC  ATG GTC……

TTT   CCT  AGG   nnG  TAC  CAG…….  

The linker would have a sequence

n nGGATCCNN

NNCCTAGGn n

(b) Cut cDNA with NcoI, fill in ends, ligate to linkers, cut with XbaI and a lot of BamHI (there will be a very high concentration of BamHI sites if phosphorylated linkers were used), purify cDNA fragment on gel and ligate to vector Bam-Xba fragment (also gel-purified). This order generates an XbaI end only after filling in and ligation (otherwise you lose the XbaI site) and uses gel purification to separate the cDNA from vector and from linkers at the same time.

(c) If linkers are phosphorylated many will add to the blunt end. If enzyme cleavage is not complete (which is realistic) more than one linker unit may remain attached to the blunt end, altering the final junction and, most likely, the reading frame.  If linkers are not phosphorylated they will not ligate so efficiently to the cDNA. Aside from slightly reduced efficiency of any one ligation to the cDNA, linker to linker ligations would be eliminated. The larger molecules those ligations build will be more stable double-strands and may therefore be more efficient substrates for ligation than single linkers.

(x) An internal BamHI site would be a problem for the linker strategy as a BamHI digest of the linker is necessary.  The adapter strategy would be unaffected.  For the linker strategy you could just use a linker with a BglII site (AGATCT) or similar, if that site were absent from the cDNA.  BglII also generates a GATC overhang.  Alternatively, rather than adding a Bam site to the cDNA you could add an NcoI site to the vector by strategies exactly analogous to those above.

(xi) The beauty of PCR is that you can manipulate DNA sequences at the termini simply by adding nucleotides of choice at the 5’ end of primers.  Here, you would add the recognition sequence for BamHI at one end.  At the other end you could introduce a new XbaI site.  However, it is probably easier just to use a primer that is downstream of the XbaI site in the cDNA.  After PCR amplification you digest with BamHI and XbaI, purify the cDNA fragment from a gel and ligate to Bam-Xba vector as before.  The BamHI site must be at a position that maintains the correct reading frame.  In order for many restriction enzymes to cut efficiently they must be at least a few nucleotides away from the end of a DNA molecule.  Hence, a few nucleotides are added upstream of the BamHI site.

NNNNN GGA TCC ATG GTC TAT TCT GGA GCA GTT

would work.  It does not matter if the “Bam-less” cDNA plasmid template has any resemblance to the BamHI site shown in the Figure (version 1 of the cDNA plasmid) because 5’ regions of the primer need not base-pair to template at all, provided there are enough matches downstream.  Here there are 21 nt of matches. That would be OK but in practice you might extend the primer 5-10 nt further in the 3’ direction to have plenty of over-kill on specificity of hybridization.  The other primer should match template sequence of, for example the 3’ UTR between XbaI sites, pointing towards the main body of the cDNA. The estimated Tms of the two primers should be similar.

(xii) Direct ligation:- Usually all sequence is perfect.  DNA replication in E.coli is of extremely high fidelity, so there is almost no chance of point mutations being introduced after E. coli are transformed (only if there are repeat sequences or too large an insert is instability seen, with deletions the most common distortion).  Also, if ends of DNA molecules were damaged they would not ligate and produce transformants, so ligation junctions are inevitably perfectly reconstituted.  Unanticipated DNA sequences usually result from mis-understandings about the reagents used for ligation, not the process itself.

Linkers & adapters:- Depending on the exact conditions of an experiment (discussed above) you may find multimers of linker or adapter units have been inserted instead of just one.  Also, surprisingly, you sometimes find that the added oligo sequence is incorrect- even though most of the oligos supplied are correct you are fishing out single molecules from the ligations and so sometimes you find an incorrect sequence.  When using linkers the filling-in reaction is sometimes (again, rarely) accompanied by loss of a bp or two due to some exonuclease activity.  Most products will be correct but certainly the place to look for subtle mistakes is at the junctions that employed adapters or linkers.

PCR:-  After the PCR product is made all should be fine as in direct ligations.  The potential problems are two-fold.  First, as with linkers and adapters, the portion of the primer incorporated into the product can have errors.  While this is not frequent and is more problematic the longer the primers my subjective impression is that this happens far more often than one might guess given our general perception of oligo quality.  Secondly, PCR can introduce errors.  Hence, investigators usually use an enzyme with proof-reading activity.  Certainly, PCR DNA replication in vitro is far more error-strewn than DNA amplification in cells but the overall problem here is pretty small.  It is just that you are picking out single molecules by cloning, so occasionally you do clone the rare product with a replication error.  Hence, you do pasy careful attention to sequencing the entire region of the product that derived from an earlier PCR amplification.  The advantages in simplicity and efficiency of the PCR route generally far outweigh this relatively small concern.  Indeed, I think errors detected by DNA sequencing would be more prevalent using adapters and linkers than for the PCR route.

2. (i) You simply need to have three different pairs of compatible overhangs for ligation.  So, for example, the three fragments could extend between the restriction cut sites below:

BamHI-EcoRI, EcoRI-XbaI and XbaI to BamHI

(ii) In the above example, each end could ligate productively to another fragment or to itself, producing a dead-end product. Also, the final circularization reaction is in competition with several possible intermolecular ligations.  The product of the probabilities of all of these ligation choices being productive (which is necessary to assemble each correct molecule) becomes very low quite fast as more fragments are added.  Hence, the number of correct products can become too small to recover any.  

(iii) You could break the process into steps with amplification or cloning steps in between.  For example, you could assemble two or three insert fragments together in one vector (not the final vector) and the remaining 2-3 in a different vector.  After cloning each product you release the two assembled inserts and combine these with the correct vector.  Intermediate products could also be amplified (and purified from a gel if necessary) by PCR rather than cloning. The PCR primers can be designed to ensure that useful restriction sites are placed in exactly the right positions for the next ligation step.

(iv) 

 (a)  Different fragments of cDNAs will have different internal restriction enzyme sites so a preferred pair of cutting sites at the ends of the cDNA cannot always be used.

(b) If you were linking DNAs by a method that used a relatively long DNA sequence that (almost) never occurred in a CDNA you would have a universal strategy.  An imperfect solution is to use restriction enzymes like NotI, which recognize 8bp sequences.  Of course, a few cDNAs will have a NotI site.  Also, there are not very many useful 8-cutters so this strategy has only limited potential.  Better approaches use longer DNA sequences that are recognition sites for specific recombination enzymes (which are used to join DNA molecules in place of the restriction enzyme/ligase combination) or (as in LIC or SLIC) they make future junctions single stranded in a way that does not depend on sequence and simply use hybridization specificity to ensure that appropriate pairs of ends will form junctions.

3.  Cloning with lambda phage

(i) You could take two different recombinant phage DNAs in the same tube, add packaging extract and plate on cells for single plaques.  Amplify the phage from single plaques, isolate the DNA and cut it to reveal the identity of the DNA.  If single phage could include two or more different DNAs you would sometimes find both recombinant DNAs in one plaque-purified phage.  You would instead find only a single type of DNA in each plaque (assuming you really were picking from single, non-overlapping plaques).

(ii) For a cloning vehicle to work there are always some regions othat must be present on the DNA itself for that DNA to be maintained or amplified. For plasmid DNA these are circularity, origin of replication and (for selection) antibiotic resistance.  These are known as “cis” elements- they must be on the DNA molecule that is propagated.  Other factors are also required for propagation.  Many come from the host cell- enzymes that recognize the origin of replication and actually replicate the DNA, RNA polymerase and translation machinery that transcribe and translate the antibiotic resistance gene.  These factors do not have to be encoded by the DNA molecule that is replicated and are known as “trans” factors.  In fact, for plasmid DNA all “trans” acting factors come from the host cell.  For bacteriophage and eukaryotic cell viruses some of the critical “trans” factors (which are mostly proteins) are encoded by the phage or virus itself.  Theoretically, those factors could instead be provided by the host cell.  Thus, a missing phage gene could be complemented by expressing that gene instead from the host genome or from a plasmid added to the host.  This substitution is not always trivial because large amounts or carefully regulated amounts of some proteins are normally produced during phage infection.  The strategy of complementing “trans” functions is common in molecular biology, with helper functions provided by genes inserted into the genome, on episomes or in helper viruses or phage that must be co-infected.

(iii) Efficiency of cloning depends on efficiency of assembling suitable molecules and the efficiency of getting those molecules efficiently into cells.  Transformation of plasmids into chemically competent cells or by electroporation can approach introducing 10% of DNA molecules (though usually this value will be quite a bit lower). Phage lambda DNA packaging is reported to be up to about 1% efficient- mostly fairly similar to plasmid transformation.  Ligation conditions for lambda can strongly favor making the requisite two intermolecular connections by using high DNA concentrations but because plasmid DNA construction involves one intermolecular and one intramolecular ligation it is not possible to pick a concentration that is very favorable for producing correct versus incorrect products.  Thus, the efficiency of productive DNA assembly can be much higher for lambda cloning than for plasmid cloning.
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