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1. (i) You could still perform a partial digest in a way that produced a large proportion of fragments in the desired size range (say, 150-200kb).  However, the distribution of end-points would be less diverse than for Sau3A, which has more potential cutting sites.  Hence, there will be more variation in the representation of different regions of the genome and less extensive overlap between clones.

(ii) Since you are dealing with large fragments you should not choose any method involving PCR. Instead you have to alter the ends of fragments so they can ligate efficiently to a vector.  Single-stranded overhangs will be in either direction, of different lengths and sequences. Hence, the most obvious strategy is to convert the ends first to a uniform, blunt-ended status. That can be done using T4 DNA polymerase and all four dNTPS.  Simply ligating at a blunt-ended vector site would be very inefficient.  It would probably be better to ligate a linker, cut and then ligate.  EcoRI linkers are a good choice because that allows internal EcoRI sites to be protected by treating with EcoRI methylase prior to linker ligation.  It would also be OK to tail vector and insert fragments with complementary nucleotides using terminal transferase (but the homopolymer stretches produced in the final product are a bit of a nuisance in most downstream applications).

(iii) (a) You could have two genomic fragments ligating to a vector, forming an artificial junction that cannot easily be recognized as such just from sequence inspection.  This is a serious problem because it can be mis-leading (in forming contigs or in other applications).

You can also get vector self-ligation or ligation to fragments that are too small or too large. Vector alone or together with insert that circularizes will produce background (not useful) colonies, while all such non-productive ligations will reduce the amount of correct products (by depleting vector), so it is harder to produce a very large library.

(b) By using phosphatase you could eliminate either vector-vector or insert-insert ligations, but not both.  Instead, you can use the type of strategy outlined in a slide for inserting Sau3A fragments into an XhoI site. Here, you just switch vector and genomic fragment treatments, so you fill in XhoI ends with the first two nucleotides (TC) and BamHI cut vector with two nucleotides (GA). Now the overhangs on the vector are 5’GA3’ and on the insert 5’TC3’.  These are complementarty to each other but not to themselves.

(iv) (a) Here you cannot size-select inserts because cDNAs can vary from less than 1kb to several kb and you want to capture them all.  Hence, if you do not treat EcoRI cut cDNA fragments with phosphatase you can get more than one cDNA ligating to a single vector molecule.  The resultant molecule may still fall within the range that can be packaged into phage.

(b) At the junction between two cDNAs in a single clone you would see an EcoRI site that (unlike other EcoRI sites) will be flanked by the sequences used in the 12bp linker.  It is also true that most cDNAs will have an oligo dA:dT at one end, so two such sequences in a clone will also reveal a composite (sometimes priming of reverse transcriptase is deliberately or accidentally at sequences other than the polyA tail).

2. (i) The primers for PCR must include sequence that add attB1 and attB2 sequences at their ends (nothing more).

(ii) Here the joining of DNA molecules will be accomplished by the TOPO enzyme (and does not involve any att recombinations).  To do directional TOPO cloning you add the sequence CACC at the 5’ end of one primer and use a directional TOPO vector.  Also, in your end product the cloned fragment must be flanked by attL1 and attL2 sequences.  These sequences are long and are therefore not conveniently or efficiently added by putting them in the PCR primer sequences.  Instead, the specialized directional TOPO vector must have these sequences adjacent to the TOPO linked sites.  Such vectors are supplied commercially for the Gateway cloning system.

(iii) (a) If you can find suitably placed restriction enzyme sites the junctions are seamless, whereas Gateway cloning necessarily involves adding sequences at junctions.  Gateway works for all sequence but it is very hard to find appropriately placed restriction sites and for added sites to be absent from all other locations, so only Gateway is universal.  Gateway cloning is generally more efficient because fewer incorrect colonies are formed (ligation allows more undesirable connections) and the process is quicker and reproducible (ligation strategies often require purification of input DNAs and optimizing concentrations for each different circumstance or type of ligation). 

(b) LIC and SLIC are similarly universal.  LIC is more controlled (precise ss overhangs) and probably therefore allows more uniform productive participation of all molecules, providing a small edge on efficiency.  Both could be seamless but for LIC you have to select 12nt (or longer) regions with only 3 of 4 nucleotides present.  Hence, in practice the junction sequence is usually added artificially and the junction is not seamless (one could instead characterize LIC as non-universal because you cannot pick just any position to make your junction).  SLIC appears to “win” on most scores.  However, it is not yet widely used so the gold standard of being widely successful, “fool-proof” and successful has not yet been demonstrated.








3. (i) 
….CTACGGCTTAAGGCTTACGCGGATCCTTATGGTATGCGATATGCGGAAT…..

….GATGCCGAATTCCGAATGCGCCTAGGAATACCATACGCTATACGCCTTA…

Any sequence will work (but precise symmetry should be avoided).  If this were LIC instead of SLIC you would have to put in a long stretch either side of the restriction site that lacked one of the four nucleotides.

Although any sequence can work you want to avoid repetitious sequence and highly AT-rich sequence, which would reduce hybridization stability over a short stretch.

Any choice of enzyme site will work.  However, if you produce blunt ends then it is simplest to design your insert PCR primers- if they match vector sequence right up to the cut site you will be making an exact join at the cut site.  If you have sticky ends the same strategy will duplicate a short sequence (or remove it for 3’ overhangs).

(ii) After cutting & treating with T4 DNA pol you would recover vector molecules with various lengths of ssDNA, including molecules like that below:-

….CTA                                                  GATCCTTATGGTATGCGATATGCGGAAT…..

….GATGCCGAATTCCGAATGCGCCTAG                                                  GCCTTA…

The insert fragment must be complementary at each end to the sequences including and surrounding the overlap region of the original cleavage site above (GATC region).  The length of each overlap must be sufficient for annealing that is stable to the transformation protocol. Those lengths have been established as about 12nt but a little longer is probably more efficient.  Two possible examples of the insert sequence are drawn in (the top strand is 5’ to 3’ and the lower is 3’ to 5’ going from left to right).

..CTA                 AAGGCTTACGCGGATC GATCCTTATGGTATGCGATATGCGGAAT.. 

..GATGCCGAATTCCGAATGCGCCTAG            GAATACCATACGCTAT      GCCTTA

The insert sequences shown are contributed by the PCR primers.  Hence, the PCR primers would have the sequences shown below, followed by a sequence complementary to the template (of 20-25nt to ensure good annealing).

5’ AAGGCTTACGCGGATC………..

and

5’ TATCGCATACCATAAG…….

The most common mistake was mixing up 5’ to 3’ and 3’ to 5’ orientations (writing a sequence in the wrong direction- TGGCAT is actually a completely different sequence to TACGGT, not even the complement).

A few answers inserted a few nucleotides in the primer between the sequences to add (shown above) and those that would hybridize to the insert template. I think that was done (artificially) to create ss gaps in the final product (because those students did not realize how the gap forms anyway).  You could add extra nucleotides (and the procedure will still work) but whatever you add will be in your final product, so you make the choice according to the exact sequence you want in the final product.

(iii) The above diagram shows part of the detailed sequence of a hybrid molecule (and is the answer to (a)) but it does not show the bigger picture.  The length of the ss region in the insert molecule will vary, so the diagram below just gives an approximation. 
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Note that there will generally be ss gaps either side of the region where the PCR primer has added complementary sequences.  Also, I could have made the complementary region for the right hand primer longer to include the GATC sequence. In that case there would be no ss (GATC) region from the vector DNA.  However, I believe that such ss regions are not a problem and will be removed in E. coli.  In this example, if the GATC sequence were included in each primer we would be duplicating that short sequence either side of the insertion sites. For this cloning task the duplication does not matter but if we needed to make a precise junction of our own choosing it will be necessary to design primers that give vector ss DNA overhangs as shown in the diagram. To avoid that issue altogether it would be simplest to choose a restriction enzyme for the first cut that produces blunt ends.

The most common “mistake” was to forget (or not realize) that T4 polymerase treatment of the PCR product would expose more than just the region that hybridizes, so a ss region will be present at each end of the PCR product.

Note that in SLIC your choice of primers for the PCR step determines the exact sequence of your final product-their 5’ ends determine exactly where the junction with vector sequences take place and the entire primer sequence (& amplified product between the primers) will be in the final product.  The fact that some regions of the annealed molecule prior to transformation are single-stranded is of no consequence. Those regions will ALL become double-stranded and will be in the final product- nothing will be deleted by repair mechanisms (except for vector tails like the GATC in my diagram).

(iv) 

(a) Just looking at the sequences there is no relationship between the two single-stranded segments of the vector (except for the very short GATC complementarity) or the two ss regions of the insert.  Furthermore, none of the sequences is palindromic and therefore self-complementary.  Hence, only directional vector to insert annealing can take place- no unwanted side reactions.

(b) With restriction enzymes using only a single site to clone, the two different ends of the vector can ligate to each other, as can the two ends of the insert.  Even if two different sites and fragments are gel-purified before ligation each end can generally ligate to the same end on another molecule of the same fragment (self-ligation).  That is because most enzyme sites are palindromic.  Even though the complementary sequence is short ligation seals the junctions.  In SLIC the two vector ends also have the same complementarity (if a sticky-ended cut is used) but no ligase is used (and exonuclease treatment means there is no adjacent strand for ligation), and 4nt base-pairing is insufficient to give a stable hybrid (and of course if a blunt-ended enzyme were used in the first place there is zero complementarity between vector single-stranded regions).

Several answers did not simply explain which fragments ligate and why their ends are complementary.

4.
(i) The two primers are complementary to each other and span the same stretch of sequence. Hence, a product made with one primer is complementary to the second primer but the second primer anneals at the extreme 5’ end of the template and there is no template available to copy. So, only the original DNA template strands are used in each cycle and products are formed arithmetically.

(ii) (a) Each strand can be made during any of the cycles of DNA synthesis

(b) At each cycle there is a denaturation and annealing step.  The mutant double-stranded molecule is not made directly by DNA synthesis but instead by annealing of two pre-existing mutant strands. That annealing must occur during the last cycle (after which there are no denaturation steps).   Note that one segment of overlap that allows circularization of an otherwise linear molecule with ss DNA overhangs consists entirely of the primer sequences. Those sequences are generally 25nt or more and long enough to form stable circular annealed products.

The ideal answer would highlight the nature of the key molecules (circular), annealing and formation after the last synthesis step.

The vast majority of answers said “after DpnI digestion”.  I believe that is incorrect- why wouldn’t the circular molecules form at the last annealing step before adding enzyme?  However, the answers were assessed as to whether they indicated clearly enough something about annealing, the form of the final molecule and (roughly) when they were formed (with no explicit reward/penalty for before/after DpnI).  You don’t want partners to re-form after DpnI-you want the DpnI to destroy all circular molecules with parental strands just before transformation.

(iii) (a) All synthesized strands should contain the mutant sequence (note that this is only true if the DNA polymerase does not continue to synthesize around the circular template, displacing primer by 5’ to 3’ exonuclease activity; the particular polymerase used is chosen to have minimal primer displacement activity).  Hence, wild-type molecules are formed only by annealing of the original template strands.

(b) There should be more mutant strands synthesized than original templates.  Hence, most of the original wild-type strands will form heteroduplexes with mutant strands.  The template DNA will be methylated at GATC sites (it is important that the DNA is prepared from dam+ bacteria- generally true) and in vitro synthesized DNA will not (no dam methylase is present).  Hence, heteroduplexes will be cut with DpnI, as will homoduplexes of original template. Only the desired mutant homoduplexes will be uncut.  Once cut (at many sites because GATC occurs frequently), the circular DNAs cannot give transformants.

Of relevance to (a) and (b), if heteroduplex circles transform bacteria you may have repair of the mis-match before DNA replication inside E. coli, producing pure populations of either wild-type or mutant plasmids. Alternatively, each strand may be replicated before repair, generating a mixed population.  If there is repair it is possible that the wild-type strand will be favored because it has the GATC methylations that are used in vivo for this purpose.  I do not know empirically if this bias is strong or weak.

Many answers could have been more explicit about the most cogent points- where the heteroduplexes come from and what products they would produce.

(iv) You can simply use a primer that has the added sequence in the middle flanked by sufficient sequence complementary to the template on each side (probably about 15nt each side is enough).

Answers showed this to be slightly more involved than intended (but grading was according to the original, more general intent).  Many students omitted to say that both primers would have to carry the extra 30nt and very few considered how this would actually work.  It would work fine for 30nt placed at the center of each primer.  However, most answers suggested putting the extra 30nt at the end of the primer(s). If you just tacked the sequences on this would not work because those sequences would be on two different sides of the normal sequence covered by the two primers.  Hence, if the30nt is to be added to the 5’ end that must be the only region of overlap between the two primers, with the rest of the primer sequences corresponding to adjacent template sequences.

So, if N corresponds to new sequences & X to template sequences:

5’  XXXXXXXXXXXXXNNNNNNNNNNNNXXXXXXXXXXXX 3’

and

3’ XXXXXXXXXXXXXNNNNNNNNNNNNXXXXXXXXXXXX 5’ is OK

5’                                      NNNNNNNNNNNNXXXXXXXXXXXX  3’

and

3’ XXXXXXXXXXXXXNNNNNNNNNNNN 5’  is OK

5’ NNNNNNNNNNNNNXXXXXXXXXXXXXXXXXXX 3’

And

3’                                      XXXXXXXXXXXXXXXXXXXNNNNNNNNNNNNNNNN 5’ 

 is NOT OK

(v) (a) For the protocol to work DNA polymerase has to synthesize around the whole molecule. That is only accomplished efficiently for fairly short templates. Once a size of about 8kb is exceeded this becomes problematic (supposedly the kits claim closer to 20kb) and there is essentially no chance of success for a 150kb molecule.  

Some answers quoted additional concerns, which are more minor than having no product.  One issue was primer hybridizing at multiple sites.  That is always a potential problem but it should not be a problem. After all it is routine to design primers that work (most of the time) amplifying DNA from genomic DNA.

The error rate of the polymerase is certainly a concern.  Checking the sequence is important but the bigger problem is if you always were to end up with errors.  Hence, it may often be good to choose strategies where you do not require really long stretches of DNA to be synthesized in vitro.  However, the error rates of polymerases you would use in these applications are no higher than 1 in a million bp so you still would have a good chance of success (if the polymerase made it all the way around).

(b) The general approach is to make a mutation in a smaller molecule and then insert the product into a bigger molecule.  It is fairly trivial to derive a smaller cloned molecule from the BAC (a “sub-clone”) by choosing restriction enzymes or performing PCR and adding restriction sites or sequences for LIC, SLIC, Gateway cloning or just using TOPO cloning.  Then perform standard Quik-change mutagenesis.

The difficult part is putting a segment of mutated DNA back into the BAC seamlessly.  Sometimes you are lucky and there are convenient (i.e. unique) restriction sites in the BAC that flank the short region you are mutating.  Those sites can be used to derive the sub-clone and to replace the wild-type fragment with the mutated fragment.  However, such situations are not very common because BAC clones are large and hence potentially useful restriction sites are rarely unique (have only one site in the molecule).  Also, PCR cannot easily come to the rescue for generating a suitable BAC fragment because the bulk of the recombinant BAC is too large to copy.  These problems have traditionally been difficult to solve, occupying a lot of time, sometimes with several steps and several failures along the way.  More recently, a general solution has become available. It is often called “recombineering”.  The principle is to simply generate two overlapping molecules and allow recombination enzymes to make new junctions between the common sequences of the two DNAs.  In practice this is achieved nowadays in one of two ways.  Some people introduce the two substrate DNAs into yeast cells, where homologous recombination rates are very high and linear DNA (provided as one component) is long-lived enough for recombination to take place.  Others (and I believe this is likely to be or become the main route) perform recombination in E.coli that have been modified to express a specific set of recombination enzymes conditionally (you turn them on for your reaction but keep them off mostly because otherwise host cells are damaged).  In general, you would have the BAC in E.coli and then introduce a linear PCR fragment that contains the required mutation (internally, not at the ends).  Recombination somewhere near the ends of the PCR fragment causes the sequences in between to replace that segment in the BAC.  Of course you have to find the colonies where this recombination took place.  The efficiency will often be only one in several thousand (or worse) so it is possible to find the correct colonies by colony hybridization (for example, if you are introducing some new sequences).  However, more generally you need a selection.  One trick is to use two steps. In the first step you replace the critical segment of the BAC with a PCR segment that has a gene that can be selected FOR (so you can find this recombinant) and a gene that you can select AGAINST (in the next step). Then, in a second recombination you use a PCR fragment that contains your desired modification.  Now you select against the conditionally poisonous gene in the modified BAC substrate and should recover only colonies where your modified sequence has been introduced into the BAC (and there are no other residues of the first recombination, i.e. no foreign sequences).

Many answers captured the essence of the problem. For some reason many preferred to do PCR assembly mutagenesis rather than Quik change. That is fine but it is not a key part of the solution (either mutagenesis approach will work on small molecules).  More important, I want to emphasize that at the end of any such process you would clone the product and sequence it so you have plenty of correct material to introduce into the BAC.

There were some suggestions for assembling BACs from multiple fragments, often using PCR- that is more complex than necessary and unlikely to be generally successful.


8

