Last Lecture

History of Molecular Biology cont’d:


1960s-  -discovery of mRNA



 -genetic code is solved

Structure of Nucleic Acids

-components of DNA and RNA- the nucleotide as the building block of nucleic acids

-properties of the DNA double helix:


-ratio A:T and C:G is 1:1


-melting properties-Tm, use of absorbance to follow denaturation


-alternate forms of the double helix

DNA supercoiling


-most DNA molecules are closed


-positive and negative supercoiling

-negative supercoling may aid processes that require unwinding of the double helix such as replication and transcription

-concept of the linking  number (L) and twist (T) and writhe (W) to describe topoisomers

-type I and II topoisomerases

Readings in Lewin on Recombinant DNA methods:

Chapter 6- pp. 117-122, 129-133

Chapter 20- “DNA Biotechnology”- whole chapter

Chapter 32-pp. 979-987

Recombinant DNA methods

-recombinant DNA technology represents the modern face of molecular biology and is directly derived from knowledge of the basic principles of gene function at the molecular level

recombinant DNA- any DNA formed by joining DNA from different sources

Important techniques in modern molecular biology:

1) Cleavage of DNA with restriction enzymes

-allows the isolation and manipulation of DNA fragments

2) Agarose gel electrophoresis


-separation of DNA fragments

3) Nucleic acid hybridization

-use of a labelled DNA or RNA probe to detect identical or related sequences in a sample

4) DNA cloning


-multiple copes made of a DNA molecule


-fundamental technique in the study and manipulation of genes

5) DNA sequencing


-determination of nucleotide sequences of DNA fragments


-indicates sequence of protein encoded by gene and enables


prediction of protein function

6) Polymerase chain reaction (PCR)

-enables the amplification of tiny amounts of DNA, and allows sequence manipulation

-has had an enormous impact on molecular biology over the last decade

7) DNA engineering

-gene splicing experiments and mutagenesis techniques allow the alteration of genes

-can be used to characterize protein function, but can also be used to engineer new functions for proteins

8) Transgenic and “knockout” organisms
-techniques have been developed for the introduction of engineered transgenes into organisms, 

-transgenes allow for detailed study of gene function as well as altering aspects of the biology of an organism

-in some species, notably mice and yeast, targeted knockout of a gene is possible, allowing one to study gene function

Isolation and characterization of genes

Isolation of DNA sample

-the protocols for preparation of DNA from cells, tissues, or whole organsims are straightforward

-cells in the sample are lysed and the cellular debris removed by centrifugation

-DNA is then separated from proteins in the sample by a variety of methods such as phenol extraction, ion exchange or CsCl gradient centrifugation

-DNA is concentrated by EtOH precipitation

Although it is easy to isolate total DNA from a sample, prior to the 1970’s purification of a gene was difficult:


Unlike proteins…


-genes don’t exist as discrete molecules

-unrelated DNA fragments of a given size have similar biochemical properties

-DNA could only be broken up non-specifically by mechanical shearing or digestion with DNAase I

How to isolate specific fragments of DNA?

Restriction endonucleases/enzymes

-were discovered in E. coli in the late 1960s; have since be isolated from many different bacterial species

-name comes from the fact that bacteria use these enzymes to prevent invasion by foreign DNA, such as viruses, thus they “restrict” the host range of the virus


endonuclease- an enzyme that cuts within DNA

-restriction enzymes cleave DNA at specific sequences

-the host’s own DNA is protected through the methylation of A and C residues carried out by  the dam and dcm methylases, respectively

-foreign DNA is susceptible to attack by restriction enzymes which recognize the absence of methyl groups at the appropriate sites

-it is the type II  restriction enzymes which form a vital component of gene cloning and characterization

-the type II enzymes recognize and cleave DNA at a specific sequence which varies from one enzyme to another

-the type II enzymes generally cut palindromic sequences of  4 or 6 bp

Terminology 
–first three letters are italicized and indicate the species




-other letters denote strain




-Roman numeral indicates the enzyme number



eg. HindIII from Haemophilus influenzae strain Rd

Some 6-cutters:

EcoRI




5´GAATTC 3´

5´overhangs

Escherichia coli


             3´CTTAAG 5´






   




  G

+         5´AATTC

                   CTTAA 5´                   G 



  

PstI



5´CTGCAG 3´

3´overhangs

Providencia stuartii

3´GACGTC 5´


CTGCA 3´

+

G








G



3´ACGTC


HpaI



5´GTTAAC 3´

blunt end

Haemophilus parainfluenzae
3´CAATTG
5´






GTT

+
AAC





CAA


TTG

-cohesive “sticky” ends allow 2 DNA fragments cut with the same enzymes to be ligated together using DNA ligase, an enzyme, and this is the basis for creation of recombinant DNAs  

-blunt ends can also be ligated, but this is more difficult

-in some cases, two different enzymes leave compatible overhangs which can be ligated to each other:




eg.  
BamHI   
5´GGATCC 3´






3´CCTAGG 5´






BglII

5´AGATCT 3´






3´TCTAGA 5´


Ligate cut fragments:       
G
+     GATCT =  GGATCT





CCTAG

    A    CCTAGA

-note that after ligation, both restriction sites are destroyed (FIG 1)

Separation of digested DNA by agarose gel electrophoresis
-DNA fragments produced by digestion with restriction enzymes can be separated by running them through a porous agarose matrix using an electric current

-because of its net negative charge DNA will migrate from the negative pole (cathode) to the positive pole (anode), and the distance migrated by a fragment depends on its size

-larger molecules migrate more slowly


-DNA fragments on the gel are visualized using the fluorescent dye ethidium bromide which intercalates into the double helix and glows in UV light (FIG2)

-agarose gel electrophoresis can be used to separate fragments ranging from about 100 bp to about 20,000 bp (20 kilobases (kb) ), but this requires varying the percent agarose used:

    -a high percentage agarose (eg. 2%) is used to separate small fragments, whereas low percentage (eg. 0.5%) is used to separate large fragments

Pulsed-field gel electrophoresis

-larger DNA fragments migrate independently of size in conventional electrophoresis

-fragments of up to several megabases (1Mb = 1,000 kb) can be separated using pulsed-field gel electrophoresis, in which large fragments will migrate according to their size through the use of alternating electrical fields to align them

-this technique can be used to resolve yeast chromosomes ranging in size from 0.2 to 2.2 Mb (FIG3)

Restriction mapping

-for any piece of DNA one has an interest in, a primary objective is to build up a restriction map, which will be useful for later manipulations

-one chooses a set of restriction enzymes and does a series of single digests with each enzyme, as well as all possible pairwise combinations

-digests are run out on a gel and fragment sizes determined by comparison with size standards

-from this data, a restriction map can be pieced together (FIG4)

Southern blotting and nucleic acid hybridization

-suppose we wish to see if the human gene Rac has homologous sequences in Drosophila
-we can prepare genomic DNA from flies, digest with restriction enzymes and separate by agarose gel electrophoresis (FIG5A)

-we can then use nucleic acid hybridization with a labelled DNA probe from the human gene to search for related sequences in the Drosophila DNA
-nucleic acid hybridization is based on the principal that two complementary single strands of DNA will anneal with each other to form a duplex under appropriate conditions

for example, the two strands of a DNA molecule denatured by heat can renature upon cooling

-this occurs through chance encounters between single strands of DNA in solution which leads to base pairing of complementary sequences to form a short double helical region

-double helix is then restored as base pairing extends in a zipper like effect (FIG6- Lewin Fig. 5.2)

-hybridization is similar to renaturation, but it refers to nucleic acids from different sources being brought together 

-under the appropriate conditions, two DNA strands which are related but not identical can be made to anneal

-generally, one of the DNA preparations is immobilized on a filter during hybridization 

-in our example, the Drosophila genomic DNA in the agarose gel must first be transferred onto a filter of nitrocellulose or nylon before hybridization can be performed with the human gene

-this is done using the technique of Southern blotting, developed by Ed Southern in the 1970s 

-the DNA on the gel is denatured using sodium hydroxide, blotted onto the filter, and then fixed to the filter by baking or UV light treatment

-the probe of human DNA is either radioactively labeled using 32P  or labeled using one of the nonradioactive systems (chemiluminescent or chromogenic labels) now available

-the filter and probe are incubated together in solution and the filter is then washed

-the degree of hybridization occurring can be controlled during both the hybridization and the washes using temperature and salt concentration:



-high temperature and/or low salt create high stringency


conditions that allow only closely related sequences to anneal

-low temperature and/or high salt create low stringency conditions that allow divergent sequences to anneal

-in our example, we would use low stringency conditions in the hybridization, given the divergence between flies and humans

-any DNA fragments on the filter that hybridze with the probe can be detected by autoradiography using X-ray film (radiaoactive or chemiluminescent signals) or a colour reaction (chromogenic signal) (FIG7, FIG5B)
DNA cloning

-suppose that we have identified restriction fragment(s) in the Drosophila genome with homology to the human Rac probe, how can we go after the Drosophila gene?

-one approach would be to screen for the gene in a genomic library

-genomic libraries enable one to clone the entire genome of any organism through the insertion of genomic DNA sequences into a vector which can replicate itself

-given the large amount of DNA in genomes (eg. human genome 3 x 109 bp), one wishes to use a vector that can hold large fragments of DNA so that the entire genome can be  contained in as few clones as possible

-commonly used vectors in the construction of genomic libraries are derivatives of bacteriophage 

infects E. coli by injecting its DNA, which is then replicated in the bacterial cell

-in the lytic cycle , replicated   DNA is then packaged into new phage particles and the cell lysed (FIG8- Lewin, Fig 13.2)

-is a double-stranded DNA virus that can transduce bacterial DNA from one cell to another, and Blattner and colleagues successfully engineered it to carry all kinds of DNA

-today, a variety of lambda derivatives are available for library construction

-the middle third of the genome can be removed and replaced with an insert of foreign DNA ranging in size from about 10 to 20 kb (size range depends on the particular insert cannot be too big or too small)

-thus, genomic DNA should ideally be broken down into pieces of around 10 to 20 kb for efficient insertion into 

digesting genomic DNA with a 6-cutter enzyme like EcoRI will yield fragments with an average size of 4 kb, too small to be incorporated into the phage particles

-also, such a digest will likely break  many genes into pieces

solution- do a partial restriction digest by limiting the time of the reaction and  the amount of enzyme added

-another method is to mechanically break up the DNA with ultrasound

-both of these techniques produce an essentially random collection of fragments for insertion and they are known as “shotgun” approaches (FIG9)

-genomic libraries are plated out on a lawn of bacteria, where the phage particles cause round zones of lysis called plaques

-each plaque contains a single kind of phage particle containing a specific DNA fragment, and one can screen the DNA from thousands of plaques with a DNA probe, by lifting a portion of DNA from the plaques onto filters and hybridizing them similarly to a Southern blot (FIG10)

-coming back to our search for the Drosophila homologue of the human Rac gene, if we have detected a band on our genomic Southern blot, we can now probe a genomic library using similarly stringency conditions (autorads)

-once we have isolated single plaques bearing the gene of interest, DNA can be prepared from the phage and analyzed

-phage DNA is somewhat awkward to prepare and handle, and for ease of characterization one generally subclones restriction fragments from the genomic clone into plasmid vectors

-when isolating genomic fragments in  phage, is often the case that only a portion of the gene or genomic region of interest is contained in a single clone

-if this is the case, one can do chromosome walking:


-restriction map original  clone


-subclone a fragment from one end of this clone into a plasmid

-label this subcloned fragment and used as a probe to pull out new clones in a library screen

-repeat as necessary to build up a collection of overlapping clones (FIG11- Lewin Fig 20.12)

-a vector now available which allows the insertion of very large genomic fragments in a single clone is the yeast artificial chromosome (YAC)

-a YAC has all the sequences necessary to function as a chromosome in yeast:

-an origin of replication

-left and right telomeres (seal ends of the chromosome)

-a centromere necessary for segregation of sister chromatids to opposite poles of the dividing yeast cell (FIG 12- Lewin Fig 20.13)

-the pYAC2 vector has a SmaI cloning site located between the centromere and the right telomere

-pYAC2 can be maintained as a circular molecule prior to insertion of genomic DNA

-cleavage with BamHI  creates a linear molecule with telomeres at its ends

-cleavage with SmaI splits the molecule into 2 arms, between which a large genomic fragment created by partial digestion with SmaI or another blunt cutter can be ligated

-each arm has a selectable marker which allows for selection of molecules in which both arms are present

-furthermore, the SmaI cloning site interrupts another marker, SUP4, therefore, loss of SUP4 indicates a clone with an insertion 

-one can routinely create YACs containing hundreds of kilobases of genomic DNA; YACs containing a megabase (1,000 kb) or more is known as a “megaYAC”

Plasmids

-plasmids are extrachromosomal circular DNAs which replicate autonomously (have their own origin of replication)

-plasmids are naturally occurring in some bacteria and they often have selectable markers, such as genes conferring antibiotic resistance or heavy metal tolerance

-high copy number >25 (up to 100s) copies per cell, under “relaxed control”

-low copy number <25 copies per cell, under “stringent control” (some only  one or a few copies per cell)

-it was a plasmid that was used in the first cloning experiment involving a recombinant DNA assembled in vitro
-in the study, published by Cohen and Boyer in 1973, the objective was to recombine two different plasmids, one that conferred resistance to tetracycline and one that conferred resistance to streptomycin (FIG13)

-the plasmid DNAs  were digested with EcoRI  and joined together with DNA ligase, then transformed into bacterial cells

-Cohen and Boyer then selected for bacterial cells that could form colonies on medium containing tetracycline and streptomycin and successfully isolated recombinant DNAs from these (FIG14)

-this simple experiment triggered the recombinant DNA revolution (FIG 14B)

-Boyer and colleagues went on to develop a series of plasmid cloning vectors called the pBR plasmid series, the most famous of which was pBR322, which was engineered to have single cutting sites for a variety of restriction enzymes

-these single sites could be used to insert DNA fragments cut with compatible enzymes  and the transform the recombinant plasmids into E. coli(FIG15a,15b)

-there are certain limitations to the pBR plasmids and over the years more sophisticated cloning vectors have been developed

-one of the most widely used is pBluescript® developed by the company Stratagene and derived from pBR322

-a particularly useful feature of pBluescript® is the design of its multiple cloning site (MCS)
-numerous restriction sites are located in the MCS, which is embedded in the E. coli lacZ gene (FIG16)

- induction of  the lacZ gene by isopropyl--D-thiogalactopyranoside (IPTG) produces the enzyme -galactosidase which catalyzes the formation of a blue product when supplied with the substrate (5-bromo-4-chloro-3-indoyl--galactoside) X-gal

-insertion of a DNA fragment into the MCS disrupts the lacZ gene, and cells bearing such a plasmid will be not produce -galactosidase

-therefore, we can distinguish parental and insert plasmids:





-gal

IPTG + Substrate (X-gal)------------------> blue colonies (parental plasmids)





no -gal

IPTG + Substrate (X-gal)-------------------> white colonies (insert plasmids)

-one can pick the white colonies and grow up the cells in liquid culture for plasmid DNA preparation, followed by restriction mapping, DNA sequencing, etc…
Plasmid Incompatibility

-the phenomenon of plasmid incompatibility is a feature of plasmid biology which is useful in cloning experiments, as it ensures that when cloning DNA fragments into a given vector a single colony will contain only one type of plasmid derivative (FIG17)

Lewin: “ Having obtained possession of a bacterium, the resident plasmid will  seek to prevent any other plasmid of the same type from establishing residence”

-a compatibility group is defined as set of plasmids whose members are unable to coexist in the same cell

Introduction of plasmid DNA into E.coli

-transformation may be natural in some bacteria

-a cell that can take up DNA is said to be competent

-there are two commonly used methods for transforming plasmid DNA into E. coli:

(i) use of chemically competent cells

-cells are permeabilized by treatment with CaCl2 and the plasmid added

(ii) electroporation


-high voltage used to drive DNA into cells  

Cosmids

-in addition to  phage and YACs, another vector that can be used for cloning large DNA fragments is the cosmid 

-cosmids behave as both plasmids and phage

-they contain the cos sites, or cohesive ends of  phage DNA which allow the DNA to be packaged into  phage heads, and they contain a plasmid origin of replication, so they can replicate as plasmids in bacteria  

-because almost the entire genome except for the cos sites has been removed, cosmids have room for large inserts of 40-50 kb

-cosmid DNA with inserts is packaged into phage particles which are infectious and carry the DNA into bacteria

-cosmids cannot replicate as phages due to the truncated genome, but once inside bacterial cells  they replicate as plasmids 

Looking for transcripts from cloned genes                                                                    

 -coming back to our sample experiment, suppose we have isolated the gene encoding a Drosophila homologue of Rac and have subcloned fragments of it into plasmids

-we can use Northern blotting to look at the distribution of transcripts for our Drosophila Rac gene in different tissues and throughout development

-for a Northern blot, RNA is collected from different tissues and/or developmental stages, then electrophoresed, blotted and probed in a similar fashion to a Southern blot (FIG18)

-having identified the sizes and distributions of the mRNA transcripts for a gene, one usually goes on to isolate complementary DNAs, cDNAs, which are DNA copies of the mRNA transcripts 

-cDNAs are made from mRNAs using reverse transcriptase from retroviruses (FIG19)

-having a cDNA enables one to obtain the complete sequence of the uninterrupted coding sequences (open reading frame, ORF) of the gene and predict its protein product, and also enables expression of the protein product

-cDNA libraries are made by preparing cDNAs from the mRNAs of tissues or whole organisms and cloning them into vectors 

-techniques for making cDNA libraries vary, but generally:


-first strand of cDNA is made with reverse transcriptase using an 


oligo(dT) primer annealed to the pol(dA) tail of the messenger RNA

-the primer provides a free 3´end used to initiate extension by reverse transcriptase

-DNA polymerase is used to synthesize the second cDNA strand

-linkers are put on the cDNA to allow insertion into the vector (FIG 20A,B)
-because cDNAs tend to be considerably smaller than genomic fragments,  a cDNA library can be made in a plasmid vector, or in a phage vector that allows small inserts

-screening of cDNA libraries is similar to that described for genomic libraries, except that for plasmid screening one does lifts of colonies rather than plaques onto filters

-retruning to our theoretical experiment, if we found from our Northern that Drosophila Rac is highly expressed in embryos, we can screen Drosophila embryonic cDNA libraries with fragments of our Drosophila Rac gene

Expression screening

-a cDNA library cloned into an expression vector such as gt11 allow an alternate approach to using DNA probing to search for a gene

-cDNAs that are inserted with their coding sequences in frame with a lacZ gene in the gt11 vector will have their products expressed as fusion proteins with a portion of -galactosidase

-thus, when we plate out the library and induce the lacZ gene, we will get plaques expressing fusion proteins which can be lifted onto filters (similar to the plaque lifts for DNA screening) (FIG21A)

-this system of screening is useful in a number of situations:

-if you have an antibody against a protein and wish to isolate the cDNA encoding that protein or a related protein, you can incubate the plaque lift filters with the antibody, and detect clones containing the desired  cDNA  through antibody binding (FIG21B)

-if you have a protein and wish to screen for cDNAs encoding binding partners for that protein, you can radioactively label the protein and screen for plaques that bind

-generally the first thing one wishes to do with a cDNA is determine its complete DNA sequence

DNA sequencing

Maxam-Gilbert Method (chemical)

-no longer used much

-start with a single-stranded DNA fragment labeled at the 5´ end with 32P using polynucleotide kinase

-chemical treatments are performed that cause cleavage of the fragment at a particular bases

-dimethysulfate methylates both A and G, but G stronger than A

-upon  heating or piperidine treatment the methylated base is lost and the DNA breaks at that location

-under the right conditions, at each G in the sequence a proportion of the chains will break and the resulting fragments can be separated by polyacrylamide gel electrophoresis (FIG22, FIG23- Fig 6.13 of Lewin)

-if methylated A and G are treated with acid, the DNA will break at both A 

and G, and the positions of the As can be derived by comparison to G alone

-hydrazine opens both C and T rings and these bases can be removed with piperidine to give the C  + T pattern

-in the presence of 1M NaCl, hydrazine is specific for C, and we can get the T positions by comparison with C + T (FIG24)
Sanger Chain-termination Method (enzymatic)

-relies on an in vitro DNA replication reaction

-start with a single-stranded DNA template annealed with a primer of about 20 nucleotides (eg. for sequencing fragments in the pBluescript® vector we can use the T3 and T7 primers, FIG16 again)

-the primer is extended with the Klenow fragment of DNA polymerase, to produce DNA complementary to the single-stranded template

-four separate DNA synthesis reactions are carried out, using dNTPs including a radiaoactively labelled dNTP (eg. 35S dATP)

-in addition to dNTPs, in each tube a small amount of one dideoxy nucleotide (ddNTP) , which is 2´deoxy, 3´deoxy, is included

-incorporation of a ddNTP into growing DNA chain will cause chain termination as it lacks the 3´-hydroxyl group needed to bond with the incoming nucleotide

-for eg. in the “G” tube, ddGTP is included and there is the potential for termination at any given G, creating a collection of fragments terminated at G

-four reactions are run together on a polyacrylamide gel, autoradiographed and sequence read (FIG25, show a film)

-in such an experiment one can read around 300-400 bp in a single run

Automated DNA Sequencing

-the manual sequencing method just described is fine for sequencing single genes or short stretches of DNA, but for big projects such as the Human Genome Project (3 billion bp to sequence), automated sequencing is required

-one system is based on the Sanger chain-termination method, except that now the four ddNTPs are tagged with four different fluorescent molecules, and all reactions are run together in a single lane

-as the fragments run off the end of the polyacrylamide gel, the flourescent labels at their ends are excited by a laser, and the colour of fluorescence is detected and fed into a computer (FIG26) 

-on a single run one can read around 500-700 bp of sequence

Preparing DNA for sequencing

-coming back to our theoretical experiment, suppose that we have now isolated a 3 kb cDNA  for the Drosophila Rac gene, cloned into pBluescript®, how can we sequence it on both strands in its entirety ?  

-it may be possible to break the cDNA down into overlapping restriction fragments, which can be individually subcloned and sequenced

-if convenient restriction fragments are not available a variety of other approaches are available, including:

-sequencing using oligonucleotide primers- design primers for next step of sequencing based on sequence acquired previous step (expensive)

-“shotgun” cloning- fragments for sequencing randomly generated using sonication or limited digestion with DNase 1

-use of exonucleases (remove nucleotides one at a time from the end of a DNA molecule to create a set of overlapping deletion clones (FIG27)

-the DNA for sequencing must be single stranded, when sequencing plasmids, ssDNA is generally made by denaturing the helix with sodium hydroxide

-another approach for generating ssDNA is to subclone the DNA of interest into a filamentous phage

Filamentous phage

-single-stranded, circular DNA phages with a protein coat

-infect E. coli strains that contain the F pilus, which is the phage attachment site

-the phage particle contains the positive strand, after infection the complementary negative strand is formed to produce the double-stranded relicative form (RF) (FIG28)

-the filamentous phage M13 has been engineered to contain a MCS and the lacZ gene, similar to plasmid vectors

-DNA fragments are cloned into the double-stranded RF form and transformed into E. coli host cells (FIG29)

-unlike  phage, M13 doesn’t kill the host cell, but retards its growth, causing turbid plaques on the E. coli lawn 

-IPTG/X-gal can be used for blue-white colour selection

-single white plaques are then picked, used to infect a liquid E. coli culture and single-strand phage DNA ready for sequencing is prepared from them

Phagemids

-the pBluescript® plasmid mentioned earlier is actually a phagemid, which is a vector with the properties of both phages and plasmids

-contains the origin of replication of the single-stranded phage f1, which is related to M13

-in the presence of an f1 helper phage, single-stranded pBluescript® DNA will be produced from the f1 origin and packaged; one can then do ssDNA preparation as with M13 (FIG16 again)


