Chapter 20 Regulation of Gene Expression in Eukaryotes

Ways of Regulating Eukaryotic Gene Expression: An Overview
· Eukaryotic gene expression can be regulated at the transcription, processing, or translational level
Dimensions of Eukaryotic Gene Regulation
· Different genes are expressed at different times, meaning that genes are temporarily regulated
· Most eukaryotic RNA is “processed”; the RNA is capped at its 5’ end, polyadenylated at its 3’ end, and altered internally by losing its noncoding intron sequences
· Eukaryotic cells are compartmentalized by a system of membranes which physically separates the events of gene expression
· The primary event, transcription of DNA into RNA, occurs in the nucleus
·  RNA transcripts are also modified in the nucleus by capping, polyadenylation and the removal of introns
· The resulting messenger RNA are then exported with ribosomes, many located on the membranes of the endoplasmic reticulum 
· Once associated with ribosomes, these mRNA are translated into polypeptides
· Physical separation of the events of gene expression makes it possible for regulation to occur in different places 
· Regulation can occur in the nucleus at either the DNA or RNA level, or in the cytoplasm at either the RNA or polypeptide level
Controlled Transcription of DNA
· Eukaryotic genes are sequestered in the nucleus 
· Before environmental signals have effect on the level of transcription, they are transmitted from the cell surface, where they are usually received, through the cytoplasm and the nuclear membrane, and onto the chromosomes
· Environmental cues may need to pass through layers of cells in order to have an impact on the transcription of genes in a particular tissue
· Transcriptional regulation is mediated by protein-DNA interactions
· Positive and negative regulator proteins bind to specific regions of the DNA and stimulate or inhibit transcription
· These proteins are called transcription factors
Alternate Splicing of RNA
· Most eukaryotic genes possess introns, noncoding regions that interrupt the sequence that specifies the amino acids of a polypeptide
· Each intron must be removed from the RNA transcript of a gene in order for the coding sequences to be properly expressed
· Process involves the precise joining of the coding sequences, exons, into a messenger RNA
· Formation of the mRNA is mediated by tiny nuclear organelles called spliceosomes
· Genes with multiple introns can either be removed separately or in combination, depending on how the splicing machinery interacts with the RNA
· If two successive introns are removed together, the exon between them will also be removed
· This means the splicing machinery has the opportunity to modify the coding sequence of the RNA
· Instead of duplicating genes or pieces of genes, alternate splicing of transcripts makes it possible for a single gene to encode different polypeptides 
· An example of alternate splicing occurs during the expression of genes involved in sex determination in Drosophila 
· Master regulator of the sex-determination process is the X-linked sex lethal (Sxl) gene
· In chromosomal (XX) females, the transcript of this gene is spliced to produce an mRNA that encodes a regulatory protein
· In chromosomal (XY) males, the Sxl transcript is alternately spliced to include an exon with a stop codon
· This stop codon generates a short polypeptide when this RNA is translated, and does not have regulatory function
· In XX embryos, where the regulatory Sxl protein is present, a particular set of genes is expressed that cause these embryos to develop as females
· In XY embryos, where the regulatory Sxl protein is absent, a different set of genes is expressed that causes these embryos to develop as males
· Female-specific or male specific splicing is ultimately controlled by the ratio of X chromosomes to autosomes
· If the X:A ratio is 1.0, the female specific pattern of splicing occur; if the X:A ratio is 0.5, the male specific pattern occurs
Cytoplasmic Control of Messenger RNA Stability
· mRNAs are exported from the nucleus to the cytoplasm where they serve as templates for polypeptide synthesis
· In the cytoplasm, a particular mRNA can be translated by several ribosomes that move along it sequentially 
· This continues until the mRNA is degraded; mRNA degradation is a control point in the overall process of gene expression
· Long-live mRNAs can support multiple rounds of polypeptide synthesis, whereas short-live mRNAs cannot 
· An mRNA that is rapidly degraded must be replenished by additional transcription, otherwise the polypeptide it encodes will cease to be synthesized 
· mRNA longevity can be influenced by the poly(A) tail, which seems to stabilize the molecule
· The sequence of the 3’ untranslated region (3’ UTR) preceding the poly(A) tail also appears to affect mRNA stability 
· Many short lived mRNas have the sequence AUUUA repeated several times in their 3’ untranslated regions, so the sequence appears to have an unstabilizing effect
· Chemical factors, such as hormones, may also affect mRNA stability 
· Stability of mRNAs and translation into polypeptides is regulated by small, noncoding RNA molecules called interfering RNAs (siRNAs) or microRNAs (miRNAs)
· These regulatory RNA molecules are between 21 and 28 nucleotides long and are produced from larger, double-stranded RNAs
· They base pair with sequences in specific mRNAs; once paired, their either cause the mRNA to be cleaved and degraded or they prevent its translation into a polypeptide
Induction of Transcriptional Activity by Environmental and Biological Factors
· Eukaryotic gene expression can be induced by environmental factors such as heat and light, and by signaling molecules such as hormones and growth factors 
Temperature and Heat-Shock Genes
· When subjected to the stress of high temperatures, response is the synthesis of a group of proteins that help to stabilize the internal cellular environment
· Heat-shock proteins are among the most conserved polypeptides
· Their expression is regulated at the transcriptional level; heat stress specifically induces the transcription of the genes encoding these proteins
· An example is in Drosophila, where the heat shocked protein HSP70 is encoded by a family of genes located in two nearby clusters on one of the autosomes
· There are five to six copes of these HSP70 genes in the two clusters
· When the temperature exceeds a certain value, each of the genes is transcribed into RNA 
· These RNA are the processed and translated to produce HSP70 polypeptides 
· Heat induced transcription of the HSP70 gene is mediated by a polypeptide called the heat-shock transcription factor, HSTF, present in the nuclei of cells
· When heat stressed, the HSTF is chemically altered by phosphorylation
· This binds it specifically to nucleotide sequences upstream of the HSP70 genes and makes them more accessible to RNA polymerase II
· The sequence the phosphorylated HSTF binds to is the heat-shock response elements (HSEe); binding vigorously stimulates transcription of the hsp70 genes
Light: The Ribulose 1,5-Bisphosphate Carboxylase Genes in Plants
· 1,5-bisphosphate carboxylase (RBC) is one of the most abundant proteins and is an enzyme that plays a critical role in photosynthesis
· It incorporates carbon dioxide into molecules of sugar, which are then metabolized to provide energy for cells
· This process is dependent on the ability of plants to absorb light energy, and without light, the process is halted
· Production of RBC is specifically induced when plants are exposed to light
· RBC consists of large and small subunits, each encoded by different genes 
· Genes encoding these subunits are either both located on the DNA of the chloroplasts or the small is on the nuclear DNA and the large is on the DNA of the chloroplasts 
Signal Molecules: Genes that Respond to Hormones
· A cell can signal another by secreting a hormone
· Hormones circulate through the body, make contact with their target cells, and then initiate a series of events that regulate the expression of particular genes
· First class of hormones, steroid hormones, are small, lipid-soluble molecules derived from cholesterol
· Due to their lipid nature, they have no trouble passing through cell membranes
· Once the hormones have entered a cell, they interact with cytoplasmic or nuclear proteins called hormone receptors
· The receptor/hormone complex that is formed then interacts with the DNA where it acts as a transcription factor to regulate the expression of certain genes
· Second class of hormones, peptide hormones, are linear chains of amino acids
· Peptide hormones are too large to pass through cell membranes, so their signals are transmitted to the interior of cells by membrane-bound receptor proteins
· Interaction of a peptide hormone with its receptor causes a conformational change in the receptor that leads to changes in our proteins in the cell
· Through such events, the hormonal signal is transmitted through the cytoplasm of the cell and into the nucleus, where it regulates the expression of specific genes
· Process of transmitting the hormonal signal through the cell and into the nucleus is called signal transduction
· Hormone-induced gene expression is mediated by specific DNA sequences called hormone response elements (HREs)
· They are situated near the genes they regulate and bind to specific proteins which then acts as transcription factors
· With steroid hormones, the HREs are bound by the hormone/receptor complex, which then stimulates transcription
· The vigor of this response depends on the number of HREs present
· When there are multiple response elements, hormone/receptor complexes bind cooperatively, significantly increasing the rate of transcription 
· A gene with two response elements is transcribed more than twice as quickly as a gene with only one
· With peptide hormones, the receptor usually remains in the cells membrane, even after it has formed a complex with the hormone
· The hormonal signal is conveyed to the nucleus by other proteins, some of which bind to sequences near the genes that are regulated by the hormone
· These sequences then act as transcription factors to control the expression of genes
· Regulation of gene expression by steroid hormones
1. Steroid hormone enters its target cell and combines with a receptor protein
2. Hormone/receptor complex binds to a hormone response element in the DNA
3. Bound complex stimulates transcription
4. Transcript is process and transported to the cytoplasm
5. mRNA is translated into proteins
· Regulation of gene expression by peptide hormones
1. Hormone binds to a receptor protein in the membrane of its target cell
2. Hormone/receptor complex activates a cytoplasmic protein
3. The activated cytoplasmic protein transduces a signal to the nucleus
4. Signal induces a transcription factor to bind to DNA
5. Bound transcription factor stimulates transcription
6. Transcript is processed and transported to the cytoplasm
7. mRNA is translated into proteins 
Molecular Control of Transcription in Eukaryotes
· Transcription of eukaryotic genes is regulated by interactions between proteins and DNA sequences within or near the genes 
· Transcription is often the primary event in gene expression; it is thus the most fundamental level at which gene expression can be controlled 
DNA Sequences Involved in the Control of Transcription
· Transcription is initiated in the promoter of a gene, the region recognized by RNA polymerase
· Accurate initiation of transcription from gene promoters requires several accessory proteins, or basal transcription factors
· Each of these proteins binds to a sequence within the promoter to facilitate the proper alignment of the RNA polymerase on the template strand of the DNA
· Transcription is also controlled by special transcription factors such as those involve in the regulation of heat, light, and hormone-inducible genes
· These factors bind to response elements (sequences) called enhancers, located in the vicinity of a gene
· Special transcription factors that bind to these enhances may interact with the basal transcription factors and the RNA polymerase, which binds the promoter of a gene
· Interactions that occur among the special transcription factors, basal transcription factors and the RNA polymerase regulate the transcriptional activity of a gene
· Enhancers exhibit general properties
1. Act over relatively large distances – up to several thousand base pairs form their regulated genes
2. Their influence on gene expression is independent of orientation – they function equally well in both inverted and normal orientations within the DNA
3. Their effects are independent of position  - they can be located up or downstream, or within an intron of a gene 
· Such characteristics distinguish enhancers from promoters, which are usually located immediately upstream from the gene and function in one orientation
· Enhancers can be relatively large and sometimes contain repeated sequences that have partial regulatory activity by themselves 
· Most function in a tissue-specific manner
· Stimulate transcription in only certain tissues
· In other tissues, they are ignored
· Example of enhancers tissue-specific mannerisms is in the yellow gene in Drosophila
· This gene is responsible for pigmentation in many parts of the body (wings, legs, thorax, and abdomen)
· Wild-type flies show a dark brown-black pigment in these structures
· Mutants show a mosaic pattern of pigmentation, brown-black in some tissues while yellow-brown in others
· Mosaic patterns due to mutations that alter the transcription of the yellow gene in some tissues but not others 
· The yellow gene is regulated by several enhancers, some of which are located in an intron and each activates transcription in a different tissue
· The battery of enhancers associated with the yellow gene allows its expression to be controlled in a tissue-specific manner 
· Proteins that bind to enhancers influence the activity of proteins that bind to promoters, including the basal transcription factors and RNA polymerase
· The two types of proteins are brought into physical contact by a multimeric complex consisting of at least 20 different proteins
· This mediator complex bends the DNA in away that the proteins bound to an enhancer are put side-by-side to those bound at the promoter 
· Proteins bound to the enhancer then exert control over transcription, which is initiated at the promoter 
Proteins Involved in the Control of Transcription: Transcription Factors
· There are many proteins that stimulate transcription and most have at least two important chemical domains
1. DNA-binding domain
2. Transcriptional activation domain 
· Domains may occupy separate parts of the molecule or they may overlap
· Example is the GAL4 transcription factor from yeast
· DNA binding domain is situated near the amino terminus of the polypeptide
· Two transcriptional activation domains are present in this polypeptide; one in the middle and one near the carboxy terminus
· In steroid hormone receptor proteins, DNA-binding domain is centrally located and overlaps a transcription activation domain that extends towards the amino terminus
· Steroid hormone receptors have a third domain that specifically binds the steroid hormone 
· Transcriptional activation involves physical interactions between proteins 
· A transcription factor that has bound to an enhancer may make contact with proteins at other enhancers, or interact with proteins bound in the promoter region
· Though contact interactions, the transcription activation domain of the factor may induce conformational changes in the assembled proteins
· This precedes RNA polymerase initiating transcription
· Transcription factors have characteristic structural motifs that result from associations between amino acids with their polypeptide chains 
· One motif is the zinc finger
· A short polypeptide loop that forms when two cysteines in one part of the polypeptide and two histidines in a nearby part jointly bind a zinc ion
· The peptide segment between the two pairs of amino acids juts out from the main body of the protein like a finger
· These fingers play an important role in DNA binding
· Second motif is helix-turn-helix
· A stretch of three short helices of amino acids separated from each other by turns 
· Helical segments closest to the carboxy terminus is required for DNA binding
· The other helices are involved in the formation of protein dimers
· In many transcription factors, this motif coincides with a highly conserved region of 60 amino acids called the homeodomain
· Homeodomain proteins stimulate the transcription of certain genes in a spatially and temporary manner during development
· Also play important roles as transcription factors
· Third structural motif in transcription factors is the leucine zipper 
· A stretch of amino acids with a leucine at every seventh position
· Polypeptides with this motif can form dimers by interactions between the leucines in each of their zipper regions
· Often, the zipper sequence is adjacent to a positively charged stretch of amino acids 
· When two zippers interact, these charged regions splay out in opposite directions, forming a surface that can find to negative charged DNA
· Fourth structural motif is the helix-loop-helix
· A stretch of two helical regions of amino acids separated by a nonhelical loop
· Helical regions permit dimerization between two polypeptides 
· Sometimes this motif is adjacent to a stretch of basic amino acids, so once dimerization occurs, these amino acids can bind to negatively charged DNA
· Proteins with this feature are denoted basic HLH or bHLH proteins
· Transcription factors with dimerization motifs could combine with polypeptides like themselves to form homodimers or with others to form heterodimers
Posttranscriptional Regulation of Gene Expression by RNA Interference
· Short noncoding RNAs may regulate the expression of eukaryotic genes by interacting with the mRNAs produced by these genes 
· Posttranscriptional mechanisms play important roles in regulation gene expression, including some involving short noncoding RNAs
· By base pairing with target sequences in mRNA molecules, these small RNAs interfere with gene expression 
· This type of posttranscriptional gene regulation is called RNA interference (RNAi)
RNAi Pathways
· RNA interference involves small RNA molecules called short interfering RNAs (siRNAs) or microRNAs (miRNAs) and are 21-28 base pairs in length
· Produced from larger, double-stranded RNA molecules by enzymatic actions of proteins that are double-stranded RNA-specific endonucleases 
· These endonucleases “dice” large RNA into small pieces, so they are called dicer enzymes 
· siRNAs and miRNAs produced by dicer activity are base paired throughout their lengths except at their 3’ ends where two nucleotides are unpaired 
· In the cytoplasm, siRNAs and miRNAs become incorporated into ribonucleoprotein particles
· The double stranded siRNA or miRNA in these particles is unwound and one of its strands is preferentially eliminated 
· Surviving single strand of RNA then interacts with specific mRNA molecules
· Interaction is mediated by base pairing between the single strand of RNA in the RNA-protein and a complementary sequence in the mRNA molecule
· This interaction prevents the expression of the gene that produced the mRNA so the RNA-protein particle is called an RNA-induced silencing complex (RISC)
· When the base pairing between the RNA within the RISC and the target sequence in the mRNA is near perfect, the RISC cleaves the target mRNA in the middle of the base-pair region 
· The cleaved mRNA is then degraded
· After cleavage, the RISC may associate with another molecule of mRNA and induce its cleavage
· RISCs may be used repeatedly without losing its ability to target and cleave mRNA, behaving as a catalyst
· RISC-associated RNAs that result in mRNA cleavage are called short interfering RNAs (siRNAs) 
· If the RNA within the RISC pairs imperfectly with its target sequence, the mRNA is not usually cleaved and translation of the mRNA is inhibited
· RISC-associated RNAs that have this effect are called microRNAs (miRNAs)
· In animals, the sequences targeted by these RISCs are found in the 3’ untranslated regions of mRNAs and are often present several times 
· In plants, the sequences targeted by RISCs are located in the coding region of the mRNA or within the mRNAs 5’ untranslated region 
· There are 6.5 events involved in RNA interference pathways
1. A large double-stranded RNA molecule is diced into small, double stranded interfering RNAs 21-28 base pairs long
2. The small interfering RNAs and proteins assemble into ribonucleoproteins particles
3. The small interfering RNA in a ribonucleoproteins particle is unwound to produce an RNA-induced silencing complex (RISC)
4. The RISC targets a sequence in a messenger RNA that is complementary to the interfering RNA
5. The RISCs interfering RNA base pairs with its target in the messenger RNA
6. (A) If perfectly base paired, the mRNA is cleaved and the mRNA is degraded
(B) If imperfectly base paired, translation of the mRNA is arrested and polypeptide synthesis from the mRNA is repressed
Sources of Short Interfering RNAs and MicroRNAs
· Some of the small RNA molecules that induce RNAi are derived from the transcripts of microRNA genes
· These genes are usually denoted by the symbol mir
· Each contains a short stretch of nucleotides repeated in opposite orientations around a short intervening segment of DNA
· When transcribed, this inverted repeat structure generates an RNA that can fold back on itself to form a short double-stranded stem at the base of a single-stranded loop
· An enzyme recognizes this stem loop region and excises it from the primary transcript of the mir gene
· The liberated stem loop is then exported to the cytoplasm where it is cleaved by the dicer to form an miRNA
· After maturing in a RISC, the miRNA – now single-stranded – can target a sequence in the mRNA produced by another gene
· Example is the base pairing between the miRNA from the C. elegans mir gene lin-4 and one of this miRNAs targets in the 3’ untranslated region of the mRNA from a protein-coding gene, lin-14
· Though this base pairing, the lin-4 miRNA represses the translation of the lin-14 mRNA
· Some of the RNAs that induce RNAi are derived from the transcription of transposons and transgenes, as well as from RNA viruses
Gene Expression and Chromosome Organization
· The primary event in gene expression is transcription of DNA into RNA
· DNA must be accessible to RNA polymerase and an assortment of other proteins that help to initiate transcription
· In the DNA is tightly bound by histones or other “packing proteins”, it may be too condensed to allow transcription
· Chromosomal position may also affect the transcription of genes because genes that have been transposed to different sites often show altered expression
· Alterations may be caused by enhancers at the new chromosomal site or by chromosomal structure 
· Gene expression is influenced by chromosome organization 
Chromatin Remodeling
· Chromatin remodeling is the alteration of nucleosomes in preparation for transcription
· Transcribed DNA is more accessible to nuclease attack than non-transcribed DNA
· Transcribed DNA is packed into nucleosomes, which are altered by multi-protein complexes that facilitate the action of the RNA polymerase
· There are two general types of chromatin-remodeling complexes
· One type is composed of enzymes that transfer acetyl groups to the amino acid of the lysine at specific positions in the histones of nucleosomes 
· As a class, these enzymes are called histone acetyl transferases (HATs)
· Acetylation of histones is correlated with increased gene expression 
· Due to the addition of the acetyl groups, which loosens the association between the DNA and the histone octamers in the nucleosomes 
· Another type of chromatin-remodeling complex disrupts nucleosome structure in the vicinity of a genes promoter
· The SWI/SNF complex in yeast is named for two mutations (switching-inhibited and sucrose nonfermenter)
· Complex consists of at least eight proteins 
· Regulates transcription by sliding histone octamers along the associated DNA in nucleosomes
· Can also transfer these octamers to other locations on a DNA molecule
· Nucleosome shifting gives transcription factors access to the DNA, which is what stimulates a gene’s expression
· An example is chromatin remodeling induced by GR (a transcription factor)
1. GR binds to the enhancer GRE (glucocorticoid response element)
2. GR recruits a HAT to the DNA, which acetylates the histones of nucleosomes
3. SWI/SNF complex binds to acetylated histones
4. SWI/SNF complex remodels the chromatin, and expose the DNA for basal transcription factors to bind
5. Basal transcription factors form transcription initiation complex with RNA polymerase II on the promoter
Euchromatin and Heterochromatin
· Variation in the density of chromatin within the nuclei of cells leads to differential staining of sections of chromosomes
· The deeply staining material is heterochromatin and the lightly staining is euchromatin 
· Vast majority of eukaryotic genes are located in the euchromatin
· When euchromatin genes are artificially transposed to a heterochromatin environment, they tend to function abnormally 
· Impaired ability to function and create a mix of normal and mutant characteristics in a single individual, a condition called position-effect variegation 
· Variability in the phenotype is caused by changing the position of the euchromatic gene, specifically by relocating it to the heterochromatin 
· Heterochromatin represses gene function because it is condensed into a form that is not accessible to the transcriptional machinery 
· Heterochromatin is not always associated with complete genetic activity
· When a heterochromatic gene is moved into a euchromatic environment by chromosome rearrangement, its expression tends to variegate 
· Heterochromatin has the ability to repress euchromatic genes that have been placed near it by a chromosome rearrangement
Gene Silencing
· There are other aspects of chromatin organization, some possibly related to heterochromatin, that control gene activity
· Transcription factors act together with particular enhancer and promoter sequences to turn genes on in a spatially and temporally specific manner 
· At a particular time in a given eukaryotic cell, most genes are not being transcribed
· Thus, genes are transcriptionally silent
· RNA interference can impact gene expression by causing the degradation of mRNAs or by arresting the translation of these molecules
· RNAi provides a mechanism for posttranscriptional gene silencing
· Transgenes and transposons, especially those located in the heterochromatic regions of a genome, may be silenced through the influence of siRNAs 
· RNAi pathways appear to be involved in the formation of heterochromatin around the centromeres of chromosomes
DNA Methylation and Imprinting
· Chemical modification of nucleotides is important in regulation of genes 
· Typical mammalian genome has approx. 40% G:C base pairs
· Approx. 2-7% of these are modified by the addition of a methyl group to the cytosine
· Most methylated cytosines are found in base-pair doublets with the structure 5’ mCpG 3’ 3’ GpCm 5’
· mC denotes methylcytosine 
· p between C and G denotes the phosphodiester bond between adjacent nucleotides in each DNA strand
· Structure is abbreviated by giving the composition of one strand, mCpG
· Methylated CpG dinucleotides can be detected by digesting DNA with restriction enzymes that are sensitive to chemical modifications of their recognition sites
· Methylated and unmethylated DNAs give different patterns of restriction fragments when they are digested with a restriction enzyme
· Distribution of CpG dinucleotides is uneven, with many short segments of DNA having a much higher density of CpG dinucleotides than other genomic regions
· CpG-rich segments, usually 1-2 kb long, are called CpG islands and most are situated near transcription start sites
· Cytosines in these islands are not methylated and this state is conducive to transcription
· Where methylated DNA is found it is associated with transcriptional repression
· In female mammals, the inactive X chromosome is extensively methylated
· Regions of the mammalian genome that contain repetitive sequences, including those rich in transposable elements, are also methylated
· This is a way of protecting the organism against the deleterious effects of transposon expression and movement 
· DNA methylation is responsible for cases where gene expression is controlled by its parental origin
· When expression of a gene is conditioned by its parental origin, the gene has been imprinted 
· The mark that conditions the expression of a gene is methylation of one or more CpG dinucleotides in the genes vicinity 
· These methylated dinucleotides are initially formed in the parental germ line 
· An example is the Igf 2 gene in mice, which encodes and insulin-like growth factor which is expressed when inherited from the father but not the mother
· The Igf 2 gene is methylated in the female germ line but not the male germ line
· At fertilization, a methylated, maternally contributed Igf 2 gene is combined with an unmethylated, paternally contributed Igf 2 gene
· During embryogenesis, the methylated and unmethylated states are preserved each time the genes replicate 
· A methylated gene is silent, so only the paternally Igf 2 gene is expressed 
· A methylated gene that was inherited from one sex can be unmethylated when it passes through an offspring of the opposite sex
· Methylation imprints are resent each generation, depending on the sex of the offspring
· This is seen in the example of the Igf 2 gene in mice
1. Alleles of the Igf 2 gene are imprinted in the paternal germ lines – methylated in the female germ line and not methylated in the male germ line
2. Imprinted alleles of the Igf 2 gene from each parent are combined in the zygote at fertilization
3. During development of the somatic tissues, the maternally contributed allele remains methylated while the paternally contributed allele remains unmethylated
In some somatic cells, only the unmethylated, paternally contributed allele is expressed
The methylated, maternally contributed allele is silent
4. During development of the germ line, the methylation imprint is erased
5. Methylation is re-established during oogenesis but not during spermatogenesis so if the mouse is female, all Igf 2 genes with be methylated, even if they are copies of the unmethylated Igf 2 allele inherited from the father
If the mouse is male, none of the Igf 2 genes will be methylated even if they are copies of the methylated Igf 2 allele inherited from the mother
· Sex-specific factors control the methylation machinery because some genes are methylated in one sex but not the other
Activation and Inactivation of Whole Chromosomes
· Mammals, flies and worms have distinct ways of compensating for different dosages of X chromosomes in males and females
· Organisms with an XX/XY or XX/XO sex-determination system must equalize the activity of the X-linked genes in the two sexes
· In mammals, one of the two X chromosomes is randomly inactivated
· Each female thus has the same number of transcriptionally active X-linked genes as a male
· In Drosophila, both the X chromosomes in females are active and to compensate, genes on the single X chromosome in males are transcribed more vigorously 
· This is done to bring their output in line with that of genes on the two X chromosomes in females
· In the nematode Caenorhabiditis elegans, XX individuals are hermaphordites and XO individuals are males
· X-linked transcriptional activity is equalized in these two genotypes by partial repression of the genes on both of the X chromosomes 
· In mammals, one of the X chromosomes in females is inactivated; in Drosophila, the single X chromosome in males is hyperactivated and in C. elegans, both of the X chromosomes in hermaphrodites are hypoactivated 
· These are the three different mechanisms of dosage compensation; inactivation, hyperactivation and hypoactivation
· The three different mechanisms of dosage compensation all have different genes that are coordinately regulated because they are on the same chromosome
· This chromosome-wide regulation is superimposed on all other regulatory mechanisms involved in the spatial and temporal gene expression
· Occurs due to a factor(s) binding specifically to the X chromosome which alters its transcriptional activities 
Inactivation of X Chromosomes in Mammals
· X chromosome inactivation begins at a particular site called the X inactivation center (XIC) and then spreads in opposite directions toward the ends of the chromosome
· Not all genes on an inactivated X chromosome are transcriptionally silent
· One that remains active is called XIST (X inactive specific transcript)
· This gene is located within the XIC
· The XIST gene encodes a 17-kb transcript devoid of any significant open reading frames, which makes it seem unlikely that the XIST gene codes for a protein
· RNA itself is the functional product of the XIST gene
· Though polyadenylated, this RNA is restricted to the nucleus and is specifically localized to inactivated X chromosomes
· It does not appear to be associated with active X chromosomes in either males or females 
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· Construction of a gene that will produce hGH (or human insulin) in E. coli, is accomplished by combining the coding sequence of the human growth hormone (or human insulin gene) with regulatory sequences that will ensure its expression in E. coli
· Once the gene is pieced together in the test tube, it is introduced into the living bacteria so it can be expressed
· Recombinant DNA approaches begin with the cloning of specific genes
· Involves its isolation and then insertion into a small self-replication genetic element, such as a plasmid or viral chromosome
· It is then amplified during the replication of the plasmid or viral chromosome in an appropriate host cell (usually E. coli)
· The small, self-replication genetic elements used to close genes are called cloning vectors 
· Sometimes the function of a gene can be deduced based on its similarity to other genes whose functions are known
· Given the nucleotide sequence of a gene and knowledge of its genetic code, the amino acid sequence of the polypeptide encoded by the gene can be predicted
Basic Techniques Used to Identify, Amplify, and Clone Genes
· Recombinant DNA, gene cloning and DNA amplification techniques allow scientists to isolate and characterize essentially any DNA sequence from any organism 
· The haploid genome of a mammal contains approx. 3x109 nucleotide pairs
· If the combined exons of the average gene are 3000 nucleotide pairs long, the coding region will represent one of a million such sequences in the genome
· Most techniques used in the analysis of genes and other DNA sequences require that the sequence be available in significant quantities in basically pure form
· Recombinant DNA and gene-cloning provides methods by which genes or other segments of large chromosomes can be isolated, replicated and studied
· Able to study by nucleic acid sequencing techniques, electron microscopy, and other analytical techniques
· DNA sequences can be amplified by two approaches, one with amplification of the sequence occurring in vivo, and the other in vitro
· In vivo means that the process is occurring within the living organism
· In vitro means that the process is occurring in a test tube, petri dish, or an environment other than within the living organism
· In vitro can only be used when short nucleotide sequences on either side of the DNA sequence of interest are known
· In in vivo, a minichromosome carrying the gene of interest is produced in a test tube and is then introduced into an appropriate host cell and involves two essential steps
1. Incorporation of the gene of interest into a small self-replication chromosome (in vitro)
2. Amplification of the recombinant minichromosome by its replication in an appropriate host cell (in vivo)
· Step 1 involves the joining of two or more different DNA molecules in vitro to produce recombinant DNA molecules
· Step 2 is the gene cloning event in which the recombinant DNA molecule is replicated (cloned) to produce many identical copies for further analysis
· The recombinant minichromosome is introduced into the E. coli cells where it replicates to produce may copies of the recombinant DNA
· In the second approach, short DNA strands that are complementary to DNA sequences on either side of the gene or DNA sequence of interest are synthesized
· Then used to initiate its amplification in vitro by a special (heat-stable) DNA polymerase
· This procedure is called polymerase chain reaction (PCR) and is a gene amplification tool
· Amplified products can be analyzed and sequenced and inserted into cloning vectors and replication in vivo
· Amplification of a DNA sequence by PCR frequently eliminates the need to close the sequence by replication in vivo 
· PCR can only be used when nucleotide sequences flanking the gene or DNA sequence are known 
The Discovery of Restriction Endonucleases 
· Restriction endonucleases are a special kind of enzyme that give us the ability to clone and sequence essentially any gene or other DNA sequence of interest
· They make site-specific cuts and Type II restriction enzymes cleave DNA only at a specific nucleotide sequence called restriction sites 
· Type II restriction enzymes cleave DNA at these site regardless of the source of the DNA 
· Different restriction endonucleases recognize different nucleotide sequences in DNA 
· Restriction endonucleases are named using the first letter of the genus and the first two letters of the species 
· If an enzyme is produced only by a specific strain, a letter designating the strain is added to the name
· Biological function of restriction endonucleases is to protect the genetic material of bacteria from “invasion” by foreign DNAs (from another organism or viral)
· As a result, restriction endonucleases are sometimes referred to as the immune systems of prokaryotes
· Often protection of cleavage sites is accomplished by methylation of one or more nucleotides in each nucleotide sequence recognized
· In the EcoRI restriction-modification system, cleavage of the unmethylated EcoRI recognition sequence by EcoRI restriction endonuclease and protection of the recognition sequence from cleavage by methylation catalyzed by the EcoRI methylase
· Methylation occurs rapidly after replication catalyzed by site-specific methylases
· Each restriction endonuclease will cleave a foreign DNA into a fixed number of fragments
· Number of fragments depends on the number of restriction sites in the DNA 
· Restriction endonucleases commonly recognize DNA sequences that are palindromes
· Palindromes are nucleotide-pair sequences that read the same forward or backward from a central axis of symmetry
· Also make staggered cuts, meaning they cleave the two strands of a double helix at different points 
· Other restriction endonucleases cut both strands at the same place and produce blunt-ended fragments 
· Due to the palindromic nature of the restriction sites, the staggered cuts produce segments of DNA with complementary single-stranded ends
· Since all the resulting DNA fragments will have complementary single-stranded termini, they will hydrogen bond with each other 
· Can then be rejoined under the appropriate renaturation conditions using the enzyme DNA ligase to reform the missing phosphodiester linkages in each strand
· The fragments which the DNA is cut into by the restriction endonuclease are called restriction fragments
The Production of Recombinant DNA Molecules In Vitro
· Restriction endonucleases catalyze cleavage of specific sequence of nucleotide pairs regardless of the source as long as the DNA has the sequence it recognizes 
· This means fragments can be covalently fused regardless of their origin 
· [bookmark: _GoBack]
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