20.15 Enhancers contain the same elements that are found at promoters

Key Concepts

  Enhancers are made of the same short sequence elements that are found in promoters. 

  The density of sequence componens is greater in the enhancer than in the promoter.

A difference between the enhancer and a typical promoter is presented by the density of regulatory elements. 
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Figure 20.26
 summarizes the susceptibility of the SV40 enhancer to damage by mutation; and we see that a much greater proportion of its sites directly influences its function than is the case with the promoter analyzed in the same way in 
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Figure 20.23
. There is a corresponding increase in the density of protein-binding sites. Many of these sites are common elements in promoters; for example, AP1 and the octamer. 
The specificity of transcription may be controlled by either a promoter or an enhancer. A promoter may be specifically regulated, and a nearby enhancer used to increase the efficiency of initiation; or a promoter may lack specific regulation, but become active only when a nearby enhancer is specifically activated. An example is provided by immunoglobulin genes, which carry enhancers within the transcription unit. The immunoglobulin enhancers appear to be active only in the B lymphocytes in which the immunoglobulin genes are expressed. Such enhancers provide part of the regulatory network by which gene expression is controlled. 
A difference between enhancers and promoters may be that an enhancer shows greater cooperativity between the binding of factors. A complex that assembles at the enhancer that responds to IFN (interferon) 
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assembles cooperatively to form a functional structure called the enhanceosome. Binding of the nonhistone protein HMGI(Y) bends the DNA into a structure that then binds several activators (NF-
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B, IRF, ATF-Jun). In contrast with the "mix and match" construction of promoters, all of these components are required to create an active structure at the enhancer. These components do not themselves directly bind to RNA polymerase, but they create a surface that binds a coactivating complex. The coactivator binds RNA polymerase II and recruits it to the pre-initiation complex of basal transcription factors that is assembling at the promoter. We discuss the function of coactivators in more detail in 
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20.20 Activators interact with the basal apparatus
. 
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Figure 20.26 An enhancer contains several structural motifs. The histogram plots the effect of all mutations that reduce enhancer function to <75% of wild type. Binding sites for proteins are indicated below the histogram.  
20.16 Enhancers work by increasing the concentration of activators near the promoter

Key Concepts

  Enhancers usually work only in cis configuration with a target promoter. 

  Enhancers can be made to work in trans configuration by linking the DNA that contains the target promoter to the DNA that contains the enhancer vis a protein bridge or by catenating the two molecules. 

  The principle is that an enhancer works in any situation in which it is constrained to be in th same proximity as the promoter.

· How can an enhancer stimulate initiation at a promoter that can be located any distance away on either side of it? When enhancers were first discovered, several possibilities were considered for their action as elements distinctly different from promoters (for review see 
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): 
· An enhancer could change the overall structure of the template—for example, by influencing the density of supercoiling. 

· It could be responsible for locating the template at a particular place within the cell—for example, attaching it to the nuclear matrix. 

· An enhancer could provide an "entry site," a point at which RNA polymerase (or some other essential protein) initially associates with chromatin. 

Now we take the view that enhancer function involves the same sort of interaction with the basal apparatus as the interactions sponsored by upstream promoter elements. Enhancers are modular, like promoters. Some elements are found in both enhancers and promoters. Some individual elements found in promoters share with enhancers the ability to function at variable distance and in either orientation. So the distinction between enhancers and promoters is blurred: enhancers might be viewed as containing promoter elements that are grouped closely together, with the ability to function at increased distances from the startpoint (
 HYPERLINK "http://www.ergito.com/servlet/Redirect?http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=86220118" \t "PBWINDOW" 
666
). 
The essential role of the enhancer may be to increase the concentration of activator in the vicinity of the promoter (vicinity in this sense being a relative term). Two types of experiment illustrated in 
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Figure 20.27
 suggest that this is the case. 
A fragment of DNA that contains an enhancer at one end and a promoter at the other is not effectively transcribed, but the enhancer can stimulate transcription from the promoter when they are connected by a protein bridge. Since structural effects, such as changes in supercoiling, could not be transmitted across such a bridge, this suggests that the critical feature is bringing the enhancer and promoter into close proximity (
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). 
A bacterial enhancer provides a binding site for the regulator NtrC, which acts upon RNA polymerase using promoters recognized by 
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54. When the enhancer is placed upon a circle of DNA that is catenated (interlocked) with a circle that contains the promoter, initiation is almost as effective as when the enhancer and promoter are on the same circular molecule. But there is no initiation when the enhancer and promoter are on separated circles. Again this suggests that the critical feature is localization of the protein bound at the enhancer, to increase its chance of contacting a protein bound at the promoter. 
If proteins bound at an enhancer several kb distant from a promoter interact directly with proteins bound in the vicinity of the startpoint, the organization of DNA must be flexible enough to allow the enhancer and promoter to be closely located. This requires the intervening DNA to be extruded as a large "loop." Such loops have been directly observed in the case of the bacterial enhancer. 
There is an interesting exception to the rule that enhancers are cis-acting in natural situations. This is seen in the phenomenon of transvection. Pairing of somatic chromosomes allows an enhancer on one chromosome to activate a promoter on the partner chromosome. This reinforces the view that enhancers work by proximity. 
What limits the activity of an enhancer? Typically it works upon the nearest promoter. There are situations in which an enhancer is located between two promoters, but activates only one of them on the basis of specific protein-protein contacts between the complexes bound at the two elements. The action of an enhancer may be limited by an insulator—an element in DNA that prevents it from acting on promoters beyond (see 
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21.18 Insulators block enhancer actions
). 
The generality of enhancement is not yet clear. We do not know what proportion of cellular promoters require an enhancer to achieve their usual level of expression. Nor do we know how often an enhancer provides a target for regulation. Some enhancers are activated only in the tissues in which their genes function, but others could be active in all cells. 
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Figure 20.27 An enhancer may function by bringing proteins into the vicinity of the promoter. An enhancer does not act on a promoter at the opposite end of a long linear DNA, but becomes effective when the DNA is joined into a circle by a protein bridge. An enhancer and promoter on separate circular DNAs do not interact, but can interact when the two molecules are catenated.  
20.17 Several types of factors are required for efficient transcription

Key Concepts

  The basal apparatus determines the startpoint for transcription. 

  Activators determine the frequency of transcription. 

  Activators work by making protein-protein contacts with the basal factors. 

  Activators may work via coactivators. 

  Some components of the transcriptional apparatus work by changing chromatin structure.

The diversity of elements from which a functional promoter may be constructed, and the variation in their locations relative to the startpoint, argues that the activators have an ability to interact with one another by protein-protein interactions in multiple ways. There appear to be no constraints on the potential relationships between the elements. The modular nature of the promoter is illustrated by experiments in which equivalent regions of different promoters have been exchanged. Hybrid promoters, for example, between thymidine kinase and 
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-globin, work well. This suggests that the main purpose of the elements is to bring the activators they bind into the vicinity of the initiation complex, where protein-protein interactions determine the efficiency of the initiation reaction. 
This explains how initiation can be influenced by sites spread far beyond the distance that RNA polymerase can directly contact? Initiation involves a hierarchy of interactions, in which activators interact with basal factors, which in turn interact directly with RNA polymerase. This helps to explain the flexibility with which elements may be arranged, and the distance over which they can be dispersed, since it means we do not have to suppose that factors bound to all these elements must interact directly with RNA polymerase. Activators bound either within the promoter or in enhancers influence the initiation of transcription by contacting factors in the basal apparatus. These contacts may either be direct or may be mediated by other proteins (called coactivators). This does not involve contacts with RNA polymerase, which is a difference with the mechanism of activation in prokaryotic systems. 
· We can now extend the view that initiation of transcription requires interactions among proteins bound at the promoter or enhancer by dividing the factors required for transcription into several classes (for review see 
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). 
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Figure 20.28
 summarizes their properties: 
· Basal factors, together with RNA polymerase, bind at the startpoint and TATA box (see 20.9 The basal apparatus assembles at the promoter). 

· Activators bind to sites in the promoter or in enhancers (see 20.12 Short sequence elements bind activators). 

· Coactivators provide a connection between activators and the basal apparatus (see 20.20 Activators interact with the basal apparatus). 

· Some regulators act to make changes in chromatin (see 21.15 Histone acetylation and deacetylation control chromatin activity).
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Figure 20.28 Factors involved in gene expression include RNA polymerase and the basal apparatus, activators that bind directly to DNA at the promoter ot at enhancers, co-activators that bind to both activators and the basal apparatus, and regulators that act on chromatin structure.  
20.18 Independent domains bind DNA and activate transcription

Key Concepts

  DNA-binding activity and transcription-activation are carried by independent domains of an activator. 

  The role of the DNA-binding domain is to bring the transcription-activation domain into the vicinity of the promoter.

· Activators and other regulatory proteins require two types of ability:

· They recognize specific target sequences located in enhancers, promoters, or other regulatory elements that affect a particular target gene. 

· Having bound to DNA, an activator exercises its function by binding to other components of the transcription apparatus. 

Can we characterize domains in the activator that are responsible for these activities? Often an activator has separate domains that bind DNA and activate transcription. Each domain behaves as a separate module that functions independently when it is linked to a domain of the other type. The geometry of the overall transcription complex must allow the activating domain to contact the basal apparatus irrespective of the exact location and orientation of the DNA-binding domain. 
Upstream promoter elements may be an appreciable distance from the startpoint, and in many cases may be oriented in either direction. Enhancers may be even farther away and always show orientation independence. This organization has implications for both the DNA and proteins. The DNA may be looped or condensed in some way to allow the formation of the transcription complex. And the domains of the activator may be connected in a flexible way, as illustrated diagrammatically in 
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Figure 20.29
. The main point here is that the DNA-binding and activating domains are independent, and connected in a way that allows the activating domain to interact with the basal apparatus irrespective of the orientation and exact location of the DNA-binding domain. 
Binding to DNA naturally is prerequisite for activating transcription. But does activation depend on the particular DNA-binding domain?
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Figure 20.30
 illustrates an experiment to answer this question. The activator GAL4 has a DNA-binding domain that recognizes a UAS; an activating domain stimulates initiation at the target promoter. The bacterial repressor LexA has an N-terminal DNA-binding domain that recognizes a specific operator; binding of LexA at this operator represses the adjacent promoter. In a "swap" experiment, the DNA-binding domain of LaxA can be substituted for the DNA-binding domain of GAL4. The hybrid gene can then be introduced into yeast together with a target gene that contains either the UAS or a LexA operator. 
An authentic GAL4 protein can activate a target gene only if it has a UAS. The LexA repressor by itself of course lacks the ability to activate either sort of target. The LexA-GAL4 hybrid can no longer activate a gene with a UAS, but it can now activate a gene that has a LexA operator! 
This result fits the modular view of transcription activators. The DNA-binding domain serves to bring the protein into the right location. Precisely how or where it is bound to DNA is irrelevant, but, once it is there, the transcription-activating domain can play its role. According to this view, it does not matter whether the transcription-activating domain is brought to the vicinity of the promoter by recognition of a UAS via the DNA-binding domain of GAL4 or by recognition of a LexA operator via the LexA specificity module. The ability of the two types of module to function in hybrid proteins suggests that each domain of the protein folds independently into an active structure that is not influenced by the rest of the protein (for review see 
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232
). 
The idea that activator have independent domains that bind DNA and that activate transcription is reinforced by the ability of the tat protein of HIV to stimulate initiation without binding DNA at all. The tat protein binds to a region of secondary structure in the RNA product; the part of the RNA required for tat action is called the tar sequence. A model for the role of the tat-tar interaction in stimulating transcription is shown in 
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Figure 20.31
. 
The tar sequence is located just downstream of the startpoint, so that when tat binds to tar, it is brought into the vicinity of the initiation complex. This is sufficient to ensure that its activation domain is in close enough proximity to the initiation complex. The activation domain interacts with one or more of the transcription factors bound at the complex in the same way as an activator. (Of course, the first transcript must be made in the absence of tat in order to provide the binding site.) 
An extreme demonstration of the independence of the localizing and activating domains is indicated by some constructs in which tat was engineered so that the activating domain was connected to a DNA-binding domain instead of to the usual tar-binding sequence. When an appropriate target site is placed into the promoter, the tat activating-domain could activate transcription. This suggests that we should think of the DNA-binding (or in this case the RNA-binding) domain as providing a "tethering" function, whose main purpose is to ensure that the activating domain is in the vicinity of the initiation complex. 
The notion of tethering is a more specific example of the general idea that initiation requires a high concentration of transcription factors in the vicinity of the promoter. This may be achieved when activators bind to enhancers in the general vicinity, when activators bind to upstream promoter components, or in an extreme case by tethering to the RNA product. The common requirement of all these situations is flexibility in the exact three dimensional arrangement of DNA and proteins. The principle of independent domains is common in transcriptional activators. 
We might view the function of the DNA-binding domain as bringing the activating domain into the vicinity of the startpoint. This explains why the exact locations of DNA-binding sites can vary within the promoter. 
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Figure 20.29 DNA-binding and activating functions in a transcription factor may comprise independent domains of the protein.  
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Figure 20.30 The ability of GAL4 to activate transcription is independent of its specificity for binding DNA. When the GAL4 DNA-binding domain is replaced by the LexA DNA-binding domain, the hybrid protein can activate transcription when a LexA operator is placed near a promoter.  
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Figure 20.31 The activating domain of the tat protein of HIV can stimulate initiation if it is tethered in the vicinity by binding to the RNA product of a previous round of transcription. Activation is independent of the means  
20.19 The two hybrid assay detects protein-protein interactions

Key Concepts

  The two hybrid assay works by requiring an interaction between two proteins where one has a DNA-binding domain and the other has a transcription-activation domain.

The model of domain independence is the basis for an extremely useful assay for detecting protein interactions. In effect, we replace the connecting domain in 
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Figure 20.29
 with a protein-protein interaction. The principle is illustrated in 
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Figure 20.32
. We fuse one of the proteins to be tested to a DNA-binding domain. We fuse the other protein to a transcription-activating domain. (This is done by linking the appropriate coding sequences in each case and making synthetic proteins by expressing each hybrid gene.) If the two proteins that are being tested can interact with one another, the two hybrid proteins will interact. This is reflected in the name of the technique: the two hybrid assay (
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952
). The protein with the DNA-domain binds to a reporter gene that has a simple promoter containing its target site. But it cannot activate the gene by itself. Activation occurs only if the second hybrid binds to the first hybrid to bring the activation domain to the promoter. Any reporter gene can be used where the product is readily assayed, and this technique has given rise to several automated procedures for rapidly testing protein-protein interactions. 
The effectiveness of the technique dramatically illustrates the modular nature of proteins. Even when fused to another protein, the DNA-binding domain can bind to DNA and the transcription-activating domain can activate transcription. Correspondingly, the interaction ability of the two proteins being tested is not inhibited by the attachment of the DNA-binding or transcription-activating domains. (Of course, there are some exceptions where these simple rules do not apply and interference between the domains of the hybrid protein prevents the technique from working.) 
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Figure 20.32 The two hybrid technique tests the ability of two proteins to interact by incorporating them into hybrid proteins where one has a DNA-binding domain and the other has a transcription-activating domain.  
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Figure 20.32 The two hybrid technique tests the ability of two proteins to interact by incorporating them into hybrid proteins where one has a DNA-binding domain and the other has a transcription-activating domain.  
20.20 Activators interact with the basal apparatus

Key Concepts

  The principle that governs the function of all activators is that a DNA-binding domain determines specificity for the target promoter or enhancer. 

  The DNA-binding domain is responsible for localizing a transcription-activating domain in the proximity of the basal apparatus. 

  An activator that works directly has a DNA-binding domain and an activating domain. 

  An activator that does not have an activating domain may work by binding a coactivator that has an activating domain. 

  Several factors in the basal apparatus are targets. 

  RNA polymerase may be associated with various alternative sets of transcription factors in the form of a holoenzyme complex. 

An activator may work directly when it consists of a DNA-binding domain linked to a transcription-activating domain, as illustrated in 
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Figure 20.29
. In other cases, the activator does not itself have a transcription-activating domain, but binds another protein—a coactivator—that has the transcription-activating domain. 
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Figure 20.33
 shows the action of such an activator. We may regard the coactivator as transcription factors whose specificity is conferred by the ability to bind to DNA-binding transcription factors instead of directly to DNA. A particular activator may require a specific coactivator. 
But although the protein components are organized differently, the mechanism is the same. An activator that contacts the basal apparatus directly has an activation domain covalently connected to the DNA-binding domain. When an activator works through a coactivator, the connections involve noncovalent binding between protein subunits (compare 
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Figure 20.29
 and 
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Figure 20.33
). The same interactions are responsible for activation, irrespective of whether the various domains are present in the same protein subunit or divided into multiple protein subunits (
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). 
A transcription-activating domain works by making protein-protein contacts with general transcription factors that promote assembly of the basal apparatus (for review see 
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). Contact with the basal apparatus may be made with any one of several basal factors, typically TFIID, TFIIB, or TFIIA. All of these factors participate in a relatively early stage of assembly of the basal apparatus (see 
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Figure 20.34
 illustrates the situation when such a contact is made. It suggests that the major effect of activators is to influence the assembly of the basal apparatus, presumably by increasing a rate-limiting step (as opposed to acting after assembly of the basal apparatus to influence its activity) (
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). 
TFIID may be the most common target for activators, which may contact any one of several TAFs. In fact, a major role of the TAFs is to provide the connection from the basal apparatus to activators. This explains why TBP alone can support basal-level transcription, but the TAFs of TFIID are required for the higher levels of transcription that are stimulated by activators. Different TAFs in TFIID may provide surfaces that interact with different activators. Some activators interact only with individual TAFs; others interact with multiple TAFs. We assume that the interaction either assists binding of TFIID to the TATA box or assists the binding of other activators around the TFIID-TATA box complex. In either case, the interaction stabilizes the basal transcription complex; this speeds the process of initiation, and thereby increases use of the promoter. 
The activating domains of the yeast activators GAL4 and GCN4 have multiple negative charges, giving rise to their description as "acidic activators." Another particularly effective activator of this type is carried by the VP16 protein of the Herpes Simplex Virus. (VP16 does not itself have a DNA-binding domain, but interacts with the transcription apparatus via an intermediary protein.) Experiments to characterize acidic activator functions have often made use of the VP16 activating region linked to a DNA-binding motif (
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). 

Acidic activators function by enhancing the ability of TFIIB to join the basal initiation complex. Experiments in vitro show that binding of TFIIB to an initiation complex at an adenovirus promoter is stimulated by the presence of GAL4 or VP16 acid activators; and the VP16 activator can bind directly to TFIIB. Assembly of TFIIB into the complex at this promoter is therefore a rate-limiting step that is stimulated by the presence of an acidic activator. 
The resilience of an RNA polymerase II promoter to the rearrangement of elements, and its indifference even to the particular elements present, suggests that the events by which it is activated are relatively general in nature. Any activators whose activating region is brought within range of the basal initiation complex may be able to stimulate its formation. Some striking illustrations of such versatility have been accomplished by constructing promoters consisting of new combinations of elements. For example, when a yeast UASG element is inserted near the promoter of a higher eukaryotic gene, this gene can be activated by GAL4 in a mammalian cultured cell. Whatever means GAL4 uses to activate the promoter seems therefore to have been conserved between yeast and higher eukaryotes. The GAL4 protein must recognize some feature of the mammalian transcription apparatus that resembles its normal contacts in yeast. 
· How does an activator stimulate transcription? We can imagine two general types of model:

· The recruitment model argues that its sole effect is to increase the binding of RNA polymerase to the promoter. 

· An alternative model is to suppose that it induces some change in the transcriptional complex, for example, in the conformation of the enzyme, which increases its efficiency. 

A test of these models in one case in yeast showed that recruitment can account for activation. When the concentration of RNA polymerase was increased sufficiently, the activator failed to produce any increase in transcription, suggesting that its sole effect is to increase the effective concentration of RNA polymerase at the promoter. 
Adding up all the components required for efficient transcription—basal factors, RNA polymerase, activators, coactivators—we get a very large apparatus, consisting of >40 proteins. Is it feasible for this apparatus to assemble step by step at the promoter? Some activators, coactivators, and basal factors may assemble stepwise at the promoter, but then may be joined by a very large complex consisting of RNA polymerase preassembled with further activators and coactivators, as illustrated in in 
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Figure 20.35
 (for review see 
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). 
Several forms of RNA polymerase have been found in which the enzyme is associated with various transcription factors. The most prominent "holoenzyme complex" in yeast consists of RNA polymerase associated with a 20-subunit complex called mediator (
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). The mediator includes products of several genes in which mutations block transcription, including some SRB loci (so named because many of their genes were originally identified as suppressors of mutations in RNA polymerase B.) The name was suggested by its ability to mediate the effects of activators. Mediator is necessary for transcription of most yeast genes. Homologous complexes are required for the transcription of most higher eukaryotic genes. Mediator interacts with the CTD domain of RNA polymerase. It is probably released when a polymerase starts elongation. And in addition to these complexes, which consist of factors acting directly on transcription, there are complexes in which RNA polymerase and activators are associated with factors that act to manipulate the structure of chromatin (see 
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Figure 20.33 An activator may bind a coactivator that contacts the basal apparatus.  
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Figure 20.34 Activators may work at different stages of initiation, by contacting the TAFs of TFIID or contacting TFIIB.  
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Figure 20.35 RNA polymerase exists as a holoenzyme containing many activators.  
20.21 Some promoter-binding proteins are repressors

Key Concepts

  Repression is usually achieved by affecting chromatin structure, but there are repressors that act by binding to specific promoters.

Repression of transcription in eukaryotes is generally accomplished at the level of influencing chromatin structure; regulator proteins that function like trans-acting bacterial repressors to block transcription are relatively rare, but some examples are known. One case is the global repressor NC2/Dr1/DRAP1, a heterodimer that binds to TBP to prevent it from interacting with other components of the basal apparatus (
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). The importance of this interaction is suggested by the lethality of null mutations in the genes that code for the repressor in yeast. 
In a more specific case, the CAAT sequence is a target for regulation. Two copies of this element are found in the promoter of a gene for histone H2B (see 
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Figure 20.24
) that is expressed only during spermatogenesis in a sea urchin. CAAT-binding factors can be extracted from testis tissue and also from embryonic tissues, but only the former can bind to the CAAT box. In the embryonic tissues, another protein, called the CAAT-displacement protein (CDP), binds to the CAAT boxes, preventing the activator from recognizing them. 
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Figure 20.36
 illustrates the consequences for gene expression. In testis, the promoter is bound by transcription factors at the TATA box, CAAT boxes, and octamer sequences. In embryonic tissue, the exclusion of the CAAT-binding factor from the promoter prevents a transcription complex from being assembled. The analogy with the effect of a bacterial repressor in preventing RNA polymerase from initiating at the promoter is obvious. These results also make the point that the function of a protein in binding to a known promoter element cannot be assumed: it may be an activator, a repressor, or even irrelevant to gene transcription. 
Repressors also may block an activators from interacting with the basal apparatus. The repressor DR1/DRAP1 prevents TFIIB from joining the TFIID complex; it could block the function of TFIID by replacing a TAF. Repressors that work in this way have an active role in inhibiting basal apparatus function (compared with a bacterial repressor that directly blocks RNA polymerase binding or movement). 
Research

1741: 
Inostroza, J. A. , Mermelstein, F. H. , Ha, I. , Lane, W. S. , and Reinberg, D. (1992). Dr1, a TATA-binding protein-associated phosphoprotein and inhibitor of class II gene transcription. Cell 70, 477-489. 

1742: 
Goppelt, A. , Stelzer, G. , Lottspeich, F. , and Meisterernst, M. (1996). A mechanism for repression of class II gene transcription through specific binding of NC2 to TBP-promoter complexes via heterodimeric histone fold domains. EMBO J. 15, 3105-3116. 

1743: 
Kim, T. K. , Kim, T. K. , Zhao, Y. , Ge, H. , Bernstein, R. , and Roeder, R. G. (1995). TATA-binding protein residues implicated in a functional interplay between negative cofactor NC2 (Dr1) and general factors TFIIA and TFIIB. J. Biol. Chem. 270, 10976-10981. 

[image: image12.png]The CAAT box can be controlled by a repressor

Aotive
Transs iption cormple a sserriles n tesis
(not dll comporents ofb asa | apparatus are sho )

CAATCAAT  TATA  ISaMpD-
Octarner Octmer
ol CTF Octd
Inadive

CDR jrevents oter facors o birgng to
box and basal factors cannd bind

WAV AV AN AN AN AN AN/
CDP CDP




Figure 20.36 A transcription complex involves recognition of several elements in the sea urchin H2B promoter in testis. Binding of the CAAT displacement factor in embryo prevents the CAAT-binding factor from binding, so an active complex cannot form.  
20.22 Summary

Of the three eukaryotic RNA polymerases, RNA polymerase I transcribes rDNA and accounts for the majority of activity, RNA polymerase II transcribes structural genes for mRNA and has the greatest diversity of products, and RNA polymerase III transcribes small RNAs. The enzymes have similar structures, with two large subunits and many smaller subunits; there are some common subunits among the enzymes. 
None of the three RNA polymerases recognize their promoters directly. A unifying principle is that transcription factors have primary responsibility for recognizing the characteristic sequence elements of any particular promoter, and they serve in turn to bind the RNA polymerase and to position it correctly at the startpoint. At each type of promoter, the initiation complex is assembled by a series of reactions in which individual factors join (or leave) the complex. The factor TBP is required for initiation by all three RNA polymerases. In each case it provides one subunit of a transcription factor that binds in the vicinity of the startpoint. 
The TATA box (if there is one) near the startpoint, and the initiator region immediately at the startpoint, are responsible for selection of the exact startpoint at promoters for RNA polymerase II. TBP binds directly to the TATA box when there is one; in TATA-less promoters it is located near the startpoint by other means. After binding of TFIID, the general transcription factors for RNA polymerase II assemble the basal transcription apparatus at the promoter, and are mostly released when RNA polymerase begins elongation. 
RNA polymerase is found as part of much larger complexes that contain factors that interact with activators and repressors. A common point of contact for RNA polymerase with these proteins is its CTD, which is phosphorylated during the initiation reaction. TFIID and SRB proteins both may interact with the CTD. It may also provide a point of contact for proteins that modify the RNA transcript, including the 5
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capping enzyme. 
Promoters for RNA polymerase II contain a variety of short cis-acting elements, each of which is recognized by a trans-acting factor. The cis-acting elements are located upstream of the TATA box and may be present in either orientation and at a variety of distances with regard to the startpoint. The upstream elements are recognized by activators that interact with the basal transcription complex to determine the efficiency with which the promoter is used. Some activators interact directly with components of the basal apparatus; others interact via coactivators. The targets in the basal apparatus are the TAFs of TFIID, or TFIIB or TFIIA. The interaction stimulates assembly of the basal apparatus. 
Promoters may be stimulated by enhancers, sequences that can act at great distances and in either orientation on either side of a gene. Enhancers also consist of sets of elements, although they are more compactly organized. Some elements are found in both promoters and enhancers. Enhancers probably function by assembling a protein complex that interacts with the proteins bound at the promoter, requiring that DNA between is "looped out." 
