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Specific aims
A1. Determine the domains involved in Sum1p interaction with histone tails. 

A2. Explore chromatin mediated mechanisms of Sum1p silencing.

A3. Determine the role of Hst1 in the Sum1p mechanism of silencing.

Background and Significance
Chromosomes contain a wealth of genetic information and are packaged into a compacted structure known as chromatin, which is found as euchromatin and heterochromatin. Euchromatin is more loosely packed and is associated with actively transcribed regions of the chromosome. Heterochromatin is the compacted form of chromatin, which is inaccessible to transcription factors, and is associated with repressed DNA.  DNA is tightly wound around histone proteins, which arrange to form nucleosomes along the DNA and play an important role in gene repression by controlling access to the DNA. Modifications to the histone tails, such as acetylation of lysine residues, have been implicated in regulating the access to DNA.  

Gene repression is a question that interests many fields in the scientific community, and a fundamental question that is intriguing to understand mechanistically. There are two major groups of transcriptional repression, consisting of gene specific and gene independent repression.  In gene specific silencing, DNA binding proteins are usually involved in binding to conserved promoter regions of the regulated genes.   Other factors can then be recruited to the gene to assist in the repression.  Gene independent silencing is noticed on a more global area and is not limited to a single gene. Rather, it can spread across large areas of the chromosome and cover multiple genes, spreading heterochromatin.  Examples of these silencing mechanisms have been identified in the model organism Saccharomyces cerevisiae.  
Sir mediated silencing- a gene independent method of silencing
In S. cerevisiae, the mating type is determined by one of two genes expressed at the MAT locus; α or a.   An additional copy of each mating type cassette is located at the silent mating type loci.  HMR encodes a mating type, and HML encodes α.. These two silent mating type loci are constitutively silenced by the flanking cis-acting silencers E and I, causing a yeast cell to be haploid. When these regions become derepressed, a diploid state can be achieved.

Each silencer contains a binding site for the origin recognition complex (ORC), which works in conjunction with DNA binding proteins Rap1p and Abf1p to recruit the Sir proteins to the silencers.  Sir1p does not spread along the chromosome, but plays a vital role in stabilizing the Sir complex at the silencer.  Sir2p, Sir3p, and Sir4p are able to spread along the chromosome, and provide evidence for the sequential deacetylation model for the propagation of silenced chromatin (Figure 1).  Sir2p has deacetylase activity and is required for the spreading of the three Sir proteins. Sir2p deacetylates neighboring histone tails, providing a binding site for Sir3p and Sir4p to spread to the next nucleosome.  The binding of Sir3p and Sir4p then allows for recruitment of additional Sir2p.  Sir3p and Sir4p bind preferentially to the tails of histones H3 and H4 when deacetylated, which Sir2p performs.  The combined efforts of the Sir proteins produce a silenced state of chromatin that is restrictive to transcription, known as heterochromatin. Sir mediated silencing can be found at the mating type (MAT) loci, rRNA genes, and subtelomeric regions.  

Although Sir mediated silencing is currently the most thoroughly characterized method of silencing, it is not the only mechanism of silencing that S. cerevisiae has at its disposal.  The Sum1 complex also contributes to transcriptional repression through a different mechanism.   
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	Figure 1: The mechanism of Sir mediated silencing along a region of the chromosome.  Sir1 (green) is recruited when the ORC complex binds in conjunction with Rap1 and Abf1. The remaining Sir proteins are recruited, and are able to spread along the chromosome due to the continual deacetylation of neighboring histones. 


Sum1p  mediated silencing


The Sum1 complex consists of Sum1p, Hst1p, and Rmf1p.  Sum1p is a DNA binding protein that associates with a conserved sequence within the middle sporulation element (MSE), found in promoter regions for many middle sporulation genes (Pierce, Xie).  Rmf1 mediates the interaction between Sum1p and Hst1, a histone deacetylase (Vershon).  Co-IP studies show that Rmf1p associates with Hst1p, which in turn associates with Sum1p, forming the Sum1 complex (McCord). The binding of Sum1p to these conserved sequences results in repression of transcription.  Of the 160 genes that Sum1p silences, 59 of them have a requirement for Hst1p (McCord). 
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	Figure 2: A proposed mechanism form Sum1p mediated silencing. Rmf1 binds Hst1 and recruits it to Sum1p for silencing to occur.



Genes that are repressed by Sum1p are activated by Ndt80, a middle sporulation gene that competes with Sum1p for binding. The specific binding sequences identified for Sum1p and Ndt80 share a high degree of similarity and compete for binding during the transition from meiotic growth to the middle of meiosis (Pierce).  However, the MSE does not seem to be required for Sum1p binding, as there are genes that bind Sum1p but do not display the MSE motif, such as SPS2 (Pierce). 

Hst1p, a histone deacetylase, is a paralog of Sir2p.  Their sequence similarity (63% identity, 76% similarity) suggests that Sir2 and Hst1 may function similarly in their methods of silencing. Understanding the similarities and differences between these silencing mechanisms will lead to an important understanding for the basic requirements for silencing. Currently, Sir mediated silencing has been fairly well characterized, while Sum1 mediated silencing still contains many unanswered questions.  I intend to address some of the unanswered questions associated with the Sum1 complex and its role in promoter specific repression starting with the information known about other repression mechanisms.  My focus will be on the following areas:  

A1. Determine the domains involved in Sum1p interaction with histone tails. 

A2. Explore chromatin mediated mechanisms of silencing.

A3. Determine the role of Hst1 in the Sum1p mechanism of silencing.

Research design and methods for each aim
A1. Determine the domains involved in Sum1p interaction with histone tails.

The goal of this aim is to identify the minimal sequence of Sum1p and histone tails that is responsible for their interaction with one another.  Ideally, this can be accomplished and a structural determination of the complex can be performed.  This should help to explain the importance of particular residues and the role of histone tail modifications in the process of silencing.  Using truncated forms of Sum1p and peptides of the various histone tails, binding assays with various combinations of the created substrates will test the sequence requirements.
Identify the region of Sum1p that is required for binding to histone tails

Purifying Sum1p is the first step in identifying a binding interaction domain.  HIS-tagged Sum1p is expressed in the Rosetta2 strain of E.coli.  Cultures are grown at 25oC until an OD of 0.8 is reached.  Sum1p production is induced by the addition of 200 uM IPTG. After an overnight induction, the cells are pelleted and lysed.  Cell pellets are incubated with Ni-NT agarose beads for separation of Sum1p. Fractions containing Sum1p are added to a size exclusion column to further purify HIS-tagged Sum1p.  The purified protein is then used in binding experiments. 

Using different Sum1p constructs, various sizes of the protein can be expressed, and the region of the protein required for binding to the histone tails can be narrowed down.  Protein truncations are created using site directed mutagenesis to obtain shorter forms of Sum1p, and their ability to bind can be tested.   Constructs were designed based on the secondary structure predictions made by nine independent prediction programs.  These predictions were mapped out, and areas of disorder were chosen as starting sites for truncation.  The conservation of sequence with other species was also taken into consideration for truncation sites that share homology. 


Limited proteolysis is another method for elucidating the required segment of Sum1p.  This approach involves using full length Sum1p (1-1062 a.a.) and digesting with several enzymes, including trypsin and chymotrypsin.  Using variable concentrations and sampling over many time points will allow for the digestion of the protein to be monitored, and the formation of a stable peptide fragment can be obtained using Mass Spectrometry for identification.  These peptides can then be tested for binding to the histone tails. 
Binding assays with N terminal Sum1p truncations to elucidate a binding segment

The binding assay for Sum1p affinity for histone tails involves incubating Sum1p portions with biotinylated histone peptides (Upstate) and streptavidin agarose beads. Previous data shows binding of histone tails H4, H3, and H2A to the region of Sum1p from 1-530 amino acids (Safi).  These histone peptides are derived from human, which match the sequence of histones H4 and H3 in yeast, but not H2A or H2B.  Because of this difference, a second binding assay will be employed to verify the results obtained.


Comparing the binding of full length Sum1p versus the N terminal and C terminal truncations is also of interest.  There could be stronger binding with the full length protein due to stabilizing interactions that occur in the full Sum1p structure, which are lost in the created N and C terminal truncations. This information will be helpful to keep in mind as the binding affinity is tested for the various truncations of Sum1p. 
Identifying the histone tail domain required for Sum1p binding

Synthetically designed peptides will be used to narrow down the minimal binding domain for the histones and test the importance of key charged residues. Shortening the residues currently binding to Sum1p in the Upstate peptide sequence is a first step at identifying the required binding site. Altering the order of the residues in this sequence will show if location of the residues contributes to the binding, and if so, which residues are critical in particular locations. Residues that can be modified would be of interest to investigate, to determine if their modification status affects binding ability. These residues include lysines that can be acetylated and methylated, and serines that can be phosphorylated.  The lysine and arginine residues in the tail can also be substituted for one another, or eliminated entirely, to test if the binding requirements are for an overall charge or a specific residue.  This analysis should help to characterize the domain and how it interacts with Sum1p.  
Obtaining a structure of Sum1p bound to a histone tail

Once a minimal binding sequence has been identified for Sum1p and the histone tails, a natural step would be to obtain a structure.  Nuclear Magnetic Resonance (NMR) or XRay Crystallography can be used to obtain a structure of Sum1p bound to the histone tail. The success of the structure determination will involve several properties of the protein/histone complex that are unknown at this moment, including the size of the binding domain for each, its stability, and its ease of purification and crystallization. Obtaining a structure would be tremendously useful in characterizing the interactions that occur between these proteins, since not much is currently known about the interaction requirements.  Valuable secondary and tertiary structure can also be obtained from this data for Sum1p, which can provide insights for the Sum1p complex requirement for RmfI to recruit HstI.  
A2. Explore chromatin mediated mechanisms of silencing.

Identifying colonies with derepression of Sum1 regulated genes is the goal of this aim.  After mutagenesis of histone sequences, particular regions or residues in the histones that are required or important for silencing in this mechanism will stand out when silencing is lost.   This will indicate whether histones and their modifiable residues are in fact important for the role of silencing in the Sum1p mechanism. Error prone PCR of histone genes will incorporate mutations, which can be identified based on the ability to grow on minimal media, provided by the Sum1p regulated promoters. 
A double reporter system for identification of histone mutations that disrupt Sum1p mediated silencing 

Yeast strain LRY1644 contains two Sum1p Hst1 dependent promoters with reporter constructs: pGAS2-URA3 and pPES4-HIS3.  Both genomic copies of histones H3 and H4 have been deleted and replaced with antibiotic resistance markers for Hygromycin and Clonnat. Plasmid pLR485 contains HHT2 and HHF2 along with a LYS marker and is included for viability since deletion of H3 and H4 is lethal. 

Mutations in the histones are created using error prone PCR with MnCl2 and an inefficient proofreading polymerase to increase misincorporation of the nucleotides.  Plasmid pLR451 also contains the histone genes and a TRP marker.  Unique restriction enzyme cut sites flanking the histone gene are used to create a linear portion of plasmid pLR451 lacking the histone gene of interest.  This is transformed into yeast strain LRY1644 along with the amplified histone gene from error prone PCR.  Homologous recombination is efficient in yeast, and the homologous regions flanking the histone gene are able to reform the plasmid, now with a mutated histone gene. 


This transformation is plated to CSM-TRP to select for the incorporation of a new, mutated plasmid.  Successive replica plating selects for the loss of the original wild type plasmid pLR485 on alpha aminoadipate media, which is lethal for yeast cells expressing lysine. Finally, selection on CSM-His-Ura allows for identification of those colonies that have expression of histidine and uracil, indicating that Sum1pis no longer repressing the promoters of these reporters. The double reporter system is more robust and eliminates some of the background growth that was noticed in a previously used single reporter system with uracil alone.  


This screen has been performed with HHF2 mutagenesis, and has yielded several colonies of interest that warrant further investigation into their mutations.  A plasmid containing HHF2 with the modifiable tail residues deleted (6-20 a.a.) was transformed and indicates that the tail region is not essential for silencing.  No derepression of the Sum1p regulated promoters was noticed in this strain.  


Histone H4 may not work independently of the other histones, and this screen will be expanded to include these as well.  Several combinations of H3 and H4 mutations will be investigated.  Error prone PCR of HHT2 with and without the tail residues of H4 will be tested.  Similarly, error prone PCR of HHF2 with HHT2 tail deletion (4-28) will be examined, along with HHT2 tail deletion alone.  


H2A and H2B will also be investigated using a new plasmid construct that contains these genes of interest, and a new yeast strain deleted for these genes. Data from these experiments will be mapped to the nucleosome structure, to identify regions of importance for silencing and interaction of the Sum1p complex. 
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