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A) SPECIFIC AIMS
The goal of this project is the synthesis of macrocyclic peptides that trap Holliday Junctions (HJ) in bacteria, and their subsequent evaluation as potential antibiotics. The HJ is an intermediate during site-specific recombination, a DNA repair mechanism. Trapping the HJ shuts down DNA repair in bacteria. Because the HJ would be a unique therapeutic target, compounds that trap this intermediate may effectively kill resistant strains of bacteria. This mechanism is reminiscent of the quinolone/ fluoroquinolone class of antibiotics, which stabilize a normally transient intermediate, thereby killing bacteria. Outlined are two specific aims designed to accomplish our goal. The first specific aim (SA1) describes the synthesis of a new class of compounds, C-2 symmetrical macrocyclic peptides, which were designed from lead structures.  These lead structures are linear dodecapeptides that exhibit potent bacteriacidal activity by trapping the HJ.1,2 The second specific aim (SA2) describes the evaluation of these compounds as potential antibiotics using bacterial growth assays and biochemical assays. Preliminary data demonstrates the success of the proposed strategy, where our macrocyclic compounds trap the HJ in the biochemical assays and demonstrate some antibiotic activity in cell growth assays. Care has been taken to ensure the aims can be realistically accomplished in the two-year time frame for this proposal. These pilot studies are intended to demonstrate the feasibility of this project.  Once the viability of the proposed idea has been clearly established, we will submit a more in-depth and expanded proposal. 

Following the advise of reviewers on our previous proposal, we have divided that proposal into two separate proposals, one of which is this R03. This has allowed us to incorporate most of the reviewers recommended revisions, including the description of a solid-phase approach. Because of the limited budget and time frame of the R03, and based on the comments of the reviewers, the Co-PI of the previous grant is now listed as a collaborator (see attached letter). 

SA1) Synthesis of Cyclic Peptides Based on Known Lead Compounds

The objective of this specific aim is to synthesize macrocyclic peptides that are based on known peptide leads. Linear dodecapeptide leads were discovered by Segall et al1,2  and are composed of two symmetrical hexapeptides that are dimerized in a head to tail fashion via a disulfide linkage. These C-2 symmetrical linear dodecamers exhibited potent bacteriacidal activity, which was attributed to trapping the HJ. Preliminary data shows that our macrocyclic C-2 symmetrical hexapeptides trap the HJ and demonstrate some antibiotic activity. The synthesis of additional macrocycles is proposed with the goal of increasing their potency against bacterial growth. These compounds have the potential to be a new class of antibiotics, and because they target a unique biological intermediate, they could be effective against resistant strains of bacteria. 

SA2) Determine and Characterize the Biological Activity of Synthesized Compounds

a) Inhibition of site-specific recombination: The compound’s effect will be tested using biochemical assays with recombinase enzymes. Their effect on DNA replication and transcription, as well as accumulation of DNA damage will also be assessed. The DNA damage-inducing activity of the compounds will be tested using the reporter gene, LacZ, fused to the promoter of the dinD gene.  Detection of increased lacZ induction, compared to a control, will tell us if there is increased transcription of DNA repair genes. In addition, the TUNEL assay will be used to quantify the compound-induced DNA damage by comparing labeled DNA of treated and untreated cultures.

b) Inhibition of cell growth: Bacterial growth inhibition assays will be performed in order to measure the effect of macrocyclic peptides on the growth of a test-set of bacteria. Using both disk diffusion assays and by measuring the cell density, the antibacterial potency of the compounds will be evaluated.  The compounds will also be examined for their ability to cause cell lysis using a standard cell turbidity assay and then staining treated cells to see if lysis has occurred.

B) BACKGROUND AND SIGNIFICANCE

Antibiotic Resistance: Antibiotic resistance is an extreme public health concern.3 As more pathogenic bacteria become resistant to first and second line antibiotics, easily treatable infectious diseases are becoming life-threatening infections. In order to keep up with the evolutionary pressure from pathogenic bacteria we must continually develop new antibiotics, particularly those that work via new antibacterial mechanisms. One such new target is the Holliday Junction intermediate (HJ), which is generated by the XerC/D site-specific recombinase (a tyrosine recombinase).4 Previous work has shown that trapping the HJ intermediate stops the site-specific recombination event.1,2,5 Blocking this recombination reaction leads to bacterial death.1,2 Thus, compounds that successfully trap the HJ should lead to a novel class of antibiotics that are effective against resistant strains of bacteria. These proposed compounds are reminiscent of the quinolone/ fluoroquinolone class of antibiotics, which stabilize a normally transient intermediate, thereby killing the bacteria.

[image: image1.wmf]Holliday Junction Site: Site-specific recombination is widespread in nature and controls gene expression, amplifies episome copy number, creates genetic diversity, and separates dimerized chromosomes during bacterial cell division. Tyrosine recombinase enzymes are involved in site-specific recombination, and catalyze reciprocal and conservative recombination between specific pairs of DNA substrates.5,6 Two features distinguish the tyrosine recombinase family from other recombination proteins; first, the tyrosine nucleophile in the active site, and second, the independent cleavage and ligation of the two DNA strands, leading to the formation of a HJ (Figure 1). These enzymes, exemplified by the E. coli Xer C and D proteins, are conserved in both gram + and gram - bacteria, and present an attractive target for new antibiotics. Although the mechanism of site-specific recombination is only partially understood at the molecular level, it is known that there are a series of catalytic events that are mediated by Int. First, Int protein, along with the appropriate accessory factors, forms a synaptic complex. The active site tyrosine in each Int monomer then attacks a specific phosphodiester linkage and forms a transient covalent bond between the enzyme and the top strand of each DNA substrate. Ligation occurs when the free 5’OH group from a partner substrate acts as a nucleophile at this phosphotyrosyl linkage. Because the two DNA strands are cleaved independently a HJ is generated. It is this site that we are proposing to trap in order to inhibit site-specific recombination and evaluate as a new therapeutic target. 
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Figure 1. Two DNA substrates (solid and dotted lines) are synapsed, and one strand of each is cleaved, exchanged with the partner substrate, and ligated to form a HJ. DNA cleavage is executed through a transient covalent phosphotyrosyl linkage between the enzyme and the 3’ end of the nicked strand. The resulting free 5’ OH is the nucleophile, which attacks the protein-DNA intermediate to seal the nick and release the enzyme.

Linear Peptides that Trap the HJ During Site-Specific Recombination: My collaborator, Professor Anca Segall, has discovered that the trapping of an intermediate, the HJ, during site-specific recombination, can lead to inhibiting the growth of resistant strains of bacteria.1,2 Segall has correlated the low concentrations of peptides that are required to inhibit recombination with the concentrations required for the accumulation of HJ intermediates. The Segall Lab found several lead dodecamers,1,2 one of the most potent of which is [image: image12..pict], where the cysteine residue forms a disulfide bridge to give the active structure. These leads have subsequently been found to be bacteriacidal.7 Based on the symmetry of the HJ binding site,8,9 we describe the synthesis of cyclic C-2 symmetrical peptides that are designed to trap the  HJ during site-specific recombination. A co-crystal structure of the HJ recombination structure between wild type Cre recombinase, a relative of the Int protein, wild type loxP substrate (Figure 2)10 and the linear peptide8,9 was obtained (labeled: WT-Cre/loxP-HJ/hexapeptide). This crystal structure has electron density in the central hole of the HJ structure suggesting that the peptide is bound to the HJ in this space. This electron density is not present in the structure of the Cre mutant protein bound to a pre-made HJ10 (labeled: Cre R173K/loxP-HJ) that is trapped without using the peptide. Moreover, the nucleotides near the central hole are not stacked in the mutant crystal structure but are stacked on each other in the wild type crystal structure that contains the peptide. This suggests that the HJ residues stack with the bound linear peptide but more detailed interactions between the DNA and/or protein interactions with the peptide cannot be seen. This is because the dodecapeptide is flexible and lacks a distinct structure. 

Figure 2 A co-crystal structure was obtained by mixing a mutant Cre protein with loxS DNA substrates (left structure). The crystal was dependent on blocking catalysis.8,9 A similar co-crystal structure was obtained between wild type Cre protein and lox substrates (right structure), but only in the presence of the linear lead peptides. This latter crystal contains additional electron density in the HJ center, consistent with bound peptide in the central “hole”.9 Note the C-2 symmetry of the structure. Figure is courtesy of Drs. Kaushik Ghosh and Greg Van Duyne. 

The linear peptides inhibit cell growth of both gram positive (Staph. aureus) and gram negative (Salmonella typhimurium) bacteria in a dose-dependent way1,2.  Although it is possible that this activity comes from the peptides being dissolved in the membrane and forming channels that lead to eventual lysis of the cells, we believe it is due to trapping the HJ intermediate within cells. One reason for this is that a strain, Salmonella typhimurium Ames, which is more permeable than the wild type Salmonella typhimurium LT2 strain is 2-4 fold more sensitive to the linear lead peptides than the LT2 strain.  A second reason is that when the peptides are added to dividing cells during the mid-log phase of growth, they block further growth but do not cause decreases in turbidity, which suggests that lysis is not occurring. In addition, C-terminus rhodamine-labeled peptides retain the inhibitory activity of the unlabeled peptide, which addresses the peptide transport concern.

Lead Structures: Although peptides rarely function well as drugs due to their low bioavailability and rapid degradation within cells, they make convenient initial synthetic targets due to ease of assembly and modification. Using peptides as initial leads allows rapid identification of the structural requirements for an active compound.2,11 Macrocyclic peptides are particularly intriguing because they avoid some of the concerns associated with linear peptides but they often maintain biological activity. Our linear dodecapeptide leads have a molecular weight of 1800-2000 Daltons. Two problems arise from using such a large inhibitor. First, the large size of these compounds makes them insoluble. Second, the intracellular environment rapidly reduces the disulfide bridge that is required to keep the peptides in their active conformation.1,2 The macrocyclic peptides that we have synthesized (PRELIMINARY RESULTS SA1) incorporate residues from the peptide leads but have a relatively small molecular weight (700-850 Daltons), which improves their solubility properties. We have also removed the transient disulfide bridge but maintained the C-2 symmetry of the peptides. An additional benefit of these macrocycles is there inherent rigidity.12 Thus, details on the specific binding interactions between the HJ intermediate and the bound peptide should be seen via a co-crystal structure (this will be work described in a future application). Our first generation of macrocycles successfully trapped the HJ, and exhibited antibiotic activity (PRELIMINARY RESULTS SA1). Additional macrocycles are proposed in order to improve their antibiotic activity.

C) PRELIMINARY RESULTS

SA1) Synthesis of Cyclic Peptides Based on Known Lead Compounds

[image: image3..pict]Design of First-Generation Macrocycles: In these preliminary results we describe the synthesis of eight macrocycle peptides, where four of these compounds trapped the HJ at a comparable level to the lead linear compound  (Figure 7). We based our design on the C-2 symmetrical HJ binding site seen in the co-crystal structure (Figure 2)8,9 and the residues in the active linear leads. The macrocycles were also designed to fit the approximate size of the HJ binding site, which is estimated from the crystal structure to be ~25Å by 10Å.2,8,9 Because the lead linear peptides were C-2 symmetric, we designed C-2 symmetric cyclic peptides (Figure 3). 

Synthesis of First-Generation Macrocycles: Our synthetic approach was chosen to simplify the synthesis of C-2 symmetrical macrocyclic peptides. The minimal number of residues involved in binding to the HJ is not known, but several important interactions have been identified.1,2 Hydrophobic residues such as tryptophan and phenylalanine are known to be important for binding to the DNA because they appear in all of the lead compounds. It is thought that these residues stack with the DNA nucleotides that surround the center of the HJ.9 Hydrophilic residues such as arginine and lysine may form hydrogen bonds either with the proteins that assembles the HJ or with the DNA substrate itself, or both. Starting from commercially available natural and unnatural amino acids we have synthesized cyclic hexameric peptides. Initially, we chose to use a number of hydrophobic residues with the goal of sequentially exchanging the hydrophobic residues with hydrophilic residues as needed. 

[image: image4..pict]L-phenylalanine methyl ester and N-Boc protected residue 2 (Figure 4) were coupled using 2-(1-H-Benzotriazole-1-yl)-1,1,3,3 tetramethyluronium tetrafluoroborate (TBTU) (1.2 equivalents) as the coupling reagent and Hunig’s base (3 equivalents), gave the dipeptide 1-2-Boc (80-94% yield). Deprotection of the amine on residue 2 using 20% TFA and two equivalents of anisole in methylene chloride gave the free amine 1-2 (~quantitative yields).  Coupling of this dipeptide to monomer 3a or 3b gave the desired tripeptide (Fragment 1) in high yields (65%-94%).13 Coupling of the amino acids using the reagents shown were chosen because they alleviate racemization of stereocenters14 and are more effective for secondary amines when compared to more common coupling agents (e.g. HOBT). All structures were confirmed using 1H NMR and LCMS.

Fragment 1 was separated into two equal aliquots (Figure 5). The acid was deprotected in the first aliquot using four equivalents of barium hydroxide, while the amine was deprotected in the second aliquot using TFA/Anisole. These two trimer peptides were coupled using multiple coupling agents to give the linear hexapeptides. These hexapeptides were cyclized by deprotecting the acid using four equivalents of barium hydroxide. Upon workup of the free acid the compounds were subjected to 20% TFA and two equivalents of anisole in methylene chloride. Following deprotection of the free amine we subjected the crude, dry product to HATU, TBTU, PyBop, and/or DEPBT coupling reagents (1.2 equivalents each), and Hunig’s base (3 equivalents) in methylene chloride.15 The final macrocyclizations took approximately four days due to the low concentration (0.005-0.01M) that was required to maximize the yield. The one-pot ring-closing yields varied from 21% to 48% (Figure 6). The peptides were purified using reverse-phase HPLC16 and the structures were confirmed using LCMS and High Resolution Mass Spectroscopy (1H NMR were taken but due to their complexity they were not seen as the most important piece of data. 
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[image: image6..pict]Justification for Initial Exploration in Solution-Phase: Several recent analog syntheses have documented that using a solution approach is facile and advantageous over solid-phase.17 Synthesizing our exploratory leads individually in solution was desirable for several reasons. The most reliable method for ensuring the high purity of compounds at the final stage prior to cyclization was to synthesize them individually. Particularly during this exploratory stage of the project it was critical that the compounds were pure prior to cyclization due to the low yields typically associated with any macrocyclization. Our approach allowed us to become familiar with the compound’s NMR and LCMS profile for each reaction. In addition, the solution approach gave pure linear hexameric peptides prior to cyclization. Now that we have had experience with these compounds, we have started using solid-phase to synthesize additional derivatives (RESEARCH DESIGNS AND METHODS SA1).

SA2) Determine and Characterize the Biological Activity of Synthesized Compounds

a) Inhibition of site-specific recombination 

[image: image7..pict]HJ In-vitro Assays: The eight macrocyclic compounds shown in Figure 6 have been tested for their ability to bind to the HJ in an in-vitro assay (Figure 7). This assay involves a recombination reaction between one radiolabeled double-stranded DNA substrate and an unlabeled partner DNA substrate. Successful recombination gives recombination products and very small amounts of HJ intermediate (lane 2). A previously identified lead dimer of Lys-Trp-Trp-Cys-Arg-Trp was used as a positive control because it was known to accumulate HJs1 (lane 3). During the recombination reaction, two initial DNA cleavage and ligation reactions must take place to form the junction, and two subsequent DNA cleavage and ligation reactions resolve the HJ’s into     double stranded  recombination
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control reaction not treated with peptide (lane 2). These four compounds are structures: 1-2a-3a (A), 1-2a-3b (B), 1- 2c-3a (D), and 1-2c-3b (E), and are seen in lanes 5-8. These four active compounds all contain phenylalanine coupled to the 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid moiety (lanes 5-8) stabilize the HJ better than the other four compounds (lane 4 and lanes 9-11). Indeed, these four compounds appear to be almost as potent in trapping the HJ intermediate as the lead peptide (lane 3). This binding effect may be the result of the aromatic group in the tetrahydroisoquinoline π-stacking with DNA bases.9 The relatively low binding of the compounds containing glycine or the piperdine moiety in position 2 (lanes 9-11) may be explained by their inability to intercalate into the DNA. The flexibility of the amino octanoic chain may explain the lack of binding for the phenyl and indole moieties present in 1-2b-3b (C) macrocyclic hexamer (lane 4). These results from this in-vitro assay indicate that we have successfully synthesized a series of new lead structures that trap the HJ. Because the previously known lead peptides contain hydrophilic elements not present in the cyclic hexamers described here, we will incorporate specific hydrophilic residues into the next generation of macrocyclic peptides (RESEARCH DESIGN AND METHODS SA1). The syntheses of these new compounds are already underway. 
SA2) Determine and Characterize the Biological Activity of Synthesized Compounds

b) Inhibition of cell growth: We performed growth inhibition assays in microtiter plates. By comparing the growth of bacteria in the presence and absence of compounds, we were able to determine the activity of the compounds. We measured the cell density at 600 nm (the optical density is a measure of cell turbidity) for a series of bacterial pathogens, both gram positive and gram negative, and compared these cell densities to the control (the absence of compound). The organisms used in the assays included three gram+ species: methicillin-resistant Staphylococcus aureus (MRSA; gm+), Streptococcus pneumoniae (gm+), and Bacillus subtilis, and 6 gram negative species: Salmonella typhimurium, E. coli, Klebsiella pneumoniae, Haemophilus influenzae, Neisseria gonorrhoea, and Pseudomonas aeruginosa. A more comprehensive list of organisms will  be used at a later date or in the cases of extremely active compounds so that we can gauge the breadth of their activity against bacterial strains. Measurements were taken using a BioRad microtiter plate reader. Overnight cultures were diluted 1:20 into LB media and each test compound was added in no more than 10% of the volume of the final suspension. The compounds were dissolved in DMSO and added to the cultures at two concentrations (10µg/ml and 100µg/ml). The diluted cultures were shaken at 37°C and optical densities were measured at 30-minute intervals in order to follow their growth. Growth   curves were 

[image: image8..pict]Figure 8 Cyclic hexamers tested with B. Subtilis 
then compared for all compounds at 

Time = 6 hours, peptide concentration = 10 µg/ml
these two concentrations. The compounds showed some promise as leads for new antibiotics. Although modest bacterial growth inhibition was seen for most of the compounds (Figure 8), one compound (H), which is made with monomers 1, 2d, 3b shows some promise. This compound (H) has two phenylalanines, two tryptophans, and two glycines. At this point it is difficult to speculate on the reasons why this compound is the most potent of the eight compounds synthesized and tested.  However, these preliminary results are respectable and justify performing additional experiments to explore the potential of this new class of bacterial growth inhibitors. 

D) RESEARCH DESIGN AND METHODS

SA1) Synthesis of Cyclic Peptides Based on Known Lead Compounds

General Synthesis Strategy for Compounds Designed to Trap the HJ: As described in the PRELIMINARY RESULTS we have synthesized a series of macrocyclic peptides that trap the HJ. These compounds also exhibited antibiotic activity in both gram positive and gram negative strains of bacteria. Based on these leads, we have started synthesizing a second generation of macrocyclic peptides that incorporate charged residues and amino acids that have the ability to hydrogen bond with the DNA and proteins that form the HJ.  

The exploratory nature of this project has meant that the most reliable method for discovering new lead compounds has been to synthesize them individually in solution. The macrocyclization of these compounds (where typically yields are low and the reaction is often inefficient) is best performed in solution using pure starting material and rigorously controlled reaction conditions. However, in order to gain a more detailed understanding of the binding event to the HJ we need to synthesize and test a relatively large number of compounds. Now that we understand this class of compound’s NMR and LCMS profiles, we will synthesize analogs using both solid-phase and solution chemistry.  
Monomer Justification: We designed macrocyclic C-2 symmetric hexa- and octa- macrocyclic peptides (Figure 9 and 10 respectively) using several criteria. One criterion is the known C-2 symmetry of the current leads (both linear and the recent macrocyclic peptides).  Another was the known C-2 symmetry of the binding site seen in the crystal structure of the HJ.  In addition we were able to estimate the approximate size of this HJ binding site (~25Å by 10Å),2,8,9 which was used to select the size of our macrocycles. We postulate that important hydrophobic interactions occur between the residues in the lead peptides and the Protein/DNA complex and therefore we incorporated this information into the design by using a number of aromatic residues.  In addition, based on the number of charged residues in the linear leads it is also postulated that several charged residues might improve the compound’s ability to trap the HJ and subsequently inhibit the bacteria growth. 

[image: image9..pict]
Hexa- and Octa-peptide synthesis: Our PRELIMINARY RESULTS show that the C-2 symmetrical macrocyclic hexapeptides (synthesized by coupling two identical tripeptides together) fit the approximate size of the HJ binding site. Using the same synthetic approach described in the PRELIMINARY RESULTS, we are synthesizing new C-2 symmetrical macrocycles using additional monomers. Both macrocyclic hexapeptides and octapeptides that incorporate hydrophobic and hydrophilic residues are being synthesized in solution and solid-phase. Currently underway is the solution synthesis of four macrocyclic hexapeptides that incorporate tyrosine (2f) and either Tryptophan (3b) or arginine (3c) (Figure 9). In addition the synthesis of four octameric macrocycles incorporating Tyrosine (2f), and Arginine (4a) are also underway(Figure 10). 

[image: image10..pict]Synthesis Using Solid-Phase: On solid-phase we will synthesize a series of tripeptides and tetrapeptides in parallel using standard coupling conditions (very similar to those described in PRELIMINARY RESULTS SA1, Figure 4). The monomers will include 1, 2a-f, 3a-c, 4a-c (Figure 10) and will be coupled sequentially to give the Boc-protected trimer or tetramer, in a similar approach to that shown in Figure 4, only the methyl ester of residue 1 would be attached to solid-phase as an ester linkage (Figure 11). Merrifield resin and a standard linker, which cleaves to give a free acid,18 will be used. The beads of the tri- and tetra-peptides will be split into two batches, with half of the beads for each compound being placed in new wells. These will be cleaved to give the free acid of each tri- or tetrapeptide in a parallel fashion (Figure 11). The remaining beads will have the amine deprotected also in parallel. The free acids will then be coupled to their matching free amine tri- or tetrapeptide, which is attached to solid-phase.  This will give the linear, symmetrical hexa- and octa-peptides (Figure 11). This is analogous to the route taken in solution (Figure 5). These linear peptides will be cleaved from solid phase giving the free acid and the purity will be checked via LCMS. If necessary purification will be done at this stage using reverse-phase HPLC. Deprotection of the amines and subsequent cyclization in parallel using the conditions described in the PRELIMINARY RESULTS will yield the desired C-2 symmetrical macrocycles. We will use a preparatory HPLC system to purify the final cyclized compounds.16 Tyrosine, arginine, histadine, and lysine residues will be used with appropriate protecting groups that will be cleaved upon cyclization.14 These compounds will then be tested using the assays described below, and then evaluated for their structure-activity relationship. A significant number of D- amino acids may also be incorporated into the syntheses of these macrocycles. This should limit the cell degradation but may provide the desired antibacterial effect seen with the L-amino acids. 

[image: image11..pict]SA2) Determine and Characterize the Biological Activity of Synthesized Compounds

a) Inhibition of site-specific recombination: As described in the PRELIMINARY RESULTS, we have synthesized macrocyclic hexapeptides that inhibit a site-specific recombination enzyme. We will test our proposed compounds in a manner similar to that described above, and examine their inhibition of the Int protein, both in the eukaryotic vaccinia virus topoisomerase, and in several bacterial topoisomerases.  This will confirm that the inhibition of bacterial growth is related to the inhibition of tyrosine recombinases and/or topoisomerases. We will also investigate the effects of the compounds on DNA replication and transcription, accumulation of DNA damage, and cell division and chromosome segregation.

In conjunction with the Segall Lab, we will incubate attL and attR linear DNA recombination substrates (one radioactively labeled with 32P) in the presence of Int protein and the accessory proteins IHF (Integration Host Factor) and Xis (Excisionase). The reactions will be allowed to incubate for 1 hour and recombination will be monitored after polyacrylamide gel electrophoresis. Both inhibition of the complete recombination reaction and the accumulation of reaction intermediates can be monitored on the same gel.19 

We expect that these compounds may induce DNA damage, defects in chromosome segregation, replication, and transcription. In conjunction with my collaborator, we will test the damage-inducing activity of the compounds in two ways: testing the induction of a DNA-damage inducible promoter, and quantifying intracellular 3’ OH ends (TUNEL assay). The dinD gene is one of 20-30 DNA repair genes whose transcription is increased in response to DNA damage. We have a reporter gene, lacZ, fused to the promoter of the dinD gene. The lacZ gene encodes an activity, beta galactosidase, which converts the substrate ONPG (orthonitrophenyl galactose) into galactose and a free blue indicator dye. Cells carrying a dinD::lacZ fusion will be treated with compounds that inhibit site-specific recombination. The amount of lacZ induction will be assessed spectrophotometrically by measuring the release of the yellow orthonitrophenol. 

We will also perform a TUNEL assay, which is more quantitative than the measurement of lacZ induction. Bacteria treated with inhibitory compounds, and control untreated cultures, will be permeabilized by treatment with 4% formaldehyde and then mixed with biotin-labeled dUTP and the terminal-d-transferase (TdT) enzyme.20 TdT will polymerize the dUTP onto free 3’OH ends of broken DNA. The DNA will then be isolated and reacted with fluorescein-conjugated avidin. The amount of labeled DNA in treated and untreated cultures will be compared. If the compounds induce DNA damage, more labeling will occur in the treated cells. Defects in chromosome segregation will be tested directly by visualizing DAPI-stained cells with an epifluorescence microscope. DAPI is a double strand DNA-specific stain that emits light at ~ 488 nm when excited with 350 nm light, and thus allows visualization of the bacterial chromosome. 

SA2) Determine and Characterize the Biological Activity of Synthesized Compounds

b) Inhibition of cell growth: In the same manner that we tested the inhibitory potency of the compounds in PRELIMINARY RESULTS we will test the inhibitory potency of the new proposed compounds. The minimal inhibitory concentration (M.I.C.) for each of the active compounds will be tested by serial 2-fold dilutions. Concurrently, the compounds will be tested using a disk diffusion assay (spotting different concentrations on sterile paper disks that are then placed on appropriate agar plates containing a suspension of the target bacteria). The potency of each compound at various concentrations will be compared by measuring the zone of inhibition, that is, the diameter of the cleared zone around the disk in which no bacterial growth is seen. This disk diffusion assay indicates the solubility of each compound in agar as well as their potency. 

It will be important to test whether the most active compounds cause cell lysis (this is disfavored, since it releases toxic membrane components such as lipopolysaccharides, which can lead to shock in high doses). Bacterial cultures will be diluted and grown to an O.D.600 of 0.3 (early-mid logarithmic growth), and then active compounds will be added at different concentrations. We will continue to take O.D. measurements for another 2 hours. If cell turbidity remains at the same level or increases at a lower rate, we will conclude that the culture has not been lysed. If, however, turbidity of the culture decreases, we will conclude that lysis is occurring. This will be verified by fluorescence microscopy, using a stain such as the SYTOX Green Nucleic Acid stain from Molecular Probes, Inc. This stain does not cross the intact plasma membrane of cells. If bacteria are stained, they must have a damaged membrane. 

Once we identify the most active compounds, the potency of these compounds will be evaluated both in bacterial growth inhibition assays and in recombination inhibition assays. It is possible that the profile of inhibition of the compounds may diverge greatly between inhibition of growth and inhibition of recombination. If this is the case, we will have to consider either that the substitutions affect transport of the compounds into cells or that the inhibition of growth and inhibition of recombination in vitro have different mechanisms.

CONCLUSION

In summary, we describe a unique approach to investigating a potential new class of antibiotics. Our preliminary data suggests that our strategy is viable, and our straightforward synthetic route has provided several initial macrocyclic leads that stabilize the HJ. The proposed compound’s evaluation in biochemical and cell growth assays, will allow us to evaluate their potential as a new class of antibiotics against resistant strains of bacteria. 
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(11)  For an example of optimizing a lead using a peptide library see: a) Bracci, L.; Lozzi, L.; Lelli, B.; Pini, A.; Neri, M. Biochemistry 2001, 40, 6611-6619. Mimotopse of the nicotinic receptor binding site selected by a combinatorial peptide library;  b)Bursavich, M. G.; West, C. W.; Rich, D. H. Org. Lett. 2001, 3, 2317-2320. From peptide to non-peptide peptidomimetics: Design and synthesis of new piperdine inhibitors of aspartic peptidases;  c)Ennis, H. L. J. Bacteriol. 1965, 90, 1102-1109. Inhibition of protein synthesis by polypeptide antibiotics I) Inhibition in intact bacteria and II) invitro protein synthesis;  d)Hirschmann, R.; Yao, W.; Cascieri, M. A.; Strader, C. D.; Maechler, L.; Cichy-Knight, M. A.; Jr., J. H.; Rijn, R. D. v.; Sprengeler, P. A.; III, A. B. S. J. Med. Chem. 1996, 39, 2441-2448. Synthesis of Potent Cyclic Hexapeptide NK-1 Agonists .  Use of a Minilibrary in Transforming a Peptidal Somatostatin Receptor Ligand into NK-1 Receptor Ligand via a Polyvalent Peptidomimetic;  For a review of peptide and depsipeptide synthesis see: e) Humphrey, J. M.; Chamberlin, A. R. Chem. Rev. 1997, 97, 2243-2266. Chemical synthesis of natural product peptides:coupling methods for the incorporation of non-coded amino acids into peptides; For general review on peptides known to be biologically active see: f) Izumiya, N.; Kato, T.; Aoyagi, H.; Waki, M.; Kondo, M. Synthetic aspects of biologically important active cyclic peptides; Halsted Press: New York, NY, 1979;  See this reference and references within: f)Kerns, R.; Dong, S. D.; Fukuzawa, S.; Carbeck, J.; Kohler, J.; Silver, L.; Kahne, D. J. Am. Chem. Soc. 2000, 122, 12608-12609. The role of hydrophobic substitutents in the biological activity of glycopeptide antibiotics
(12)  a) Tyndall, J. D. A.; Fairlie, D. P. Curr. Med. Chem. 2001, 8, 893. Macrocycles mimic the extended peptide conformation recognized by aspartic, serine, cysteine and metallo proteases;  b)Fairlie, D. P.; Tyndall, J. D. A.; Reid, R. C.; Wong, A. K.; Abbenante, G.; Scanlon, M. J.; March, D. R.; Bergmann, D. A.; Chai, C. L. L.; Burkett, B. A. J. Med. Chem. 2000, 43, 1271 Conformational selection of inhibitors and substrates by proteolitic enzymes: Implications for drug design and polypeptide processing
(13)  All dipeptide and tripeptide structures were confirmed using 1H NMR.  All linear hexameric peptides were confirmed using LCMS and 1H NMR and cyclized peptides were all confirmed using LCMS, 1H NMR and High Resolution Mass Spectrometry. 

(14)  For information on racemization see this web site:  http://www.albmolecular.com/features/tekreps/vol04/no01/. 

(15)  R. K. Guy (UCSF) communicated his experience where the use of at least three of these coupling reagents facilitates efficient ring-closing reactions by providing a choice of reagents for the specific substrate.

(16)  R. K. Guy (UCSF) and S. Galicia  (UCSF) kindly allows us to use their preparatory HPLC system for cyclized purification. Guy, R. K. 

(17)  a) Ward, D. E.; Gai, Y.; Lazny, R.; Pedras, M. S. C. J. Org. Chem. 2001, 66, 7832-7840. Probing Host-selective Phytoxicity: Synthesis of Destruxin B and several natural analogues;  b)Also see references 20-26 within this article for synthesis of peptide and peptidomimetic derivatives of Didemnin B. Tarver, J.; Pfizenmayer, A. J.; Joullié, M. M. J. Org. Chem. 2001, 66, 7575-7587. Total synthesis of comformationally constrained Didemnin B analogues.  Replacement of N,O-dimethyltyrosine with L-1,2,3,4-tetrahydroisoquinoline and L-1,2,3,4-tetrahydro-7-methoxyisoquinoline; c)Vera, M. D.; Pfizenmayer, A. J.; Ding, X.; Xiao, D.; Joullié, M. M. Bioorg. & Med. Chem. Lett. 2001, 11, 13-16. [Lys3]Didemnins as potential affinity ligands;  d)Xiao, D.; Vera, M. D.; Liang, B.; Joullié, M. M. J. Org. Chem. 2001, 66, 2734-2742.Total synthesis of a conformationally constrained Didemnin B analog  

(18)  NovaBiochem, p.o. box 12087, La Jolla, CA 92039 Phone: 1-800-228-9622, Merrifield resin, 200-400 mesh, HL, Order number 01-64-0002
1

(19)  Bolla, M. L.; Azevedo, E. V.; Smith, J. M.; Taylor, R. E.; Ranjit, D. K.; Segall, A. M.; McAlpine, S. R. Org. Lett. 2003, 5, 109-112. Novel antibiotics: Macrocyclic peptides designed to trap holliday junctions
(20)  Rohwer, F.; Azam, F. Appl. Environ, Microbiol. 2000, 66, 1001-1006. Detection of DNA damage in prokaryotes by terminal deoxyribonucleotide transferase-mediated dUTP nick end labeling.
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		2		0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6						6 hrs				3 hrs

		N99 JS 126 3-4b-5e 100ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.378		0.000		0.000		0.000		0.000		0.000		0.679				JS 126 3-4b-5e		98%				108%

		N99 JS 126 3-4b-5e 10ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.403		0.000		0.000		0.000		0.000		0.000		0.666				EVA 1 3-4a-5a		116%				117%

		N99 EVA 1 3-4a-5a 100ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.400		0.000		0.000		0.000		0.000		0.000		0.700				EVA 2 3-4a-5e		96%				101%

		N99 EVA 1 3-4a-5a 10ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.436		0.000		0.000		0.000		0.000		0.000		0.789				EVA3 3-4c-5a		96%				96%

		N99 EVA 2 3-4a-5e 100ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.339		0.000		0.000		0.000		0.000		0.000		0.606				EVA 4 3-4c-5e		98%				100%

		N99 EVA 2 3-4a-5e 10ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.379		0.000		0.000		0.000		0.000		0.000		0.650				MLB1-022 3-4f-5a		86%				94%

		N99 EVA3 3-4c-5a 50ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.455		0.000		0.000		0.000		0.000		0.000		0.776				MLB2-032 3-4f-5e		98%				106%

		N99 EVA3 3-4c-5a 10ug/ml		0.000		0.000		0.000		0.000		0.000		0.000		0.360		0.000		0.000		0.000		0.000		0.000		0.652				MLB3-286 3-4g-5e		50%				62%

		N99 Control		0.000		0.000		0.000		0.000		0.000		0.000		0.374		0.000		0.000		0.000		0.000		0.000		0.679

		1		0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6

		N99 EVA 4 3-4c-5e 100ug/ml		0		0.073		0.13		0.19		0.249		0.333		0.336		0.372		0.426		0.478		0.531		0.595		0.579

		N99 EVA 4 3-4c-5e 10ug/ml		0		0.079		0.149		0.225		0.31		0.42		0.399		0.44		0.492		0.537		0.592		0.644		0.659

		N99 MLB1-022 3-4f-5a 100ug/ml		0		0.178		0.217		0.345		0.418		0.52		0.415		0.477		0.514		0.643		0.59		0.616		0.606

		N99 MLB1-022 3-4f-5a 10ug/ml		0		0.062		0.153		0.225		0.276		0.372		0.375		0.416		0.456		0.487		0.524		0.562		0.575

		N99 MLB2-032 3-4f-5e 100ug/ml		0		0.086		0.169		0.29		0.348		0.472		0.486		0.54		0.602		0.66		0.765		0.787		0.759

		N99 MLB2-032 3-4f-5e 10ug/ml		0		0.086		0.187		0.249		0.296		0.407		0.423		0.466		0.515		0.558		0.616		0.652		0.661

		N99 MLB3-286 3-4g-5e 100ug/ml		0		0.185		0.254		0.284		0.289		0.365		0.369		0.404		0.422		0.458		0.488		0.523		0.523

		N99 MLB3-286 3-4g-5e 10ug/ml		0		0.029		0.12		0.16		0.165		0.243		0.249		0.25		0.263		0.294		0.336		0.347		0.333

		N99 Control		0		0.1015		0.156		0.24		0.288		0.4045		0.4		0.439		0.496		0.5455		0.6235		0.6525		0.672

														0%		50%		100%		150%		200%		250%		300%		350%		400%		450%		500%		550%		600%

												S. aureus EVA 4 3-4c-5e 10ug/ml		0%		5%		7%		12%		12%		21%		23%		29%		37%		48%		58%		67%		76%

												S. aureus MLB1-022 3-4f-5a 10ug/ml		0%		6%		8%		14%		13%		20%		21%		24%		28%		34%		39%		46%		49%

												S. aureus MLB2-032 3-4f-5e 10ug/ml		0%		8%		11%		16%		14%		23%		24%		29%		35%		42%		49%		56%		58%

												S. aureus MLB3-286 3-4g-5e 10ug/ml		0%		7%		7%		13%		13%		21%		21%		24%		28%		32%		35%		35%		31%

												S. aureus Control		0%		6%		7%		12%		12%		20%		22%		27%		35%		45%		56%		64%		69%





S. aureus

		1-2b-3b (C)

		1-2a-3a (A)

		1-2a-3b (B)

		1-2c-3a (D)

		1-2c-3b (E)

		1-2d-3a (F)

		1-2d-3b (G)

		1-2e-3b (H)



6 hrs

Cyclic Hexamers

% Untreated Growth

S. aureus Cyclic Hexamers 10ug/ml t=6

0.8829712684

1.313244569

0.9978976875

0.7161878066

1.0902527076

0.7104693141

0.8303249097

0.440433213



B. subtilis

		1-2b-3b (C)

		1-2a-3a (A)

		1-2a-3b (B)

		1-2c-3a (D)

		1-2c-3b (E)

		1-2d-3a (F)

		1-2d-3b (G)

		1-2e-3b (H)



6 hrs

Cyclic Hexamers

% Untreated Growth

B. subtilis Cyclic Hexamers 10ug/ml t=6

0.8905519177

1.1244153414

0.9167446211

0.9747427502

0.9278752437

0.7972709552

0.8187134503

0.2884990253



P. putida

		1-2b-3b (C)

		1-2a-3a (A)

		1-2a-3b (B)

		1-2c-3a (D)

		1-2c-3b (E)

		1-2d-3a (F)

		1-2d-3b (G)

		1-2e-3b (H)



6 hrs

Cyclic Hexamers

% Untreated Growth

P.putida Cyclic Hexamers 10ug/ml t=6

0.8729946524

1.0695187166

0.9705882353

0.7740641711

0.869630746

0.8214016579

0.8801808591

0.57573474



Sheet2

				0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6						6 hrs

		S. aureus EVA 4 3-4c-5e 10ug/ml		0		0.053		0.067		0.116		0.123		0.214		0.233		0.286		0.37		0.484		0.579		0.668		0.755				1-2b-3b (C)		88%

		S. aureus MLB1-022 3-4f-5a 10ug/ml		0		0.061		0.084		0.137		0.131		0.203		0.207		0.241		0.281		0.342		0.388		0.457		0.492				1-2a-3a (A)		131%

		S. aureus MLB2-032 3-4f-5e 10ug/ml		0		0.075		0.108		0.16		0.143		0.231		0.238		0.289		0.348		0.423		0.491		0.558		0.575				1-2a-3b (B)		100%

		S. aureus MLB3-286 3-4g-5e 10ug/ml		0		0.068		0.07		0.132		0.128		0.21		0.206		0.238		0.282		0.323		0.348		0.352		0.305				1-2c-3a (D)		72%

		S. aureus Control		0		0.0575		0.0715		0.1155		0.119		0.203		0.2155		0.268		0.352		0.4515		0.557		0.64		0.6925				1-2c-3b (E)		109%

																																1-2d-3a (F)		71%

				0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6				1-2d-3b (G)		83%

		S. aureus JS 126 3-4b-5e 10ug/ml		0		0.147		0.157		0.169		0.209		0.184		0.223		0.286		0.331		0.414		0.42		0.569		0.63				1-2e-3b (H)		44%

		S. aureus EVA1 3-4a-5a 10ug/ml		0		0.268		0.2		0.143		0.215		0.226		0.295		0.437		0.527		0.667		0.7		0.87		0.937

		S. aureus EVA2 3-4a-5e 10ug/ml		0		0.104		0.145		0.152		0.195		0.183		0.231		0.321		0.364		0.463		0.487		0.644		0.712

		S. aureus EVA3 3-4c-5a 10ug/ml		0		0.073		0.125		0.124		0.19		0.145		0.16		0.235		0.256		0.325		0.316		0.455		0.511

		S. aureus Control		0		0.0805		0.1415		0.2615		0.211		0.1705		0.1905		0.2685		0.307		0.4165		0.4505		0.626		0.7135

				0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6						6 hrs

		B. Subtilis JS 126 3-4b-5e 10ug/ml		0		0.113		0.147		0.158		0.216		0.253		0.306		0.37		0.384		0.431		0.341		0.47		0.476				1-2b-3b (C)		89%

		B. Subtilis EVA1 3-4a-5a 10ug/ml		0		0.112		0.149		0.146		0.205		0.212		0.286		0.37		0.421		0.496		0.448		0.597		0.601				1-2a-3a (A)		112%

		B. Subtilis EVA2 3-4a-5e 10ug/ml		0		0.109		0.156		0.156		0.22		0.248		0.302		0.387		0.399		0.433		0.377		0.49		0.49				1-2a-3b (B)		92%

		B. Subtilis EVA3 3-4c-5a 10ug/ml		0		0.122		0.152		0.154		0.222		0.252		0.307		0.376		0.38		0.44		0.377		0.503		0.521				1-2c-3a (D)		97%

		B. Subtilis Control		0		0.1205		0.1715		0.2515		0.24		0.27		0.323		0.397		0.411		0.4715		0.395		0.5295		0.5345				1-2c-3b (E)		93%

																																1-2d-3a (F)		80%

				0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6				1-2d-3b (G)		82%

		B. subtilis EVA 4 3-4c-5e 10ug/ml		0		0.079		0.114		0.143		0.169		0.287		0.314		0.352		0.38		0.434		0.45		0.479		0.476				1-2e-3b (H)		29%

		B. subtilis MLB1-022 3-4f-5a 10ug/ml		0		0.071		0.109		0.14		0.158		0.283		0.308		0.336		0.357		0.397		0.408		0.435		0.409

		B. subtilis MLB2-032 3-4f-5e 10ug/ml		0		0.074		0.093		0.13		0.154		0.281		0.312		0.347		0.381		0.417		0.426		0.448		0.42

		B. subtilis MLB3-286 3-4g-5e 10ug/ml		0		0.086		0.078		0.101		0.072		0.149		0.144		0.143		0.162		0.175		0.207		0.212		0.148

		B. subtilis Control		0		0.0805		0.1055		0.136		0.154		0.299		0.3345		0.382		0.4225		0.4625		0.4915		0.514		0.513

				0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6						6 hrs

		P. putida JS 126 3-4b-5e 10ug/ml		0		0.106		0.137		0.328		0.205		0.209		0.26		0.346		0.399		0.507		0.498		0.618		0.653				1-2b-3b (C)		87%

		P. putida EVA1 3-4a-5a 10ug/ml		0		0.114		0.162		0.198		0.187		0.209		0.275		0.382		0.452		0.564		0.592		0.738		0.8				1-2a-3a (A)		107%

		P. putida EVA2 3-4a-5e 10ug/ml		0		0.1		0.132		0.117		0.189		0.181		0.24		0.349		0.413		0.513		0.528		0.68		0.726				1-2a-3b (B)		97%

		P. putida EVA3 3-4c-5a 10ug/ml		0		0.089		0.115		0.101		0.158		0.096		0.136		0.254		0.296		0.386		0.39		0.523		0.579				1-2c-3a (D)		77%

		P. putida Control		0		0.0965		0.141		0.222		0.219		0.19		0.2565		0.3445		0.4225		0.5275		0.548		0.6915		0.748				1-2c-3b (E)		87%

																																1-2d-3a (F)		82%

				0		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6				1-2d-3b (G)		88%

		P. putida EVA 4 3-4c-5e 10ug/ml		0		0.072		0.058		0.096		0.12		0.218		0.251		0.303		0.376		0.457		0.498		0.552		0.577				1-2e-3b (H)		58%

		P. putida MLB1-022 3-4f-5a 10ug/ml		0		0.071		0.066		0.123		0.116		0.208		0.231		0.273		0.346		0.432		0.472		0.534		0.545

		P. putida MLB2-032 3-4f-5e 10ug/ml		0		0.087		0.058		0.114		0.123		0.224		0.244		0.314		0.386		0.474		0.532		0.593		0.584

		P. putida MLB3-286 3-4g-5e 10ug/ml		0		0.081		0.045		0.093		0.061		0.138		0.14		0.166		0.281		0.34		0.384		0.443		0.382

		P. putida Control		0		0.063		0.0525		0.0895		0.124		0.2445		0.282		0.347		0.4355		0.5145		0.583		0.645		0.6635
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