C. PROJECT SUMMARY

Chemosensors are small molecules that signal the presence of analytes.  They typically have an appropriate receptor site, possessing structural and chemical features suitable for analyte recognition and binding, and a readout mechanism that signals such binding.  Sensors based on fluorescence measurement have high sensitivity.  A fluorescent chemosensor based on a small molecule that complexes a metal ion reversibly but selectively, with concomitant fluoresence signal transduction is therefore desirable and worthwhile. Molecular sensors have been developed for analytes such as Na+, K+, Mg2+, Ca2+, Zn2+.  However, the need for more selective metal ion fluorosensors prevails.  Moreover, rational designs and synthesis for selective metal ion binding and measurement of such binding will complement our current understanding of the structure and property relationships of biological molecules.

The long-term goal of this project is to develop chemosensing molecules that bind metal-ions and signal specific metal-ion binding.  In working towards this goal, the specific aims of this proposed study are to design and synthesize some peptide derived macrocyclic ligands with an intrinsic fluorescent signal to indicate metal-ion binding.  Our strategy is to employ the versatile synthetic approach in preparing peptide based macrocycles incorporating tryptophan or anthracene, as an intrinsic fluorescent signal for metal-ion binding.  The neutral oxygens of the cyclic peptide scaffold will act as donor atoms for metal ion binding, aided by co-operative cation-pi interactions through the tryptophan indole ring or the pi system of anthracene.  The fluorescent emission of tryptophan and anthracene are both sensitive to its environment and will change as metal-ion binding occurs, thereby signaling the presence of such metal-ion binding.  The cyclic peptide scaffold will be enlarged by incorporating beta amino acids, and will also be chemically modified to include sulfur or nitrogen donor atoms.  The metal-ion binding selectivities by these three series of macrocycles will be comparatively studied by NMR, CD, potentiometry and fluorescence techniques.  Ground state properties of these macrocycles, in solid state and in various solvents, will be investigated by X-ray diffraction methods, NMR and conformational analysis by theoretical methods.

The results from the above proposed study will also form the basis for designing bis-macrocyclic ligands consisting of a fluorophore (acceptor) on one macrocycle and a fluorescence quencher (donor) on the other.  Complexation of metal ions by such bis-ligands will alter the environment and distance between the fluorophore and the quencher.  In this way, the analyte (metal ions) will modulate the fluorescence of the fluorophore.

Peptide derived macrocycles with a signaling system as described above may have potential applications as chemosensing devices in ion selective sensors, radioimmunotherapy, ion chromatography, metal-ion detoxification or ion transport studies.  The peptide derived macrocyclic ligands incorporating functionality recognized by receptor sites may also be useful as radioactive metal ion chelates with biomedical applications as tissue specific MRI contrast agents or metal ion carriers in chemotherapy.
PROJECT DESCRIPTION

Title:  Peptide Based Macrocycles as Chemosensors for Metal Ions

C1:  Specific Aims

The long term goal of this project is to design chemosensing molecules that bind metal ions and signal specific metal ion binding.  In working towards this goal, the specific aims of this proposed study are to design and synthesize some peptide derived macrocyclic ligands with an intrinsic fluorescent signal to indicate metal ion binding.

In the first phase of this project, we will synthesize some closely related cyclotetrapeptides, cyclo[Xaa-D-Ala-Yaa-D-Ala] where Xaa and Yaa maybe Lys, Glu and/or Trp.  The type and stereochemistry of the amino acids used to prepare these cyclic peptides will be conformed to specifics that our recent studies have shown to adopt a structure where all four amide carbonyl oxygens are on one side of the peptide ring, poised for potential metal ion complexation.  This sufficiently rigid cyclotetrapeptide scaffold will be used as a template for attaching a fluorophore, quencher, spacer molecule or lariat via side chain functionalities of Lys or Glu.  Some bis(cyclotetrapeptide) derivatives will also be prepared where various spacer molecules will be explored.  Cyclotetrapeptides incorporating -amino acid residues will also be prepared.  We propose to study the solution conformation of these macrocycles by NMR.  The internal dynamics of the solution NMR structure will also be investigated by simulated annealing and molecular dynamics, using the HyperChem and Spartan programs.  Then, we propose to derivatize the cyclic peptides to thiopeptide and azacrown derivatives.  Such functional group transformations are well documented for acyclic peptides and should be readily applied to the cyclic peptides proposed for this project.  

In the second phase, we will study the metal ion binding properties of these model macrocycles with various ions, including K+, Na+, Ca2+, Zn2+, Pb2+, Hg2+.  The effectiveness of these macrocycles in binding metal-ions will be assessed by determining their stability constants using potentiometric methods involving ion selective electrodes.  The objective of this part of our study is to investigate metal ion binding selectivity by these three series of macrocycles: cyclic peptide, thiopeptide derivatives and aza crown derivatives.

We will also conduct fluorescence studies on the macrocycles that contain Trp or anthracene.  The sensitivity of these fluorophores as a fluorescent signal to metal ion binding by these macrocycles, and their metal ion dependent fluorescence properties will be investigated.

The results of this research will subsequently form the basis for the design of bis-macrocyclic ligands consisting of a fluorophore on one macrocycle and a quencher on the other.  Complexation of metal ions by such bis-ligands will increase the proximity of the fluorophore and the quencher thereby altering the photoinduced electron transfer properties that can be monitored.  For example, the distance between the fluorophore and the quencher in a bis-macrocyclic ligand, teethered to a support via functionality of the linker molecule, will decrease when a metal ion is sandwiched between the two linked macrocycles.  This will result in fluorescent quenching which will signal metal ion binding.  We also propose to investigate the sensitivity of the fluorescent quenching based on the structural and electronic differences in the ligand, and the charge and size of different metal ions.

C2:  Background and Significance

Chemosensors are small molecules of abiotic origin that signal the presence of analytes [1].  They typically have an appropriate receptor site, possessing structural and chemical features suitable for analyte recognition and binding, and a readout mechanism that signals such binding.  Molecular sensors of biotic origin, namely, biosensors, have made strive in practical utility because of selectivities, which exist in biotic receptors such as antibodies.  However, antibodies cannot be readily raised against metal ions.  A systematic approach to the design of chemosensors with new selectivities for metal ions will offer a viable solution to detection and signaling of specific metal ions.  Sensors based on fluorescence measurement have high sensitivity, with detection limits below 10-7 M analyte concentrations.  A fluorescent chemosensor based on a small molecule that complexes a metal ion reversibly but selectively, with concomitant fluoresence signal transduction is therefore desirable and worthwhile.  Optical sensors for ions have been described by several groups including sensors for halides [2], potassium [3], calcium [4,5,6], zinc [7,8], lead [9], copper and nickel [10].  In addition, a calix[4]arene with anthracene moieties has been found to be sensitive to alkali type ions, Li+, Na+ and K+ [11,12,13].  However, the need for more sensitive and selective metal ion sensors prevails.  Molecular structures that can be tailored to facilitate the recognition of a given ion, tagged with a signaling intrinsic fluorophore capable of co-operative metal ion interaction, offer a strategic approach to the design of such sensitive metal ion sensors.  Moreover, rational designs and synthesis for selective metal ion binding and measurement of such binding will complement our current understanding of the structure and property relationships of biological molecules including metalloproteins.

Metal ion binding by macrocycles such as the synthetic crown ethers, azacrowns and thiacyclams have been reported [14-16].  Such metal-ion ligands have shapes, cavities and dimensions suited for cation binding.  They are be both kinetically and thermodynamically more stable than their acyclic analogs.  Stable macrocyclic complexes have been used as models of metalloproteins [17], clinical use to bind radioactive metals for therapeutic use [18], and used in selective extraction of metals [19].  Nature has also employed the macrocyclic motif in designing ionophores.  She has utilized the scaffolding of the peptide backbone and the propensity of the amide carbonyl oxygens to complex metal ions, for example, in antibiotics (Gramicidin S), and plant toxins (tentoxin, AM toxin and HC toxin) [20].  Indeed, cyclopeptides offer chemical and structural features that are favorable for metal ion chelation.  The size of the cyclic peptide, the type (,, and N-alkylated) and stereochemistry of the amino acid residues, can be readily altered to tailor complexation of the metal ion in different environments of interest.  In addition, the ease in chemical modification of the peptide backbone offers additional versatility in changing the O based ligand to S or N.  The latter allows one to design macrocycles with selectivity for different types of metal ions based on the ligand preferences and rates of complex formation of individual metal ions as summarized in the ‘Hard and Soft Acid and Base’ ideas of Pearson [21].

Peptide derived macrocycles 

Cyclic peptides with alternating L- and D- amino acid residues are frequently involved in ion transport across biological membranes.  Their ability to cross the hydrophobic interior of the phospholipid bilayer and their resistance to proteases make them potentially useful as chelating agents that can be used therapeutically to treat problems caused by the presence of toxic metal ions.  

Several natural and synthetic cyclotetrapeptides have been studied to understand the conformational spaces of small 12-membered macrocycles [22,23].  These intensive theoretical and experimental studies by X-ray diffraction, NMR, CD and FTIR have successfully solved the three-dimensional structures of many cyclotetrapeptides, and in some instances, the equilibration between two or more conformations in solution.  The conformational spaces attainable by cyclotetrapeptides are dependent on the type of amino acids, the stereochemistry of the amino acids that make up the cyclic peptide backbone, and the presence of N-alkylated amino acids.  As a result of the small ring size, optimal head-to-tail cyclization often necessitate the peptide bonds to adopt cis as well as trans geometry.  For example, the crystal structure of cyclo[D-Phe-Pro-Sar-Gly] and cyclo[D-Pro-D-Pro-Pro-Pro] have cis-trans-cis-trans peptide bonds [24,25].  On the other hand, cyclotetraglycyl, with less inherent rigidity, adopts only trans peptide bonds [26].

Theoretical studies on cyclic peptides with alternating L- and D- amino acids have shown that the global minimum structure for cyclo[D-Ala-Glu-D-Ala-Gln] have all trans peptide bonds, with all four amide hydrogens involved in intramolecular hydrogen bondings with the amide carbonyl oxygens (2 gamma and 2 inverse gamma turns, phi angles are 80, and -80, respectively) [27].  A biologically active peptide, dihydrochlamydocin, cyclo[Phe-D-Pro-Xaa-Aib], with an effective alternating L- and D- chirality also maintains all trans peptide bonds [28].

Cyclotetrapeptides such as tentoxins, cyclo[N-Me-Ala-Leu-N-Me-Phe-Gly], and HC toxin, cyclo[Ala-D-Ala-Aoe-D-Pro], characterized by the presence of unnatural amino acids, N-alkylation and alternating L- and D- chirality, act as ionophores at the membrane level [20,29].  Their biological activities have been attributed to the nature of their peptide backbones.

The cyclotetrapeptide scaffold, a conformationally rigid 12 membered macrocyclic structure with four donor oxygen atoms, offers structural and chemical features that are favorable for metal ion chelation.  In addition, the ease in chemical modification of the peptide backbone offers additional versatility in changing the donor atoms, allowing the design of macrocyclic derivatives with selectivity for different types of metal ions based on the ligand preferences and rates of complex formation of individual metal ions.  Moreover, the cyclotetrapeptide can be synthesized, incorporating the natural amino acid, Trp.  The indole heterocycle of Trp can function as an intrinic fluorophore to signal metal ion binding.  Alternatively, the inclusion of Lys or Glu residues in the cyclopeptide would enable incorporation of other fluorophores, quenchers, lariats or spacer molecules.  The latter is necessary for preparing bis (cyclotetrapeptides) for a thermodynamically more favorable encapsulation of a larger metal ion by two macrocycles (where the metal ion is sandwiched between the two peptide macrocycles).

Recently, cyclo--tetrapeptides, 16-membered macrocycles, were reported to stack through backbone-backbone hydrogen bonding [30,31].  Homochiral cyclo--tetrapeptides were also shown to be capable of adopting a flat ring conformation where all backbone amide functionalities are oriented in a unidirectional manner with carbonyl and N-H groups pointing in opposite directions [30,31].  This conformationally less rigid cyclo--tetrapeptide scaffold, with a propensity to orient all four donor oxygen atoms to one side of the peptide ring, may offer structural and chemical features that are favorable for metal ion chelation.  Similar to the cyclotetrapeptides mentioned above, cyclo--tetrapeptides can be readily chemically modified for selectivity in metal ion binding.  

Significance of this proposed study

This project will address two areas of requisite research issues essential to designing abiotic chemosensors for metal ions.  First, selectivity for metal ion binding is approached by the design and synthesis of some peptide based macrocyclic ligands, incorporating Trp or anthracene, with cleft-like binding sites incorporating O, S and/or N donor atoms for selectivity in metal ion binding.  The rational for this design strategy is that upon chelative metal ion binding by the latter, Trp or anthracene may be involved in co-operative metal ion binding through cation-pi interaction via lariat effect.  Second, chelative metal ion detection/signaling by this class of peptide derived macrocycles will be achieved by fluorescence modulation of Trp or anthracene.  The rational for this approach is that the employment of intrinsic fluorophores that are capable of partaking in co-operative metal ion binding through cation-pi interaction, will be a more sensitive signaling system.  The results of this proposed study will report the significance of peptide derived macrocycles, incorporating Trp or anthracene, as novel intrinsic fluorosensors in chelative metal ion detection.

This proposed research will also have significant impact on areas beyond the scope of this proposal.  The 12 membered peptide macrocycle with all the carbonyl oxygens on one side of the peptide ring could be investigated for peptide stacking through hydrogen bondings betweeen adjacent peptide backbones, to form a nanotube with a dipole moment, as reported for cyclic 3 tetrapeptide [30,31].  Thionation and reduction of the peptide backbone of the cyclotetrapeptides will also produce mixed donor macrocyclic systems, which can be explored for new types of selectivity in metal ion binding for maximizing specificity.  Peptide derived macrocycles possessing selectivity for metal ion binding would be attractive candidates for development of: macrocycle conjugated antibodies for targeting tumor (radioimmunotherapy), chelative agents (chelation therapy and diagnosis), selective extractants for removal or concentratioon of metal ions.  We will therefore provide investigators who are interested in studying such applications with the peptide derived macrocycles upon request.

C3:  Preliminary Studies

We are interested in designing stable, peptide derived macrocyclic structures that can adopt favorable electronic surfaces and conformational spaces for selective metal ion complexation across biological membranes.  Recently, we reported the synthesis of a hydrophobic peptide, cyclo[Leu-D-Ala-Leu-D-Ala], conformational sampling using theoretical techniques, and conformational analysis using 1H and 13C NMR [32]. The results of this solution conformational study of cyclo[Leu-D-Ala-Leu-D-Ala], supports a stable peptide conformation with all the carbonyl oxygens on one face of the peptide ring.  Further studies on the relevance of this structure to metal ion binding will be interesting.  The section will summarize the experimental procedures, results and conclusion of a study, which provides supporting preliminary data for a more comprehensive research study as outlined in this proposal.

Peptide synthesis.  The synthesis of cyclo[Leu-D-Ala-Leu-D-Ala] was accomplished by cyclization of the pentafluorophenyl ester of the linear precursor, Leu-D-Ala-Leu-D-Ala-OPfp, using the Schmidt method [33].  The characterization of this hydrophobic cyclotetrapeptide by optimized MALDI MS techniques has been described [34].

Conformational search studies.  Conformational searches were performed for the cyclotetrapeptide in vacuo, where all 12 dihedral angles in the peptide backbone ring were rotated by “torsional flexing” motion [35].  The Amber force field [36] as implemented in HyperChem 5.1.1 [37] was used for the conformational search because of its suitable parametization for peptides.  Diversity in peptide backbone conformations were sampled by overlaying the atoms in the backbone of low energy conformers, with unique peptide backbones differing in a RMS value of greater than 0.12 Å.  The cyclic peptide dihedral angles, phi (), were compared for all unique peptide backbone conformers with E < 5 kcal/mol.

NMR Spectroscopy Studies: All spectra were obtained on peptide sample prepared in CDCl3/CF3CD2OH (30:1), 5 mg/ml, on a 300 MHz or 500 MHz 1H NMR Bruker instrument.  Tetramethylsilane (TMS) was added to all samples and was used as an internal standard.  Dihedral angles () were calculated from the Karplus equation [38], 3JHN,H (Hz) = Acos2  + Bcos  + C, where A = 6.4, B = -1.4 and C = 1.9, and  =   - 60

symbol 250 \f "Symbol" \s 12 [39].  Temperature dependence of the amide hydrogen chemical shifts was studied for every 10 K increment from 303 K to 353 K.

Results.  The conformational search for cyclo[D-Ala-Leu-D-Ala-Leu] yielded 131 unique conformations (E < 5 kcal/mol), some of which were found repeatedly, indicating sufficient sampling.  The conformational diversity of the cyclic peptide backbone for these low energy conformers was explored by overlapping the atoms in the backbone.  This reduced the number of unique peptide backbone folding to 26 conformations, indicating side chain flexibility.  The values for the phi () angles in each unique backbone vary in magnitude.  However, only one of the unique peptide backbone conformation maintains negative values for all four phi angles.  This lowest energy conformer maintains an all trans type peptide bonds, with all carbonyl oxygens pointing to one side of the cyclic peptide backbone.  The diagonal distance between the oxygen atoms measured 4.2 and 5.0 Å.  Other low energy conformers have all trans or various combinations of trans and cis peptide bonds, with different orientations of the carbonyl oxygens relative to each other.  Although the low energy conformers found in this conformational search do not exclude other local minima attainable by cyclo[Leu-D-Ala-Leu-D-Ala] in solution, they provide a basis for interpretation of NMR studies due to the large differences in their phi angles.

In both the 1H and 13C NMR spectra of cyclo[Leu-D-Ala-Leu-D-Ala], the number of 1H and 13C resonances was half of that observed for the linear analog, indicating a two-fold symmetry in the cyclic peptide.  The chemical shifts of the amide carbonyl carbons of cyclo[Leu-D-Ala-Leu-D-Ala], 173.77 ppm (Leu) and 174.14 ppm (Ala), are similar to the trans type amide carbonyl carbons found in the linear tetrapeptide, Leu-D-Ala-Leu-D-Ala-OH, 173.78 ppm [Leu(3)] and 173.88 ppm [Ala(2)].  They are also similar to those of t-Boc-Leu-D-Ala-Leu-D-Ala-OH, 173.97 ppm [Leu(3)] and 174.30 ppm [Ala(2)].  However, they are slightly downfield to the cis amide carbonyl carbon shifts of cyclo[Leu-D-Ala], a diketopiperazine, 173.32 ppm (Leu) and 173.64 ppm (Ala).  As evident from these chemical shift comparisons of the amide carbonyl carbons, the amide bonds in cyclo[Leu-D-Ala-Leu-D-Ala] maintain a trans type geometry in solution.  This result is consistent with that reported by Wüthrich et. al. for the comparison between the trans type amide carbonyl carbons in cyclotetraglycyl and the cis types in cyclodiglycyl [26].

Solution conformational analysis of cyclo[Leu-D-Ala-Leu-D-Ala] by NMR studies was based on coupling constants, 3JHN,H, and the temperature dependence of amide proton chemical shifts.  Dihedral angles ( and ) were calculated from coupling constants using the Karplus equation [38], and are as shown in Table 1.  The solution conformation of cyclo[Leu-D-Ala-Leu-D-Ala] maintains negative values for all four phi angles, corresponding to a conformation where all amide carbonyl oxygens point to one face of the peptide ring.  The four amide carbonyl oxygens in the solution conformation of cyclo[Leu-D-Ala-Leu-D-Ala] are further apart (averaging 6.8 Å) than depicted in conformer 1 (averaging 4.6 Å).  This can be readily attributed to electrostatic repulsions between the four electronegative oxygens that are constrained to one side of the cyclic peptide ring.

Table 1. Dihedral Angles from Coupling Constants

	
	Leu(1 and 3)
	Ala (2 and 4)

	3JHNH (Hz)
	9.9
	9.4

	phi angle ()
	-120
	-130 or -110

	3JHH (Hz)
	7.8
	6.8

	chi angle ()
	30 or 140
	35 or 135


The linear dependence of amide proton chemical shifts as shown in figure 1 suggests no significant conformational changes was occurring with increasing temperature. The temperature dependence of the amide protons for Leu(1 and 3) and Ala(2 and 3) are -0.003 ppm/K and -0.005 ppm/K, respectively.  These intermediate slopes indicate that the amide protons in cyclo[Leu-D-Ala-Leu-D-Ala] are shielded from the solvent and may therefore be hydrogen bonded [23].  Although the conformation adopted in conformer 1 does not permit intramolecular hydrogen bondings, intermolecular hydrogen bondings via peptide stackings are possible.
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Figure 1. Temperature Dependence of Amide Hydrogens

In summary our solution conformational study of cyclo[Leu-D-Ala-Leu-D-Ala] by 1H and 13C NMR spectroscopy supports a peptide conformer with all trans type peptide bonds, and a two fold symmetry with all negative phi angles as found for a low energy conformer by theoretical methods, where all amide carbonyl oxygens point to one side of the peptide ring.

Our preliminary metal ion binding study, using 1H NMR spectroscopy, demonstrates a temperature dependent downfield shift of amide hydrogens in cyclo[Leu-D-Ala-Leu-D-Ala] upon addition of Li+ , indicative of metal ion binding (data not shown).

More recently, we investigated the stability of this cyclic peptide backbone by exploring the conformational spaces and solution conformation(s) of cyclo[D-Ala-Leu-D-Ala-Xaa], where Xaa = Lys or Glu [40].  Solution conformational studies of these analogs by NMR studies, based on coupling constants, 3JHN,H, and the temperature dependence of amide proton chemical shifts, indicates a peptide backbone scaffold similar to that for the hydrophobic analog, cyclo[D-Ala-Leu-D-Ala-Leu] [32].  Despite substituting a Leu residue in cyclo[D-Ala-Leu-D-Ala-Leu] with a basic or acidic residue, Lys or Glu, the cyclic peptide backbone conformation remained similar.  The solution conformation of these cyclic tetrapeptides, with all the carbonyl oxygens on one face of the peptide ring, is conformationally stable and may be suitable for metal cation binding.  

C4:  Research Design and Methods

Over the next few years, we propose a research program involving design, synthesis, characterization, evaluation for metal ion binding and fluorescence of some peptide derived macrocycles.  To achieve the aims of this project, the following broad lines of research will be undertaken:

1. Synthesis and characterization of peptide derived macrocycles

2. Computer assisted design of optimal linker and spacer molecules

3. Metal ion binding studies –Potentiometry, NMR, CD

4. Fluorescence Studies – Intensity and intensity ratio measurements

1. Synthesis and characterization of peptide derived macrocycles

Design principles

Our overall design principles are based on a macrocyclic structure derived from a cyclic peptide scaffold whereby,

a. the attached donor atoms are readily chemically modified, 

b. the macrocyclic ring size is conveniently manipulated by initial choice of amino acid building blocks,

c. additional donor or signaling groups can be attached by means of side-chain functionalities, and

d. bis macrocyclic structures can be constructed by joining two peptide macrocycles via side chain functionalities using spacer molecules

This versatile system enables chemical syntheses, by rational design, of a wide array of macrocyclic structures with well-defined composition for selectivity in metal ion binding.  In addition, chemical stability to proteases can be ensured by employing amino acid building blocks with alternating L- and D- stereochemistry.

Towards the goal of designing stable, peptide derived macrocyclic structures that can adopt favorable electronic surfaces and conformational spaces for selective metal ion complexation, we propose to build on the cyclic peptide backbone, cyclo[Leu-D-Ala-Xaa-D-Ala], for the synthesis of the following macrocycles.

12-Membered Peptide Macrocycles

Our strategy in the design of the first group of cyclotetrapeptides is to preserve the peptide backbone conformation where all four carbonyls are oriented to one face of the peptide ring and to use side chain functionalites for attaching lariats (M1), spacer molecules (M2) or an intrinic fluorophore (M3).
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M1 is designed for enhancing metal ion binding by the macrocyclic peptide ligand via lariat effect.  The attachment of Trp to the -amino group of the lysyl residue in cyclo[Leu-D-Ala-Lys-D-Ala], can potentially position the indole moiety of Trp for cation-pi interaction.  Likewise, 9-anthracenecarboxylic acid can be used.  Cyclo[Leu-D-Ala-Lys-D-Ala], which has already been synthesized and characterized (see Preliminary studies), positions the four oxygen donor atoms on one side of the peptide ring as shown above.  Cation-pi interaction is a potent non-covalent binding force, which is prominent in ligand-receptor interactions [41].  M1 can act as a ligand for metal ion binding through four oxygen donors with added stabilization by the indole heterocycle.  The latter could also potentially act as a signal for the occurrence of metal ion binding through modulation in fluorescence.  In case of poor solubility, cyclo[Lys-D-Ala-Lys-D-Ala] will be used as a precursor for the synthesis of M1.  Selective protection of the Lys side chain functionality will be considered.

M2 is a bis (cyclotetrapeptide), where the distance between the cyclotetrapeptides is variable depending on the choice of the bifunctional spacer molecule.  The design principle for M2 is based on well documented metal ion encapsulation by bis-macrocyclic crown ethers [42].  Larger metal ions have a tendency to undergo this type of complexation where the metal ion appears sandwiched between two macrocylic ligands and is held in place by participating donor atoms.  Selectivity for metal ion binding by M2 and analogues can be regulated through donor atom type, and potentially, the length and type of spacer molecule.  Optimal distance between the macrocycles for metal ions with varying sizes can be modeled with the Spartan molecular modeling program.  To increase solubility, cyclo[Lys-D-Ala-Lys-D-Ala] will be also be used as a precursor for the synthesis of M2 type bis (cyclotetrapeptide).
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M3, cyclo[Lys-D-Ala-Trp-D-Ala], will also be prepared.  The metal ion binding studies of M3 will enable a comparative study with M1.  Moreover, M3 could be a good model for investigating the intrinsic fluorescence properties of Trp in a conformationally constrained cyclic peptide.  The amine functionality of Lys could be used for conjugation reactions, such as attachment onto a solid support.

16-Membered Peptide Macrocycles
The second group of cyclotetrapeptides will be prepared to investigate the effect of increasing the size and flexibility of the cyclotetrapeptide ring structure on metal ion binding.  Cyclotetrapeptides consisting of beta amino acids will afford 16 membered macrocycles.  M4, where R will be either Lys or Ser, will be synthesized as a representative of this class of peptide derived macrocycles.  M4 is also designed for studying the contribution to metal ion binding by lariat effect via cation-pi interaction.

The precursor of M4 could also be used to prepare linked cyclic 3 tetrapeptides, similar to M2, where a conformationally rigid spacer molecule could be used.
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Thiopeptide Macrocycles

The thionated derivatives of M1 and M4 incorporate sulfur, a ‘softer’ donor atom, which may lead to selectivity towards second and third row transition metals.  Thionation of cyclotetrapeptides could also produce mixed O,S-donor atoms macrocyclic systems, which can be explored for new types of selectivity in metal ion binding for maximizing specificity.  In addition, possible isomers arising from dithionation will be studied.  The two sulfur donor atoms could be arranged in the cis- or trans-like positions, as illustrated below for dithionated derivatives of M1.
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In consideration of potential steric hindrance, tri- and tetra- thionated derivatives of M1 are unlikely to produce conformers where all sulfur donor atoms are on one side of the peptide ring.  NMR studies on the solution conformation of some thionated derivatives will reveal the preferred orientations of donor atoms. The substitution of O- by S-atom in the amide carbonyls will be identified by a downfield shift (ca. 30 ppm) of the carbonyl carbon following thionation [43].

Thionation of the larger macrocycle, M4, will produce 3-tetrathiopeptide, which will enable us to conduct comparative metal ion binding studies.

Peptide Derived Aza Macrocycles

Some aza macrocycles will be prepared from the reduction of cyclo[Leu-D-Ala-Lys-D-Ala], cyclic 3 tetrapeptides and from the thionated derivatives to yield aza-crown derivatives and mixed O,N-donor atoms macrocycles.  A few examples are as shown below.
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Synthesis

The syntheses of the cyclotetrapeptides are readily achieved by using well-documented synthetic methods in peptide synthesis.  M1 will be synthesized from cyclo[Leu-D-Ala-Lys-D-Ala] (synthesized and characterized as described in preliminary studies) by amidation with Trp (or 9-anthracenealkylcarboxylic acids) as shown in Scheme 1.  The commercially available N-t-Boc-(-t-Boc-N-in-Trp will be coupled to the side chain amino group of cyclo[Leu-D-Ala-Lys-D-Ala] with HATU/collidine [44].  If necessary, an excess of N-t-Boc-(-t-Boc-N-in-Trp will be used in this step to ensure complete acylation of the side chain amino group.
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Scheme 1: General method for attaching Trp to the amine functionality of a peptide.

The bis (cyclotetrapeptide), M2, has not been synthesized previously.  We propose to prepare M2 from cyclo[Xaa-D-Ala-Lys-D-Ala], where Xaa is Leu or Lys.  The cyclotetrapeptides will be linked by reaction with an alkane or aryl dioic acid.  The carboxyl groups of the alkane dioic acid will be activated by formation of the corresponding mixed anhydride with 2,2,2-trichloroethyl chloroformate (Scheme 2).  This chloroformate is chosen to ensure nucleophilic attack of the amine nitrogen at the carbonyl-carbon of the mixed anhydride.  The attack at the carbonate-carbon would be disfavored due to steric hindrance.  Activation of the alkane dioic acid via the mixed anhydride method is preferred for this type of coupling because the high reactivity of the anhydride functional group will ensure bis (cyclotetrapeptide) formation.  If necessary, the conditions for this reaction will be optimized by varying the concentrations of the reagents as well as the order of adding the nucleophilic and electrophilic reactants.  Alternatively, activation via acid chloride will be employed.
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M3 will be readily prepared using the analogous approach for the preparation of cyclo[Leu-D-Ala-Lys-D-Ala] as outlined in the Preliminary studies.  Alternatively, head-to-tail peptide cyclization will be conducted with PyBOP/DIEA [45] in DMF.  


Scheme 2: General approach for linking cyclotetrapeptides via a spacer molecule

M4, a 3-cyclotetrapeptide will be the most involving peptide to prepare because the protected -amino acid precursors are not commercially available.  However, these precursors will be synthesized according to published procedures.  N-t-Boc-3-Lys(2-Cl-CBZ)-COOH will be prepared from N-t-Boc-Lys(2-Cl-CBZ)-COOH using the Arndt-Eistert reaction by the method of Seebach [46,47].  Similarly, we propose to prepare N-t-Boc-3-Ser(O-Bzl)-COOH from N-t-Boc-Ser(O-Bzl)-COOH.  These amino acids are chosen to enhance the solubility of M4 in aqueous solutions.  Solution phase synthesis of the linear 3-tetrapeptide will be conducted with HATU activation as previously employed to prepare the linear -tetrapeptides.  For comparative studies, we will also prepare the (3-tetrapeptides by the method of Seebach, using the Arndt-Eistert homologation with concomitant peptide bond formation [48].  Cyclization of the purified 3-tetrapeptide will be conducted at 1 mM concentration in DMF, with 1.2 mole equivalent PyBOP, 3 equivalent of DMAP and 6 equivalent of DIEA.

Thiopeptide Macrocycles

Thionation of cyclo[Leu-D-Ala-Lys-D-Ala] and cyclo[3-HSer(O-Bzl)-3-HLys(2-Cl-CBZ)-3-HSer(O-Bzl)-3-HAla] will be performed with a modified Lawesson’s reagent, 2,4-bis(4-phenoxyphenyl)-1,3,2,4-dithiaphosphetane 2,4-disulfide, which has been reported to thionate oligopeptide in a regioselective manner in high yields [49].  In case of low solubility, thionation will be conducted in a mixture of chloroform and hexafluoroiisopropanol or THF.  If necessary, 3,4,5,6-tetrahydro-1,3-dimethylpyrimidin-2(1H)-one (DMPU) will be used as a co-solvent to increase solubility of the peptide.  In the event that a mixture of incomplete thionated cyclo[Leu-D-Ala-Lys-D-Ala] occurs due to steric effects, selective thionation will be performed.  Thionation on the protected dipeptides followed by the usual [2+2] fragment coupling will yield dithionated linear tetrapeptide.  Alternatively, thionation of the linear tetrapeptide will furnish trithionated tetrapeptide. These linear thionated peptides will be cyclized under dilution with PyBOP/DMAP/DIEA, to furnish mixed O,S-donor atoms macrocycles.  On the other hand, complete thionation of the cyclo 3-tetrapeptides should be readily achieved as this 16 membered macrocycle is conformationally less constrained compared to the12 membered cyclo -tetrapeptides.

Thionated M1 and M4 analogs will be prepared by coupling the above thionated cyclo tetrapeptides with N-t-Boc-(-t-Boc-N-in-Trp.  Removal of the t-Boc protecting groups with TFA/DCM will furnish thionated M1 and M4.  

Peptide Derived Aza Macrocycles

The aza macrocycles will be prepared by the reduction of cyclo[Leu-D-Ala-Lys-D-Ala] and cyclo[3-HSer-3-HLys-3-HSer-3-HAla] with lithium aluminium hydride in THF.  Alternatively, reduction of the thionated derivatives by hydrogenation over Raney nickel will be employed.  The latter approach will be used to prepare mixed O,N-donor atoms macrocycles from di- or tri- thionated cyclo[Leu-D-Ala-Lys-D-Ala].  The stereochemistry of the reduction over Raney nickel will be studied and compared with reduction under asymmetric catalysis.

M1, M2, M3, M4 and derivatives will be purified by reversed phase HPLC.  Characterization will be carried out by NMR, MALDI-MS or FAB-MS.  Conformational analysis of these macrocycles will include NMR, CD and FT-IR spectroscopy.  Solid state conformational analysis will be determined by x-ray diffraction methods, if applicable.

2. Conformational search and Computer assisted design of optimal linker and spacer molecules

Conformational searches will be performed for the macrocycles in vacuo, using the systematic or Monte-Carlo method as implemented in the Spartan 5.1 program [50] with spreadsheet analysis.  The lowest energy conformers with relative energies E < 10 kcal/mol, from searches involving 10,000 iterations or more will be analyzed. These conformational searches will be performed with Spartan’s Merck Molecular force field (MMFF94) [51].  Semi-empirical computational methods such as the SM5.4 solvation model [52] for AM1 and PM3 wavefunctions will also be employed to explore the conformational space of smaller macrocycles in some solvent systems. Diversity in peptide backbone conformations will be sampled by overlaying the atoms in the backbone of low energy conformers, with unique peptide backbones differing in a RMS value of greater than 0.2 Å.

In addition to studying the geometrical parameters of the low energy conformers of M1 and M4, the surface area, dipole moment and isosurfaces including electron densities, electrostatic and molecular orbitals will be explored, and compared with that of the thionated and aza derivatives of M1 and M4.  Properties mapping (mapping of one property to an isosurface of another property) will also be conducted to enhance structure and metal ion binding studies.

Spartan’s PM3(tm) for semi-empirical calculations on transition metal inorganic and organometallic compounds will be used to study the structure of the peptide derived macrocycles and metal ions complexes.  Geometry optimization will be conducted, and where appropriate, the distance between the metal ion and donor atoms will be replaced by experimental data obtained from x-ray crystallographic data.  Likewise, data from our conformational NMR studies will be used to constrain some bond angles and distances between certain protons in the macrocycle. 

Geometry optimized structures of the peptide derived macrocycles and metal ion complex will be used to design the optimal length of the linker molecule to position the indole or anthracene for cation-pi interaction in M1 and derivatives.  Similarly, geometry optimized structures of the bis (macrocycles) with encapsulated metal ions with be used for designing linker length and type for teethering the two macrocyles.  

3.  Metal Ion Binding Studies by NMR, CD and Potentiometry

The NMR spectra of peptides dissolved in deuterated solvents such as d6-DMSO, CDCl3, or CD3CN will be acquired on a 300 MHz or 500 MHz 1H NMR Bruker instrument. Dihedral angles () will be calculated from the Karplus equation [38], 3JHN,H (Hz) = Acos2  + Bcos  + C, where A = 6.4, B = -1.4 and C = 1.9, and  =   - 60

symbol 250 \f "Symbol" \s 12 [39].  Temperature energy dependence of the amide hydrogen chemical shifts will be studied for every 10 K increment from 303 K to 353 K.  13C NMR spectra of peptides in CDCl3, CD3OH, CD3CN and D20 will also be obtained and the chemical shifts of signals compared.

The conformational change of the cyclic tetrapeptides on complexation with metal ions will be studied by 13C NMR spectroscopy [53].  The 13C NMR spectra of the peptide or derivatives in the presence of varying stoichiometric ratios of K+, Mg2+, Ca2+, Zn2+, Pb2+, or Hg2+ will be obtained.  The chemical shifts of the amide carbonyl carbons, thioamide carbonyl carbons as well as the alpha carbons will be compared at stoichiometeric peptide or thiopeptide to metal ion ratios of 0.5, 1, 1.5, and 2.0.  Shifts or broadening in the chemical shifts of these carbons following addition of metal ion will indicate metal ion binding to the carbonyl oxygens.  

We also propose to study the change in the chemical shifts of the carbons and hydrogens on the Trp indole ring following the addition of metal ion.  Cooperative metal ion binding by the Trp indole ring via cation-pi interaction will be monitored by studying the shifts or broadening in the chemical shifts of these carbons and hydrogens.

Metal ion complexation by the peptides will also be studied by CD spectroscopy as described by Blount [54].  Titrations of a fixed concentration of each macrocycle with varying concentrations of metal ion will lead to changes in the CD spectra when metal ion complexation occurs.  CD spectra between 190-320 nm will be recorded.  A single metal ion binding will be described by equation 1, and the binding constant as given in equation 2.  
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M2+   +   Ligand                   [M(Ligand)]2+                             (1)
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K  =   [M(Ligand)]2+ / [M2+][Ligand]                          (2)

At equilibrium, the CD at any wavelength is given by equation 3.





Aobserved   =   Aligand    +   AM(ligand)                         (3)

The binding constants of the peptide and metal ion will be calculated from the change in the Cotton effect at ca. 220 nm.  The concentration of the individual species will be determined from the absorption spectra, based on Beer’s Law.  From these values, K will be calculated, following the IUPAC guidelines for determination of stability constants [55].  Similarly, metal ion binding by the thionated cyclic tetrapeptides will be studied.  

We also propose to determine the stability constants of the macrocycle and metal ion by potentiometry as it is a popular method for determining stability constants.  We propose to use the ion selective electrode (ISE) method for cases where there is moderate binding.  The SensorLink PCM700 ISE/pH/ORP [56] and ion selective electrodes for  Ca2+, K+, Na+, Zn2+, Pb2+ and Hg2+, will be coupled to measure the free metal ion concentration.

Known amounts of metal ion and peptide will be dissolved in a total ionic strength adjusting buffer (TISAB).  The free metal ion concentration will be determined by a general ISE protocol [57], which involves two steps.  First, establishing the linear calibration plot of potential versus logarithm of concentration.  Potentials of the standard solutions composed of various known amounts of metal ion in TISAB solution will be measured by ISE potentiometry.  In step two, the potential of the complex in the TISAB solution will be measured by determining the free metal ion concentration using the established calibration plot.  Assuming a 1:1 complex formation between the metal ion and the peptide (the stoichiometry will be determined from the NMR studies as described above), the concentration of the complex will be calculated from the difference between the added amount of metal ions and the determined free metal ion.  The concentration of the free peptide will be calculated from the added amount of the peptide and the calculated amount of the complex.

The concentration-based formation constant of the metal-peptide complex will then be calculated according to the following equation,

                      Kf ‘ = [complex]/([metal ion][peptide]

In order to obtain the activity-based formation constant of the complexes,

                      Kf    =  acomplex / (ametal ion  x apeptide)

the activity coefficients of the charged species (i.e., metal ion and complex ion) must be calculated according to the Debye-Huckel equation [58] (if the ionic strength is less than 0.1 M),

- log f  = 0.51 Z2 1/2 / ( 1  +  0.33  1/2 )

where,

f  = activity coefficient  of the species

Z = charge on the species

 = ionic strength of the solution, calculated from known amount of TISAB added

 = effective diameter of the hydrated ion species in angstrom unit

If the macrocycle and metal ion complex is very stable, the concentration of the free metal ion may be lower than the detection limit of ISE method. The more sensitive electrochemical method, differential pulse voltammetry (DPV) [59] may be used.  The BAS100 Electrochemical Analyzer coupled with microelectrodes of gold, platinum, or glassy carbon will be used to determine the free metal ion concentration by measuring the cathodic peak current.  The free peptide concentration will be calculated from the ratio of metal ion and peptide originally added to TISAB (e.g., for 1: 1 ratio added, the amount of the free peptide is the same as the amount of the free metal ion).  The concentration of the complex is obtained from the difference between the amount of metal ion originally added and the amount of free metal ion measured.

4.  Fluorescence Studies

Fluorescent intensity measurements

Fluorescence studies will be carried out utilizing a Luminescence Spectrofluorometer LS50B (Perkin Elmer, Ltd.) equipped with fiber optic attachment.  Fluorescence will be measured at an excitation wavelength between 280 and 295 nm and the emission will be monitored at 300 to 400 nm.  Initially, the absorption and emission spectra of the cyclic peptide will be established.  The cyclic peptide will be dissolved in phosphate buffer (0.1M, pH 7) and the solution scanned for 10 min to obtain a steady state fluorescence intensity.  The concentration of the peptide, scan speed, type of buffer and ionic strength will be established experimentally.  Following optimization of these conditions, different peptide solutions with varying metal ion concentrations will be scanned.  Changes in fluorescence intensity and area of the emission peak will be monitored.  Metal ions such as Cu2+ and Al3+ (closed shell) will also be used to study chelation enhanced fluorescence by M1 and M4, which are potential intrinsic fluorescent chemosensors.  Chelation enhanced quenching will also be investigated with inherently quenching metal ions such as Cu2+ and Hg2+.  The use of M1 and M4 as intrinsic sensors for some metal ions will therefore be investigated.

Intensity-ratio measurements will also be conducted.  In this case, intensity measurements at two excitation or emission wavelengths, at which the intensity response is different, will be measured.  Following calibration, the ratio of intensities at these wavelengths will yield the concentration of the metal ion [60,61].

Construction of the Sensor

The peptide will be immobilized on a support or a chemically activated membrane.  Preactivated membranes are available commercially and can be used for covalent immobilization of proteins and peptides.  About 10 (l of the protein solution in PBS, pH 7.4 will be pipetted onto a 1 cm2 piece of membrane, allowed to dry for 2 hrs, then washed and stored in PBS buffer until ready for use.  The immobilized membrane will be mounted on a sensor tip machined from a Teflon tube that fit tightly around the common end of the fiber bundle and secured with an O-ring.

In a typical measurement, the tip will be immersed in a phosphate buffer (time to be optimized) and the fluorescence intensity will be determined either by measuring the peak height or peak area.  The tip will then be immersed in the ion solution, and the intensity will be measured.  The change in intensity will be related to metal ion concentration.

C5:  Schedule for Proposed Research

The above proposed research plan is grossly ambitious based on the personnel requested for this proposed study, however, the intention is to indicate the direction of the project.  We plan to synthesize the cyclotetrapeptides with Trp, including the 16 membered macrocyclic peptide, and some of the thionated and aza- analogues.  Some bis-cyclotetrapeptides will also be prepared.  These macrocycles will be purified by recrystallization or semi-preparative reversed phase HPLC, and characterized by MALDI mass spectrometry, NMR, or X-ray diffraction methods.  We will evaluate these peptide derived macrocycles for metal ion binding and subsequently investigate the metal ion modulated fluorescence changes.

Year 1: Synthesis and characterization of 12- and 16-membered macrocyclic tetrapeptides incorporating Trp and anthracene, M1, M3, M4 and derivatives.

Year 2: Derivatization of cyclotetrapeptides to thionated and aza- analogs.  Characterization by NMR and MALDI mass spectrometry.  Metal ion binding studies by NMR, CD and potentiometric methods.

Year 3: Synthesis and characterization of bis cyclotetrapeptides, M2.  Metal ion binding and fluorescence studies.

Year 4 &5: Synthesis and characterization of bis macrocycles incorporating fluorophore and quencher.  Metal ion binding and fluorescence studies.

C6:  Student Developmental Activities

The above proposed research activity intends to improve and increase research opportunities at the Chemistry Department at Southern University, so as to prepare students for entry into advanced degree programs and careers in science.  Students will participate in both training and research activities.  

Student training activities will include the following areas:

1. The use of Library and information databases, manual and on-line literature searches.

2. Methods and techniques in peptides synthesis, protecting group chemistry, and solution phase and solid phase peptide synthesis.

3. Chemical transformation of the amide functional group, including reduction and thioamidation.

4. Peptide analysis by HPLC techniques, including racemization studies.

5. Peptide purification by semi-preparative HPLC.

6. Peptide characterization by Nuclear Magnetic Resonance Spectroscopy, including 1H NMR, 13C NMR, NOE and 2D NMR experiments.  Determination of phi and psi angles from amide proton and alpha proton coupling constants and 1H-15N correlations, respectively.

7. Peptide characterization by mass spectrometry including Matrix Assisted Laser Desorption and Ionization – Time of Flight (MALDI-TOF) MS, Fast Atomic Bombardment (FAB) MS and Electrospray MS.

8. Computer assisted molecular modeling, geometry minimization, and conformational searches.  Modeling programs will include HyperChemTM and SpartanTM.

9. Metal ion binding studies using NMR and CD and potentiometry.

10. Fluorescent intensity and intensity ratio measurements.

11. Safe laboratory techniques and practices.

12. Technical writing, research report, oral communication and poster presentations.  Conduct relevant literature search, critical evaluation of literature and write scientific papers for publication.

The students will be encouraged to participate in research presentations, and to publish research findings in the Journal of Peptide Research, Journal of Bioorganic Chemisty, Analytical Chemistry or Peptide Chemistry.  In addition to learning techniques and skills, the students will be valued members of a research team.  They will experience the benefits of teamwork, as well as collaborations with other research groups.  Overall, we hope to provide them with a good research experience, improve their skills in scientific communication, broaden their perspective about a career in science and strongly encourage the undergraduate students to pursue graduate studies, and the master degree students to undertake Ph.D. studies.

The PI has extensive experience with student training at the Chemistry Department, Southern University over the past five years, including ACS Project SEED, NASA SHARP-PLUS, Summer REU, Summer ACS-PRF, MBRS programs, and Chemistry Research 422 and 423 projects.  Research students usually present their research studies at national, regional and local meetings.

I.  Supplementary Materials

I-1
Certificate of RUI eligibility (original copy was sent together with Cover Sheet by mail)

I-2
RUI Impact Statement

I-3A
Letter of commitment, Co-PI 1

I-3B
Letter of commitment, Co-PI 2

I-3C
Letter of commitment from Southern University

I-3 D
Protein and Peptide Facility information

I-3 E
Mass Spectrometry Facility information
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