[bookmark: _Hlk114770861]A. Introduction
The secondary structures of genomic DNA have been shown to have a dramatic influence over the proper function of cellular events and modulation thereof. While the predominant and by far the most studied form of DNA is the double-stranded B-form, additional non-canonical structures have been identified in past decades, drawing increased interest in recent years. Such is the guanine quadruplex (GQ), a globular guanine-rich secondary structure of either DNA or RNA that has been shown to play a regulatory role in various biological processes including transcription, translation, pre-RNA splicing, and telomerase elongation. GQs have been shown to be a common structural feature within a wide range of species, abundant both in eukaryotes as well as prokaryotes and viruses. Computational surveys of the human genome have identified over 700,000 putative sequences of GQ in DNA, especially enriched at promoters, flanking the transcription start sites and primarily located at the 5`-end of the first intron. Importantly, targeting these structures, either with proteins or synthetic ligands, has been shown to regulate and attenuate these processes. Accordingly, in order to both elucidate the different roles that are associated with specific GQ sequences as well as to attenuate them, it is of importance to develop ligands that can target GQs in their native environment.
Guanine quadruplexes (GQs) are non-canonical secondary DNA structures that are formed from guanine-rich DNA strands that contain several small clusters of adjacent guanines (G-tracts). These structures are based on the formation of Hoogsteen-type H-bonds between guanine nucleobases to form a planar tetrad termed guanine quartet (G-quartet), Figure 1A. These quartets can stack one on top of each other through π-π interactions to form 2-4 tiers with a 3.3 Å spacing in between them. The fully assembled four-stranded helical structures are further stabilized by monovalent metal ions, mainly K+ and Na+, that intercalate the structure in between the quartets and are bound by the O-6 lone-pair electrons of each guanine, located at the core of each quartet. The tetrads themselves are linked by single-stranded DNA loops of variable lengths and compositions. GQ structures exhibit features that are reminiscent of double-stranded DNA (dsDNA) with grooves that are formed along the main axis of the tetrad due to the formation of a glycosidic torsion angle between the nucleobase and the deoxyribose sugar. These compact and globular structures, thus, exhibit a diversified set of flexible structural features that is subject to substantial manipulations. Accordingly, GQs can exhibit a high degree of polymorphism by altering the number of tetrads, the glycosidic torsion angle that dictates the length of a groove (either narrow, medium or wide) as well as the length and orientation of the loops, resulting in various topologies that are mainly divided into 3 sub-categories, Figure 1B. Importantly, flexible sequences can alter their topology based on the solution conditions, i.e., identity of stabilizing cation ionic strength and pH. Also, the non-covalent interactions that govern these assemblies support the formation of both intra- as well as intermolecular GQs.
[image: ]Figure 1. A. Molecular structure of G-quartet and main structural features. B. The main 3 topologies of intramolecular G-quadruplexes. C. Protein-GQ interfaces mediated by different types of interactions: (i) π-π stacking of aromatic residues/molecules onto the tetrad (face) of the GQ or inter-tetrad intercalation, (ii) groove binding, and (iii) loop interactions
[bookmark: _Hlk115367301]The strategic location of GQs in the promoter region of various oncogenes as well as telomers protein has sparked intensive efforts to target GQs using molecular ligands and synthetic peptide ligands in order to study and control such processes. These ligands were designed to target the three main structural features of the GQs, Figure 1C: (i) the solution-exposed planar and aromatic surfaces of the either the external or internal G-tetrads, (ii) the negatively charged grooves that offer additional H-bond and (iii) the flanking loops. The large surface area of the tetrads marked them as the most efficient interface to target using polyaromatic small molecule ligands through π−π stacking. Indeed, multiple GQ-targeting ligands have been developed and ligand/GQ complexes have been studied extensively by various techniques both. However, designing ligands that efficiently bind to GQs in cells and differentiate between the multitude of competing GQ sequences is still very challenging due to several bottlenecks: (i) DNA binding by most potent aromatic ligands is mediated by π-stacking and, thus, often leads to either indiscriminative GQ binding or a competition between dsDNA and GQ. (ii) Most ligands were developed against single-stranded GQ structures. However, inside the cells GQs are encaged in a thermodynamically favorable dsDNA form, termed GQ-dsDNA, that only occasionally interconverts into GQs. Accordingly, developed ligands should outcompete the dsDNA form. (iii) The polymorphism of many GQ sequences makes it difficult to select a single ligand against such multiple targets. This study will focus on developing strategies for designing GQ-binding ligands in their GQ-dsDNA context. A detailed molecular level study using various complementary biophysical methods will serve as a solid base through which we will derive the readout mechanisms of GQs by ligands, i.e. the mechanisms by which the ligands could recognize with specificity their cognate GQ-dsDNA sequences.
[image: ]Our strategy will be based on a revised version of a successful approach where enhanced selectivities towards GQs were achieved by conjugating short peptides, even as little as 2 amino acid residues, to aromatic GQ-binding molecules. While the aromatic core was used as a docking site towards the G-tetrad, the peripheral amino acids were engaging the GQs via mainly H-bonds that resulted both in elevated affinities (some as low as nM) but also high differentiation between GQs and dsDNA.  This strategy will be pursued in a two-fold manner. In the first approach we will initially repurpose microperoxidase-11 (MP-11), the product of proteolytic digestion of c-type cytochromes. This unique metallopeptide family contains an aromatic heme moiety covalently bound to an 11-mer peptide chain and have been extensively employed as a model for peroxidase enzymes where the proximal site of the heme is ligated to histidine and the distal site is solution exposed. Accordingly, the heme is a known ligand of GQs binding to G-tetrads and, thus, in principle can serve as a docking station for GQ, while the flexible peptide chain can engage in non-covalent interactions with the rest of the GQ structure. The MP family are unique candidates as it represents highly modular ligands where both the metal ion at the porphyrin ring can be altered as well as introducing mutations or extensions to the peptide chain. Alternatively, we will create synthetic conjugates between GQ-binding peptides and GQ-specific ligands after a screening assay to explore putative synergistic interactions. The combination of peptides such as RHAU16 from DDX36 protein or MYB1 and MYB2 from RAP1 protein with fluorogenic ligands will be explored simultaneously and represent a versatile and flexible assay for developing peptide-based ligands for GQs. Figure 2. Cartoon representation of a putative structure of MP-11 derived from cytochrome c crystal structure (PDB: 1HRC).

[bookmark: _Hlk114759969]B. RESEARCH AIMS & SIGNIFICANCE
[bookmark: _Hlk114759709]The proposed project is part of a long-term objective of the newly established lab of Dr. Golub to elucidate the role of GQ sequences within the human genome by selectively targeting them as a general strategy. Thus far the development of ligands for GQ structures focused on single-stranded DNA sequences rather than on the natural dsDNA that encodes for caged GQ sequence, GQ-dsDNA, while mostly employing molecular agents. Although successful cellular binding was achieved it required a significant tradeoff between specificity and affinity to overcome the increased stability of the dsDNA form as compared to the GQs, leading to indiscriminative GQ-binding and highlighting the need for improved ligands. In this proposal we will develop a flexible platform for designing GQ-binding ligands by two complementary approaches that will be implemented for GQ-dsDNA targets. In both cases a hybrid ligand composed of a peptide chain appended to an aromatic optically active ligand will be generated. This is based on the rationale that each subcomponent can be individually optimized in a modular fashion to attenuate the affinity-specificity relationship: while the aromatic molecule will serve as both an anchor and a reporter for the binding event, the peptide chain will enable a more elaborate specificity based on a network of non-covalent interactions with the GQs. In the first approach we will engage in a top-down design where we introduce and develop a semisynthetic metallopeptide, i.e. microperoxidase-11 (MP-11), as a GQ ligand (Aim 1). In the second approach a bottom-up design will be pursued where GQ-binding components will be co-screened against various GQ sequences to identify a duo exhibiting synergistic binding that will be, then, combined into a single hybrid (Aim 2). Finally, the ligands will be tested inside cells to evaluate the validity of our approach in vivo as well. All these data will be obtained by various biochemical and biophysical methods, such as EPR and UV-Vis spectroscopies, ITC, DSC and AUC.
Accordingly, the aims of the project are:
Aim 1: To develop microperoxidase-based ligand for GQs 
Aim 2: To develop a hybrid peptide-molecule conjugates as ligands for GQs
Aim 3: Explore the effect of binding effect of such ligands in cells
C. DETAILED DESCRIPTION OF THE PROPOSED RESEARCH
Aim 1: To develop microperoxidase-based ligand for GQs 
Task 1: Establish MP-11 as a G-quadruplex ligand
Task 1.1 Characterize the complexation between GQs and MP-11. As a proof of concept, we initially explored the binding between MP-11 and GQ sequences at pH = 7.5 by monitoring the spectral changes in the UV-Vis region that accompany the complexation event. In the absence of GQ MP-11 is partially dimerizing via nitrogenous ligands (Nterm and 13K). As a representing sequence we employed c-MYC, a promoter in the c-MYC oncogene that is a key component in most human tumors as well as an amplifier of transcription in cancers. In the presence of various GQs, a clear spectral shift of the Q bands of the MP-11 were observed along with both narrowing of the Soret band and a blue shift (~2 nm), Figure 3A. These phenomena represent the transition of the heme moiety from low-spin to high-spin states that [image: ]is indicative for the exchange of the N-donor ligand of the Nterm with other ligand, presumably a water molecule. The appearance of the charge-transfer band at 625 nm and the narrowing of the Soret band also indicate that the MP-11 transforms from a partially dimeric state to a monomeric state. Contrary, the addition of dsDNA yielded a red-shift with no apparent CT band implying that a non-specific binding of the MP-11 by the DNA. Melting temperature experiments and EMSA measurements corroborated the formation of the complex in solution with ΔTm > 10 ⁰C. This imply that the spectral changes observed are indicative for complex formation between GQs and MP-11. To accurately determine the affinity of the complex, MP-11 will be monitored either spectroscopically or by ITC that will enable us to not only extract the thermodynamic paraments (ΔH, ΔS and resulting ΔG) but also understand the nature of the interactions that instigate the complex formation as have been done in similar cases.Figure 3. A. UV-Vis spectra of MP-11 in the presence and absence of c-MYC GQ and corresponding dsDNA control. B. CD melting curve of c-MYC GQ in the presence and absence of MP-11.

Task 1.2 Establishing the sequence specificity of MP-11 towards GQs. We determined the affinity of the MP-11/GQ complexes by both measuring the Tm of the complexes by CD measurements as well as the dissociation constant by EMSA measurements of fluorescently labeled GQs complexes as well as titration using UV-vis spectroscopy. A wide range of GQ sequences, capable of folding into various topologies, have been employed to examine their interactions with MP-11 in the presence of K+, known to better stabilize GQs compared with [image: ]Na+. The results were cross-referenced with the CD spectra measurements of the respective GQ sequences and compared with dsDNA, Figure 4. A clear pattern was observed where, similarly to molecular heme, the  MP-11 exhibits a preference towards parallel topologies (maxima at 264 nm and minima at 245 nm, c-MYC), whereas no binding was observed between MP-11 and stable antiparallel GQ-forming sequences. The unchanged CD bands of the parallel topology upon GQ binding coupled with the sharp increase in the CD signal of the Soret band implies that the MP-11 recognized and locks the GQ in this state. The spatial arrangements of the loops in the parallel conformation renders the G-tetrad sterically exposed, thus promoting the binding of G-tetrad targeting ligands i.e. the heme moiety of the MP-11. This is corroborated as several sequences of hybrid topology that bear a single exposed site were also binding MP-11, albeit with a lower affinity, that was accompanied with topological conversion into a parallel topology. This phenomenon stands in contrast to dsDNA where no spectral change was observed upon introducing MP-11.Figure 4. A. The GQ sequences examined for their interactions with MP-11 and measured dissociation constants and Tms. B. CD spectra of GQ of c-MYC in the presence and absence of MP-11 and corresponding control with dsDNA. 

pH has been shown to be a key factor in the formation and stability of a ligands/GQ complex as both the structural integrity and stability of GQs are influenced by changes in pH values, as well as the binding of certain ligands containing pH-sensitive functionalities. Indeed, MP-11 has multiple pKa values emanating from its’ rich Fe-coordinating sphere and the propionic acid functional groups at the heme moiety. Acidification of the sample towards pH = 5.5 has led to enhanced affinities of the MP-11 towards a large number of GQ sequences at the expense of topological scrutiny. Meaning, that non-parallel topologies were also binding to the MP-11 although they were still converting into a parallel topology in the complex. This introduces for the first time a method to attenuate not only the binding affinity but also the topological specificity of a specific ligand in a pH-dependent manner. 
Task 1.3 Determine the binding mode of MP-11 with GQs. MP-11 has two putative GQ-interacting sites; the heme prosthetic group and the peptide chain. First, as the molecular heme is known to target G-tetrads via π-π stacking, we hypothesize that the exposed distal site of the heme moiety of the MP-11 will exhibit a similar behavior. Accordingly, the affinity between the MP-11 and the c-MYC sequence was measured in the presence of imidazole that blocks the distal site as it coordinates to the porphyrin iron of the MP. Indeed, almost no spectral changes have been observed in the presence of excess of imidazole. Additionally, the peroxidase activity of the MP-11 was inhibited in the presence of GQ, implying that the distal site is blocked due to the coordination of the GQ ligand, Figure 3C. Moreover, the low-spin signal of the MP-11 was shown to disappear upon introducing GQ into the solution by employing continuous-wave EPR spectroscopy. Thus, we postulate that the heme moiety binds to the GQ via the distal site to the external tetrad, similarly to molecular heme. [image: A picture containing text

Description automatically generated]Additionally, the direct interactions of the heme moiety with the G-tetrad will be further elucidated by single crystal X-ray crystallography of the complex. Initial screening experiments that reveal the formation of red needles and spherulites of different MP-11/GQ complexes will be followed by fine-screening experiments (we note that these structures will be of importance also for the following sections).Figure 5. A. CW EPR spectra of MP-11 in the presence and absence of c-MYc GQ. B. Peroxidase activity of MP-11 for the oxidation of ABTS in the presence of H2O2 with and without c-MYC.  

[bookmark: _GoBack]Task 1.4 Evaluate GQ sequence promiscuity and inducibility. When considering the binding affinity of MP-11 towards GQ-dsDNA often time it is considered as a two-state system, either the dsDNA form or the fully assembled GQ within the dsDNA. However, intermediate states should be also considered where the GQ is only partially folded or is completely random. As GQs are more promiscuous about their final topology, various ligands have shown to influence and interconverting in between topologies. Moreover, co-annealing of ligands with GQs was shown to allow such interconversion at elevated temperatures that yielded highly stable and durable complexes. Accordingly, we hypothesized that such binding at elevated temperatures towards partially structured DNA chain mimics the intermediate state of the GQs in the genome. Indeed, upon annealing of non-MP-11-binding sequences with MP-11 interconversion was observed with in some cases. These included sequences of either hybrid or antiparallel topology with long and flexible loops. Importantly, in all of these cases the peptide chain was shown to play a critical role in the binding event and subsequent stabilization of the complex. In Figure 6A an antiparallel sequence named 424 was converted to parallel upon complexation with MP-11. By monitoring the main parallel band at 267 nm both in the presence of MP-11 or its’ subcomponent, the heme, a similar formation trend is [image: A picture containing graphical user interface

Description automatically generated]observed with a T1/2 = 49 ⁰C for both components, implying on the active role of the heme in the complex formation. Interestingly, at elevated temperatures the MP-11 complex exhibited a greater stability (> 10 ⁰C) implying that the peptide chain contributes to the stability of the complex. An even greater influence of the peptide chain was observed with different sequences where almost no change was observed in the presence of heme only, as compared to a partial conversion when MP-11 was added. We hypothesize that the partially destabilized state of the GQ mimics the intermediate structure of the GQ in the chromosomes. This means that MP-11 could also promote binding of GQ-dsDNA and introduces larger range of potentially binding sequences that can be targeted. Moreover, the participation of the peptide chain in the binding event will allow us to attenuate this activity by mutating and extending the residues to introduce specificity.Figure 6. A. CD melting curve of 424 GQ in the presence of either MP-11 or hemin. B. CD spectra of TA2 antiparallel GQ sequence co-annealed with either MP-11 or hemin.


Task 2: Explore the binding to GQ-dsDNA
[bookmark: _Hlk115037170]To design GQ-binding ligands with the potential for employment for cellular purposes an appropriate model should be used that would represent the natural equilibrium between dsDNA and GQ which we term GQ-dsDNA. The binding of developed ligands should be, then, tested against such a model aiming to reveal another layer of specificity that might not be observable in the single-stranded traditional model. Also, elucidating the binding mechanism for such a model will enable us to redesign the ligands to accommodate such mechanisms, subsequently attenuating both the binding kinetics and the final stability of the formed MP-11/GQ complex. The reports for GQ-dsDNA system in the literature is scarce and is mainly includes the presence of high concentration of PEG-400 (40%) as a molecular crowding agent that stabilized the GQ prior to the addition of any ligand. In this part of the proposal we will design GQ-dsDNA model systems that do not employ pre-stabilization of the GQ structure but study its’ native interactions with MP-11.  
[image: ]As GQ structures are dynamic in the genome and have been shown to blink in and out of formation it seems that in order to fully assess the binding affinity of ligands towards GQs we need to generate appropriate models that would represent their natural states. In order to mimic naturally occurring GQ sites we generated two models: (1) a fully open GQ-dsDNA site – in this model the GQ sequence is flanked on both ends with 20 bps dsDNA and facing a non-complementary poly T sequence of equal number of bps. This site emulates the fully assembled GQ structure that is either facing an unstructured DNA coil or a hybridized R-loop. (2) a fully closed GQ-dsDNA site – this design is identical to the fully open apart from the fact that it entirely in the dsDNA form, as the GQ sequence is hybridized with its’ complementary strand. This site mimics the main state of the GQs in the genome. As in nature, the complementary strand is C-rich and, thus, it can fold into an i-motif under acidic condition following the protonation of the cytosine bases and the generation of an additional H-bond site. The formation of the i-motif was shown to be mutually exclusive to the formation of the GQs in some systems and accordingly both models were tested either at pH = 7.5 or 5.5 where in the latter the formation of the i-motif would be promoted as well.Figure 7. Models for ligand binding for GQ-dsDNA


These models will be used first to determine the binding affinity of the MP-11 towards various sequences of GQs. Additionally, we intend to determine the factors that govern the binding of the ligands for such secondary structure and underpin the origins for them. This, in turn, will serve as the base upon which we will develop the next generation of ligands that are based on MPs.	
Task 2.1 Evaluate sequence specificity in GQ-dsDNA.
[image: ]Task 2.1.1 Determine the binding of MP-11 towards a fully open GQ-dsDNA. Mixed trends were observed at pH = 7.5 with all GQs exhibited a much weaker affinity towards MP-11 as compared to their single-stranded behavior. On the other hand, all sequences exhibited binding eventually to MP-11 (albeit with very slow kinetics), including 424 and TA2 with an antiparallel topology at the single-stranded form. On the other hand, at pH = 5.5 a much tighter binding of the MP-11 to all GQ sequences was observed while also exhibiting faster kinetics. As the protonation of the propionic acid residues of the heme moiety has a pKa of 5.5 it means that electrostatic repulsion plays a certain role in the slower kinetics at pH = 7.5. Additionally, the mere GQ-dsDNA model can also have effects on the structure and stability of the secondary structure of the GQ. Indeed, the formation, stability and topology of GQ have been widely shown to be profoundly affected by flanking nucleobases. Accordingly, CD measurement will be employed to evaluate these factors. Figure 8. UV-vis spectra of MP-11 in the presence of the two model systems for GQ-dsDNA at pH = 5.5. 

Task 2.1.2 Determine the binding of MP-11 towards a fully closed GQ-dsDNA. The fully open GQ-dsDNA is a predictor for the “potential” of binding of MP-11 towards GQs as it does not contain the competing element of the complementary sequence of the GQs. Indeed, preliminary results did not reveal any binding of MP-11 towards the fully closed GQ-dsDNA at pH = 7.5. However, upon lowering the pH to 5.5 both the MP-11 ligand has a higher affinity towards GQs and the i-motif can be formed once separated from its’ complementary G-rich strand.  Preliminary results revealed that at elevated concentrations GQ-dsDNA encoding for the c-MYC sequence resulted in a spectral shift of the Soret band typical for MP-11/GQ complex implying that a stable complex is formed. We will next determine the binding affinity in this case as well as attempt to determine the origins for such binding that does not make use of any artificial GQ-stabilizing agent as in the case of PEG-400. 
[bookmark: _Hlk115140714]Task 2.2 Characterize the binding mode in GQ-dsDNA. To understand both the affinity and specificity of the ligand towards GQ-dsDNA we will focus both the composition of the ligand as well as on the structure of the resulting complex. The characterization of the binding process between MP-11 and the GQ-dsDNA is a challenging task. This is due to the multifaceted sequential binding that includes initial non-specific complexation, structural rearrangement, and final complex stabilization. Moreover, the relatively large size of the complex perturbs traditional characterization methods such as NMR and single crystal X-ray crystallography. Accordingly, we will design a set of experiments that will provide evidence for the dominant type of interactions between the ligand and the GQ-dsDNA and accordingly design a set of MP-11 mutants to elucidate the binding process and origin for stability. First, the involvement of certain amino acids, both type and specific role, will be evaluated based on indirect biophysical evidence and direct mutations of the peptide chain. Once this has been established, we will also assume the structure of the resulting construct. 
Task 2.2.1 Reveal the GQ binding site for MP-11. It has been shown that the assembly of the GQ requires the formation of a nucleation site mainly as a rate determining step. Such nucleation site often includes more than a single tract of guanine. Accordingly, we will design several partially closed GQ-dsDNA constructs where two adjacent tracts will remain free as their [image: ]opposing residues will be non-complementary (poly T). To assess the binding site, we will monitor the kinetics for the formation of the complex, i.e. the shift in the Soret band as a function of time. We hypothesize that this nucleation site could be identified based on a large increase in the kinetics in a specific location.


Figure 9. Cartoon representation of the system to detect the GQ binding site. 


Task 2.2.2 Elucidate the roles of the individual amino acids of MP-11 in GQ-dsDNA binding. To understand how MP-11 binds to the GQ-dsDNA we will evaluate the role of specific amino acids. First, we will insert mutations into the MP-11 peptide chain (thoroughly explained in Task 3.1) by either sequentially mutating hydrophilic residues (K13, Q13, Q16, T19 and E21) into alanines. The influence of each amino acid will be evaluated both on its’ influence over the kinetics of the binding that will be monitored by the UV-vis Soret band as well as by the stability of the resulting complex. The latter will be measured by a combination of techniques including melting temperatures using the Soret signal in CD and DSC and extracting the thermodynamic parameters using DSC and ITC.
Additionally, a comparison with the heme moiety as a ligand could give indications for the participation of the aromatic moiety in either of the processes (formation or stabilization of the MP-11/GQ complex) and imply on a complex interplay between the heme and the peptide chain in the process. 
Task 2.2.3. Follow conformational changes in the GQ region after complexation with MP-11. Employing single crystal X-ray diffraction for such structurally complex system is unlikely to yield high quality crystals while using NMR will be extremely challenging to decipher the signals in such a relatively large multicomponent system. EPR spectroscopy, on the other hand, can provide information on conformational changes in GQ-dsDNA as a function of MP-11 binding, by measuring distances at the nanometer range (1.5-10.0 nm) between paramagnetic centers. Accordingly, we will employ the pulsed EPR distance measurement experiments, such as double electron electron resonance (DEER). The inherent paramagnetic signal of the iron in the porphyrin ring will be coupled with a synthetic spin label such as methanesulfonothioate (MTSSL) that will be appended to a thiol modification in the DNA chain. MTSSL will be placed both on the GQ sequence at internal nucleobases that do not clash with the MP-11 ligand as well as in the C-rich complementary strand. Accordingly, employing the DEER method to carefully designed spin-labeled GQ-dsDNA and MP-11 will allow us to determine the changes in the distance distribution function between the two paramagnetic centers. These results can give information about on the binding orientation of the MP-11 and rigidity of the formed GQ as well as about the formation of an i-motif.	
Task 3: Develop MP-based improved ligands for GQ-dsDNA.
Task 3.1 Recombinantly Express MP-11 and other MPs in cells. A set of MPs will be expressed as a fusion of azurin-MP in E. coli (azurin is a carrier of the MP to the periplasm where the heme is appended to the peptide backbone) that will be subsequently cleaved in a post purification process, in a method that had been thoroughly detailed and substantiated. Both plasmids of azurin with the periplasmic signal peptide and the plasmid encoding for the heme-installing machinery (cytochrome c maturation) are in our possession and we will install the MP sequences via simplified method that have previously employed by us.
Task 3.2 Improve MP binding towards GQs by composition and structure alterations.
Task 3.2.1 Introduce point mutations. Key positions that will be identified in Task 2.2.2 will be mutated into generally DNA binding residues i.e., arginine and lysine. The rationale for this is that inserting such residues in locations that influence either the kinetics of stability of the complex are likely to have an impact over the complex formation and may also participate in selection mechanisms.  
Task 3.2.2 Explore the influence of additional minidomain on GQ specificity. Combination of several GQ-binding domains in a single ligand have been proven as an effective method to increase binding affinity and specificity. Accordingly, we will integrate additional GQ-binding peptide-based motifs into the MP-11 peptide sequence. We will express MPs with fused domains that target specific locations within the GQ structure that are fused via a flexible loop of variable length. The targeting of the different motifs with known features will depend on the sequences of the added peptides that have been either selected for through screening or derived from solved crystal structures, as depicted in Figure 10. The addition of fused sequences to MP will introduce another dimension of specificity. As the core sequence of the peptide already possesses a certain inherent affinity and specificity towards a specific GQ sequence. Introducing a newly added binding site will enhance the original affinity, thus better resolving it compared to other sequences, as have been observed for [image: ]dsDNA. Additionally, as the distance between the G-tetrad site and the targeted motif of the GQ vary between sequences, each MP hybrid will require a linker of specific length in order to maximize the biomolecular interactions with the GQ, introducing another GQ-selecting feature of the peptides. Sequence analysis will be further tested by mutating key residues within the full constructs. These interactions will be resolved by UV-Vis and CD spectroscopy and complemented by ITC. The complexation will be explored by EMSA and AUC that can resolve the oligomerization state distribution of the complexes and the corresponding molecular weight by extracting their hydrodynamic parameters. The specificity of the peptides will be also tested by employing the DNA polymerase stop assay. GQ sequences will be inserted into a dsDNA sequence where the amplification of the dsDNA by Taq DNA polymerase will monitored by radiolabeling or fluorescence. GQ formation will arrest the binding of the enzyme, thereby reducing the readout signal. Then, luciferase reporter assay will be employed in cells where the luciferase activity is regulated by a GQ sequence located in the Luc promoter region. Figure 10. Cartoon representation of MP-11 fused to a GQ domain-binding peptide with a variable linker as a multi-motif GQ-binding metallopeptide model. B. Representation of a GQ-bound complex. C. List of sequences that will be fused to MP.


Task 3.2.3 Exchange the porphyrin-bound iron metal ion. We will be using established methods to replace the porphyrin-bound metal ion that includes demetallation at acidic conditions followed HPLC-based purification and metalation by refluxing of the free-base peptide in the presence of the desired metal. The free-base MP-11 will be used as a reference for the influence of the metal ion on GQ and GQ-dsDNA binding in general. Also, metal ions will be introduced as they have shown to have a diverse influence over the binding affinity of the GQs. Importantly various ions can imbue the MP-11 construct with emergent functions. Zn2+-porphyrins are known to exhibit fluorescence that increases upon binding to GQs, while Au3+-porphyrins have shown enhanced affinity towards GQs.  
Task 3.2.4 Express different MPs. In order to assess the influence of the secondary structure of the peptide chain we will express MP-9cb-562. Although the peptide chain of the MP-11 is mostly in the form of a random coil its’ amino acid sequence encodes a propensity of the chain to adopt a certain secondary structure. Interestingly, it has been observed that in the solid-state MP-9 originating from cytochrome cb-562 undergoes structural rearrangements from a random coil into an α-helix in the solid-state, adopting an identical structure to that of the native protein, when surrounded with amino acid residues that engage the MP-9cb-562 in non-covalent stabilizing interactions. Accordingly, we will express and purify MP-9cb-562 and examine the affinity of this peptide to different GQ sequences and couple it with the changes in CD spectrum of each MP-9cb-562/GQ complex. We will also determine the interacting polar residues and nucleobases in a similar fashion as described above and complement this with ITC. As cytochrome cb-562 contains additional flanking residues that encode for an α-helix, we will also generate extended variants in order to form more sites that will engage in non-covalent interactions thus better stabilizing the helix. Also, an extended sequence could stabilize the helix prior to the binding event thus decoupling the folding event from the binding event, enabling us to determine the influence of the secondary structure on the affinity and selectivity of peptide ligands.
Aim 2: To develop a hybrid peptide-molecule conjugates as ligands for GQs
Task 1: co-screen GQ-binding fragments – selection and usage. The designed conjugate aims to fill-in the chemical space that the MPs cannot occupy. This relates to the inherent preference for GQ binding of the heme group that targets the external tetrads, with the auxiliary assistance of the peptide chain. This comes into effect both in the preference for almost exclusively parallel topologies and accompanying sequences that support specific structural features that can be bound by MPs. However, there are plenty of evidence for the formation of additional topologies for other sequences, most notably are the telomeres that in most cases adopt an antiparallel or hybrid topologies, depending on the salt identity in the solution. Accordingly, we will increase this chemical space by using conjugates composed from GQ-binding ligands and peptides that can target a larger variety of DNA sequences and some that can individually support topologies that are unattainable by MPs. As a preselection for this system we divided the two subcomponents into two distinct types: 1. Optically active GQ-binding molecules and 2. GQ-binding peptide chains.
[image: ]
Molecular ligands: These will include optically active ligands that alter their optical properties upon binding to GQs. This way we can scan multiple combinations simultaneously and gain insight towards a certain pattern of specificity and affinity. These ligands include thioflavin T (ThT) and thioazole orange (TO) that have been shown to exhibit enhanced fluorescence upon binding as well as an optical shift in their UV-vis spectra. 
The GQ will be first added with the molecular ligand to forma stable fluorescent complex. The addition of the peptides to the complex could result in one of the two options: 1. Loss of UV-vis absorption and fluorescence that can be attributed to the removal of the ligand, as was observed in various competition assays featuring both of these ligands or 2. Increased UV-vis absorption and fluorescence incase the peptide will stabilize a ligand-binding topology in a cooperative binding mode.
Peptides: we will employ various verified peptides that have shown to bind GQs. These will include mainly RHAU and MYB peptides originating from DDX36 and RAP1 proteins, respectively. These peptides were shown to adopt an α-helical structure upon binding to parallel GQ topologies, targeting the external tetrads with additional peripheral interactions with neighboring sugar moieties and surrounding nucleobases. Also, non-structured peptides will be used such as LL37.
Accordingly, we scanned a combination of RHAU16 peptide that have been shown to bind tightly to GQs with a combination of molecules, mainly, ThT and TO in a GQ : ThT : peptide ratio of 1 : 1 : 1. Our scan have revealed that in the presence of parallel GQs a sharp decrease in the fluorescence was observed implying that the ThT and the RHAU peptide compete for the same locations within the GQ, i.e. the external tetrads. On the contrary, in the presence of non-parallel sequences enhanced fluorescence was observed along with a higher intensity for the UV-vis absorption band of the resulting GQ-ThT complex. CD measurements revealed topological change in the presence of the peptide, implying on an allosteric binding mechanism where a binding site becomes available upon the binding of the peptide. Accordingly, we will expand our scanning to additional ligands in the future.
Task 2: Explore GQ-dsDNA binding by peptide-molecule conjugates.
Task 2.1 Conjugation of the peptides to the molecules. Out of the selected combinations that show promising spectral changes in the presence of a specific GQ sequence along with a peptide, a desired conjugate will be synthesized. Towards that end we will employ an onsite peptide synthesizer where two functionalities will be added to the peptide. The first is a cysteine residue that will be conjugated with a reactive derivative of the dye, preferably maleimide that will be purchased commercially. Additionally, as the peptide and the ligand are not necessarily located in adjacent locations within the GQs a flexible linker will be inserted in between the peptide and the cysteine as to allow both sub-components to assume their optimal orientation for the GQ binding. Such conjugates will be purified by HPLC and characterized using various techniques including mass-spectra and UV-vis spectroscopy. 
Task 2.2. Screen of formed conjugates against original targets. The purified conjugates will be, then, screened again with various sequences of GQs to assert the specificity that have been observed in the separated version. The dissociation constant will be determined both spectroscopically and by employing EMSA against the various sequences. 
Task 2.3 Screen of formed conjugates against original GQ-dsDNA. Similarly to Aim 1, Task 2.2 we will scan the affinity of the conjugates to a fully open and fully closed GQ-dsDNA. As the two conjugates (the MP and the synthetic conjugates) eventually contain an analogous structure the exploration of their binding mechanism to GQ-dsDNA and the analysis thereof will take a similar form. Importantly, each conjugate introduces a different set of options for targets, thus differentiating their binding potential. 
AIM 3:  To explore the effect of MP-11 and MP derivatives on the cellular behavior of targeted GQ sequences.
A prerequisite to understanding what the influence is of specifically targeting various GQ in the genome we will trace the binding or the MP ligand to its respective GQs. Towards that end we will employ sequencing techniques such as Chip-seq or alternatively try to label the binding site using the latent peroxidase activity of the MP ligand as has been done elsewhere. Alternatively, we will generate MP:Zn2+ derivative that whose inherent fluorescence intensifies upon binding to GQ to visualize the location of the ligand in the cell.
We will monitor any change in protein expression that is an outcome of this binding event, depending on the type of GQ promoter that is specifically targeted
Environment. The scientific vision that drives our lab is the exploration of the interactions that underlie the sophisticated structures of biomacromolecular complexes. Our newly established group will include a wet lab for all aspects of molecular biology including PCR (VWR), AKTA, centrifuges and shakers, a COY tent for anaerobic reactions, and stereomicroscopes for crystal screening. Classical biophysical characterization will include single-crystal x-ray diffraction, CD, MS, NMR, EMSA, AUC, ITC and in-lab spectrophotometers. Dr. Golub has extensive experience in the expression, mutagenesis, and purification of various proteins, synthetic modifications and subsequent purifications, is well versed in protein crystallography and published 18 papers on GQ-based sensors and catalysts. The Department of Chemistry at BIU is equipped with a Chirascan CD spectrometer (Applied Photophysics), various NMR spectrometers, peptide synthesizer, and mass spectrometers.
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