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Guanidinoglycosides are a class of non-cytotoxic molecular transporters capable of delivering high molecular weight bioactive cargos into cells at low nanomolar concentrations. Efficient bioconjugation with guanidinoglycosides has been previously demonstrated by utilizing a guanidinoneomycin decorated with a reactive but also unstable N-hydroxysuccinimmide ester-containing linker. Herein we report the synthesis, chemistry, and application of a new, stable guanidinoneomycin derivative armed with a highly specific maleimide moiety which allows for thiol-maleimide click chemistry, a highly popular bioconjugation strategy, widening the field of application of these intriguing and useful delivery vehicles.
Introduction
Poor cell membrane permeability is a key limiting factor in the discovery and the development of potential therapeutic agents designed to modulate intracellular components.1-3 To overcome this drawback, different chemical strategies have been developed, depending on the nature of the bioactive molecule. For instance, small hydrophilic molecular drugs are converted into pro-drugs for enhanced membrane permeability,4 while the physicochemical features of larger biomolecules, such as peptides or proteins, have been modified through backbone cyclization or side chain “stapling”, amide bond masking, or dressing with guanidine groups.4-7 Alternatively, a common strategy yet also the most exploited for helping internalization of both small molecules and high molecular weight bio-macromolecules relies on the use of molecular transporters encompassing antibodies, dendrimers, biocompatible polymer nanocarriers, liposomes, and cell penetrating peptides (CPPs), among others.8-12 
CPPs have played a pivotal role since the discovery of the 11-mer Tat-peptide and its role in the transduction of HIV into cells.13,14 Despite the extensive work done, which led to the development of various arginine rich CPPs, including cyclic,15 non-peptidic,16 and stimuli-responsive CPPs,17 the “ideal” CPP able to overcome the drawbacks associated with their use, such as nonspecificity, susceptibility to proteolytic degradation, cytotoxicity, and high production costs, is still missing.18,19 Nonetheless, these studies have provided insight for the design of new molecular transporters, such as the significance of multiple guanidinium groups that interact with cell surface proteoglycans through bidentate hydrogen bonds.20 Since this early observation, different guanidinium-rich molecular transporters have been successfully developed, encompassing inositol,21 carbohydrate scaffolds,22,23 dendrimers,24 carbon nanotubes,25 calix[n]arenes,26,27 and bicyclic guanidinium tetramers.28 
Guanidinoglicosides, namely aminoglycoside antibiotics substituting the ammonium groups for guanidinium groups, have been introduced by some of us as non-cytotoxic, highly efficient molecular transporters.29 In particular, guanidinonemycin (GNeo) showed higher cellular uptake compared to Arg9 CPP, being able to translocate high molecular weight cargos into cellular lysosomes at low nanomolar carrier concentrations through a heparan sulfate-dependent pathway.30-33 To facilitate conjugation to biomolecules, GNeo has been decorated with a linker bearing a highly reactive N-hydroxysuccinimmide ester (GNeo-NHS, Figure 1).34 GNeo-NHS of first and second generation derivatives have been successfully used to functionalize two lysosomal enzymes, β-D-glucoronidase (GUS) and α-L-iduronidase (IDUA), exploiting accessible lysine residues. The corresponding functional conjugates were efficiently delivered into cells lacking these lysosomal enzymes.34 Moreover, due to increased uptake into neurons and astrocytes, GNeo-IDUA conjugates has been shown to reduce glycosaminoglycan storage and neuropathological hallmarks of disease in the olfactory bulb and cerebral cortex by repetitive intranasal administrations in Mucopolysaccharidosis I mice deficient in IDUA.35 
Although GNeo conjugation to biomolecules using GNeo-NHS occurs efficiently, this approach suffers from certain limitations: 1) lysine residues exposed on the surface of the macromolecule are needed, 2) other accessible nucleophilic moieties, such as the thiol of Cys or the hydroxy group of Tyr, may somewhat compromise selectivity, 3) conjugation takes place through a covalent, irreversible linkage, potentially affecting bioactivity, and 4) GNeo-NHS is susceptible to hydrolysis , which renders its synthesis, purification and storage quite demanding. To overcome some of these drawbacks, liposomes decorated with GNeo (GNeosomes)36,37 as well as PAMAM dendrimers38-40 and calix[n]arenes have been recently developed.41
One of the most exploited techniques for bioconjugation is the conjugate addition of thiols to maleimides.42,43 This “click” reaction occurs rapidly in aqueous buffer solutions at pH 7.4, typically in high yields with good selectively for thiols with limited side-products, leading to the formation of a stable thiol-maleimide adduct.44 Indeed, site-selective cysteine modification in proteins is probably the most popular choice for protein bioconjugation as evidenced by its use in the preparation of antibody-drug conjugates.45 
We report herein the synthesis of a new guanidinoneomycin molecular transporter bearing a maleimide moiety (GNeo-Mal 1a, Figure 1). We demonstrated that GNeo-Mal reacts efficiently with cysteine-modified biomolecules to promote cellular uptake, widening the versatility and potential of this class of fascinating, non-peptidic molecular transporters.



Figure 1. Structures of GNeo-NHSs and GNeo-Mal




Results and discussion

Synthesis and chemistry of GNeo-Mal.

Bioconjugation is an important technique which tethers an exogeneous moiety to a biomolecule to endow the latter with beneficial properties.46 The reaction between NHS-activated esters and amines can be considered the gold standard of protein conjugation. Accordingly, this strategy was originally utilized to attach GNeo molecular transporter to lysosomal enzymes GUS and IDUA to increase their cellular uptake.34 The presence of different ε-amino groups on solvent-exposed lysine residues of these enzymes, produced GNeo-enzyme conjugates able to efficiently reach the lysosome and affect biological activity in vitro and in vivo.34,35 Due to the instability of NHS-ester group in aqueous solution, the use of a large excess (from 50 to 100 molar excess ratio) of GNeo-NHS reagents was, however, necessary. Moreover, the efficiency and selectivity of bioconjugation with GNeo-NHS depend on the specific biomolecule since NHS-esters can react with other amino acid side chains of cysteine, tyrosine, serine, and threonine. These observations, along with the difficulties concerning the synthesis, isolation and storage of GNeo-NHS, could limit the application of this powerful non-peptidic molecular transporter.
To overcome these limitations and expand the conjugation portfolio of these compounds, we synthetized GNeo-Mal 1a from GNeo-N3 6 and the ad hoc synthetized maleimide-containing linker 5 (Scheme 1). Accordingly, maleic anhydride 2 was reacted with β-alanine affording maleimide carboxylic acid 3,47 which was coupled with PEG-linker 4, prepared as previously reported in literature,48 bearing the maleimide moiety on one end and a propargyl group on the other end, leading to the formation of maleimide-alkyne PEG-linker 5. Thanks to the stability of the maleimide moiety, we could couple Boc-GNeo-N3 6a, which was prepared according to the procedure reported in literature,39 and 5 following a “standard” click protocol, namely using CuSO4 and Na-ascorbate in the presence of catalytic TBTA in a mixture of aprotic-protic solvents (DCM/water). Full Boc-deprotection and HPLC purification yielded the target GNeo-Mal 1a as an easy to handle, stable to storage fluffy white solid. Following the same synthetic strategy, the corresponding neomycin derivative Neo-Mal 1b was prepared starting from Boc-Neo-N339 6b to highlight the effect of guanidinylation on the cellular uptake properties of the glycoside (Scheme 1).



Scheme 1. Synthesis of GNeo-Mal 1a and Neo-Mal 1b.
The reactivity of (G)Neo-Mal 1a,b and the capacity to deliver high molecular weight cargos into cells was demonstrated by conjugation with biotinylated cysteine (biotin-Cys) followed by a second conjugation with fluorescently labeled streptavidin-phycoerythrin (ST-PECy5, 300 kDa) and subsequent cellular delivery. Accordingly, we prepared biotin-Cys conjugate 10 according to the pathway depicted in Scheme 2. Biotin 7 was coupled with N-Boc-ethylenediamine to obtain intermediate 849 which was Boc-deprotected and coupled with commercially available N-acetyl-S-trityl-l-cysteine leading to the formation of thiol-free biotin-Cys 10 after final removal of the trityl group.



Scheme 2. Synthesis of biotin-Cys conjugate 10
Biotin-Cys 10 reacted smoothly with (G)Neo-Mal derivatives 1a,b in less than five minutes in buffered aqueous solution at pH 7.4 efficiently producing conjugates 11a,b (Scheme 3), as evidenced by HPLC and HRMS spectroscopy (Schemes S1 and S2 in Supporting Information). Since the robustness of the thiol-maleimide linkage has been recently questioned,44 we checked the stability of GNeo-Mal-biotin conjugate 11a by dissolving it in an aqueous buffer solution at pH 7.4, 37 °C and monitoring potential degradation by HPLC over time. After 90 minutes we detected the appearance of a new peak with increased area as a function of time, showing a conversion of around 50% after 72 hours (Scheme S3 in Supporting Information). Interestingly, the new peak had a different retention time from GNeo-Mal 1a meaning that the thioether linkage in 11a was not reversible. To our delight, as evidenced by HRMS, the new product is the result of the hydrolytic ring opening of maleimide-thiol adduct which renders the thioether linkage even more stable.50



Scheme 3. Synthesis of (G)Neo-Mal-biotin conjugates 11a,b

Cellular uptake of (G)Neo-Mal conjugates
To evaluate the cellular uptake of the novel GNeo derivatives, compounds 1a, 11a, and 11b were treated with ST-PECy5 to produce tetrameric GNeo-maleimide-streptavidin/biotin complexes. Wild type Chinese hamster ovary (CHO-K1) cells were incubated with these complexes at different nM concentrations and the mean fluorescence intensities (MFIs) were determined and analyzed by flow cytometry (Figure 2a). As hypothesized, only the complexes that possessed both the GNeo transporter and the biotin handle (GNeo-Mal-biotin 11a) exhibited drastically increased internalized fluorescence several orders of magnitude higher than negative controls. The neomycin analogues 11b also showed a mild increase in internalization, but the effect was miniscule compared to the guanidino-modified molecular transporter 11a. Additionally, the uptake experiment in wild-type CHO-K1 cells was repeated in the absence of albumin and thiol-rich FBS during the crucial incubation step of the streptavidin complexes resulting in a slight decrease or comparable MFIs at lower nM concentrations, and an increase of internalized fluorescence at 25 nM concentration (Figure 2b). These results remain consistent with the observation that cellular starvation attenuates macropinocytosis as the cell scrambles to obtain nutrients, rather than an irreversible exchange due to the presence of excess of thiols.51,52 Moreover, no thiol exchange was observed when conjugate 11a was incubated with excess of glutathione at pH 7.4.
Previously published derivatives of guanidinoneomycin molecular transporters rely on heparan sulfate proteoglycans on the cell surface for endocytosis.31 To verify GNeo-Mal 11a shares a similar mechanism, mutant pgsA745 cells, devoid of heparan sulfate, were incubated with the fluorescently labelled Streptavidin complexes (Figure 2c). Flow cytometry analysis indicated a significant drop of internalized fluorescence, cementing the necessity of heparan sulfate for endocytosis of GNeo-Mal complexes.
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Figure 2. Cellular uptake. Cells were incubated with the carriers complexed to fluorescently labeled streptavidin (ST-PECy5) for 1 h at 37 °C. MFI was measured by flow cytometry. The background signal from untreated cells was subtracted. A) Wild-type CHO-K1 cells incubated with ST-PECy5 (25 nM) and ST-PECy5 complexed to GNeo-Mal (25 nM) and (G)Neo-Mal-biotin (5, 10, and 25 nM) as indicated. B) Wild-type CHO-K1 cells incubated without the presence of albumin and thiol-rich FBS. C) Mutant pgsA-745 cells incubated with the same conjugates. Error bars each represent the standard deviation from an average of three experiments, each of them at least in triplicate.


Conjugation with SP012 peptide and cellular uptake

To examine the effectiveness of the GNeo-Mal transporter in an additional biological setting, GNeo-Mal 1a was conjugated to a synthetic peptide SP012 (sequence GNSALHVASQHG). SP012 is a peptide designed to inhibit the function of γ-synuclein (SNCG), a protein associated with proliferation in tumour cells.53 SNCG is involved in the machinery of cellular proliferation by interacting with the mitotic checkpoint protein BUB1-related protein 1 (BubR1) which regulates spindle assembly.54-57 SP012 was designed to disrupt SNCG binding to BubR1 and consequently increase the inhibitory action of the spindle assembly checkpoint, eventually leading to a significant decrease of the cellular proliferation in metastatic lesions.
To determine whether GNeo molecular transporter would improve the delivery of SP012 peptide into cells compared to transactivating transcriptional activator transporter (Tat, sequence GYGRKKRRQRRR) which was used in the previous study,53 a cysteine decorated SP012 peptide was conjugated to GNeo-Mal 1a. Peptides were synthesized by solid phase microwave assisted peptide synthesis (SPPS) using a Liberty Blue™ Automated Microwave Peptide Synthesizer starting from a Rink amide MBHA LL resin and exploiting a CarboMax strategy (see Supporting Information for details). To conjugate the GNeo-Mal 1a to SP012, an Ac-Gly-Cys-Gly motif was added at the N-terminus of the peptide during the automated SPPS leading to peptide 12 (sequence GCGGNSALHVASQHG, Scheme 4). The Ac-Gly-Cys-Gly motif was selected to space the cysteine reactive site from the peptide and at the same time to mimic a non-terminal cysteine. Any attempt to conjugate GNeo-Mal 1a to the resin-bound peptide 12 in solid phase failed, either giving low yields or a mixture of products that proved difficult to separate, so the click step was performed in solution. Cleavage of the peptide from the resin and removal of protecting groups was performed by treating the resin with a cleavage solution of 92.5% trifluoroacetic acid (TFA), 2.5 % 1,2-ethanedithiol, 2.5% triisopropylsilane (TIPS) and 2.5% of water leading to peptide 12 which, without any further purification, was conjugated with GNeo-Mal 1a in water for 24 h to obtain the GNeo-SP012 peptide 13 (Scheme 4 and S4. The reaction was much slower compared to the conjugation with biontin-Cys 10 probably due to steric hindrance). Analogously, Tat-SP012 14 (sequence GYGRKKRRQRRRGNSALHVASQHG) was prepared by automated SPPS and treated with a 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS) and 2.5% of water mixture for resin cleavage and side chains deprotection. The crude peptides were purified by semi‐preparative RP‐HPLC.
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Scheme 4. Synthesis of GNeo-SP012 peptide 13 and structure of Tat-SP012 14


Proliferating Neuro2A cells were treated with either GNeo-SP012 13 or TAT-SP012 14 to compare the rate of proliferation following 24 hours incubation. Treatment with the same concentration (50μM) of GNeo-SP012 13 or Tat-SP012 14 showed that the rate of proliferation was significantly reduced with GNeo-SP012 13 compared to Tat-SP012 14 (Figure 3, A). This indicates that the GNeo-SP012 13 conjugate is more effective at transporting the SP012 peptide. To ensure this was not due to toxicity of the conjugate, cellular toxicity was measured in a non-proliferating cell line. Day 8 differentiated 3T3-L1 adipocytes were treated with up to 100μM GNeo-SP012 13 or Tat-SP012 14 and cellular toxicity was measured by resazurin assay. No significant effect on toxicity was observed with either conjugate demonstrating that neither Tat-SP012 14 nor GNeo-SP012 13 resulted in cell toxicity or cell death (Figure 3, B, C). These results demonstrate that GNeo-SP012 13 significantly reduced the rate of proliferation in Neuro2A cells and indicates that the GNeo transporter improves the cellular delivery of synthetic peptide SP012 directly compared to Tat. This demonstrates that GNeo-SP012 13 conjugate improved the delivery of the synthetic peptide SP012 in vitro compared to the Tat-SP012 conjugate 14.
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Figure 3. Effect of SP012 conjugate on cellular rate of proliferation and toxicity. (A) Cellular proliferation was measured by resazurin assay in Neuro2A cells. Neuro2A cells were maintained at sub-confluency and treated with 50μM TAT-SP012 14, 50μM GNeo-SP012 13, or PBS for 24 hours. Resazurin assay was performed prior to and following peptide treatment to determine effect on proliferation. (ANOVA, n=8, ***p≤0.001). Cellular toxicity of (B) TAT-SP012 14 and (C) GNeo-SP012 13 was measured by resazurin assay prior to and following treatment with of conjugates in un-proliferating differentiated adipocytes. 3T3-L1 cells were differentiated for 8 days before being treated with TAT-SP012 14, GNeo-SP012 13, or PBS control for 24 h. (ANOVA, n=4).
Conclusions
A new GNeo-based molecular transporter has been developed by anchoring a maleimide-bearing linker to the GNeo scaffold. The resulting GNeo-Mal derivative, obtained in good overall yield, is stable, easy to handle and can be to recovered by HPLC. Since it can be stored, it provides an attractive route for bioconjugation through thiol-maleimide click chemistry. We have demonstrated that GNeo-Mal reacts in a straightforward manner with small molecules, such as a biotin-Cys conjugate, and with a Cys-decorated 15-mer oligopeptide, leading to the formation of conjugates that were able to promote the cellular uptake of 300 kDa fluorescently labeled streptavidin and SP012 peptide, respectively. These results widen the potential and utility of this highly efficient, non-cytotoxic molecular transporter, and provides an alternative for less efficient (and potentially cytotoxic) cell penetrating peptides. Since thiol-maleimide click chemistry is a commonly utilized strategy in the bioconjugation toolbox for not only peptides and proteins, but possibly any bio(macro)molecule due to the different strategies reported in the literature to introduce a sulfhydryl reacting group,58-60 we believe that the GNeo-Mal molecular transporter could find wide applications in the development of novel drugs by improving cellular uptake of therapeutic entities.

Experimental Section
Materials. Materials obtained from commercial suppliers were used without further purification. Chemical and reagents were obtained from Sigma Aldrich. Fmoc protected amino acids were obtained from CEM, DMF and HPLC grade water and Acetonitrile were obtained from VWR UK. (G)Neo-N3 6a,b39 and compounds 347, 448 and 849 were prepared as reported in literature. PBS, FBS, F-12 nutrient mixture (HAM) and streptavidin-Cy5 were purchased from Life Technologies (San Diego, CA). Trypsin-EDTA was purchased from VWR (Mediatech, Manassas, VA USA). All cellular uptake experiments were carried out in Corning 24-well plates.
Instrumentation. NMR were recorded on either a Varian Mercury 400 MHz or 500 MHz spectrometers. Mass spectra were recorded at the UCSD Chemistry and Biochemistry Mass Spectrometry Facility; low resolution mass spectrometry (LR-MS) analysis was performed on a Thermo LCQdeca mass spectrometer using electrospray ionization (ESI) as the ion source. An Agilent 6230 time of flight mass spectrometer (TOFMS) was employed for high resolution MS (HR-MS) analysis using ESI as the ion source. Reversed phase HPLC purification of (G)Neo-Mal (CLIPEUS, C18, 5µm, 10250 mm, Higgins analytical) and analysis (Eclipse, XDB-C18, 5µm, 4.6150 mm) were carried out on an Agilent 1200 series instrument. Reversed phase HPLC purification of peptides were carried out on an Agilent 1260 series Preparative instrument (Phenomenx Jupiter column 21.6x250 mm, 300 Å, 5 µm,) and the reversed phase HPLC analysis of the peptide (Phenomenx Jupiter column 21.6x250 mm, 300 Å, 5 µm,) Peptides were prepared through 9-Fluorenylmethoxycarbonyl (Fmoc) solid phase microwave assisted peptide synthesis (SPPS) using a Liberty Blue™ Automated Microwave Peptide Synthesizer (CEM). Coupling agents used: 1 M N,N′-diisopropylcarbodiimide (DIC) and 1 M ethyl cyano(hydroxyimino)acetate (Oxyma pure) solution in dimethylformamide as additive. Fmoc deprotection was performed with a 20% piperidine solution in DMF.
Cell Culture. All cell lines were grown as previously reported.36
Chemical Synthesis. The synthetic procedures and characterizations of all new compounds and peptides are described in the Supporting Information.
Cellular Uptake. Wild-type CHOK1 and mutant pgsA-745 cells were seeded onto a 24-well plate at a density of 100,000 cells per well and grown to 80% confluency overnight. The modified amino and guanidinoglycosides were then bound to a Cy5-labelled streptavidin to form tetravalent biotin-streptavidin conjugates by incubating the compounds with streptavidin-Cy5 (5:1) in a MilliQ:PBS (1:1) solution while protected from light for 20 minutes. The streptavidin conjugates were diluted to the desired concentrations in F-12 growth medium containing 10% FBS (no FBS added for serum-free experiment). The cells were washed with PBS and incubated with 300 μL of the fluorescent carrier solutions for 1 h at 37 °C in a 5% CO2 atmosphere. The cells were then washed twice with 300 μL of PBS and detached with 60 μL of trypsin-EDTA for 10 minutes, followed by a dilution with 0.1% BSA in PBS, and analyzed by FACS.
Cellular Proliferation and Toxicity. Cellular 3T3-L1 cells were maintained in culture using 3T3-L1 Growth Media (DMEM GlutaMax (GIBCO, #D5671), 10% (v/v) New-born Calf Serum (Sigma, #N4762), 2% (v/v) Streptomycin/Penicillin/Glutamine (GIBCO, #10376-016), 1% (v/v) Sodium Pyruvate solution (Sigma, #S8636), and 1% (v/v) Non-Essential Amino Acid solution (Sigma, #M7145)). To stimulate differentiation of 3T3-L1 pre-adipocytes into mature adipocytes, cells were cultured in 3T3-L1 Differentiation Media (DMEM GlutaMax (GIBCO, #D5671), 10% (v/v) Foetal Bovine Serum (GIBCO, #10500-064), 2% (v/v) Streptomycin/Penicillin/Glutamine (GIBCO, #10376-016), 1% (v/v) Sodium Pyruvate solution (Sigma, #S8636), and 1% (v/v) Non-Essential Amino Acid solution (Sigma, #M7145)). For the first two days of differentiation (day 0- day 2) 3T3-L1 Differentiation Media was supplemented with 0.85μM Insulin (Sigma, #I9278), 1μM Dexamethasone (Sigma, #D4902), 0.5mM 3-isobutyl-1-methylxanthine (IBMX) (Sigma, #I5879), and 2μM Rosiglitazone (Sigma, #R2408). From day 2 to day 4 of differentiation, 3T3-L1 Differentiation Media was supplemented with 0.85μM Insulin (Sigma, #I9278). Neuro2A cells were maintained in culture in Growth Media (DMEM GlutaMax (GIBCO, #D5671) with 10% (v/v) New-born Calf Serum (Sigma, #N4762). Cell toxicity and cell proliferation was measured using resazurin cell viability assay (R&D Systems, #AR002). For all determinations of cell viability, measurements were taken prior to experimental treatment and following to ensure any pre-existing variation in viability was eliminated. Cells were incubated in media with 10% (v/v) resazurin and readings were taken according to the manufacturers protocol at multiple time points on a SpectraMAX 190 spectrophotometer (Molecular Devices, USA). These readings were normalised to the initial pre-experimental measurements.
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