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Abstract
Hexahistidine motif is often encoded at one extremity of amino acid sequences of recombinant proteins. The reaction of some water-soluble Morita-Baylis–Hillman adduct (MBHA) derivatives with equimolar amounts of N-acetylhexahistidine was investigated in order to evaluate their reactivity towards poly-histidine sequences. Very intriguingly, the results of kinetic studies along with the characterization of the reaction products strongly supported that multiple electrophilic attacks occurred to the same Ac-His-6 molecule, as an apparently cooperative process. MBHA derivatives 2 and 3 were found to self assemble in water environment (as suggested by pyrene fluorescence analysis, DLS, CryoTEM, and high field NMR spectroscopy) to generate spherical micelles showing core-shell architectures. By virtue of their molecular and supermolecular organizations, the micelles appeared to be capable of performing massive attacks to the chemical species, which after an initial interaction with the solvated oligo(ethylene glycol) shell are able to reach the core. These results provide the bases for the development of a new approach in covalent protein functionalization.



Introduction
Hexahistidine motif is commonly encoded at the beginning or at the end of an amino acid sequence of a recombinant protein in order to allow its isolation and purification after its expression in bacteria from recombinant DNA vectors.1-5 In this way, the protein of interest is easily separated from native proteins by affinity chromatography, and this technology has become the gold standard for preparation of recombinant proteins so that many engineered polypeptides contain in their sequences poly-histidine fragments.6-10 Moreover, poly-histidine tags represent interesting opportunities for selective derivatization of these proteins.11 
In previous works, some Morita-Baylis–Hillman adduct (MBHA) derivatives were prepared12,13 and reacted with imidazole, N-acetylhistidine (Ac-His-1), and N-acetylhexahistidine (Ac-His-6)  in order to evaluate their reactivity towards the imidazole fragment in different environment. Interestingly, naphtalene MBHA derivative 1 react with imidazole moiety providing biadduct compounds as the main reaction products (Figure 1).13
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Figure 1. Reactivity of MBHA derivative 1 with N-acetylhistidine (Ac-His-1) and of the water-soluble MBHA 2 and 3 with N-acetylhexahistidine (Ac-His-6).

Thus, the structures of these compounds were manipulated by introducing oligo(ethylene glycol) chains in the aim of obtaining water-soluble derivatives 2 and 3, which were characterized from the point of view of their reactivity towards N-acetylhexahistidine in PBS (Figure 1). 
Very interestingly, mass spectrometry, NMR spectroscopy, and photophysical studies confirmed the presence of considerable amounts of biadduct residues in both the polymeric materials Ac-His-6-MBHA-2 and Ac-His-6-MBHA-3 obtained with ten-fold excess of compounds 2 and 3, respectively.13 
In the present article we investigate the macromolecular mechanisms at the basis of the multi-functionalization of N-acetylhexahistidine using amphiphilic molecules 2 and 3 in water solutions.
Intrigued by the reactive double addition phenomenon, in order to evaluate the relative reactivity of 2 and 313 in the same reaction conditions, kinetic experiments were performed in NMR tubes containing Ac-His-6, and only one equivalent of these MBHA derivatives (concentration around 1 mg/mL) in PBS medium prepared with deuterium oxide using DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid sodium salt) as an internal standard (Figures SI1 and SI2).
The 1H NMR experiments demonstrated that after 48 h at room temperature the initial amounts of MBHA derivatives were almost completely converted, whereas substantial amounts of Ac-His-6 appeared to be present in the reaction mixture. The residual amounts of unreacted Ac-His-6 could be estimated with some uncertainness to be in the range of 60-80%, suggesting that multiple electrophilic attacks occurred to the same Ac-His-6 molecule.
Surprised by this intriguing results, further kinetic experiments were performed with MBHA derivative 3, which showed the highest relative reactivity and produced water-soluble polymeric materials, as suggested by both the clear reaction mixtures and the presence of broad signals in the spectra in Figure SI2. In particular, the kinetic experiments were performed in NMR tubes containing Ac-His-6, only one equivalent of the MBHA derivative at the initial concentrations of 3 and 5 mg/mL in PBS medium prepared with deuterium oxide without the internal standard DSS, which was excluded from the reaction mixture in order to eliminate its potential interaction with the reagents. 
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Figure 2. 1H NMR spectra (500 MHz, PBS-D2O) of the mixtures obtained by reaction of Ac-His-6 with an equimolar amount of compound 3 (initial concentration 5 mg/mL). The peaks marked with A (attributed to the acetyl moiety of 3) and B (attributed to acetate produced by the concerted addition–elimination process) were used to follow the reaction progress. 

These experiments confirm the presence in solution of a high amount of unreacted Ac-His-6 despite the virtual disappearance of the MBHA 3 in the reaction mixture.
The composition of the reaction mixture of the kinetic experiments was also studied by 13C NMR analysis (Figure SI4) of the mixture obtained by reaction of Ac-His-6 with an equimolar amount of compound 3 (initial concentration 5 mg/mL) in order to get information about the structure of the species present in the reaction mixture (i. e. the polymeric material). 
The comparison shown in Figure SI4 confirmed the presence in the reaction mixture of substantial amounts of unreacted Ac-His-6, after the almost complete disappearance of 3 (after 3 weeks at room temperature), and of a polymeric material showing spectroscopic features very similar to those shown by of previously published polymeric material Ac-His-6-MBHA-3 obtained by reaction of Ac-His-6 with a ten-fold excess of 3. This similarity was particularly evident when the addition of CDCl3 in the NMR tube containing the reaction mixture allowed the polymeric material to be extracted selectively (Figure SI4B), with the unreacted Ac-His-6 molecules and mono-substituted species [Ac-His-6-MBHA-3(1)] remaining in the PBS solution (as confirmed by MALDI-TOF analysis, data not shown).
Moreover, the composition of the reaction mixtures of the kinetic experiments performed at 3 mg/mL and 5 mg/mL was also studied by MALDI-TOF-MS measurements (Figures SI5 and SI6). These experiments suggested that the reaction mixtures showed a quite heterogeneous composition. In fact, the exploration of the spot in the MALDI target showed that different compositions were associated to different areas in the spot. In particular, the edges were rich in both unreacted Ac-His-6 molecules and mono-substituted species [Ac-His-6-MBHA-3(1)] (see Figure SI5), whereas the center of the spot was particularly rich in the polymeric material showing  a MALDI spectrum (see Figure SI6) very similar to that of the material previously obtained by reaction of Ac-His-6 with a ten-fold excess of 3 (i. e. Ac-His-6-MBHA-3),13 as suggested by 13C NMR spectra of the reaction mixture. 
Curiously, the comparison of the results of these kinetic experiments (shown in Figures SI2, SI3 and 2) suggested that the initial concentration of MBHA derivative 3 could affect the apparent reaction rate and the shape of the peaks attributed to the unreacted Ac-His-6. Moreover, significant variation in the chemical shift values were observed for the signals (at 5.63 and 6.10 ppm in Figure 2) attributed to the reactive methylene moiety of MBHA 3 with the progress of the reaction and in agreement with the decrease of the amount of 3. Thus, the effects of compound 3 concentration on the chemical shift values was ascertained by high field NMR spectroscopy studies. The comparison of the 1H NMR spectra obtained with 3 solutions in PBS showing increasing concentrations (i. e. 0.1, 0.3, 0.5, 1.0, 3.0, and 5.0 mg/mL; Figure 3) showed a clear dependence of the chemical shift values on the concentration. In particular, significant down-field shifts were observed in the aromatic/vinylic region of the spectra with the decrease of the concentration up to chemical shift values observed in the spectrum recorded with a solution in deuterated chloroform showing a concentration value of 3 mg/mL. 
[image: ]
Figure 3. Comparison of the 1H NMR spectra (950 MHz) obtained with 3 solutions in PBS showing increasing concentrations with that obtained in CDCl3.

This behavior suggested the presence of an aggregation phenomenon, which could be easily inferred from the amphiphilic nature of these compounds. 
Therefore, the aggregation behavior of the water-soluble amphiphilic MBHA derivatives 2 and 3 was investigated by using four different techniques: (a) pyrene fluorescence analysis,14 (b) dynamic light scattering (DLS), (c) cryo transmission electron microscopy (CryoTEM) techniques, and (d) bidimensional high field (i. e. 950 MHz) NMR spectroscopy.
The critical aggregation concentration (CAC) values of 2 and 3 were determined by fluorescence analysis using pyrene as probe and the results were shown in Figure 4A and 4B. The CAC value was taken from the intersection of the regression lines obtained before and after the slope change (low and high concentration regions). MBHA derivative 2 showed a CAC value (i.e. 0.85 mg/mL, 1.0 ∙ 10-3 mmol/mL), whereas compound 3 showed a CAC value of 0.68 mg/mL (8.9 ∙ 10-4 mmol/mL). Interestingly, the variations in the chemical shift values observed in the 1H NMR spectra with MBHA 3 were consistent with the CAC measured by fluorescence analysis using pyrene as probe (i. e. 0.68 mg/mL). In fact, the decrease of the concentration below 0.5 mg/mL produced only minor changes, with respect to the variations observed above 1 mg/mL. Overall, the results of these measurements confirmed our assumption on the relationships between the amphiphilic structure of MBHA derivatives 2 and 3 and their aggregation liability.

Figure 4. Aggregation studies: I373/I384 intensity ratio obtained from pyrene emission spectra in the presence of 2 (A) and 3 (B) as a function of the logarithm of their concentrations; DLS size distribution histograms of 2 (C) and 3 (D) dispersions in PBS; CryoTEM image obtained with a water solution of 3 at a concentration (i. e. 4.5 mg/mL) well above its CAC. The three spherical micelles interact with the edge of the QUANTIFOIL® R 2/1 300-mesh copper grids.  


The solutions of water-soluble derivatives 2 and 3 in PBS were completely clear. However, DLS analyses of the solutions confirmed the tendency of these MBHA derivatives to form nanoaggregates in PBS solution at the concentration above their CAC (i. e. 1.0 mg/mL). DLS measurements were performed at 25 °C using a Malvern Zetasizer NanoZS instrument; the results obtained with dispersions of 2 and 3 in PBS are summarized in Table S1 and the most significant histograms are shown in Figures 4C and 4D. The results of the DLS analyses confirmed again the self-assembling features of the naphthalene MBHA derivatives. In particular, the results suggested that the dispersions of compound 2 in PBS appeared to contain two heterogeneous populations: one showed a small mean diameter (around 40 nm) and was assumed to be constituted small aggregates composed by few molecules. The other population showed greater dimensions (around 170 nm) and were obviously constituted by a large number of molecules probably organized in micelle-like structures. On the contrary, only one population (diameter around 200 nm) was observed with 3. Thus, this latter MBHA derivative was selected for further characterization in cryoTEM studies. In order to overcome possible problems due to the presence of salts in the amorphous water, we decided of performing cryoTEM studies on MBHA derivative 3 by using a solution in water at a concentration well above its CAC (i. e. 4.5 mg/mL). Very interestingly, this electron microscopy technique showed the presence of spherical objects showing dimensions around 80-100 nm (Figure 4E). 
The apparent discrepancy between DLS and cryoTEM analysis could be explained by the architecture of the aggregates in relation to the features of the analytic techniques and/or to the different composition of the medium used for the analysis. 
In order to collect other information on the self-assembling architecture, NOESY experiments were performed in PBS and in CDCl3 on MBHA 3 (Figure 5). These studies strongly supported the aggregation in the aqueous solvent and the molecularly dissolved state in the organic solvent. In fact, the cross peaks in the NOESY spectrum recorded in PBS (Figure 5A) showed the same sign of the diagonal peaks, whereas they showed the opposite one in the NOESY recorded in CDCl3 (Figure 5B). For molecules with short correlation times τc the cross peaks have the opposite sign of the diagonal peaks, while larger molecules with long correlation times have the same sign for all peaks.15 Furthermore, the cross peaks in the NOESY spectrum recorded in PBS are intense when involved signals in the aromatic/vinylic region, suggesting that the aromatic regions of different molecules are close each other in the space. On the other hand, the cross peaks involving the signals of the nona(ethylene glycol) chains were weak, supporting a micelle architecture showing the side chains fluctuating in the water environment around the micelle core.

Figure 5. NOESY spectra (950 MHz) obtained with a 3 solution in PBS-D2O at the concentration  of 5 mg/mL (A), and in CDCl3 at the concentration of 3 mg/mL (B).
.

Thus by virtue of its hydrophobic nature, the naphthalene moiety was assumed to drive the aggregation and to localize into a micelle core, whereas the amphiphilic oligo(ethylene glycol) chains-tails are located in the micelle edge and exposed to the water environment. In this organization, the reactive moiety of MBHA derivatives 2 and 3 is likely to be located inside the core of the micelle, which can therefore behave as a functional nanoreactor towards the chemical species capable of interacting with the micelle core.16,17 
These results appeared to easily explain the simultaneous massive attack to the same Ac-His-6 molecule. In particular, the Ac-His-6 molecule can be assumed to interact with the MBHA micelle in two different steps. In the first one, it could interact with the shell formed by the solvated OEG chains-tails up to reaching the core where are located the reactive groups. Thus, in the second step Ac-His-6 molecule interacts with the surface of the core, where the massive attack can occur. Imaginatively, as in an aquarium, the poly-histidine sequence (the clownfish) interacts with the shell formed by the solvated nona(ethylene glycol) chains (the tentacles of the sea anemone) up to reaching the core where are located the reactive groups and the massive attack can occur to generate the multifunctionalized fishbone-like poly-histidine.
The proposed mechanism led us to assume the existence of a certain degree of disorder in the poly-alkylated poly-histidine species, which could, however, organize their structures by virtue of the propensity to the formation of biadducts featuring the characteristics of imidazolium salts. Thus, in order to evaluate the potential stability of the poly-histidine sequences containing biadducts residues of molecule 3, molecular dynamics simulations have been performed considering a three-fold biadduct substitution.
The total energies averaged over the 100 ns production run for each Ac-His-6-MBHA-3 conjugate are reported in Table S2. The energy values span a very narrow range meaning that the formation of these Ac-His-6-MBHA-3 conjugates is almost equally probable. Coulomb and π-π interactions between the rings of MBHA-3 and the imidazole ring of histidines are mainly responsible for the stability of these compounds (Figure 6). 
[image: ] 
Figure 6. a) The three-dimensional model of Ac-His-6 with numbering, b) four representative Ac-His-MBHA-3 conjugates conformations obtained from the 100 ns production run. The Ac-His-6 is colored in yellow.
Then, the oligo(ethylene glycol) chains have been added to the most stable “1 5 6” Ac-His-6-MBHA-3 conjugate and the dynamics behavior of the final compound has been studied. The full-length Ac-His-6-MBHA-3 structure shows a similar folding characterized by a close packing of the MBHA-3 aromatic rings and the imidazole ring of the Ac-His-6 histidine residues, whereas the oligo(ethylene glycol) flexible tails fold in a helix conformations, show higher mobility and tend to wrap themselves over the Ac-His-6-MBHA-3 conjugate, as shown in the movie (see ESI).
Thus, the results of the preliminary modeling studies suggested that stable covalent core-shell architectures could be created in the Ac-His-6 as a consequence of subsequent attacks, providing a quite complex dynamic picture of the events. Aware of the level of the approximation, we have tried to develop a rational mechanism as it follows. When the concentration is above its CAC, 3 exists in PBS solution in the molecularly dissolved form 3(m) in equilibrium with the micellar form 3(M) showing different concentrations, dynamics, and reactivity. Ac-His-6 molecules could be attacked rapidly by 3(m) to give mono-substituted species Ac-His-6-MBHA-3(1) or more slowly, but massively by 3(M) with the formation of polymeric species Ac-His-6-MBHA-3. The presence of substituents could increase the susceptibility towards subsequent attacks as a consequence of the creation of a hydrophobic local region, so that the reactivity increases after the first attacks, but decreases with the following ones for steric reasons. This assumption appeared to agree with the observation that multi-substituted polymeric species were observed also in kinetics experiments performed below the CAC (data not shown).
These results could be the basis of a potential selectivity, which could be exploited in the selective derivatization of histidine residues located in precise sequences of complex peptides such as poly-histidine tags and can pave the way for the development of a new biochemical technology.
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