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ABSTRACT: Lysozyme crystals grown in Fmoc-CF (Cys-Phe) hydrogels, unlike those grown in agarose, give rise to composite crystals that have an enhanced resistance against degradation caused by an intense exposure to X-ray irradiation. Fmoc-CF dipeptide shows a clear protection of the most sensitive groups (disulfide bonds and methionines) of the protein. The protection mediated by cysteine is exerted only in its gel state since cysteine in solution has an adverse effect. Probably the reactive thiols groups of cysteine being locked within the rigid peptide fibers minimize cross-reactions with the proteins favoring the formation of protein crystals. Once located inside the protein crystal the long peptide fibers are able to protect the protein against radiation damage.
Dipeptides derivatives have been the focus of an extensive research due to their capacity to self-assemble under different stimuli presenting remarkable physicochemical properties.1-5 In particular, Fmoc (Fluorenylmethyloxicarbonyl)-peptide (abbreviated in 1 letter amino acid code from now on) hydrogels have found applications in diverse fields such as, tissue engineering, biomineralization, catalysis and drug delivery.6 Most of these applications have been possible thanks to the excellent macroscopic hydrogel properties and the modular chemical composition of the peptide fibers. Highlighted examples are the use of Fmoc-RGD (Arg-Gly-Asp) in tissue engineering to promote cell adhesion and increase cell proliferation and survival,7 and the use of Fmoc-DOPA-DOPA (DOPA = 3,4-dihydroxy-phenylalanine) as a template to chelate and precipitate cationic silver into silver nanoparticles.8 The application of dipeptide hydrogels as a media in protein crystallization9, 10 has allowed us to study the interaction between the peptide fibers and the protein and to evaluate the physicochemical properties of the resulting composite crystals since the gel fibers are occluded inside the protein crystals.11, 12 Using L and D-homochiral enantiomeric dipeptides we studied the influence of the peptide-chirality in the polymorphism of the resulting crystals.9 Later, we could observed that the peptide fibers were able to modify the thermal stability and dissolution rate of the crystals,10, 13 even in the case of therapeutic proteins such as insulin.13 Recently, we have shown that lysozyme crystals grown in Fmoc-FF hybrid hydrogels containing carbon nanotubes give rise to composite crystals filled with carbon nanotubes that have novel properties such as electron conduction and thermally enhanced catalytic activity.14
Based on these precedents, herein we wondered if novel composite crystals having a technological advantage over existing ones could be obtained using peptide hydrogels as a media for protein crystallization. At this respect, we focused our attention to the degradation that protein crystals suffer upon exposure to X-ray irradiation. Macromolecular Crystallography (MX) experiments at synchrotron light sources are commonly limited by the structural damage produced by the intense X-ray beam.15 Data quality and also quantity can be compromised by radiation damage16 but, perhaps most importantly, it may also induce wrong conclusions in the resulting macromolecular models.17 Radiation damage is an inherent consequence of the interaction between matter and ionizing radiation. Depending on where photons deposit their energy, radiation damage in protein crystals can be classified as direct or indirect. Direct damage arises from the ionizing events directly produced in the protein atoms whereas indirect damage results from the reactive species (, among others)18, 19 generated during the radiolysis of the solvent molecules. Both types of damage manifest themselves as both, a reduction of crystalline order (global damage), and specific structural modifications (local damage).15, 18, 20
[image: ]Diffraction experiments are typically performed at 100K in order to decrease the diffusion of reactive species (with the exception of electrons) and thus to minimize the indirect damage effects. Data collection at 100K gives an increase of around 70-fold in dose tolerance when compared with crystals irradiated at room temperature (RT).21 The drawback of this methodology is the required sample preparation to overcome cryo-cooling treatment, including the screening for cryo-protectant, and unexpected differences between the structural model obtained at 100K and at RT.22
Fig. 1 A) TEM images of Fmoc-CF xerogel; B) CD and FTIR of Fmoc-CF hydrogel at 0.5% (w/v); C) XRD of Fmoc-CF xerogel; D) Viscoelastic moduli (G’ and G’’) versus shear strain amplitude at a constant frequency of 1 Hz for Fmoc-CF hydrogels as a function of concentration.  
In this context, the use of scavenger molecules is therefore a suitable strategy to minimize radiation damage on protein crystals at room temperature. It has been shown that the most effective scavenger group against hydroxyl and solvated electrons is the thiol group.23 Therefore, crystals permanently containing thiols groups could be more resistant to oxidation favoring protein storage for long periods in which oxidation is a serious drawback.24 Nevertheless, the growth of crystals in the presence of scavengers is a challenge since these molecules can directly react with the protein altering its structure and, therefore, preventing crystallization. Moreover, it is not clear that these scavengers, once inside the protein crystals, could be of any help since they could also turn into harmful radicals during X-ray irradiation. In fact, the use of cysteine as a scavenger in X-ray diffraction experiments conducted in lysozyme at room temperature has shown that this aminoacid may produce a counterproductive effect sensitizing the crystals.25 
Taking this into account, we thought that Fmoc-CF hydrogels could be an interesting alternative to control scavenger reactivity, and decided to evaluate them as a media to obtain composite crystals. We have previously shown that Fmoc-peptides hydrogels are an excellent media for protein crystallization giving rise to composite crystals of high quality and size ideal for X-ray diffraction.10 Nevertheless, in this case, the thiol groups of Fmoc-CF could interact with the sulfur containing lysozyme moieties promoting cross-reactions such as disulfide bond breaking. Ulijn et al., have already shown that Fmoc-CF-OMe hydrogel maintains its free thiols active avoiding auto-oxidation locked in their rigid supramolecular fibrils.26 We have also shown that Fmoc-CF peptide keeps its free thiols active at air/water interface promoting their interaction with gold nanoparticles.27 Knowing that, we were expecting that the possible Fmoc-CF cross-reactions with the proteins were also minimized allowing crystallization. This would give rise to composite crystals containing permanently active thiols groups that being disposed in rigid fibers could, on one hand, avoid cross-reactions with the protein and, on the other hand, exert a protective effect against radiation damage.
To test this hypothesis, first the self-assembling ability of Fmoc-CF to give rise to novel homogeneous and transparent hydrogels was studied. Results showed that hydrogels comprising peptide concentrations from 0.2% (w/v) up to 2.0% (w/v) were successfully obtained. Fmoc-CF hydrogels showed characteristic TEM images of self-assembled nanofibers with a minimum diameter of around 20 nm (Figure 1.A).28 
The supramolecular rearrangement of the Fmoc-CF hydrogels was studied by circular dichroism (CD) and infrared spectroscopy (FTIR). The CD spectra of Fmoc-CF (Figure 1.B) showed two positive bands at ca. 225 nm and 280 nm respectively, indicating n-π* and π-π* transitions of the Fmoc group. Although the peak shifts do not match exactly with a typical characteristic β-sheet conformation, similar results have been found for other Fmoc-dipeptides.29, 30 The FTIR spectra of the hydrogel (Figure 1.B) showed two main peaks corresponding with the bands of the amide, the C=O stretching band (amide I) at 1645 cm-1 and the N–H bending (amide II) at 1536 cm-1. In agreement with previous reports,31, 32 the presence of two well-defined amide bands suggests a -sheet conformation. 
X-ray diffraction (XRD) of the xerogels (completely dried hydrogel) showed a series of diffraction peaks also found in other Fmoc-dipeptides fibers arranged in -sheets.32 Fmoc-CF peptide showed an intense reflection observed at q = 1.5 Å-1 corresponding to a spacing between peptides within the -sheets of d = 4.2 Å (d = 2π/q). This reflection is in agreement with those found in bibliography which is between 4 and 5 Å for -sheets depending on the peptide sequence.32 Another reflections were found at (1 < n < 6), confirming the formation of flat ribbons of single fibrils (Figure 1.C).
[image: ]The viscoelastic properties of these hydrogels were analyzed using a regime of oscillatory shear strain. We identified the linear viscoelastic region (LVR) from tests at constant shear strain frequency (1Hz) and increasing shear strain amplitude (Figure 1.D). The LVR, characterized by approx. constant values of G’ and G’’, corresponded in all cases to shear strain amplitudes below approx. 1%. Within the LVR, samples showed G´ values considerably larger than G´´, indicating their predominant elastic behavior (Figure 1.D). The magnitude of the value of G’ for Fmoc-CF at 0.5% (w/v) (3360 Pa) indicates that this hydrogel was extremely weak.33 Nevertheless, as the concentration of Fmoc-CF increased at 2.0% (w/v) the values of G´ increased up to 93000 Pa (Figure 1.D). Results of tests at constant shear strain amplitude and increasing frequency demonstrated approx. frequency independent values of G’ and G’’ (Figure S2).
Fig. 2 Global and specific damage on lysozyme crystals in the presence of agarose and Fmoc-CF hydrogels. (a) I_Dn/I_D1 as a function of absorbed dose/dataset in lysozyme crystals in the presence of agarose and Fmoc-CF gels. Each point was calculated by triplicate. (b) RMS values as a function of Dn – D1 maps. Each point was calculated by triplicate. 
Fmoc-CF hydrogels were tested as a media for protein crystallization for the model protein lysozyme using the two layers configuration of the counter diffusion technique (see SI for details and conditions). 
As already described for other dipeptide hydrogels,9, 10 and with hydrogels in general,34, 35 Fmoc-CF hydrogel grown lysozyme crystals were of the highest quality possible and compared well with those obtained in agarose as reference (Table S1-S2). Lysozyme crystals were of the same high quality independently of the hydrogel concentration in spite of the higher number of thiol groups.
The scavenging power was evaluated by analyzing the global diffracted intensity of lysozyme crystals grown in Fmoc-CF at 1.0% (w/v) and 2.0% (w/v), and agarose hydrogels measured in nine consecutive irradiation cycles (named D1 to D9) collected at room temperature (data collection statistics in the 40 – 1.7 Å resolution range are shown in the Table S1 for the first and 9th data sets). The effects of X-ray irradiation were monitored at specific and global scale. To estimate the global damage (IDn /ID1) we monitored the decay of the total diffracted intensity of each cycle (IDn) by comparing it with the collected intensity of the first data set (ID1). 
Lysozyme crystals containing 1.0% and 2.0% (w/v) of Fmoc-CF hydrogels did not show signs of protection against global damage when compared with crystals grown in agarose (Figure 2.a), in agreement with the result of several additives tested in solution.25 However, we observed a marginal improvement of the quality parameters of the crystals (Rmeans and <I/ >) for those lysozyme crystals grown in the presence of 2.0 % (w/v) Fmoc-CF (Table S1). This result suggests that Fmoc-CF is helping to preserve the integrity of the protein molecules. In order to analyze the structure of the protein at molecular level we mapped out all the sensitive groups of lysozyme (disulfide bonds and methionines).23 
Local radiation damage in the crystal was them monitored through the inspection of the difference electron density (Fourier) maps of the Dn and D1 data sets calculated as (Dn – D1). The root mean square (RMS) value for the mean difference electron density in (Dn – D1) is an indicator of the local alteration induced by radiation damage between freshly (D1) and incremental damage (Dn) sets. From our data it is clear that the presence of 2.0% (w/v) Fmoc-CF in lysozyme crystals delays the damage as observed by the smaller increment of RMS as a function of the Dn – D1 (Figure 2.b). When compared to the reference, the RMS ratio between Fmoc-CF and agarose is maximum in the D9 – D1 and it is equal to 0.709. This local radiation damage is better observed in the most sensitive groups (disulfide and methionine) very reactive to species generated during X-ray exposure. We have calculated and represented D9 – D1 maps contoured at -0.15 e/Å3 over all disulfide bonds and methionines. Those maps showed significant specific protection of lysozyme crystals obtained in the presence of 2.0% (w/v) [image: ]Fmoc-CF hydrogel (Figure 3.a). 
Fig. 3 Fmoc-CF hydrogel protects disulfide bonds and methionines against radiation damage in lysozyme crystals. (a) A ribbon representation of the lysozyme structure showing the most sensitive groups to radiation damage, cysteine and methionines. The D9 – D1 maps (contoured at -0.15 e/Å3) for agarose and Fmoc-CF are shown in red and blue respectively. (b) Shows the detail of the four cysteine bridges and the two methionines followed in this study. Note that the difference electron density are obtained from the RMS x : RMS (Agarose-D1, D9) = 0.051 with  (agarose-D1) = -2.95 and RMS (Fmoc-CF-D1, D9) = 0.040 with  (Fmoc-CF-D1) = -3.76. 
When analyzed one by one the target groups we have detected specific protection in Cys64-Cys80, Cys76-Cys94, Met12 and Met105 of crystals grown in Fmoc-CF, while for crystals grown in agarose, S-S and S-C bonds are broken in some degree due to the radiation effect. This damage was negligible in the case of Cys6-Cys126 (Figure 3.b and Figure S4) and not detectable at -0.15 e/Å3 contour level in the case of Cys30-Cys115 bound (Figure 3.b and Figure S4).
To sum up, for the first time, we have proven that high quality protein crystals can be obtained in Fmoc-CF hydrogels containing very reactive thiols groups. We have carried out a detailed study at molecular level of the protective effect of Fmoc-CF grown lysozyme crystals against radiation damage. The rigid and locked structure of the peptide fibers maintains the reactive groups unaltered while minimizes the direct interaction with the protein avoiding undesired side effects. Finally, we have shown that Fmoc-CF can exert a local protection of the three-dimensional structure of the protein against radiation damage not observed in agarose grown crystals or when cysteine is used as additive. Since the fibers are occluded within the crystals structure this protection is permanent and active in the protein solid state.
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Synopsis: The most sensitive groups of the enzyme lysozyme (cysteine and methionine) have enhance resistance against radiation damage caused by an intense exposure to X-ray when crystals are grown in Fmoc-CF (Cys-Phe) hydrogels.  
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