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Abstract

:

Radiation damage still remains a major limitation and challenge in macromolecular X-ray crystallography. Some of the high-intensity radiation used for diffraction data collection experiments is absorbed by the crystals, generating free radicals. These give rise to radiation damage even at cryotemperatures (~100 K), which can lead to incorrect biological conclusions being drawn from the resulting structure, or even prevent structure solution entirely. Investigation of mitigation strategies and the effects caused by radiation damage has been extensive over the past fifteen years. Here, recent understanding of the physical and chemical phenomena of radiation damage is described, along with the global effects inflicted on the collected data and the specific effects observed in the solved structure. Furthermore, this review aims to summarise the progress made in radiation damage studies in macromolecular crystallography from the experimentalist’s point of view and to give an introduction to the current literature.
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1. Introduction


Macromolecular crystallography (MX) has been the most employed technique to solve three-dimensional structures of proteins at atomic resolution to date. Since the beginning of the field, a major obstacle in MX has been the radiation damage caused by the absorption of the X-ray radiation by the crystals during the diffraction experiments. The earliest published study on MX radiation damage was in 1962 [1] and, since then, efforts have been made to understand the physical and chemical phenomena behind the observed damage and its rates, but questions still remain to be answered. These issues will be brought into even sharper focus with the current development of the more brilliant fourth generation synchrotron sources. This will necessitate structural biologists to become even more aware of the effects of radiation damage on diffraction data and on the macromolecular structures derived from them.



Free radicals are generated when X-rays are absorbed by macromolecular crystals. These radicals propagate changes that manifest in two ways: as global effects and as site specific structural changes. Global radiation damage is observed as a loss of diffraction intensity, with the weakest higher resolution reflections fading first, an increase in unit-cell volume, and higher Wilson B-factors, all due to the overall increase in non-isomorphism in the crystal [2,3,4]. These effects can preclude structure solution by, for example, causing both deterioration in the quality of the resulting electron density and incompleteness of the data. On the other hand, site specific damage, which also contributes to the global effects, is seen in the electron density maps following structure refinement. Specific damage manifests, for example, as elongation and breakage of disulphide bonds, decarboxylation of aspartic acid and glutamic acid side chains, disordering of methionine sulphurs, and photoreduction of metal centres [2,3,5,6,7,8,9]. Active sites and crystal contacts are particularly sensitive to specific damage [10,11,12], and it can give rise to several issues: generate inaccuracies in the solved structure, disrupt experimental phasing, mislead time-resolved experiments, and even lead to incorrect biological deductions being made from the resultant structural model [13,14,15].



There are several stages during the crystallographic pipeline at which a structural biologist should consider how to avoid or mitigate radiation damage when planning their crystallisation and data collection steps. Furthermore, the possible effects of radiation damage should be taken into account when solving the final structure and interpreting the results. Strategies for reducing the effects of ionizing X-ray radiation have been successful, in particular, when cryocooling techniques were introduced into MX [16,17,18,19]. Holding the crystal at cryogenic temperatures (around 100 K) during X-ray data collection can reduce the rate of radiation effects by approximately 70-fold [20]. In addition, using small molecule compounds as scavengers to interact with radicals caused by the X-rays to make them less reactive has been studied, but the results have been contradictory [21]. Careful planning of the best possible data collection strategy for every case is worthwhile in order to optimize the quality and quantity of the collected data [22,23], as at cryotemperatures radiation damage increases proportionally with absorbed dose [24]. Dose is the energy per mass absorbed by the sample (J/kg = gray, Gy) and the upper experimental dose limit for a sample held at 100 K, where the total summed average diffraction intensity drops to 0.7 of the original value, was determined to be D0.7 = 3.0 × 107 Gy after which the data are likely to be significantly compromised [25]. This should also be one of the factors considered when planning experimental procedures. However, it is important to realise that although it is unlikely that the crystal will give good diffraction beyond 30 MGy, data quality may well be compromised at much lower doses, since chemical factors may speed up the damage rate [11]. Dose is used as the metric against which to plot various parameters to monitor the radiation damage effects in the measured diffraction data. It is notable that when collecting data from cryocooled crystals, the global damage is proportional to dose, but not the dose rate (in units of Gy/s) [25,26]. This implies that if the same crystal is irradiated with the same X-ray beam using an oscillation angle of 1° and an exposure time of 10 s per image, then compared to using a 0.1° oscillation angle with a 1 s exposure time per image, the absorbed dose, and therefore the damage, would be the same. Specific damage has been shown to have a small measurable dose-rate effect [27].



Below is a summary of some of the ongoing efforts over the past 15 years to establish strategies for reducing the occurrence and manifestation of radiation damage from the bird’s-eye view of an experimental structural biologist.




2. Crystallisation


Before there is any X-ray irradiation involved in the structure solving experiment, there are other parameters on the MX pipeline to be considered with respect to radiation damage. If the experimentalist has successfully produced a sufficient quantity of pure (preferably ≥ 95%) and homogeneous target macromolecule, the first step in the structure determination pipeline is to grow an ordered single crystal, and this stage can often turn out to be the bottleneck in solving the three-dimensional structure.



There are many factors that influence crystallisation, for example, pH and temperature, but the most important in terms of later radiation damage effects are the reagents used in crystallisation, either in the crystallisation solution, as small molecule additives, as detergents or in subsequent crystal soaking experiments. Inclusion of heavy metal compounds, for example, cacodylate buffer which contains arsenic, into the crystal along with the reagents will make it considerably more sensitive to radiation damage owing to the high X-ray absorption cross-section and the electron affinity of metals [28]. The atomic absorption coefficient increases approximately as the fourth power of the atomic number [29], which also means that any endogenous heavy atoms in the macromolecule will increase the amount of absorbed radiation and the macromolecule will then suffer more from radiation effects. This should also be kept in mind when choosing a purification buffer for the sample, since several contain excessive quantities of heavier elements, for example, sulphur in ammonium sulphate buffer.



Addition of small molecule compounds, scavengers, to the crystal by co-crystallisation or soaking experiments has also been studied. Scavengers intercept or interact with the radicals formed in the crystal to make them less reactive. However, the advantages of including such compounds are unclear. There are several studies which report conflicting evidence of their efficacy at mitigating radiation damage [30,31,32,33], and only one study has proved it beneficial during room-temperature data collection [34]. In the worst-case scenario, inclusion of metal containing scavengers and crystallisation reagents will merely add to the heavy atom content of the crystal and increase its X-ray absorption, making it more sensitive to radiation damage. The concentrations of several common heavy element containing reagents at which, if they were added to the crystal, the absorbed dose would double have been computed by calculating dose-doubling values using 12.7 keV incident X-rays as an example [35]. In conclusion, if avoiding elements with high absorption cross-section is not an option in purification or crystallisation of the protein, using the lowest possible concentration or replacing the reagent with a lower atomic number element containing reagent is advisable to minimize the absorbed dose.



A larger protein is likely to contain a greater number of potential sites of damage, however, other factors, such as which residues partake in crystal contacts and the presence of radiation-sensitive hotspots (e.g., active sites), appear to dictate the overall robustness of a crystal to global radiation damage. Consequently, no clear correlation between molecular weight and susceptibility to radiation damage has been established.



The minimum crystal size for MX experiments, from which it is possible to collect a complete diffraction data set prior to the onset of destructive radiation damage, has also been hypothesised theoretically as being 1.2 µm in diameter for a perfect spherical lysozyme crystal [36]. In theory, this can be reduced to 0.34 µm if photoelectron escape (defined in Section 4.1) is taken into account. This is relevant, because new serial crystallography applications are emerging and micro-sized X-ray beams are becoming common, so micro-sized crystals are usable.




3. Cryocrystallography


Once the crystallisation experiment has been successful, a decision on whether to collect diffraction data at cryogenic temperature (around 100 K) or at room temperature must be taken. Cryocrystallography combined with the data-collection method of choice, for example, multi- or single-wavelength anomalous dispersion/diffraction (MAD or SAD respectively), is still the most common practice when measuring diffraction data. In fact, 90% of the structures deposited in the Protein Data Bank (as at 25 September 2017) were determined below 160 K [37]. However, macromolecules have been shown to lose some of their conformational states and functionality with cooling, distorting results, for example, in catalysis, ligand binding, allosteric regulation and time-resolved studies [38,39]. Therefore, the rise in serial crystallographic techniques at synchrotrons and X-ray free-electron lasers (XFEL) has made room temperature measurements more popular and accessible again [40,41]. Nevertheless, cryocooling the crystal usually increases the crystal lifetime in X-ray measurements up to 100 times by reducing the mobility of most of the radicals formed during X-ray irradiation [19,42].



Prior to cooling, the crystal must be cryoprotected and, furthermore, cooled as quickly as possible to prevent the formation of ice within the sample. Protection is achieved either by replacing some of the water in the crystallisation solution by cryoagent, which can be, for example, glycerol, various different sugars, an organic solvent, a higher salt concentration or small molecular weight polyethylene glycol, or by coating the crystal with oil [18]. However, increasing the salt concentration might also potentially increase the metal concentration in the crystal and thus add to the absorbed dose and hence the damage. The cryoprotected crystal is then flash-cooled by plunging it into liquid nitrogen, or nowadays more rarely into liquid propane, or into the gaseous cold nitrogen gas stream on the X-ray apparatus [18,43] prior to data collection.




4. Diffraction Data Collection


4.1. Mechanisms of Radiation Damage


When a 100 µm thick metal free protein crystal is irradiated with an X-ray beam of 13.0 keV (wavelength of ~1 Å) in fact only approximately 3% of the radiation will interact with the crystal, which means that most of the incident beam will pass straight through it [29] as calculated by RADDOSE-3D [44,45]. This small proportion of interacting radiation can either give rise to the desired elastic and coherent Thomson (also called Rayleigh) scattering (6.5%) resulting in the diffraction pattern, or it can deposit its energy within the crystal. This occurs through Compton scattering (6.6%) or the photoelectric effect (remaining 86.9% of the interacting radiation). These different X-ray scattering processes are illustrated in Figure 1. When the incident X-ray photon interacts with an atom in the crystal, the phenomenon is called primary damage. Note that the processes by which X-rays interact with the crystal and their relative probabilities are dependent on the energy of the incident beam [28].



In the inelastic incoherent Compton effect, the X-ray scatters from an atomic electron in the crystal and loses part of its energy to the electron, the so-called recoil electron, which then may be ejected from the atom [46]. At higher incident X-ray energies (>20 keV) the probability of Compton scattering increases and this process can cause damage in the macromolecule. However, at lower incident energies, the Compton effect contributes only minimally to the total damage [28], but does increase the background on diffraction images.



The major process of absorption of X-rays by macromolecular crystals is the photoelectric effect, in which the interacting photon transfers all of its energy to an atomic electron. This high-energy photoelectron is then ejected from the inner electron shell of an atom creating a vacant site, which will be filled with a higher shell electron, simultaneously releasing excess energy. When using microcrystals, the photoelectron may even escape out of the crystal [47]. The ejection of the photoelectron from the atom is followed by either emission of X-ray fluorescence or of a lower energy Auger electron, to carry away the excess energy and return the atom to its ground state. The probability of fluorescence emission increases with atomic number and becomes greater than 10% for Z ≤ 18, being, for example, 34% for iron 56Fe [48]. Every photoelectron that is produced is able to migrate for a few micrometres from its original site in the crystal, giving rise to a cascade of up to 500 more ionisation events (for 12.4 keV X-rays) including formation of hydroxyl radicals, protons, hydrogen atoms and electrons [46,47,49,50]. This phenomenon is called secondary damage. All the primary and secondary ions, radicals and electrons can either directly alter the macromolecule itself (direct damage) or the surrounding solvent (indirect damage).



At cryotemperatures the mobility of most of the radicals is significantly reduced, as discussed above, but it has been shown through electron spin resonance studies that electrons are mobile even at 77 K [51] and they are presumed to be the main cause of radiation damage in 100 K MX experiments [49]. In addition to all the electrons that are formed as a result of the interactions described above, electron loss centres, i.e., positive holes, are also generated simultaneously in the crystal. These holes are believed to be mobile at 100 K, but more easily trapped than electrons.




4.2. Data Collection Methods


Next, the data collection method which is going to be used to derive the phases from the diffraction data needs to be defined [52]. This will determine the energy of the incident X-ray beam and the quantity of data required. The initial decision depends on whether a homologous structure with a sufficient sequence identity (approximately ≥30%) exists, which can be used as a template for molecular replacement (MR) phasing, the most commonly used method for solving the phase problem [53]. If a previously solved suitably similar structure is available, usually only one complete data set measured with a wavelength of approximately 1 Å is adequate to solve the three-dimensional structure of the macromolecule of interest. The biggest drawback in using molecular replacement as the phasing method is model bias: i.e., the new structure will be biased in favour of the structure used as the MR model.



If MR is not an option or is unsuccessful, experimental phasing methods must be considered. Many of the remaining phasing methods in question depend on the scattering signal contributed by the electrons of either intrinsic or added heavy atoms, and finding their positions, while simultaneously preserving isomorphism between data sets. These include different isomorphous replacement and anomalous diffraction techniques and their combinations [54].



In isomorphous replacement, several data sets from multiple isomorphous crystals are collected, one from a native crystal and at least one from a heavy atom derivative. The change in intensities between the data sets (measured at a common λ of ~1 Å) is then used to deduce the positions of the heavy atoms in the macromolecule, for example, using the SHELXC and D software [55,56]. This does require co-crystallization or most often soaking of heavy metal compounds into the macromolecule crystal, which naturally means an increase in absorbed radiation when diffraction data are measured. When soaking for heavy metal derivatization is required, a very high excess of metal containing reagent is added into the crystallisation mother liquor. Afterwards, backsoaking, i.e., soaking again to a non-heavy metal containing solution, can be used to remove non-bound heavy atoms that do not contribute to the diffraction signal, but would again increase the X-ray absorption [57]. In addition to the increased X-ray absorption, the added heavy metal may also cause changes in the unit cell (non-isomorphism) or even crystal degradation. Furthermore, finding a suitable concentration and soak time for the heavy atom reagent is an exhaustive trial and error process. Careful data collection from the heavy metal derivative crystal is needed: the absorbed dose should stay as low as possible and the multiplicity should be high for the data to be useful for isomorphous phasing. This means that particular attention should be paid to the photon flux and exposure time used during data collection.



Nowadays the most common experimental phasing methods are the anomalous dispersion techniques, in which either the natively present sulphur atoms or heavier elements and incorporated selenomethionines can be used as a source of anomalous signal to determine the phases using only one crystal. Phases are solved using the dispersive differences between at least two data sets from the same crystal measured at several different wavelengths (MAD) or between multiple measurements of the Friedel-related reflections from the same crystal at the same wavelength (SAD) [58]. These methods also set requirements for the synchrotron beamline, since it must be tuneable to enable the wavelength to be changed between datasets. The most important wavelength to use to collect a data set for MAD or SAD phasing is at (or at least very close to) the absorption peak of the particular heavy metal, where the maximum anomalous differences between Bijvoet pairs will be obtained. Unfortunately, when measuring data near or at the metal’s absorption edge, the crystal will absorb even more of the incident radiation than when collecting below the edge, so the radiation damage rate will be higher than for a native crystal.



When comparing MAD and SAD methods, the quantity of data gained with MAD is much higher and it is less dependent on sample characteristics, which will usually result in more accurate overall electron density maps [59]. On the other hand, the disadvantage of MAD is that after collecting the first complete data set at least a second data set needs to be collected, which again increases exposure time and absorbed dose proportionally. Furthermore, due to the unit cell expansion and site-specific damage increase with dose, the non-isomorphism between the data sets measured at different wavelengths increases, which causes challenges later when processing the data [60]. SAD experiments have been said to be superior compared with MAD experiments. The data collection time is significantly shorter, and concentrating on collecting an accurate data set at the energy of maximum anomalous differences can make SAD more effective and radiation damage robust [61]. This can be changed by choosing the parameters of a two-wavelength MAD experiment carefully, for example, considering in what order to use the selected wavelengths [62].



Radiation damage itself can also be used as a phasing method by utilizing the specific structural changes in the macromolecule inflicted by X-rays [63]. In radiation-damage-induced phasing (RIP) several data sets are collected from a single crystal: first a complete low-dose data set is obtained, followed by a ‘burn’ with an unattenuated beam up to approximately 10 MGy dose, after which a second low-dose data set is collected. Phases are derived from the specific changes between the two low-dose data sets, for example, the broken disulphide bridges and the new conformations of the sulfides. RIP alone might not give enough information for obtaining accurate phases, but it is certainly powerful when combined with, for example, S-SAD [64].




4.3. Data Collection Parameters


There are several aspects to take into account in the practical implementation of the data collection. Firstly, the beam characteristics have a significant effect. When collecting diffraction data from metalloproteins the choice of beam energy is pivotal, since heavy metals absorb radiation significantly more when irradiated on and above their absorption edge [11]. When considering the effects of incident X-ray energy on a native, non-metal-containing protein, there have been several systematic studies, but no clear consensus on whether the beam energy has an effect on the rate of the radiation damage has been established [7,65,66,67,68]. The beam size used to collect the data should ideally be matched to the crystal size [69]. This decreases the interactions with the surrounding crystallisation reagents and consequently also reduces the background. If the beam size is smaller than the crystal, the resulting diffraction intensity will be lower [70,71].



The importance of the beam profile should also be recognized as having an effect on radiation damage manifestations. A top-hat profile beam is ideal in order to illuminate the crystal uniformly with the same flux across the irradiated volume and will result in a similar rate of damage throughout the crystal [37]. However, most commonly the beam shape has an approximately Gaussian profile, resulting in inhomogenous irradiation of the crystal. The more intense flux at the peak of the beam causes damage faster than the tails of the Gaussian shaped flux distribution [72]. The experimenter should aim to achieve a top-hat beam profile, for example, by defocusing the beam and using slits to reduce its size.



Knowledge of the beam (energy, flux, size, and profile) along with prior knowledge of the macromolecule crystal (size, shape, orientation relative to the incident beam, number of heavy atoms in solvent and protein, unit cell parameters and the number of residues) and data collection specifics (oscillation range and exposure time) allow the absorbed dose to be calculated with RADDOSE-3D [44,45].



Choosing the data collection protocol wisely is also worth the effort. In addition to serial crystallography, which should be used for the smallest crystals, composite data collection for multiple crystals [73] and helical scans for rod shaped crystals [74] are an option to consider. The data collection should have a clear objective and the parameters adjusted accordingly. For example, the exposure time of an image, beam transmission and the size of the data collection wedge are directly related to the resolution and completeness of the resulting data set.





5. Structure Solution and Interpretation


After the diffraction experiment, the data will have to be processed with, for example, XDS [75] or the DIALS [76] software packages. Any signs of global damage in reciprocal space will make this more difficult, decreasing the resolution limit and completeness of the data and making their scaling and merging more complicated. Therefore, the resulting electron density maps will be significantly noisier. Several global damage indicators can be plotted against absorbed dose to study radiation damage effects, for example, the decay of the average summed intensity of the data set over the initial average summed intensity (In/I1), the unit cell volume, and the relative scaling B-factor [29,37]. The processed data are then phased using the chosen method. After a set of structure factor amplitudes and their phases have been derived, the electron density map can be calculated for each point in the asymmetric unit. The map may be degraded due to the issue mentioned above regarding the beam profile, when a Gaussian shaped beam results in non-uniform irradiation of the crystal, inducing a mixture of inhomogeneously damaged conformational states across the crystal. The map will show the average over all these states.



Next, an atomic model of the macromolecule is built into the electron density according to its sequence. Even if all the necessary radiation damage precautions have been taken before and during the data collection, it is quite possible that the crystal will nevertheless have suffered some specific radiation damage. At cryotemperatures, specific damage can occur up to 60 times faster than any signs of radiation damage can be detected from the diffraction images [35]. This can compromise the biological conclusions being drawn from the solved structure. Interestingly, specific damage to susceptible amino acid residues, which manifests as changes in the electron density maps, is not the same over the whole structure, but varies from one susceptible atom or group to another, for example, according to their local environment, indicating that it is an effect of secondary radicals [4,77]. This can be observed, for example, in the specific order that the disulphide bonds in lysozyme are cleaved. A multi-track model has been used to explain this phenomenon [78].



In addition to the site-specific effects listed above, tyrosine has been previously reported to suffer specific radiation damage by possible cleavage of the side chain carbon-oxygen bond [5], but this has recently been disproved. A cleavage event is energetically extremely improbable, and instead the tyrosine undergoes conformational change due to breakage of surrounding hydrogen bonding networks [79]. As mentioned above, active site residues appear to be particularly susceptible to specific radiation damage [12,15,80]. This is thought to be because of the chemical and geometric strains to which these residues are subject [2,10]. As active sites are usually the most interesting part of the structure, this can make the biological information, for example, enzymatic mechanism, be compromised and care in the interpretation must be exercised. Naturally, the intrinsic metals of metalloproteins also absorb a greater number of X-rays making these proteins more sensitive to radiation damage and causing changes in the oxidation states of the metal centres [6]. This happens at doses over three orders of magnitude lower than the 30 MGy 100 K experimental dose limit [37]. Due to the radiation sensitivity of metalloproteins, combining MX studies with complementary spectroscopic methods is important when studying the structure and reaction mechanism of metalloproteins. Care must be taken to reduce the effects of radiation damage by irradiating the metalloprotein crystal at an X-ray wavelength away from (and if possible below) the absorption edges of any metals present in the sample. Choosing composite data collection or serial crystallography should be considered to minimize or even prevent radiation-induced redox modifications [81]. In addition, collecting the diffraction data of a metalloprotein at 40 K has been shown to decrease metal reduction 30-fold compared to irradiation at 110 K [8].



In contrast to the X-ray induced specific damage in proteins, less is known about the effects in crystals of nucleic acids and their protein complexes. Recently nucleic acids in DNA-protein and RNA-protein complex crystals have been shown to be significantly more durable and robust to radiation, but they do suffer from the cleavage of base sugar nitrogen-carbon and sugar-phosphate carbon-oxygen bonds [82,83].



Specific damage can be studied and visualised by calculating Fourier difference density maps between observed structure factors obtained from data sets collected from the same crystal and the same data collection wedge [84]. This results in information on electron density loss and gain sites in the macromolecule as a function of dose. Examples of difference density maps for specific damage sites are presented in Figure 2. Using the Radiation-Induced Density Loss (RIDL) script [85] to calculate per atomic metrics for the electron density change, it is also possible to track the time-dependent changes in the crystallographic data. RIDL also highlights the top damage sites and their distribution between different residues of the structure. Radiation damage can be identified and quantified by calculating Bdamage values derived from B-factor values using the RABDAM program [86,87]. Bdamage is a metric allowing analysis of the increase in atomic B-factor values, which indicate chemical changes at a specific site. Bnet is an overall atomic B-factor, a derivative of the (per-atom) Bdamage metric that highlights in a single value the total extent of specific radiation damage suffered by an MX structure and allows objective analysis of it.




6. Conclusions


Radiation damage continues to be an intrinsic part of X-ray crystallography, but owing to continuous systematic research, significant progress has been made in our knowledge and understanding of it in MX. However, there are many stages in the MX pipeline where the experimental structural biologist can use the available information to mitigate or at least to take into account the possible effects, so that the best possible three-dimensional structure can be obtained and as accurate conclusions as possible can be drawn from it. This is summarised in Figure 3. It is vital to understand the interplay between the various experimental parameters and, in particular, the radiation-damage processes. Further systematic experiments are still required to enable us to optimize the use of the new 4th generation synchrotron produced X-ray beams as well as XFELs in order to solve the dilemma of the experimental structural biologist: diffraction before destruction.
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Figure 1. The different primary X-ray scattering processes of an incident 13.0 keV beam with an example lysozyme crystal simulated using RADDOSE-3D [44,45]. Elastic scattering (6.5% of the interacting beam): the X-ray photon is scattered, resulting in diffraction. Compton scattering (6.6% of the interacting beam): the photon loses part of its energy in an atomic electron, being scattered at a longer wavelength. A recoil electron may then be ejected from the atom. Photoelectric absorption (86.9% of the interacting beam): the photon transfers all its energy to an inner shell electron, which is ejected from the atom (photoelectron). The resulting orbital vacancy is filled by a higher shell electron, followed by either the fluorescence emission or ejection of a lower energy Auger electron. The X-ray source in the figure is Diamond Light Source beamline I03. 
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Figure 2. Difference density map presenting specific damage sites (cleavage of disulfide bridge, decarboxylation of aspartic acid and disordering of methionine sulfur) in GH7 family cellobiohydrolase, PDB: 5MCC [79]. Fobs(5)–Fobs(1) Fourier difference maps between dataset 1 and 5 collected on the same crystal are shown, contoured at +/− 5 σ. Negative difference density (red) indicates electron density loss and the positive difference density (green) indicates electron density gain with increasing dose. The maps were calculated with RIDL [85] using the phases of the structure refined from dataset 1. 






Figure 2. Difference density map presenting specific damage sites (cleavage of disulfide bridge, decarboxylation of aspartic acid and disordering of methionine sulfur) in GH7 family cellobiohydrolase, PDB: 5MCC [79]. Fobs(5)–Fobs(1) Fourier difference maps between dataset 1 and 5 collected on the same crystal are shown, contoured at +/− 5 σ. Negative difference density (red) indicates electron density loss and the positive difference density (green) indicates electron density gain with increasing dose. The maps were calculated with RIDL [85] using the phases of the structure refined from dataset 1.



[image: Crystals 08 00157 g002]







[image: Crystals 08 00157 g003 550] 





Figure 3. Flow chart to summarising the stages in the MX pipeline to be considered to minimise the radiation-induced damage in macromolecules. 
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