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Short Abstract: Amyloid fibrils are formed by numerous proteins and the resulting fibrils share a b-sheet rich structure. Here we show how amyloid fibrils may be formed in vitro, how samples may be prepared for fibre diffraction and how the patterns may be analysed.

Long Abstract: The structure of amyloid fibrils may be investigated by preparing aligned, bundles of fibrils from which X-ray diffraction data may be collected.  This approach gives information arising from the repetitive arrangement of the proteinaceous subunits that polymerise to form the fibrils. The resulting diffraction patterns from amyloid fibrils share a cross-ß pattern. However, fibrils formed under different conditions and from different precursor proteins or peptides can give additional information in their patterns that can be used to investigate the underlying architecture of the fibres.  CLEARER was written to aid analysis of fibre diffraction data and allows accurate measurement of reflections, unit cell indexing and simulation of diffraction patterns from potential model structures. Here we describe the steps involved in this process.

Methods

1 Preparation of fibrillar samples for fibre diffraction

1.1 Dissolve protein or peptide of interest in optimal conditions for fibril formation. Fibril formation should be assessed using electron microscopy or atomic force microscopy.  The fibrils should be long, straight and unbranched as shown in figure 1.  An even covering and distribution of the fibrils on the grid is desirable

1.2 Stretch frame alignment. This method produces a bundle of fibrils whose fibre axes are ideally all parallel (figure 2a). 
1.2.1 Borosilicate glass capillaries should be cut to a length of about 2-3 cm using a diamond pen and sealed by dipping in liquid wax. If candle wax is melted to the correct temperature (~100 C) a small amount of wax will be drawn up by capillary action (1-2 mm). The wax surface should be flat for the fibril suspension to rest on.

1.2.2 Mount the sealed capillaries in the stretch frame or within a petri dish using plasticine. They should be placed with a gap of about 0.5-2 mm. If fibrils are short then the alignment may benefit from using a shorter gap.

1.2.3. Suspend a 10 µl droplet of solution between the two capillaries. Care should taken that the solution makes contact with both wax ends but does not extend onto the glass.

1.2.4. Cover the petri dish or stretch frame to prevent contamination from dust, allow the sample to evaporate and the fibrils align. Formation of a dried fibre sample can take hours to days depending on the temperature and humidity of the environment and the sample viscosity.

1.2.5. As the sample is aligning, the capillaries may be separated using the stretch frame to increase alignment. Altering the speed by which the sample dries may improve alignment. For example by incubating at lower temperatures or under humidity.

1.3 Alignment of amyloid fibrils in a glass capillary (figure 2b).
1.3.1. Using a 1 ml syringe fitted with a small piece of rubber tubing, fix to the wide end to a 0.7 mm diameter, siliconized glass capillary and aspirate up about 2-3 cm of fibril solution/suspension.  

1.3.2. Seal the end of the capillary using melted wax, leaving the top of the tube open for evaporation. Fix the capillary to a surface so that it stands vertical and allow to dry. To form a dry disk can take several weeks.

1.4 Alignment of fibrils as a “mat” or thin film (Figure 2c)
A droplet of high concentration sample can be dried onto a glass slide, parafilm or teflon and then carefully lifted off.  The result should be a thin, flat film similar to the alignment produced inside a glass capillary (figure 2b). This can be mounted such that the X-ray beam passes parallel to the plane of the film. In the resulting sample, the fibre alignment is in the plane of the film whereas diffraction through the face of the film will yield diffraction rings.

2. Examining the sample

2.1 An indication of how well a sample has aligned can be obtained by examining the sample under cross-polarised light in a light microscope. The presence of birefringence can indicate that the fibres are aligned to some degree. 
2.2 Fibre samples should be mounted onto a goniometer head and placed in the X-ray beam taking into account the orientation and direction of the fibres. The rotation axis will be the around the fibre axis for a stretch frame aligned fibre (Figure 2a). For disks the fibres tend to align across the diameter of the tube (Figure 2b). A mat will have two distinct directions (parallel to the plane of the film and perpendicular to it) (Figure 2c).  
2.3 A diffraction pattern, as shown in figure 3a, may be collected using in house X-ray equipment for protein crystallography or using synchrotron radiation. Exposure times would be expected to be from 1 second to 5 minutes depending on the quality of the sample (a well aligned sample will diffract more strongly) and the intensity of the X-ray beam. 

3. Data analysis

Here we will describe data analysis using CLEARER 1. This programme is available free to academic users by contacting the corresponding author. Other methods are available


2,3 ADDIN EN.CITE (www.esrf.fr/computing/expg/subgroups/data_analysis/FIT2D) 4). Italics within parentheses indicate menu commands.

3.1 The diffraction pattern should be converted to a tiff file to enable it to be read into CLEARER. Load the file into CLEARER (Figure 2a).

3.2 Once uploaded, the user must specify the diffraction settings (Diffraction Pattern: Diffraction settings) including the pixel size (following conversion to tiff format), source wavelength and sample to detector distance. 
3.3 The diffraction pattern can be rotated such that the meridian and equator are respectively vertical and horizontal (Image Processing: Rotate) and the pattern may be centred using the Centring module (Diffraction Pattern: Centre Image). This module compares intensity along the two main axes of the pattern that can be user specified. 
3.4 The Radially Average module (Diffraction Pattern: Radially Average) outputs a graphical representation of reflection position and intensity at a user specified angle. This should be set along the two main axes (meridian and equator) (Figure 4a).

3.5 The Peak Find module (Diffraction Pattern: Radially Average: Peak Find) can be used to automatically output reflection positions (Figure 4b). The peak search width can be adjusted to change the sensitivity of the output where smaller search widths will be more sensitive to reflections that are close together but more sensitive to noise.

3.6 The Zoom & Measure module (Diffraction Pattern: Zoom & Measure) should be used to check the peak output by hand and then a list of signal positions can be verified in the equatorial and meridional directions. 
3.7 The signal position information can be input into the Unit Cell Optimisation module (Diffraction Pattern: Unit Cell Optimisation) that allows the user to explore possible unit cell dimensions for the b and c dimensions based on indexing the input reflections (Figure 5a). The user must first specify an initial ‘guess’ for a unit cell based on examining the strong signals found on the equator. The min and max [hkl] indices over which CLEARER searches for potential cells can be user specified under Input Table or automatically assigned by entering reflections under Add Reflections.
3.8 CLEARER calculates potential unit cell dimensions and predicts the reflection positions that would be produced by these cells; the predicted reflections are compared to the input observed reflections and the potential unit cells are scored on the agreement between the predicted and experimental signals. The top twenty matches are displayed based on this assessment and these should be evaluated considering peptide precursor size and any available information including measurements obtained from other methods such as electron microscopy, AFM or solid state nuclear magnetic resonance (ssNMR).

4. Structural modelling and testing using CLEARER.

4.1 Models can be constructed using programmes such as Pymol (DeLano) 5 or Insight II (Accelerys).  In this section we describe a simple process used for an orthorhombic unit cell (all 90 ° angles).

4.2 Unit cell models should be constructed to contain all symmetry related molecules and these loaded into CLEARER, the fibre texture is constructed by CLEARER from user input settings (cell dimensions, crystallite size).  

4.3 The Structure Chain Generator module (Diffraction Simulation: Structures: Structure Chain Generator) within CLEARER allows the constructed fibre texture to be examined to investigate whether clashing occurs in a particular cell size and to distinguish the fibre axis (Figure 5b). 
4.4 Models can then be uploaded into the Fibre Diffraction Simulation module (Diffraction Simulation: Fibre Diffraction Simulation) and the fibre diffraction pattern simulated. Figure 5c shows the simulation configuration window where user settings are input (fibre axis, beam orientation, X-ray source and detector settings). When an orthorhombic cell is simulated from the fibre axis can be defined by the Cartesian axis related to the orientation of fibre axis in the model used. The beam should ideally be perpendicular to this, i.e. on one of the other two possible axes. Simulation settings may be saved as .html files (File: Save As) and the resulting simulated pattern can be saved in a raw format or as a .tiff with additional contrast information discarded (Simulation: Save Viewable Image as TIFF). These can then be compared to the experimental pattern. 
4.5 Comparisons can be made in several ways. The steps described in 3.5-6 can be used to measure simulated diffraction signals and these may be compared to those measured from experimental patterns (Figure 6).

4.6 A module called Layers (Diffraction Pattern: Layers) can be used to overlay simulated and experimental patterns to compare signal positions (Figure 6c).

4.7 Our preferred method is to compare a quadrant taken from the simulated pattern with the experimental pattern (Figure 6b) 
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4.8 Multiple structures should be tested and information from other techniques to constrain modelling are useful to arrive at the best possible structural representation 
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Representative Results: CcbMet example {Steinmetz}:

Figure 1 shows electron micrographs showing a high density of amyloid fibrils on a grid that would indicate a suitable diffracting sample may be prepared.  Figure 2 describes the different textures that can be generated from fibrous samples a) fibre bundle, b) disk, c) mat/film. Figure 3a shows the diffraction pattern obtained from stretch-frame aligned fibres (texture shown in Figure 2a) and portrays the characteristic cross-ß diffraction pattern with a meridional reflection observed at 4.76 Å and a set of equatorial reflections arising from the chain length, sheet spacing and size of the protofilaments. The idealised cross-ß diffraction pattern shown in Figure 3b shows that meridional and equatorial reflections may be directly related to repetitive spacings on corresponding axes of the fibre as shown in figure 3c. Figure 4 & 5 show the process of analysis of the pattern using the program CLEARER. A well-centred pattern will be symmetric and so one expects the equatorial and meridional peaks to overlap in position as in figure 4a, peaks can then be automatically found as in figure 4b.  These peaks are used to find a plausible unit cell as in figure 5a. Figure 5b & c depicts the preparation of a simulation using the identified unit cell and the visualisation of the structure used. Figure 6b shows comparison of the simulated diffraction data from a potential model structure 6a with the experimental data, showing a reasonable match of reflection positions and relative intensities. This may be further compared by overlaying the simulated and experimental pattern as shown in figure 6c.
Discussion: In this manuscript, we have described the methods by which fibrous samples may be prepared for X-ray fibre diffraction, data may be obtained and then analysed. The quality of the data obtained will depend on both order within the individual fibres and as well as degree of alignment following the orientation procedure. The more aligned the fibrils relative to one another, the better oriented the diffraction pattern and the more information can be obtained from the data. We have described model testing for a simple system in which the unit cell is orthorhombic allowing straightforward testing of models. In more complicated systems, in which one or more of the angles is not 90 °,careful input of diffraction settings is necessary and this is outside the scope of this methods manuscript.
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