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Introduction


In an x-ray crystallography experiment, there are two items of interest to a experimentalist, the amplitudes and phases of the structure factors Fhkl.  These structure factors are used to build an electron density map.  The amplitudes are easy to obtain from a basic crystallography experiment; it is proportional to the square root of the intensities obtained from the diffraction pattern.  Unfortunately, the phases are trickier to obtain and are an important part in the calculation of the density map.


One method to obtain phases is to introduce “heavy” atoms into the protein. Naturally occurring heavy atoms, such as iron in globins or proteins induced with selenium using selenomethionine instead of methionine, provides a heavy atom “doping” into the crystal.  Collecting diffraction data from x-rays with wavelengths around the heavy atom’s absorption maximum and absorption edge, the crystallographer can exploit the anomalous scattering properties of heavy atoms to obtain phases.


Experiments of this type are known as multi-wavelength anomalous diffraction phasing, or MAD for short.  Typically, data at another wavelength is collected other than the first two described above.  This wavelength is taken a short distance away from the absorption edge and the maximum.  Additional wavelength data can be taken to over-specify the set of equations needed in order to solve for the protein structure, helping reduce the error due to noise in a MAD experiment.       


This report investigates the programs solve and resolve that determine protein structure using MAD data.  A MAD data set is generated from a set of known protein coordinates.  A couple of selenium atoms are introduced at arbitrary positions into the unit cell.  The generation algorithm introduces some error into the MAD data generated to test the recoverability of the protein structure given non-ideal experimental data.  

Background Material

Crystallography Basics


A crystallography would like to solve the equation for electron density:
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Where V is the volume of the unit cell, (x,y,z) is the Cartesian positions, (h,k,l) are the positions in reciprocal space, and Fh,k,l is the structure factor at the h, k, l reciprocal position. [3]   

Fh,k,l is a periodic function with amplitude, frequency and phase.  From a diffraction pattern of a normal x-ray experiment, the amplitudes of F can be obtained from the intensities on the pattern.  The amplitude is proportional to the square-root of the pattern’s intensity at the spot corresponding to the h, k, l position.  The phases are more difficult to obtain, and they cannot be ignored.  Unfortunately, they cannot be taken directly from the diffraction pattern, other methods are used.


Friedel’s Law for a standard x-ray experiment states that, under normal conditions, a reciprocal lattice contains an inversion point at the origin of the unit cell.  This implies that the intensities at h, k, l are identical to those of –h,-k,-l.  The structure factors, of the Friedel pair have opposite phases.
Anomalous Scattering


One of the ways that Friedel’s law is broken is by the propery of anomalous scattering.   The property of heavy atom’s absorption of x-rays at a specific range of wavelengths is the contributing factor to anomalous scattering.  Friedel’s Law is broken due to the phase contribution upon anomalous scattering that occurs near the heavy atom’s absorption edge.  Fortunately, these phase contributions depend only upon the positions of the heavy atoms in the unit cell.  The contributions are also roughly independent of the reflection angle and can be computed through experimentation or by using tables.  

An anomalous scattering atom has a scattering factor based upon its effective wavelength.
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Where f0 is the baseline scattering factor, and f’ and f’’ is due to the absoptsion and fluorescence of the heavy atom at the wavelength λ.  Using the disparity of the Freidel pairs and the locations of the heavy atoms,  the phases and amplitudes for the native protein are calculated. [2,3] 

Patterson Maps


A Patterson map is basically a density map created without the use of phases.  The peaks located in the map correspond to vectors between the atoms in the unit cell.  This map is even more complicated than an electron density map, since the number of Patterson atoms, i.e. peaks in the map, is n(n-1), where n is the number of atoms within the unit cell.  The locations of heavy atoms are usually computed via a trial-and-error algorithm.  Positions are guessed for the atoms at peaks in the Patterson map, a new Patterson map is generated from these atom positions, and the results are compared to the original map.  The maps can become complex as the atoms in the cell increase, so usually a map calculated using the difference of the structure factor amplitudes Fhp and Fp, where Fhp is the structure factors of the protein with the included heavy atoms and Fp is the structure factors of the protein the induced heavy atoms. [2,3]

Cell symmetry is utilized to simplify this problem in computer programs.  The property of cell symmetry cut the Patterson unit cell along the vectors of the symmetry-correlated atoms.  These cuts called Harker planes, further simplify the problem of finding the heavy atoms in the unit cell. [2,3]
Approach

 
The programs solve and resolve performs calculations to build coordinate models of proteins using a variety of different data sets calculated from x-ray crystallography. [4]  Given the number of anomalous scattering atoms in the unit cell and the x-ray wavelengths for which the data was collected, solve builds an electron density map from the MAD data.  The pre-calculated f’ and f’’ structure factor contributions for the heavy atoms are also provided.  Resolve uses the protein sequence to fit the protein into the calculated electron density map, thus solving the protein structure.


To simplify this investigation, MAD data is to be generated from a pre-determined protein structure with some measure of error added in.  Using simulated data alleviates the problem of obtaining and pre-processing real data from a crystallography experiment.   

Methodology

MAD data generation


PDB coordinates for deoxygenated human hemoglobin are obtained from the protein data bank (http://www.rcsb.org/pdb/, ID – 1A3N, 574 residues).  These coordinates are used with solve to generate MAD data for three wavelengths (0.978200 nm, 0.977865 nm, and 0.885600 nm).  The f` and f`` values for the selemium atoms are set as –10 and 3 respectively.  The unit cell symmetry is set as P2 with the values of a, b, c, (, (, and ( as 62.65, 82.43, 53.53, 90.00, 99.61, and 90.00 respectively.  Two selenium atoms are introduced into the unit cell with xyz-coordinates (0.44, 0.16, 0.38) and (0.23, 0.45, 0.165).  The occupancy is 1.5 and the b-value is 20 for both atoms.  The error term included into the MAD data calculated is 0.5% 

MAD data processing/analysis


Using the diffraction data derived from the three wavelengths, the electron density map is calculated through the SOLVE program.  PDB coordinates are fit using RESOLVE with the given protein sequence and the electron density map output from SOLVE. [1]  The results are then analyzed using XTalView. [1]
Results


The generated MAD data for the three wavelengths, the scripts, the coordinate files, and the resulting electron density map file in xfit format (*.phs) are posted on-line at http://www.cs.wisc.edu/~mcilwain/classwork/bchm636/FinalProject/ along with a copy of this report.  Pictures of the calculated electron density overlaid with the original and calculated models are shown in Figures 1 and 2.
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Figure 1 – Original and Calculated PDB Coordinates Overlayed.  Orange is original coordinates, CPK is calculated.  RMS is 25.656256.
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Figure 2 – Electron Density Map Overlayed on Calculated PDB Coordinates.
Discussion


Looking at the density map vs. the solved protein, the fit is sub-optimal at best.  The RMS fit of the original coordinates vs. the re/solved ones from the generated mad data is quite high.  There are a few problems that need to be resolved next time this experiment is performed. 



Known Problems


The iron in the hemes of the native protein is not accounted upon calculation of the electron density map from the MAD data.  Iron is also an anomalous scattering atom, which can contribute to the intensities and phase information obtained for the structure factors.

Another problem related to the previous one is that there is no obvious way to make resolve attempt to fit a heme into the calculated electron density map.  Resolve seems to only accept amino acid sequences.


The conversion algorithm from re/solve’s mtz format to XTalView’s phs format for electron density maps may be incorrect in providing the correct map calculated by solve.  This will have to be investigated further to determine if this conversion is correct.

Observations


A lot of issues are involved with obtaining good electron density maps from map data.  Simlifying the model to remove errors and learn the proper script parameters would be beneficial for future work in this area.  
Future Work


 To resolve the problem with the iron and the hemes, generating data without the hemes would remove some of the complexity of the model.  If resolve cannot deal with hemes as part of the molecule/electron density fitting algorithm this may be the only current viable solution for this problem.  The hemes could later be fit into the solved structure and minimized to complete the model protein structure.

Another alternative would be to put the selemium atoms in relevant rather than arbitrary positions.  In the case of x-ray crystallography protein experiments, this means replacing the methionines with selenomethionines.  For large molecules, the problem of solving the protein using the large amount of methionines in a protein, may prevent any reasonable calculations from occurring in time.


Another experiment to run for checking the proper execution of the algorithm is to run with the metal atoms without the protein.  Recalculating the metal atom positions is very simple to do through patterson maps and provides a base test for running the MAD generation, solve, and resolve algorithms to regenerate future protein structure.


Most of the methods to try are a simplification of the system of which to recalculate the structure from generated MAD data. Another simplification is to run the application on just one of the four subunits of hemoglobin or to use a smaller protein for the generation of the simulated data.  Basically, trying simplier models makes the system easier to debug and understand the specifics of obtaining a good structure from using the automated re/solve algorithms on MAD data.  

Conclusion


Trying to determine the structure of deoxy human hemoglobin from pre-generated MAD data, while unsuccessful in this report, presents many other experiments of which to try for determination of the problems that are needed to address.  These problems, once found, can be fixed to help obtain a better electron density map, and thus a closer solution to the original coordinates.
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