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1 Introduction

The two dominant approaches to de novo structure determination in macromolecular crystallography (MX) are molecular replacement (MR) and heavy atom phasing related methods. Within the latter approach anomalous scattering from heavy atoms plays a key role in generating phase information. This information is sometimes supplementary to isomorphous phasing signal, as in the MIRAS or SIRAS methods, or is the unique source of information in the case of MAD and SAD.
MAD or SAD experiments are usually, although not exclusively, performed at or near absorption edges of the heavy atom bound to the undetermined structure. Typically the form of the absorption edge and the X-ray energy at which it occurs are not well defined due to the effects of the local environment of the heavy atom on the XANES (X-ray Absorption Near Edge Structure) and it is not sufficient to rely on tabulated theoretical values of absorption or anomalous scattering factors near to an absorption edge
. Furthermore the X-ray energy of MX beamlines is not always well understood and almost certainly not on an absolute scale
.
For these reasons it is essential is almost all cases to measure the XANES directly from the heavy atoms in the protein crystal in order to permit determination of values for the heavy atom anomalous scattering factors f′ and f″ as a function of energy which in turn provide

· the X-ray energies at the f″ maximum and f′ minimum of the spectra which allow us to perform the optimum MAD or SAD experiment

· values of f′ and f″ at these positions to use as starting values in heavy atom determination, refinement and phasing.
2 Anomalous scattering and absorption
The real (f′) and imaginary (f″) components of an atom’s anomalous scattering factor are related to the absorption coefficient of an atom by the optical theorem
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and the Kramers-Kronig transformation
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where the integral is taken in the upper half plane. Using these expressions it is therefore possible to determine f″ and f′ directly from knowledge of the absorption coefficient as a function of energy. The practical difficulties in measuring the absorption coefficient of heavy atoms embedded within many other protein atoms forces us to look to measurement of X-ray fluorescence.
When an X-ray photon is absorbed by an atom a bound electron is excited to higher energy levels or ejected from the atom with a given energy. The core-hole left in the atom is subsequently filled by an electron from a higher level. The lost energy is used to produce a fluorescent photon of characteristic energy. Fluorescence is only one result of this lost energy (Auger electrons being another) and the probability of the generation of a fluorescence photon at an absorption edge is known as the fluorescence yield of that edge for a given element. The absorption coefficient of an atom is thus related to the fluorescence by a constant factor, the fluorescence yield, allowing the determination of a proportionally correct form of an absorption edge by measuring fluorescence as a function of energy.
The standard approach to performing MAD or SAD experiments therefore is to first measure an X-ray fluorescence spectrum from the crystal sample across the heavy atom absorption edge to provide the necessary information for finding f″ and f′ and in turn the appropriate wavelength for measuring anomalous diffraction data.
3 Analysis of fluorescence with Chooch

Because the fluorescence spectrum is recorded on an arbitrary scale it is necessary to normalise it to some known values of absorption or f″. The deviation of f″ away from theoretical values is only observed near the edge and it is therefore possible to use values away from the edge to carry out this normalisation provided, that is, sufficient experimental fluorescence data has been measured away from the edge. By this method an f″ spectrum is obtained from the measured fluorescence data.
Determination of f’ requires the numerical integration of equation (2). Hoyt, de Fontaine and Warburton
 derived an approximate expression for equation (2) which is open to numerical evaluation and CHOOCH uses this to obtain f′. The prerequisites for the numerical integration are the 1st, 2nd and 3rd order derivative of the f″ spectrum and these are determined by spline analysis after removal of high frequency noise using a Savitsky-Golay filter. The noise filtering is based on knowledge of the beamline energy resolution so that some distinction between real fluctuations in the signal and noise components can be made under the assumption that high frequency fluctuations in the spectrum, which should otherwise be smoothed out by the beamline resolution, must indeed be measurement noise.
4 Organisation of the program

The steps performed by CHOOCH can be summarised as follows
1. Data input and checking

· Fluorescence data is read from a file and basic sanity checks are performed on the data. The program attempts to guess which edge has been measured for a specified element by assuming that the middle of the scanned energy range is near the absorption edge of interest.

2. Normalization of input spectrum

3. Normalization is performed as described above. A linear model is used to perform the fitting.

4. Determination of f″
· Theoretical values of f″ are obtained using the mucal.c
 routine written by Pathikrit Bandyopadhyay which uses the absorption cross-section values as published by McMasters
.

5. Smoothing and calculation of derivatives.

· Smoothing is done with a Savitsky-Golay filter using a window width which is determined from the monochromator energy resolution. The resolution may be supplied by the user with the ‘-r <resol>’ option

6. Kramers-Kronig transformation to obtain f′
· The program uses numerical integration routines supplied with the Gnu Scientific Library
 to perform the K-K transformation.

7. Analysis and output of results

· The program automatically selects the peak f″ energy and the minimum f’ energy and outputs them. A PostScript plot of the f′ and f″ spectrum is generated if requested by the user with the ‘-p <psfile>’ option (see Figure 1).
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Figure 1 Example of a PostScript output from CHOOCH requested using the -p option
The original versions of CHOOCH (versions 1 to 4) were written in Fortran 77 and required manual intervention from the user at the stages of normalization and fitting
. Although this program proved very useful at many MX beamlines worldwide, the growing need for automation placed an emphasis on the requirement for CHOOCH to operate without any user intervention. 
The new version 5 of CHOOCH (now to be distributed with CCP4 version 6) has been rewritten incorporating more robust fitting and smoothing algorithm and a carefully selected set of default parameters permitting fully automated execution with minimal input of the element name and the absorption edge being probed (default is the Se K edge). The main improvements to CHOOCH have been

· Better checking of input files for machine and human errors
· Automatic edge detection provided the correct element symbol is input

· Robust fitting algorithms for normalization and better handling of data where no information away from the absorption edge has been recorded. 
· Warning messages to highlight potential problems with data

· Verbosity levels for efficient debugging and feedback

· Use of sensible defaults for normalization fitting ranges and smoothing parameters

· User override of default parameters

· Parameter input via command line switches

· Use of robust Savitsky-Golay filtering methods for noise filtering

· Generation of publication quality PostScript output
This version is already addressing the automation needs of beamlines at the APS, ESRF, SSRL and SPRING-8 to name a few and it is hoped that by distributing it via CCP4 many more crystallographers and beamline users will be able to benefit from the software.
4.1 Usage

The command line use of CHOOCH 5 provides the user with several options allowing default parameters and filenames to be overridden. The CHOOCH syntax is 
chooch -e <element> [options] <input_filename>
The following options are available

-h


print this message

-s


run silently

-e <element>

element symbol (default Se)

-a <edge>

absorption edge (K, L1, L2, L3, M) (default is auto detect)

-r <resol>

energy resolution (dE/E) (default is Si(111) 1.4x10-4)

-1 <e1>

Below edge fit lower energy limit (eV)

-2 <e2>

Below edge fit upper energy limit (eV)

-3 <e3>

Above edge fit lower energy limit (eV)

-4 <e4>

Above edge fit upper energy limit (eV)

-p <PS_file>

output to PostScript file

-o <efs_file>

filename for efs output (default output.efs

-v <level>

verbosity level (0 -- 3) (default 0)

-w


show warranty information

-c


show redistribution information

-l


show license information
This structure permits CHOOCH to be rapidly integrated into beamline control systems providing beamline users and operators with quick feedback and guidance about their heavy atom absorption edges.
5 Obtaining Chooch

CHOOCH can be obtained directly from the author by sending a request to gwyndaf@gwyndafevans.co.uk or by downloading the program from the CCP4 distribution sites of the version 6 release. It is distributed under the terms of the Gnu General Public License
. CHOOCH makes use of the following external routines

· Gnu Scientific Library
 version 1.1 or later.

· Cgraph version 2.04 PostScript plotting library
.

· (optionally) PGPLOT graphics library
.

The option of using the PGPLOT library gives the user the ability to visualize the intermediate steps performed by CHOOCH but is most useful as a debugging tool.
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