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A Fortran program CHOOCH, which derives experimental values of the

anomalous-scattering factors f 00 and f 0 from X-ray ¯uorescence spectra, is

described. The program assumes knowledge of theoretical values for the

imaginary term, f 00, of the anomalous-scattering factor away from the absorption

edge to scale the experimental ¯uorescence spectrum and thus derive values of

f 0 0 near the absorption edge, where tabular data are inappropriate. The

Kramers±Kronig relation is used to calculate the real part, f 0, of the anomalous-

scattering factor. The program aids the decision-making process in macro-

molecular crystallographic experiments where optimal wavelength selection is

required. Magnitudes of f 0 and f 00 at selected wavelengths can later be used as

starting values for heavy-atom re®nement with crystallographic phasing

programs.

1. Introduction

Anomalous scattering (AS) provides an invaluable source of phase

information in macromolecular crystallographic structure determi-

nation. AS is usually measured from heavy atoms which are incor-

porated into the crystal lattice to form derivative crystals. This is

performed either by soaking in a suitable heavy-atom salt solution

(Blundell & Johnson, 1976) or by direct modi®cation of amino acid

residues (DoublieÂ, 1997; Hendrickson et al., 1990) or nucleic acid

bases (Todd et al., 1999; Golden et al., 1996). Metallo-enzymes possess

a natural source of signi®cant AS.

AS is used in the single isomorphous replacement and anomalous

scattering (SIRAS) (Baker et al., 1990; North, 1965) method as a

means of breaking the phase ambiguity in cases in which only one

heavy-atom derivative is available. A special case of SIRAS, where

the wavelength is optimized for derivative data acquisition, is known

as SIROAS (Helliwell, 1992; Baker et al., 1990) and is a means of

maximizing the anomalous signal to noise ratio.

In the multiple-wavelength anomalous diffraction (MAD) method

(Hendrickson et al., 1985; Phillips & Hodgson, 1980; Okaya &

Pepinsky, 1956), AS is used as the sole source of phase information in

the form of multiple measurements at a number of different wave-

lengths about the absorption edge of a heavy atom incorporated into

a macromolecular crystal lattice. Examples of phasing using only

derivative data measured at a single wavelength (single-wavelength

anomalous diffraction, SAD) also exist (Wallace et al., 1990).

In each of these methods, the observed anomalous signal is typi-

cally very small (<5%). Maximizing the anomalous signal is therefore

crucial to the experiment. Both f 0 0 and f 0 have their respective local

maxima and minima in the vicinity of characteristic absorption edges.

Therefore, data are commonly measured at X-ray wavelengths near

these edges. It follows that knowledge of the AS factors about the

absorption edge of the heavy atom is required if full advantage is to

be taken of the AS signal. This information may be derived from

measurements of X-ray ¯uorescence generated when incident X-ray

photons are absorbed by heavy atoms.

Theoretical calculations by Cromer (1983) provided tables of AS

factors for all the elements, but it has long been understood that near

characteristic absorption edges, theoretical values may differ signi®-

cantly from those determined experimentally (Hartree et al., 1934).

Cromer theory assumes that the atoms are isolated and in vacuum,

such that the excited photoelectrons above an absorption edge are

ejected into a structureless continuum. In reality, strong deviations

from isolated-atom calculations are observed as X-ray absorption

near-edge structure (XANES) and extended X-ray absorption ®ne

structure (EXAFS).

At the onset of absorption (the XANES region of the spectrum),

where the AS is strongest, the transitions involve valence states. Thus

charge, anisotropy, spin and orbital occupancy can all affect AS.

EXAFS features are observed above the absorption edge and arise

from interference with neighbouring atoms of a photo-electron

ejected from the atom.

The consequences are that the magnitude and X-ray energy of

important features in an AS spectrum can be strongly dependent on

the environment of a heavy atom when it is bound to a protein

molecule or nucleic acid. An example of this effect is the strong

anisotropy observed at the K absorption edge of selenium in seleno-

methionine (Hendrickson et al., 1989). Selenium in this form also

happens to be the most extensively used source of AS for MAD

experiments in macromolecular crystallography (Hendrickson, 1999).

In some cases, heavy atoms bind reproducibly to similar environ-

ments. A typical example is the binding of mercury to the sulfur atom

of the amino acid cysteine. It has been suggested that, in this parti-

cular case, values of the LIII absorption edge X-ray energy and

magnitudes of the AS factors could be transferable to other cysteinyl

mercury proteins (Tesmer et al., 1994). However, the transferability of

such data relies completely on the energy calibration of the beamline

where the original ¯uorescence data were measured and on the

energy calibration of the beamline at which the data are to be used.

Beamlines would need to be equipped with absolute-calibration

apparatus (Evans & Pettifer, 1996; Pettifer & Hermes, 1985) or some

standard calibration techniques using metal foils, for example, would
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have to be established for all protein crystallography beamlines

capable of multiple-wavelength data acquisition. Such standards are

not presently in place.

For these reasons, it is important that ¯uorescence measurements

be taken from the same or a similar heavy-atom-labelled macro-

molecular crystal sample and on the same beamline that is to be used

for diffraction measurements. Only then can deductions about correct

wavelengths for the measurement of diffraction data be made.

In macromolecular crystallographic phase determination by MAD

or SIROAS, the values of the AS factors f 0 0 and f 0 near an absorption

edge are typically included as re®ned parameters (de La Fortelle &

Bricogne, 1997). Sensible starting values for these parameters can

often result in quicker convergence of the re®nement procedure. In

cases where the observed anomalous signal is very small, reasonably

accurate starting values are essential for allowing the re®nement to

proceed normally.

CHOOCH was written in order to allow fast and easy transfor-

mation of raw ¯uorescence data into AS factors while at the beam-

line, prior to performing a SIROAS, MAD or SAD experiment.

2. Theoretical background

The effects of AS are described mathematically by two correction

terms which are applied to the normal atomic form factor or

Thompson scattering factor f0. The modi®ed scattering factor is

described by f = f0 + f 0 + if 0 0, where f 0 is the real part and f 0 0 the

imaginary part of the AS correction term.

These AS factors vary most rapidly near characteristic absorption

edges of atoms when the energy of the incident X-rays is similar to

the binding energy of the absorbing electrons.

The optical theorem (James, 1969) relates the imaginary term f 0 0

directly to the atomic absorption coef®cient for an atom by

f 00 � mec"0E�a=e h
- ; �1�

where �a is the atomic absorption coef®cient, E the X-ray energy, and

the other symbols have their usual meanings. As in other resonance

phenomena, the real part of the dispersive term is related to the

imaginary part by a Kramers±Kronig (K±K) transformation. In the

case of X-ray scattering, the K±K transform takes the following form:

f 0�E0� � �2=�� H
1

0

�Ef 00�E�=�E 2
0 ÿ E 2�� dE: �2�

Hoyt et al. (1984) showed that f 0 in equation (2) could be obtained

numerically by use of a Taylor expansion, replacing the singularity as

follows:

f 0�E0� � �2=�� R
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Cromer & Liberman (1970) observed that an additional correction

term equal to 5ETOT/3mc2, where ETOT is the total energy of the

atom, needs to be added to the result of equation (3).

Thus, once a spectrum of f 0 0 has been obtained, it is straight

forward to calculate f 0.

2.1. Normalization of fluorescence data

The raw ¯uorescence signal R�E� measured from a protein crystal

sample is on an arbitrary scale. It is dependent on the incident X-ray

energy, the absorption properties of the heavy atom being probed,

the X-ray ¯ux incident on the sample, the size and shape of the

sample, the concentration of the heavy atom in the sample and, of

course, the geometry and type of detection system being used. In

addition there may be signi®cant contamination of the signal from

elastic scatter of the incident X-ray beam, as well as from other

inelastic effects. The measured spectra must therefore be carefully

analysed in order to remove unwanted background and then scaled to

produce an `experimental' spectrum of absorption and, thence, f 0 0.
The ®rst stage involves a background subtraction and a subsequent

renormalization step, resulting in a spectrum which is on average zero

below the edge and one above the edge. The aim of the normalization

step is to remove slowly varying (low-order) signal from the data,

such that what remains is purely a result of the XANES and EXAFS

character of the absorption edge. In this way, contamination by

unwanted elastic and inelastic scatter can be removed. During this

step, one necessarily removes the slowly varying component of the

¯uorescence created by the slow variation of the atomic cross section

of the particular atom under investigation. Later this atomic

component can be reincorporated using theoretical values. The

normalization proceeds as follows.

The form of the observed ¯uorescence below the edge is ®tted

using a low-order polynomial Pbelow of a degree dependent on the

experimental conditions. This ®t is extrapolated over the whole

spectrum and subtracted from the observed data. Similarly, above the

edge, a low-order polynomial Pabove is ®tted to the above-edge spec-

trum and then extrapolated over the whole spectrum.

A normalized ¯uorescence spectrum N �E�, which is equal to zero

well below the edge and unity well above the edge, is thus obtained by

N �E� � �R�E� ÿ Pbelow�E��=�Pabove�E� ÿ Pbelow�E��: �4�
The spectrum at this stage should contain only the XANES and

EXAFS character of the absorption edge being probed, normalized

such that the edge jump is unity.

2.2. Determination of f 000 000(E)

The spectrum calculated using equation (4) is then used to create

an experimental spectrum of f 0 0 assuming that theoretical values of f 0 0

(Cromer, 1983) are valid far away from the absorption edge where

the effects of XANES and EXAFS are negligible. Within a few

hundred electron-volts of an absorption edge, theoretical f 0 0(E)

values can be well described by two linear functions f 00below�E� and

f 00above�E�, describing the variation of f 0 0(E) below and above the

absorption edge. These functions can be used to obtain an experi-

mental spectrum f 00exp using

f 00exp � N �E��f 00above�E� ÿ f 00below�E�� � f 00below�E�: �5�

2.3. Determination of f 000(E)

Calculation of f 0(E) using equation (3) requires integration with

respect to E to be carried out between 0 and 1. Hoyt et al. (1984)

determined practical integration limits for use in calculating K-edge

f 0(E) values. They suggest an upper limit of 50 � EK and a lower limit

of ELI
. Measured ¯uorescence data typically extend to only a few
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hundred electron-volts below and above the absorption edge.

Theoretical values of f 0 0(E) must therefore be employed to extra-

polate to the required limits. Extrapolation is carried out using

absorption data published by McMasters et al. (1969).

3. Program description

CHOOCH has been written in Fortran 77 and uses calls to the

PGPLOT library of graphical subroutines to provide a visual inter-

face for manipulation of the experimental ¯uorescence data

(PGPLOT is freely available for non-commercial use from http://

astro.caltech.edu/%7Etjp/pgplot/). The program also makes use of a

number of freely available subroutines for spline (Woltring, 1986)

and polynomial (Shampine et al., 1974) ®tting, plus the mucal

subroutine (written by Pathikrit Bandyopadhyay and available from

http://ixs.csrri.iit.edu/database/programs/mcmaster.html) which calc-

ulates the total absorption cross section according to McMasters et al.

(1969).

Input to CHOOCH is in the form of an ASCII data ®le containing

a title, the number of data points from the ¯uorescence measurement

and a list of data points, consisting of the X-ray energy in electron-

volts and the recorded ¯uorescence signal on an arbitrary scale.

On executing the program, the user is provided with a graphical

view of the observed raw ¯uorescence spectrum and is prompted to

select energy ranges between which low-order polynomial ®ts will be

performed in order to perform background ®tting below and above

the absorption edge, as described in x2.1. The user has the option to ®t

a horizontal line manually to the spectrum or have the computer

automatically ®t a ®rst-, second- or third-order polynomial to the

spectrum. The program displays the normalized curve, which the user

may accept in order to proceed, or reject and try again. On

proceeding, the program ®ts a smooth spline to the raw normalized

spectrum to remove noise. This also allows the spectrum to be

interpolated, producing a uniformly increasing energy scale, which is

required in the next stage of the program.

CHOOCH then calculates the spectrum of f 0 0 and f 0 AS factors as

described in xx2.2 and 2.3. The integration limits used by CHOOCH

in the determination of f 0 are read from an ASCII ®le (atom.lib),

which is distributed with the program. The choice of values is based

on the competing characteristics of speed and accuracy. The values

selected typically give accuracy to within a few tenths of an electron,

which is comparable to or less than the expected systematic errors

that may be introduced during the normalization stage. If higher

accuracy is required, the associated ASCII data ®le may be modi®ed

manually.

The results of the calculation are written to an ASCII ®le and

displayed as a graphical plot. The program determines the X-ray

energies and AS factor magnitudes at the points corresponding to the

f 0 0 maximum and the f 0 minimum values, these being two energies

which are typically measured in a MAD experiment. The program

produces a brief summary ®le containing this information and can

also on request produce a PostScript ®le of the AS curves.

4. Application

4.1. Program tests

The program has been in circulation for a number of years and is in

use on MAD crystallography beamlines at the ESRF, HASYLAB,

SRS, ELETTRA, SPring-8, APS, ALS, SSRL and NSLS synchro-

trons,1 as well as at numerous other crystallographic institutions. It

has been used to calculate AS factors for most heavy-atom types used

in protein crystallography and has provided the correct guidance as to

the choice of wavelength for subsequently successful experiments,

and also correct guidance for starting values for re®nement. Indeed,

comparisons between values of AS factors derived with CHOOCH

and those re®ned at the stage of crystallographic phase determination

by MAD have been made (Evans & Pettifer, 1996) and good

agreement found.

The program has a number of limitations on accuracy, but the main

contributing factor is the quality of the ¯uorescence data; the choice

of tabular data is made in this light. Another limitation is that the AS

may be anisotropic (Templeton & Templeton, 1988). If time and

Figure 1
Raw ¯uorescence spectrum from a seleno-methionine substituted protein
measured at the Se K edge and displayed using CHOOCH.

Figure 2
Raw spectrum from Fig. 1 after normalization (black) and after being smoothed
using a spline ®t (red). The blue line represents the ®rst derivative of the splined
data.

1 ESRF ± European Synchrotron Radiation Facility, Grenoble, France;
HASYLAB ± Hamburger Synchrotronstrahlungslabor, Hamburg, Germany;
SRS ± Sychrotron Radiation Source, Daresbury, UK; ELETTRA ± Triesta,
Italy; APS ± Advanced Photon Source, Chicago, USA; SPring-8 ± Super
Photon Ring - 8 GeV, West Harima, Japan; ALS ± Advanced Light Source,
Berkely, USA; SSRL ± Stanford Synchrotron Radiation Laboratory, Stanford,
USA; NSLS ± National Synchrotron Light Source, Brookhaven, USA.
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radiation damage permit, angular-dependent ¯uorescence data could

be obtained and the tensor components of AS derived using this

program.

The value of a program of this type is that optimum conditions can

be obtained for the actual crystal under study, at the beamline. This

means that the resolution of the X-ray monochromator is auto-

matically taken into account.

4.2. Example

A standard application of the program is in structure determina-

tion using seleno-methionine substituted proteins and the MAD

method. An example of the use of CHOOCH is given here for the

determination of the X-ray energies of the f 0 0 maximum and the f 0

minimum at the selenium K-absorption edge in a small 16 kDa

protein (Walsh et al., 1999) solved by MAD at beamline 19ID of the

Structural Biology Centre at the APS. Fig. 1 shows the raw ¯uores-

cence curve displayed when CHOOCH is run. The program prompts

the user for parameters determining the type of ®ts to be used in

normalization of the raw spectrum. Fig. 2 shows the normalized

spectrum (black) and the smoothed spectrum (red), along with its

®rst derivative (blue). Using the smoothed spectrum and its deriva-

tives, CHOOCH calculates the f 0 0 and f 0 spectrum and displays it

(Fig. 3).

4.3. Experimental data requirements

The reliability of f 0 0 and f 0 values determined using this program is

governed almost exclusively by the quality of the experimental data

used for the calculations. Spectra measured from macromolecular

samples are typically very noisy and may only extend to �50 eV

about the absorption edge. Such data may be prone to systematic

error introduced by inadequate normalization. The normalization

procedure and subsequent f 0 0 calculation relies completely on the

assumption that the experimental values of f 0 0 approach those of

theory far away from the absorption edge. As such, experimental data

far away from the absorption edge are required at the normalization

stage in order to satisfy this assumption. So how far must the ¯uor-

escence data extend either side of the absorption edge? Inspection of

EXAFS data from a number of different samples yielding K- and L-

edge spectra provides an indication of the extent to which near-edge

effects extend into the spectra below and above the edge. The

conclusion is that the edge effects can sometimes be visible within

�200 eV of an absorption edge. As such, ¯uorescence data points

should ideally be recorded at energies >200 eV on either side of the

edge and extending preferably out to �400 eV either side. These data

need not be as ®nely sampled as the near-edge data and consequently

should not signi®cantly increase the time required to measure a

spectrum or signi®cantly increase the X-ray dose received by the

sample. These are of course guidelines for an ideal case. Depending

on the accuracy required for a particular experiment, some of the

criteria may be relaxed.

The effect of random noise on the quality of results obtained with

CHOOCH is depicted in Fig. 4, which shows results obtained from

using a noise-free spectrum and spectra with noise introduced arti-

®cially at the 1, 5, 10 and 20% levels. The curves derived from spectra

with 1 and 5% noise agree well with the noise-free result. At the level

of 10% noise, we see a deviation in the predicted energy of the f 0 0

maximum of �0.2 eV and an increase in magnitude of �0.2 e. The

deviation is somewhat less at the f 0 minimum. Results derived with

20% noise show a more signi®cant deviation from the noise-free

result. The f 0 0 maximum is found to be 0.5 eV higher in energy and

�0.7 e lower in magnitude. The f 0 minimum is 0.5 eV lower in energy

and �0.5 e higher in magnitude. The effects of noise therefore only

appear to become signi®cant at the 20% level. However, even at this

level of error one can see clearly from Fig. 4 that the X-ray energies

selected by CHOOCH would still correspond to points in the noise-

free spectrum very close to the maxima and minima, and would

therefore constitute successful use of the program. If the level of

noise were higher than 20%, users of CHOOCH could run the risk of

selecting X-ray energies which are incorrect by more that 0.5 eV.

5. System requirements, availability and documentation

CHOOCH has been successfully run on Unix platforms using DEC

Alpha, SGI and Linux machines. The source code is available free of
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Figure 3
Final result as output by CHOOCH: experimental values of the anomalous-
scattering factors about the K-absorption edge of Se in a seleno-methionine
labelled protein.
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Figure 4
Effect of random noise in the experimental data on the results produced by
CHOOCH. A smoothed ¯uorescence spectrum was used to simulate noise-free
data; to this, random noise was introduced at the 1, 5, 10 and 20% levels.
Normalization was carried out by ®tting a ®rst-order polynomial to the below- and
above-edge regions over the same energy ranges in all cases. The resulting
anomalous-scattering factor curves are displayed.
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charge and can be obtained by accessing http://lagrange.mrc-lmb.

cam.ac.uk/doc/gwyndaf/Chooch.html or by contacting the authors

directly. The program is distributed with full documentation

describing its installation and use.

GE thanks the European Molecular Biology Laboratory for a pre-

and post-doctoral fellowship.
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