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(INDICATORS FOR A) SUCCESSFUL PHASING 
EXPERIMENT

GORDON LEONARD
ESRF STRUCTURAL BIOLOGY GROUP
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PHASING EXPLOITING ANOMALOUS SCATTERING

1. Introduce a small number of anomalously scattering atoms 
into crystals

2. Collect both F+ and F- at one (or more) wavelength(s). If 
more than one wavelength make sure these are chosen 
using absorption edge scan.

3. Derive anomalous and (if more than one wavelength) 
dispersive differences.

4. Use anomalous and/or dispersive differences to locate 
anomalously scattering atoms

5. Use these positions to initiate phase calculations
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Crystal System Laue Group Total Oscillation required for 

  Standard data 
collection 

 

Anomalous  data 
collection 

Triclinic -1 180o 360o 

Monoclinic 2/m 180o (b*), 90o (a*,c*) 180o  (a*,b*,c*) 

Orthorhombic mmm 90o(a*, b*,c*) 90o(a*,b*,c*) 

Tetragonal 4/m 90o(a*, b*,c*) 90o(c*), 180 o(a*, b*) 

 4/mmm 45 o(c*), 90o (a*, b*) 45 o(c*), 90o(a*,b*) 

Trigonal 3/m 60o(c*), 90o(a*,b*) 120o(c*), 180o(a*, b*) 

 -31m 30o(c*), 90o(a*,b*) 60o(c*), 180o(a*, b*) 

 -3m1 30o(c*), 90o(a*,b*) 30o(c*), 180o(a*, b*) 

Hexagonal 6/m 60o(c*), 90o(a*,b*) 60o(c*), 180o(a*, b*) 

 6/mmm 30o(c*), 90o(a*,b*) 60o(c*), 90o(a*, b*) 

Cubic 23 ~60o ~70o  

 432 ~35o ~45o 
 

 

COLLECTING BOTH F(+) AND F(-) (AFTER DAUTER, Z. METHODS IN ENZYMOLOGY, 276)
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(S)MAD: GOOD & BAD

1. No ‘native’ crystal – no problems with isomorphism when 
using heavy atom derivatives

2. Selenomethionine can be introduced into many protein 
sequences and can be used as a “magic bullet”

3. The ‘method of choice’ for de novo structure solution in 
macromolecular crystallography

4. Signals are small in comparison to those from 
isomorphous replacement – data have to be good!

5. In MAD have to collect a lot of data from one crystal –
radiation damage is a problem
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(S)MAD INTENSITY DIFFERENCES ARE MUCH SMALLER THAN FOR IR
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(J. Smith, Curr. Opin. Struct. Biol. 1, 1991)

K  absorption edges: f” ~ 4e- ; can 
rise to 6-7e- with ‘white line’. Df’ 
usually has a maximum around 7e- ; 
can rise to ~10e- if far from edge.

L absorption edges: f” usually has a 
maximum around 12e-; can rise to 
~30e- with ‘white line’. Df’ usually 
has a maximum around 13e-; can rise 
to > 20e- if far from edge

For comparison, Hg has Z = 78 e-.

In comparison to signals available in IR, AD signals are small

This knowledge must inform all decisions when collecting data for AD experiments

Need to: MAXIMISE SIGNAL and/or REDUCE ERRORS
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EXPECTED ANOMALOUS SIGNAL
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http://www.ruppweb.org/new_comp/anomalous_scattering.htm
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MAXIMUM SIGNAL: EXPERIMENT DIFFERS FROM THEORY. DON’T RELY ON 
TABLES 
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JM Guss, EA Merritt, RP Phizackerley, B Hedman, M
Murata, KO Hodgson, & HC Freeman (1989). "Phase
determination by multiple-wavelength X-ray diffraction: crystal
structure of a basic blue copper protein from cucumbers".
Science 241, 806-811.

We’re not dealing with free atoms.  Interaction of anomalous scatterer with other atoms causes 
deviation from ideality, as do changes in oxidation state. So, we MUST measure absorption edge 
experimentally if we want to be sure to obtain maximum ‘signal’

Page 8



05/12/2018

5

RADIATION  DAMAGE IS (USUALLY) OUR ENEMY
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Ravelli & McSweeney (2000). The ‘fingerprint’ that X-rays can leave on structures. Structure, 8, 315-328; 
https://doi.org/10.1016/S0969-2126(00)00109-X

Global radiation damage

Loss of diffracting power

Non-isomorphism Non-isomorphism

DATA COLLECTION STRATEGIES AND DATA QUALITY PREDICTIONS
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hklhklhklhklhklfactBourenkov, G.P. & Popov, A.N. (2010). Optimization of data collection 
taking radiation damage into account. Acta Cryst. D66, 409-419.

Flux
= 

absorbed 
dose
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Svensson et al. (2018). Acta Cryst D74, 433–440.

Scatter plot of predicted 
resolutions for data collections 
against the resolutions 
determined by autoprocessing for 
all crystals processed so far on 
ESRF MASSIF-1
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STRONG ANOMALOUS SIGNAL

• The Random Orientation ‘Technique’ – Crystal is mounted
in a random orientation with respect to the X-ray beam
and goniometer axes. Data are then collected in one
contiguous oscillation range such that complete and
high multiplicity anomalous data are obtained.

• The rotation range required can be obtained using various
data collection strategy programs (i.e. EDNA/BEST).

• Takes no real account of factors that can adversely affect
intensities (absorption, different detector position for
diffraction spots)
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SMALLER ANOMALOUS SIGNAL

• The Inverse-beam Method – Crystal mounted in a random orientation.
Data are collected in one contiguous oscillation range (from f = Xo to
f = Yo) such that data is as complete as possible for a ‘standard’ data
collection. The Freidel mates of these reflections are then collected by
inverting the orientation of the crystal and collecting the equivalent
data (i.e. by collecting from f=180+Xo to f=180+Yo). Can also collect
in smaller wedges.

• Freidel pairs are measured with the same path-length through
crystal (absorption).

• Freidel pairs are collected close together in time (if we use small
wedges).

• Freidel pairs measured with the same multiplicity

• For MAD experiments, best to interleave collection of wedges

• Complicated to set up manually if using small wedges
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SMALL ANOMALOUS SIGNAL

• ‘Set-Crystal’ Method – The crystal is mounted such that the
principle rotation axis of the crystal point group is parallel to
the spindle axis of the goniometer. If this rotation axis is
even-fold (i.e. 2, 4, 6) then:

• Bijvoet mates are collected on the same oscillation image.

• Bijvoet mates are collected after same total exposure time.

• Bijvoet mates suffer from ‘same’ absorption and radiation damage.

• ‘Complicated’ to align crystal in the desired manner
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USING KAPPA GONIOMETERS
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A ‘PROBLEM’ WITH SET CRYSTAL METHOD
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Ewald Sphere
The ‘Blind’ Region:

Shaded region will never pass
through Ewald Sphere. Need
to collect data in a second
orientation to ensure data is
properly complete.

Size of blind region: 2
min

2

2d

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HOW DO WE KNOW THAT OUR PHASING EXPERIMENT HAS WORKED?
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Electron density map is the best metric
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AFTER DATA PROCESSING – ARE THE DATA GOOD?

0;1);(/)( 2  InterceptSlopeIII hklhklhklhkl 
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)(/|)()(| hklIhklIhklIR ihkliiihklmerge 
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BUT, ‘SUCCESS’ INDICATORS FOR EXPERIMENTAL PHASING PROTOCOLS ARE AVAILABLE 
AT ALL STAGES OF THE EXPERIMENT

• Before arriving at beamline

If possible, check that heavy atom is bound 

What is the expected anomalous signal?

• Before data collection

Experimentally measure absorption edge

What will the data quality be?

• After data integration and scaling

What is the real data quality?

Is there any anomalous signal in the data?

How far (to what resolution) does the anomalous signal extend?

Are more data needed to try to improve things?

• Substructure determination

 Correct/reasonable number of heavy atom sites
 Correlation coefficients

• Phasing

 One hand significantly better than the other?
 What does ‘best’ electron density map look like? 
 Does auto-building work?
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AFTER DATA PROCESSING – IS THERE ANY ‘SIGNAL’ IN THE DATA?

?mergeanom RR 
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)(/|)()(| hklIhklIhklIR ihkliiihklmerge 

2/|)()(|/|)()(| hklIhklIhklIhklIR hklhklanom

 
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AFTER DATA PROCESSING – IS THERE ANY ‘SIGNAL’ IN THE DATA?

2/122 )]()(/[)(   IIIIobs 

l CCP4-DLS Workshop December 2018 l Has Experimental Phasing Worked ? l Gordon Leonard

The presence of anomalous signal can be deduced from a normal probability plot of the 
normalized measured anomalous differences.

The slope of the central region of this plot will be > 1 if the anomalous differences are larger 
than expected from their standard deviations (i.e. if there is significant measured anomalous 
signal)

(Howell, P. L. & Smith, G. D. (1992). J. Appl. Cryst. 25, 81-86; Evans, P. (2006). Acta Cryst. D62, 72-82.)
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MAD DATA SETS

''''''
edgeremotepeak fff 

l CCP4-DLS Workshop December 2018 l Has Experimental Phasing Worked ? l Gordon Leonard

edgeremotepeak SlopeSlopeSlope 

CCanom (pk/ip)
CCanom (pk/rm)
CCanom (ip/rm)

Evans, P. (2006). Acta Cryst. D62, 72-82
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NORMAL PROBABILITY PLOTS AND ISOMORPHOUS REPLACEMENT
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Howell, P. L. & Smith, G. D. (1992). J. Appl. Cryst. 25, 81-86
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE DATA?

l CCP4-DLS Workshop December 2018 l Has Experimental Phasing Worked ? l Gordon Leonard

What is the correlation coefficient between anomalous differences in two 
half data sets chosen at random? What do scatter plots look like?

no 
anomalous 
signal

Strong 
anomalous 
signal
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DATA PROCESSING – SUMMARY
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FAE; DF/F ~5.4%;  = 0.97 Å (S.G. = P212121; 160o data)
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AFTER DATA PROCESSING – SUBSTRUCTURE DETERMINATION, PHASE CALCULATIONS 
AND ELECTRON DENSITY MAPS
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A slightly less clear-cut example….
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE DATA?
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)(/|)()(| hklIhklIhklIR ihkliiihklmerge 

2/|)()(|/|)()(| hklIhklIhklIhklIR hklhklanom

 

Hmmmm………?mergeanom RR 
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE DATA?
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)(/|)()(|)1/(1[ 2/1

.. hklIhklIhklINR ihkliiihklmip 

)(/|)()(| hklIhklIhklIR ihkliiihklmerge 

2/|)()(|/|)()(| hklIhklIhklIhklIR hklihklanom

 

Rp.i.m. (Precision-Indicating Merging 
R factor; Weiss, M. S. (2001). J. 
Appl. Cryst. 34, 130-135; a measure 
of the quality of the data after 
averaging the multiple 
measurements.

A ‘better’ indicator is the
ratio Ranom/Rp.i.m.; Ranom

= signal, Rp.i.m. = noise. 
(Weiss, M. S., Sicker, T. 
& Hilgenfeld, R. (2001). 
Structure, 9, 771-777; 
Panjikar, S. & Tucker, P. 
(2002). J. Appl. Cryst.
35, 261-266.)

?2.1/ ... mipanom RR
Page 29

AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE DATA?
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Normal probability plot - anomalous differences

(Howell, P. L. & Smith, G. D. (1992). J. Appl. Cryst. 25, 81-86; Evans, P. (2006). Acta Cryst. D62, 72-82.)
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE DATA?
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What is the correlation coefficient between anomalous differences in two 
half data sets chosen at random? Where is the point that CCanom drops 
below 30%?

no 
anomalous 
signal

Strong 
anomalous 
signal
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE DATA (XDS)?
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Bovine Trypsin; S-SAD; S.G. = P212121; 360o data;  = 1.77Å (7.0 keV)
(DF/F ~1.4%)
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AFTER DATA PROCESSING – ARE THE DATA GOOD?
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)(/|)()(| hklIhklIhklIR ihkliiihklmerge 
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AFTER DATA PROCESSING – ANY SIGNAL?

mergeanom RR 
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2.1/ ... mipanom RR

)(/|)()(|)1/(1[ 2/1

.. hklIhklIhklINR ihkliiihklmip 

)(/|)()(| hklIhklIhklIR ihkliiihklmerge 

2/|)()(|/|)()(| hklIhklIhklIhklIR hklihklanom

 
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AFTER DATA PROCESSING – IS THERE ANY SIGNAL IN THE DATA?
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AFTER DATA PROCESSING – SHELXC/SHELXD/SHELXE OUTPUT
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MULTI-CRYSTAL DATA COLLECTION

Santoni et al.

Volume 50 | Part 6 | December 2017 | Pages 1844–1851 | 10.1107/S1600576717015229

• Generate high multiplicity data sets by merging data collected from several crystals
• Increase effective absorbed dose that can be used during an experiment 
• But there are pitfalls…..
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ANOTHER EXAMPLE OF ‘TOO MUCH DATA’

Zander et al.

Volume 71 | Part 11 | November 2015 | Pages 2328–2343 | 10.1107/S1399004715017927
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RADIATION  DAMAGE INDUCED PHASING
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Ravelli & McSweeney (2000). The ‘fingerprint’ that X-rays can leave on 
structures. Structure, 8, 315-328; https://doi.org/10.1016/S0969-
2126(00)00109-X

Specific radiation damage

Ravelli at al., (2003). Specific Radiation Damage Can Be Used to 
Solve Macromolecular Crystal Structures. Structure, 11, 217-224; 
https://doi.org/10.1016/S0969-2126(03)00006-6 
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Some reading…..

Thanks for your attention
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