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DATA REDUCTION

Definition: reducing our observations, a set of integrated intensities, to a set of
symmetry-unigque intensities (and sigmas).
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EXPERIMENTAL EFFECTS

Integrated intensities are a combination of 2, square of structure factor
amplitudes, and experimental effects.
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Why do symmetry-equivalent observations have different intensities?
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Beam effects - changes in beam intensity (slow), illuminated volume.



EXPERIMENTAL EFFECTS

Why do symmetry-equivalent observations have different intensities?

Crystal effects - absorption of the incident & scattered beam, radiation
damage.

—

Detector effects - gain & calibration issues, edge effects (CCDs).



SCALING AND MERGING

Use the redundancy within the dataset, i.e. repeated measurements of equivalent
reflections, to determine a model to account for experimental effects.

Determine scale factors for the reflections, so that symmetry equivalent reflections
have the best agreement - least deviation from a weighted average for the group.

Then merge (average) the intensities in each group.
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PRECURSOR: SYMMETRY ANALYSIS

We need to know the symmetry of the diffraction pattern, so that observations are
correctly grouped for scaling and merging.

find spots index refine integrate
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Before integration, only know symmetry of the lattice (spot positions), not the
diffraction pattern (intensities). Lattice symmetry |= diffraction pattern symmetry



PRECURSOR: SYMMETRY ANALYSIS

Point group symmetry should be ¢ e ®
evaluated, so that intensities are (0, 0, 0)
correctly grouped in scaling. | ° ° ’ P222
2 ® ® ®
® ® ®
Can scale in lower symmetry point (0, 0, 0)
«— o Y ® P2

group, but then not using full
equivalence of certain observations! 2 ° ° °



PRECURSOR: SYMMETRY ANALYSIS

Why is lattice symmetry != diffraction pattern symmetry? / /

May have ‘accidental’ symmetry of the lattice, e.g. P1

symmetry with angle close to 90° looks like P2. 39 8°/ /

Also able to have point group symmetry lower than the
lattice symmetry.

Point group 23, Lattice

- O O
symmetry 432
(1,0,0) plane
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(1,0,-1)

Programs for symmetry assessment: Pointless, dials.symmetry, XDS (CORRECT step)
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PRECURSOR: SYMMETRY ANALYSIS

WITH DIALS.SYMMETRY / POINTLESS / XDS

Score different Patterson groups based on combination of

(3, 0, 0) symmetry elements of the lattice.
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Additionally, assess systematic absences to determine full

space group symmetry (not needed for scaling).



SYMMETRY ANALYSIS DIFFICULTIES

Effects of twinning & pseudo-symmetry, can give appearance of
higher symmetry. Can not be certain that you know the symmetry until
you have solved the structure!

2-fold 2-fold 4-fold
® o ® _|_ ® ® ® — ® o ®



SYMMETRY ANALYSIS DIFFICULTIES

Indexing ambiguities in multi-crystal experiments; for certain point groups,
there are different ways to index.
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Need consistent indexing in order to scale. A particular issue for sparse
multi-crystal datasets - can use dials.cosym [1] to solve symmetry and

reindex. Alternatives: xscale_isocluster, or use pointless/dials.reindex/XDS to
reindex against reference.

[1] Determination of Patterson group symmetry from sparse multi-crystal data sets in the presence of an indexing ambiguity.
Gildea, R. J. & Winter, G. (2018)



-CAP:

DATA R

-DUCTION STEP 1

AsSSess point group (space group) symmetry™.
Beware of difficulties.

Integrated reflections

|

Integrated retlections, in correct point group

*Unless have prior knowledge for this system, or want to process in P1.



SCALING

Determine scale factors for the reflections, so that symmetry equivalent
reflections have the best agreement. Makes the data internally consistent.

Create a scaling model and refine the model to give most internally
consistent data.

Once data is scaled, can assess the internal consistency with a number of
measures [1] - note that this assesses the precision, not the accuracy,
need to be aware of possibility for systematic errors. Recommended
metrics: CC12 (for resolution cutoff), Reim, Rmeas, <l/o(l)> (signal to noise)

Programs can use: dials.scale, XDS/XSCALE, Aimless, scalepack, .....

[1] Assessing and maximising data quality in macromolecular crystallography, Karplus & Diederichs,
2015.



SCALING PROCESS COMPONENTS

rounds of outlier rejection (right reflections)
rounds of scaling model refinement (best scales)
model the error distribution (sigmas) (better errors)

combine profile and summation intensity estimates  (best integrated intensities)



SCALING MODELS

Principle - experimental effects multiplicative in their effect on intensities - scale
factor given by product of corrections.

g =9, (p)XT, (p,)X...




APPROACH 1: PHYSICAL SCALING MODEL

Three part model per sweep/crystal, approach used in Aimless & DIALS
Correction 1: Smoothly varying scale factor, dependent on crystal rotation angle.

Corrects for changes in illuminated volume, slow changes in beam intensity,
primary absorption.

Gives the relative scale for multi-sweep/multi-crystal datasets.
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APPROACH 1: PHYSICAL SCALING MODEL

Three part model, approach used in Aimless & DIALS

Correction 2: Smoothly varying isotropic B-factor, dependent
on crystal rotation angle (i.e. accumulated exposure time). €(B(t) / 2d2)

Corrects for global/average radiation damage (not site
specific).
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APPROACH 1: PHYSICAL SCALING MODEL

Three part model, approach used in Aimless & DIALS

Correction 3: relative absorption correction for different
directions in space, based on scattering vectors.

Define a correction surface; correction depends on
direction relative to crystal frame. Use spherical
harmonics as a basis to define a smoothly varying
surface.

Spherical

Typically small for MX (~1%), unless at  harmonics

long wavelength/absorption edge.
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APPROACH 1: PHYSICAL SCALING MODEL

Effect of the number of spherical harmonics on the absorption surface
L=2
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APPROACH 2: ARRAY SCALING MODEL

More generalised approach - just define what the corrections depend on. e.g d-
value, rotation angle, position on the detector. XDS/XSCALE approach.

Components are arrays/grids of parameters e.g. 2D grid of parameters equally
spaces in resolution and rotation angle.

Differences to physical scaling model: Less restrained by assumptions on form of
corrections, more general/adaptable. Physical interpretation of the corrections
may be less clear. Array model implementation typically requires many more
parameters than physical model (100s vs ~60).



APPROACH 2: ARRAY SCALING MODEL

Have an implementation of this approach as an option within dials.scale.
Same principles as behind the model from XDS/Xscale.

model=array (default model=physical)

Smoothly weight a grid of parameters to get correction for a reflection.

Decay correction - 2D grid of
parameters; d-values & rotation angle.

Absorption correction - 3D grid of
parameters; reflection x, y coordinate on
detector, rotation angle.
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RECAP: DIALS SCALING MODE

scale factor
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rotation angle (degrees)
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OUTLIER REJECTION

Outliers have a disproportionate effect - largest RMSD.

Test the normalised deviation from the symmetry group, ~ - /
reject those above a threshold. 0 = ([ — 9<[h->)/g

Several rounds of outlier rejection - at each point retest
all reflections.
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ERROR (SIGMA) DISTRIBUTION

At scaling step, able to investigate the distribution of intensities and errors
(uncertainties) throughout the dataset. Chance to evaluate systematic errors.

Principle: for realistic errors, the overall distribution of intensities is consistent with
the errors on individual reflections.
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ERROR (SIGMA) DISTRIBUTION

In reality, the intensities deviate from the average by more than expected

based upon the errors after integration.
The true error has been underestimated, and the effect is most pronounced for the

most intense reflections.

1
y 30
Image numker/dose

50 35

Image numkear/dose

Scaled, no error adjustment Scaled, errors adjusted

Systematic experimental errors may not have been fully accounted for, alongside
deficiencies in experimental models during data processing (including scaling).



ERROR (SIGMA) ADJUSTMENT

General approach is to use two parameters to describe the effect of systematic
errors and optimise these by assessing the distribution of intensities and
uncertainties.

c”=a’(c”+(I))

First parameter a - scales all sigmas by a constant factor - represents the effect of
systematic errors that affect all reflections.

Second term b - intensity dependent factor - represents the effect of systematic
errors that scale with intensity.

=1/(axb) a x b is measure of fraction of

I/o .
systematic error (2% very good)

asymptotic



ERROR (SIGMA) ADJUSTMENT

Similarities in form across different data processing programs

dials.scale o' = az(gz + (b])z)
Aimless 01 )eory = SdFac * [o(1)? + (SdB x 1) + (SdAdd * 1)?]2
K0S o(I)' = ax(o(I)j+b=I")

Approaches to parameter fitting differ between programs, see
papers for technical details.



DIALS ERROR (SIGMA) ADJUSTMENT

2 2 2 2
c“=a(c”"+(bl))
Error model variances of normalised deviations
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DIALS ERROR (SIGMA) ADJUSTMENT

0" =a’(c’ +(bl)*)

Norma! probability plot with 2rror model applied
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COMBINING SUMMATION/PROFILE
INTENSITIES.

Integration programs give summation and profile fitted intensities. Profile
Intensity estimates are usually best, but summation estimates can be more
accurate for the most intense observations.

Try to find best combination - smooth cross over between profile and summation,
optimise crossover point. Score based on Rmeas IN dials.scale.

I scale Wprf I prf T wsuml sum
Performing profile/summation intensity optimisation.
Wsum R 1_ Wprf sum only
Imid = 20.82
. A Imid = 2003.81
weight Imid = 200.38
mid = 28.84
10 Imid - 20.06
Wsum
0.0

> |ntensity




RECAP:

DATA R

EDUCTION STEP 2

Determine corrections to make the data most internally
consistent. Reject outliers, improve sigmas.

Integrated reflections

Integrated retlections, in correct point group

Scaled (corrected) intensities and sigmas




ASSESSING SCALING RESULTS
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ASSESSING SCALING RESULTS

Summary statistics tables

Overall Low High
High resolution limit 1.21 3.29 1.21
Low resolution limit 69.19 69.31 1.23
Campleteness 72.9 8.6 5.6
Multiplicity 6.5 . 1.6
I/sigma 17.1 . 0.6
Rmerge(I) 9.064 8.746
Rmerge(I+/=) 9.055 . B.697
Rmeas(I) 9.070 . 8.987
Rmeas(I+/-) 9.065 . 8.986

Rpim(I) 8.027 . 8.648
Rpim(I+/-) 9.835 . 8.697
CC half 8.999 . 8.489

Anomalous completeness 71.5 . 1.4
Anomalous multiplicity 3.3 ‘ 1.3
Anomalous correlation 0.358 -8.357
Anomalous slope 1.897
dF/F 0.070
dI/s(dI) 1.265
Total observations 315912
Taotal unique 48918




ASSESSING SCALING RESULTS

Resolution dependent plots

Normal and anomalous CCi» Average l/o(l)

e CC-half
CC-half critica' valuz (p=0.01)
CC-anorr
CC-anomr critical valLe (p=0.01)

<L'sig{l)>

2.15

Resoluticn (5\) Resolution (.&‘)

CC1p2 is best metric for assessing resolution limits [1]. Clear interpretation of values
& known statistical properties. Not dependent on o(l), which may be inaccurate.

[1] Assessing and maximising data quality in macromolecular crystallography, Karplus & Diederichs, 2015.



ASSESSING SCALING RESULTS

Plots as a function of image number/rotation

inverse
scale factor

o
P
)
18 )
“T
m
Py}
>
=
L
v

rotatinn angle (degrees)
rotation angle (degrees)

Scale and Rmerge vs bates <I/sig(I)> vs batca




ASSESSING SCALING RESULTS

Anomalous plots
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ASSESSING SCALING RESULTS

Outlier plots

Qutlier x-y positions Qutlier distribution across frames

® B I
1500 '
* N g ] u 2 u v =
. ‘ 1
1200 - s
| | h
| 0 - -
U SO0 1000 2000 3000 6000 700D

100D 200C 4000 5CCD

frare

Were bad areas masked, low angle well integrated? Are there bad frames?



ASSESSING SCALING RESULTS IN
DIALS.SCALE

. Is RMSD _| close to, or lower than, 1.07

. Do the error model parameters look reasonable” IR EEE LU ERE I
(a~ 1.0, ~0.015 < b < ~0.057) EXESE Wailol SEwils:

Current parametere: a = 0.61327, b - 0.838903
Exrror mcdel formula: o'¢ = a<(o¢ - (EI)<)
estinated 1l/sigma asymptotic limit: 28.125

. How many outliers were rejected, too many?

. Were profile/summation intensities combined?

Performing a rcund of ccaling with an LBFGS minim:.zer.
Performing profile/summation intensity optimisation.

Timz taken for refinement 1.23618086786

Refinement
prf only

sum only

Imid 208.082
Imid 28083.81
Imid 200,38
Imid

Combined intensities with Imid = 200.388803531 determined to be best for scaling.




AFTER SCALING; MERGING AND
TRUNCATING

Merge symmetry equivalent reflections to get the best estimate (optionally
keeping anomalous pairs separate).

Some structure determination programs require structure factor amplitudes:

| Fl=I

Weak reflections can have negative intensities due to background subtraction!

French Wilson algorithm (1978), uses Bayesian statistics to calculate positive
structure factors for all intensities (based on | and o(l)).

Program can use: dials.merge, ctruncate (ccp4),



INTENSITY STATISTICS

Yilson plot L-test for twinning

Wilson B estimzte, 19.83 K - cunmrulativa distribLtion rurction rcrg ”

[ Rcicronec_pret Bl wnnad

5
447 3.16 258 224 200 1.83 169 1.58

B 1
(Iy=C eXP(—E?) Yeates-Padilla test (L-test)
Different expected cumulative
intensity distribution depending
on twin fraction.

Average intensity falls with resolution
due to atomic motions (B-factors).



RECAP: DATA REDUCTION STEP3

Merge equivalent reflections, convert to Fs*

Integrated reflections

\4

Integrated retlections, in correct point group

|

Scaled (corrected) intensities and sigmas

|

Merged (symmetry-unique) set of I/F

*Some move away from converting | to F - e.g. Phaser can use |



DIALS DATA R

DUCTION WORKFLOW

Post-integration workflow in DIALS

i e | inteoratedmiz /
with dials.export _
Xpd ? Ipr. Siglpr

dlals symm(,tryf
dials.cosym

dials.scale

A SCaled unmerged.mtz
dials.export > .

data7

merged.mtz

| dials.merge ——/ : . S
/=<l=, <sigl>, F, sigF/

CCP4 equivalent: Pointless > Aimless » Ctruncate



MULTI-CRYSTAL DATA REDUCTION

When scaling & merging multi-crystal data (a large number of small-rotation
measurements), need to decide which subset of the data to keep due to
nonisomorphism. In addition, must resolve indexing ambiguities.

Clustering/dataset rejection:
. unit cell clustering
. delta cc1/2 clustering

Unit cell clustering




MULTI-CRYSTAL DATA R

DUCTION

Within DIALS: dials.cosym, dials.cluster_unit_cell, dials.compute_delta_cchalf

dials.scale filtering.method=deltacchalf. Successive cycles of scaling
and filtering based on delta cchalf

1st Delta CC-half analysis Resolution-averaged CC-half (sigma-tau) vs cycle
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dials.scale.nhtml, ‘Scaling and filtering plots’




MULTI-CRYSTAL DATA REDUCTION

dials.scale filtering.method=deltacchalf. Successive cycles of scaling
and filtering based on delta cchalf

removed image ranges

final imege ranges
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dials.scale.ntml, ‘Scaling and filtering plots’




MULTI-CRYSTAL DATA R

DUCTION

xla2.multiplex

Combines DIALS data reduction tools into automatic processing workflow for
multi-crystal data, starting with dials-integrated data.

Runs dials.cosym, dials.scale, clustering analysis, on all data.

Can trigger additional scaling and filtering to give improved subsets of the data.
Produces extensive html report.

Run as part of autoprocessing at Diamond for appropriate datasets.

Alternative programs as part of XDS package implementing similar algorithms:
XDSCC12, XSCALE_ISOCLUSTER



SUMMARY

Data reduction process of scaling and merging integrated intensities.

(1.1.1)  (1.1,1 1,1,1) (1.1, ~
[1{,.,)0](,.)?[5.,30‘5,.} _}Illl’ (1,1.1)

Scaling attempts to correct for experimental effects to make the data
Internally consistent.

Critically evaluate the merging statistics and plots after scaling. Is the
dataset complete, was radiation damage significant? Should the resolution
be cut back? Weak data is not necessarily bad data. Are many crystals
being merged - which data should be included?
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