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DATA REDUCTION

. Definition: reducing our observations, a set of integrated intensities, to a
set of symmetry-unique intensities (and sigmas).
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. These intensities should then be proportional to F2
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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 of multiple measurements (of symmetry 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.
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PRECURSOR: SYMMETRY ANALYSIS

® ® ®
Before integration, only know symmetry ° 000 o
of the lattice (spot positions), not the
diffraction pattern (intensities). ° ° ®
2 I
Point group symmetry should be ® ® ®
evaluated, so that intensities are (0, 0, 0)
correctly grouped in scaling. ) ¢ ° ¢
2 ® ® ®
® ® ®
Can scale in lower symmetry point (0,0, 0)
group, but then not using full — @ ® ®
equivalence of certain observations! 2



PRECURSOR: SYMMETRY ANALYSIS

Yy

89.8° / /
May have "accidental” symmetry of the lattice, e.g.

P1 symmetry with angle close to 90° looks like P2.

Lattice symmetry = diffraction pattern symmetry

Point group 23, (1,0,0) plane
Lattice symmetry 432

(1,0,1)
Also able to have point group symmetry lower @ ® ®
than the lattice symmetry.

(1,-1,0) @ ® ® (1,1,0)

Programs can use: Pointless, dials.symmetry, XDS
(CORRECT step) ® '_ ®



PRECURSOR: SYMM

WITH DIALS.SYMM

ETRY / POINTL,

= TRY ANALYSIS

FSS /X

DS

Score symmetry element based on correlation
between intensities.

(3, 0, 0) .
Score different Patterson groups based on
(2, 0, 0) combination of symmetry elements of the lattice.
(1,0,0) Cubic
Insulin
® > 2

(-1, 0, 0)
(-2,0,0) ¢

(-3, 0, 0)




SYMMETRY ANALYSIS DIFFICULTIES

Effects of twinning & pseudo-symmetry, can give appearance of
higher symmetry — see other talks! 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,
different ways to index.

-X +X
< >
® ® ®
® ® ®
crystal 1
® ® ®
-X +X
< >
® ® ®
crystal 2
® ® ®
® ® ®

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. 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)



SYMMETRY ANALYSIS DIFFICULTIES

Indexing ambiguities
dials.cosym

Space grouaps:

R 3 :H

(6, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 28, 21, 22, 22
24, 25, 26, 27, 28, 2%, 38, 31,6 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,

IAS 46, 47, 48, 49, 58, 51, 52, 53, 54, 55, 56, 57, 58, 59, 68, 61, 62, 53, 64, 65,
66, 67, 63, 59]

Reindexiny ooerators:

-X,=7,=Y
(1, 3, 6, 7, 8, 9, 18, 13, 15, 16, 19, 28, 21, 22, 24, 25, 26, 32, 33, 36, 37, 38, 36
. 48, 44, 45, 48, 49, 5€, 51, 55, 50, 57, 68, 61, 62, 6%, 64, 65, 6o, 57, 69)
I,M, Y

(6, 2, 4, 5, 11, 12, 14, 17, 18, 23, 27, 28, 29, 30, 31, 34, 35, 41, 42, 43, 46, 47,
52, 53, 54, 538, 59, 68]

Pointless - ccp4i2

Spacegroup and indexing

Detine new indexing and speceqroLp using Ooserved daig “eference

. =etections .13 not used

XDS - option REFERENCE_DATA_SET=



-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 parameterised scaling model and refine the model to give most
iInternally 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 large systematic errors. Recommended
metrics: CC12 (for resolution cutoff), Reim, Rmeas, <l/o(l)> (signal to noise)

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

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



SCALING PROCESS COMPONENTS

rounds of outlier rejections (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)

l.,o—>g—>1'0



SCALING MODELS

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

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




PHYSICAL SCALING MODEL

Three component model. Used in Aimless & DIALS

. Smoothly varying scale factor smooth weighting

between model

«  Smoothly varying isotropic B-factor e(B(t)/2d?) parameters

. Absorption correction (relative)

inverse
scale factor
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PHYSICAL SCALING MODEL

Absorption correction

Correct for relative variations in absorption in different directions in space -
based on incoming and outgoing scattering vectors. Typically small for MX
(~1%), unless at long wavelength/absorption edge.

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




PHYSICAL SCALING MODEL




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.

Array model; dials.scale implementation of this
approach. 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.

Advantage: less restrained by assumptions.
Disadvantage: physical interpretation not always
clear. Many more parameters than physical model
(~5-10x)

25.807

Decay correction (inverse scale factors)

20 40

Rotation angle (*)




OUTLIER REJECTION

Outliers can have a disproportionate effect on
scaling - largest RMSD.

5hl = (1, _ghl<lh>')/6d

Test the normalised deviation from the symmetry
group, reject those above a threshold (default 6

normalised deviations) o2 = (72(1 )+g20'2(<1 >')
d — hl h

Several rounds of outlier rejection - at each point
retest all reflections.

‘Average’ | True’ |

> '
| Intensity



ERROR (SIGMA) DISTRIBUTION

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

Spreac vs variance for uncarrecred errors

Assumption; if error values are correct, then
on average the distribution of observations
should equal the estimated standard
deviation. Typically find that for the most
iIntense reflections the estimated standard
deviation is lower - error is underestimated!
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Systematlc errors may not have been fUHy | eshimal ed varignca ol syimrnelry group (o scals)
accounted for, alongside deficiencies in
experimental models (including scaling).
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INTENSITY ERROR DISTRIBUTION

Two component error model, adjust errors as a function of intensity, by looking
at distribution of intensities.

" =a’(c”+(l))

Spread vs variance for corrected errors
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INTENSITY ERROR DISTRIBUTION

Normal deviations with errcr medel zpplied Normal probability plot with ermer medel applied

B caraser rarvalisad daviatiors

el naernsal chistningen
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Humber of ref ecticns
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MNoarmeliges devat on
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Order slatistic medians, m

I/sig(l) vs I

I/o =1/(axb)

asymptotic

a X b is measure of fraction of
systematic error (2% very good)



COMBINING SUMMATION/PROFILE
INTENSITIES.

Integration programs give summation and profile fitted intensities. Profile
Intensity estimates usually best - but summation estimates can be best for most
Intense observations.

Try to find best combination - smooth cross over between profile and summation,
optimise crossover point.

A
weight
Iscale — Wprflprf T Wsumlsum 1.0
Wsum
Wom = 1- Wprf 0.0 > |ntensity

Performing profile/zumnation Lrtzn3ity cptmisetior

ES k) (j /:? Cznoinatior | ceas2 | Rmeas
Core ase on meas pr* only | € 69959 |

s.1m unly | €. 69933 | #.33332
“mod = 20 F7 | P.G9354 | A.22257

Twed - PEAZ .21 | FOGOINT | AL217739
Zmzd - 2€0.33 | €.597¢ | 0.21773
—m=d = 2C.Ca | €.%2255 | 0.22234
—mzd - 2.0 | €.G0245 | B.23757

Lecnzzned Lrtensities with Indd - 29W,38EBZ3531 determined tc 2e best Tor scaling




RECAP:

DATA R

~DUCTION 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

Resolution dependent plots

Summary statistics table Normal and anomalous CC1
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ASSESSING SCALING RESULTS

Resolution dependent plots

Completeness, multiplicity etc Average l/o(l)

Completeness vs resolution <I/sig(I)> vs resolution




RESOLUTION LIMITS OF THE DATA

. CC1p2 is best metric [1]. Clear interpretation of values & known statistical
properties. Not dependent on o(l). Common value for cutoff is 0.3 or 0.5.

. R-factors. Shouldn’t be used to determine resolution cutoffs. Historically
used, so useful to compare to previous practises. Rise towards infinity as
signal decreases. Rpim depends on multiplicity. Useftul indicators.

. <l/o(l)>. Shouldn’t be used to determine resolution cutoffs. Relies on o(l)
which may be inaccurate. Useful indicator of quality of low resolution data.

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



PLOTS AS A FUNCTION OF IMAGE
NUMBER

Ind |V|d ual dataset Smoothly varying corrections

Jarying
actier
srokh yevarving

scale parameters

=chor

Szbve 3-IaC

sle and Rmerge vs bateh <I/sig(I)> vs batca

HLULO oD




ANOMALOUS PLOTS

Normal praobahility plot of ancomalocus differences (d > 2.13) CC-half vs resoluticn

—— CC-hall
CC-helfl eriical value (p=2.0.)
CC-arzmr

CC-arzmr ¢itical value [p=0.CL}

cclers

4«

Nu=ibe- ot

[
mxpecied Juits Resa utian (A}

banom = (I~ — I7)/(?>(TT) + (I

- , , - . Anaomalous R.M.S. carrelation ratio (acentric reflactiaons)
Correlation of half-set differences (d > 2.13) ( )

[ }

Delta 21 Reso ution (R)




OUTLIER PLOTS

Outlier xX-y positions Qutlier distribution across frames

I MO

idbdudald

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”? R EEEE R ET U EREIIE
(a~ 1.0, ~0.015 < b < ~0.067) 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.

. . - Pertcrming prarilefsunnaticr intensity optin.saticr.
Timz taken for refinement 1.23618806706 - : N

Refinement
prf only
sum only 99933
Iric 20.02 nnasé
Iric 2083.31 00959
Iric 260, 33 0004
Imic 00054

Contired intensities wo_th Imid = 208.33080353_. detcrmined tTo 2¢ best fTor scaling.




AFTER SCALING; MERGING AND
TRUNCATING

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

Most 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: ctruncate (ccp4), dials.merge



INTENSITY STATISTICS USING
CTRUNCATE

Yilson plot

Wilson B estimzte, 19.83 ki -

- Reoleromeo_prot
[ |

5
447 3.16 258 224 200 1.83 169 1.58

B 1
[)=Cexp(———
(1) P75
Average intensity falls with resolution
due to atomic motions (B-factors).

L-test for twinning
cunmrulativa distribLtion rurction fCl’..J ”~

Yeates-Padilla test (L-test)
Different expected cumulative
intensity distribution depending
on twin fraction.



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

Post-integration workflow in DIALS

Scal ] integrated.mtz
integrated data with dials.export 9 .
& / |pr. Siglpr

\

dlals symmetry/
dials.cosym

o

dials.scale

m erg\ N . scaled_unmerged.mlz:_',.-'
dials.export > l, sigl

I\data‘?/
Y

—,.. dials.merge = —/

-
merged.mtz

/<>, <sigl>, F, sigF'.,.-":

¢ /
eeee——————

DUCTION WORKFLOW



SCALING WORKFLOWS IN DIALS

Standard single sweep

dials.symmetry integrated.refl integrated.expt
dials.scale symmetrized.refl symmetrized.expt

dials.scale scaled.refl scaled.expt d_min=2.1
N.B. Reuse output scaling files for rescaling!

dials.merge scaled.refl scaled.expt

Routine options for single sweep
e d_min=21 Set resolution cutoff

e exclude_images="100:120" Exclude a set of bad images



DATA R

DUCTION WORKFLOWS IN CCP4|2

mport merged data, crystal contants, alignments cr coordinatae

ntegrate X-ray mages

I nteg rated MTZ (from D |ALS ’ ;i; X-ray dzta reduction and analysis
M 0 Sf | m | X | a 2 (X D S ’ D | A I_ S ) ) . gg}ea'ergg;?;g%vs: Jfk?isr;d da‘a and suggesi aoece group (Pointless, Aimiess. Ctruncate. Freenfag)

Generate a Free R sot S ‘ ' .
Generate a I'res M set icr a comple'e set of refleciion indices to a qiven reso'vvion (Treeflilag)

Pointless »  Aimless » (Ctruncate

Job 56 Dats reduction - AIMLESS The jab is Panding
I e subts Cormments
Al Dol mandant Dplinvee coteral daena

LE e vk et

A, s datatom b W

Add multiple datasets — = ] s
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SCALING WORKFLOWS IN DIALS

Standard multi sweep

dials.symmetry/dials.cosym integrated_1.refl integrated_1.expt .....
dials.scale symmetrized.refl symmetrized.expt
dials.scale scaled.refl scaled.expt d_min=2.1

dials.merge scaled.refl scaled.expt



SCALING WORKFLOWS IN DIALS

Single sweep, controlling model (advanced)

dials.scale symmetrized.refl symmetrized.expt \
model=physical physical.absorption_correction=False

Extra options for controlling models

e model=array, model=physical Explicitly chose a model
 model=physical physical.absorption_correction=False \
physical.decay_correction=False Disable a correction

« model=physical physical.scale_interval=30.0 Choose parameter spacing



MULTI-CRYSTAL SCALING AND
MERGING

When scaling & merging multi-crystal data,
need to decide which subset of the data to
keep due to inhomogeneity.

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

Tools available: xia2.multiplex,
dials.cluster_unit_cell, dials.scale,
dials.compute_delta_cchalf, XDS, ..




SUMMARY

Data reduction process of scaling and merging integrated intensities.

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?

Merging statistics indication ot data quality. Try to solve the structure: you
might decide you need to reprocess.



