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Purpose of refinement

Crystallographic refinement has two purposes:

1) Fit chemically and structurally sensible atomic model into
observed- X-ray crystallographic data

2) To calculate best possible (electron density) map so that atom
model can be criticised



Data Atomic model Fit and refine

We want to fit currently available model to the data and calculate
differences between them.

To do this fit properly we must use as much as possible information

about model and data. .
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What do we know about macromolecules?

Macromolecular consists of atoms that are bonded to each
other in a specific way

If there are two molecules with sufficiently high sequence
Identity then it is likely that they will be similar to each other in
3D

It is highly likely that if there are two copies of a the same
molecule they will be similar to each other (at least locally)

Oscillation of atoms close to each other in 3D cannot be
dramatically different

Proteins tend to form secondary structures

DNA/RNA tend to form base-pairs, stacked bases tend to be
parallel



Why restraints:
Chemical knowledge
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NCS



Three ways of dealing with NCS

1) NCS constraints: copies of molecules are considered to be
exactly same. Only one set of atomic parameters per
molecule is refined, other copies are kept to be exactly same

2) NCS restraints: Molecules are superimposed and difference
between corresponding atoms after superposition minimised.

3) NCS local restraints: Molecules are assumed to be locally
similar, globally they may be different



Auto NCS: local and global

1. Align all chains with all chains using Needleman-Wunsh method

2. If alignment score is higher than predefined (e.g.80%) value then consider
them as similar

3.Find local RMS and if average local RMS is less than predefined value then
consider them aligned

4. Find correspondence between atoms

5. If global restraints (i.e. restraints based on RMS between atoms of aligned
chains) then identify domains

6.For local NCS make the list of corresponding interatomic distances (remove
bond and angle related atom pairs)

7.Design weights

The list of interatomic distance pairs is calculated at every cycle



Auto NCS

Global RMS is calculated using all
aligned atoms.

Local RMS is calculated using k
(default is 5) residue sliding windows
and then averaging of the results

Aligned regions

Chain A
Chain B
) —
k(=5)
1 N-°k+1
Ave(RmsLoc), = RmsLoc.
( )k N' k+1 la:~1 i
RMS = Ave(RmsLoc),
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Auto NCS: Iterative alignment

Example of alignment: 2vtu.
There are two chains similar to each other. There appears to be gene duplication

RMS — all aligned atoms
Ave(RmsLoc) — local RMS

*kkkkkkkk Allgnment results *kkkkkkkk

:N: Chainl: Chain 2 : No of aligned :Score: RMS :Ave(RmsLoc):
1:J(131-256):J( 3-128): 126: 1.0000: 5.2409: 1.6608:

0 2:J( 1-257):L( 1-257): 257: 1.0000: 4.8200: 1.6694:

:3:J(131-256):L( 3-128): 126: 1.0000: 5.2092: 1.6820:

c4:J( 3-128):L(131-256): 126: 1.0000: 3.0316: 1.5414:
5:L(131-256):L( 3-128): 126: 1.0000: 0.4515: 0.0464:
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Auto NCS: Conformational changes

In many cases it could be expected that two or
more copies of the same molecule will have
(slightly) different conformation. For example if
there is a domain movement then internal
structures of domains will be same but between
domains distances will be different in two copies
of a molecule

Domain 2

Domain 1

Domain 2

Domain 1 12




External (reference) structure restraints

Restraints to external structures are generated by the program ProSmart:
1) Aligns structure in the presence of conformational changes. Sequence is
not used
2) Generates restraints for aligned atoms
3) Identifies secondary structures (at the moment helix and strand, but the
approach is general and can be extended to any motif).
4) Generates restraints for secondary structures

Note 1. ProSmart has been written by Rob Nicholls and available from him
and CCP4.

Note 2: Robust estimator functions are used for restraints. l.e. if differences
between target and model is very large then their contributions are down-
weighted
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External Restraints

Restraint Parameter Estimation:

Atoms in homologous structure: < ]306 * 5

O; estimated as by Murshudov & Dodson (CCP4 Newsletter 1997)

Dependencies:

*B-value

*Resolution

*Model/data completeness
-Data quality

Plus a modification that increases robustness to outliers (use of Geman-McClure function)
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External Restraints
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External Restraints

Example: Ovotransferrin
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External Restraints

Example: Ovotransferrin
Original Structure
R/R;. : 0.286/0.330
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In Preferred Regions: 372 (54.39%)
In Allowed Regions: 145 (21.20%)
Outliers: 167 (24.42%)

Re-refined with External Restraints

R/R;.. : 0.263/0.307
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In Preferred Regions: 630 (92.11%)
In Allowed Regions: 29 ( 4.24%)
Outliers: 25 ( 3.65%)



External Restraints

Original Structure Re-refined Structure
R/Re. : 0.286/0.330 R/R;. : 0.252/0.307




ProSMART Restraint Visualisation

M@ Coot 0.7.2 (2013.09.ccp4)
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External Restraints

Summary:
Regularisation helps to stabilise refinement by reducing effective number of

parameters, thus increasing the signal-to-noise ratio.
New techniques may:
* Reveal new map features

* Lead to model improvement

When refining at low resolution, check:

* Refinement statistics - Not always conclusive
«  Geometry - Not always conclusive
« Electron density - Not always reliable

Conclusion: take care.



Basepair restraints

monomers C G label C.G

bond atom N4 C atom O6 G value 2.91 sigma 0.15

bond atom N3 C atom N1 G value 2.95 sigma 0.1

bond atom O2 C atom N2 G value 2.86 sigma 0.15

chiral atom N1 G atom C6 G atom C2 G atom N3 C value 0.0 sigma 0.5
chiral atom N3 C atom C4 C atom C2 C atom N1 G value 0.0 sigma 0.5
torsion atom C4 C atom N3 C atom N1 G atom C2 G value 180.0 sigma 10.0
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* Generate extra restraints on sub-structures such as base-pairs,
backbone conformation, stacking planes in DNA, RNA and
their protein complex for refinement

+» Data from single-particle
electron cryo-microscopy

< Resolution 3.2A

s G:U base pair. Purple:
before refinement. Yellow:
after refinement. The base-
pair is put to the same plane
via refinement

Canonical and non-canonical base pairs can restrained. In case of non-canonical base-
pairing there might several possible pairing. During refinement closest pairing is
selected.




*» Generate extra restraints on sub-structures such as base-pairs,
backbone conformation, stacking planes in DNA, RNA and
their protein complex for refinement

¢ Data from single-particle
electron cryo-microscopy

» Resolution 3.2A

> Green: before refinement.
Blue: after refinement
without stacking. Yellow:
after refinement with
stacking
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Planes can be restrained to be parallel or to form a particular angle




Restraints to current distances (jelly-
body)

The term is added to the target function:

o
a- W(l d | - | dcurrent |)2

pairs

Summation is over all pairs in the same chain and within given distance (default
4.2A). d . IS recalculated at every cycle. This function does not contribute to
gradients. It only contributes to the second derivative matrix.

It is equivalent to adding springs between atom pairs. During refinement inter-atomic
distances are not changed very much. If all pairs would be used and weights would
be very large then it would be equivalent to rigid body refinement.

It could be called “implicit normal modes”, “soft” body or “jelly” body refinement.
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Effect of “jelly” body refinement: Example is provided by
A.Lebedev

FimH o Ffim#, | FimH, &~

FmC = fmc, M Fmc, -

FimD n co1
ial [6 BT f2a
— Asymmetric unit two
copies
— Resolution 2.8 A

Phane et. al (2011) Nature, 474, 50-53




Usher complex structure solution

FimH - FfimH, M FfmH, &

« 1. Conventional MR

FimC = FmC, = FimC =

— FimH-L + FimH-P FimD ~ {H FimDpore  Plug ___ FimDpore [ cro1 Hcmz ¢

L [i6 7 p24

« 3. Fitting into the electron

« 2. Jelly body refinement (Refmac)

_ FimD-Pore density
— FimD-Plug
_ FimD-NTD
_ FimD-CTD-2

4. Manual building
— FImD-CTD-1
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Data and thelr property

Amplitudes of structure factors from single crystals - |F,|, ,. It
IS the most common case. Usually structure factors are reliable,
uncertainties are not so.

Intensities or amplitudes are from “twinned” crystals

Amplitudes of structure factors are available for |F+| and |F-| -
SAD case

Amplitudes of structure factors are available from multiple
crystal forms

Complex structure factors are available — e.g. cryo-EM models
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Two components of target function

Crystallographic target functions have two components: one
of them describes the fit of the model parameters into the
experimental data and the second one describes chemical
Integrity (restraints).

Currently used restraints are: bond lengths, angles, chirals,
planes, ncs if available, some torsion angles, reference
structures



Crystallographic refinement

The function in crystallographic refinement has a form:

L(p)=wLy(p)+Ls(p)

Where Ly(p) is -loglikelihood and L;(p) is -log of prior probability
distribution — restraints: bond lengths, angles etc.

It is one of many possible formulations. It uses Bayesian
formulation. Other formulation is also possible.



-loglikelihood

-loglikelihood depends on assumptions about the experimental data,
crystal contents and parameters. For example with assumptions that
all observations are independent (e.g. no twinning), there is no
anomolous scatterers and no phase information available, for
acentric reflections it becomes:

o |F,F+IF [

Le(p) =8 - 094,21 F, || F, | (257 +9)) +log(2s” +S) + const

And for centric reflections:

o |F, [ +IF, T

L.(p)=a AT+S) log(cosh(| F, || F. | /(s® +9))) +0.5log(s* +S) + const

All parameters (scale, other overall and atomic) are inside |F | and X

Note that these are loglikelihood of multiples of chi-squared
distribution with degree of freedom 2 and 1



TWIN
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The whole crystal: twin or polysynthetic twin?

polysynthetic
twin twin

A single crystal can be cut
out of the twin: yes no

The shape of the crystal suggested that we dealt with polysynthetic OD-twin



Twin refinement: Group/subgroup

y m (Pseudo)merohedral twin is
N\ . impossible
A
/] 6 O
‘ ' §
-
m‘m )
/| . g
-2
02
Pa S
=
=

Red arrows: No constraints are needed, merohedral twin could happen
Black arrow: Additional constraints on cell parameters are needed, pseudo
merohedral twinning can happen 31

35




Twin refinement in REFMAC

Twin refinement in refmac (5.5 or later) is automatic.
— ldentify “twin” operators

— Calculate “Rmerge” (E|l,-<I>,,| /Z1,) for each operator. If
Rmerge>0.44 remove this operator.

— Refine twin fractions. Keep only “significant” domains (default
threshold 1s 7%):. Twin plus symmetry operators should form a
group

Intensities can be used

If phases are available they can be used
Maximum likelihood refinement is used

36



Where’s the density for my ligand
(2.15A)?

R-factor (R-free) 25.5% (26.9%) — R-factor (R-free) 15.9% (16.3%) — re-
after initial rigid body and restrained run restrained ref. with twin on
refinementc. (refined twin fractions

Fo-Fc—3 sigma 0.6043/0.3957).

Fo-Fc— 3 sigma

Borrowed from B. Bax, GSK, Stevenage, UK




Overall R factor

Overall R-factor:
(o)
a |F|-|£|

R / — work/freeo
workl free
a |£]|

work/free

R-factor 1) depends on statistical property of data; 2) it is very sensitive
to weights.

R-factor can be replaced by average R-factor. But it will still be
dependent on statistical properties of data

Note: when sharpening is used then observed structure factors are
multiplied by B-value dependent function: exp(-B s4/4). After scaling Fc
are also multiplied by the same function.



Twin: Few warnings about R values

Rvalues for random structures (no other peculiarities)

Twin Modeled Not modeled
Yes 0.41 0.49
No 0.52 0.58

Murshudov GN “Some properties of Crystallographic Reliability index — Rfactor:
Effect of Twinning” Applied and Computational Mathematics”, 2011:10;250-261



Rvalue for structures with different model errors:
Combination of real and modeled perfect twin fractions
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Overall R factor: average correlation

Average correlation coefficient seems to be less dependent on
data properties and resolution dependent weights

a N cc
Ccavemge — reso:binos
a N,
reso:bins
N, number of reflections in resolution bin |

CC, Correlation coefficient in resolution bin |



Example

Bvalue R-factor CC overall CC average
0 26 92 80
50 25 94 80
100 24 95 80
-100 29 82 80




Parameters

Usual parameters (if programs allow it)
1) Positions x,y,z

2) B values — isotropic or anisotropic
3) Occupancy

Derived parameters
4) Rigid body positional
. After molecular replacement
. Isomorphous crystal (liganded, unliganded, different data)

S5) Rigid body of B values — TLS

—  Useful at the medium and final stages
—  Atlow resolution when full anisotropy is impossible

6) Torsion angles



TLS
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Rigid-body motion

General displacement of a rigid-
body point can be described as a
rotation along an axis passing
through a fixed point together with a
translation of that fixed point.

u=t+Dr

for small librations

ult+Lbr

D = rotation matrix

JJ=vector along the rotation axis
of magnitude equal to the angle of
rotation




TLS groups

Rigid groups should be defined as TLS groups. As starting point they could be:
subunits or domains.

If you use script then default rigid groups are subunits or segments if defined.

In ccp4i you should define rigid groups (in the next version default will be
subunits).

Rigid group could be defined using TLSMD webserver:
http://skuld.bmsc.washington.edu/~tlsmd/



Bulk solvent
Method 1: Babinet's bulk solvent correction

At low resolution electron density is flat. Only difference
between solvent and protein regions is that solvent has lower

density than protein. If we would increase solvent just enough
to make its density equal to that of protein then we would
have flat density (constant). Fourier transformation of
constant is zero (apart from F000). So contribution from
solvent can be calculated using that of protein. And it means
that total structure factor can calculated using contribution
from protein only

stpp=pT <==> Fsthp=F7
s‘|‘kpp:C <==> Fs+ka:O
Fs:'ka ==> FT:Fp'ka:(l'k)Fp

k is usually taken as kn exp(-Bbs?). ko must be
less than 1. kp and By are adjustable
parameters



Bulk solvent
Method 2: Mask based bulk solvent
correction

Total structure factor is the sum of protein contribution and
solvent contribution. Solvent region is flat. Protein

contribution is calculated as usual. The region occupied by ? S
protein atoms is masked out. The remaining part of the cell ’n;%
Is filled with constant values and corresponding structure ;

factors are calculated. Finally total structure factor is g {,,‘
calculated using -

G

Fr= Fp+ ks Fs
ks is adjustable parameter.

ask based bulk solventis a standard in all Tefinement programs. In refmac it is
default

A TOTOITG



Overall parameters: Scaling

There are several options for scaling:

1) Babinet’s bulk solvent assumes that at low resolution solvent and protein
contributors are very similar and only difference is overall density and B
value. It has the form:

1) Mask bulk solvent: Part of the asymmetric unit not occupied by atoms
are asigned constant value and Fourier transformation from this part is
calculated. Then this contribution is added with scale value to “protein”
structure factors. Total structure factor has a form:

Fiot = FptSs€XP(-Bg S?/4)Fs.
1)  The final total structure factor that is scaled has a form:

Sanisosprotein kb |:'[ot



Map calculation

 After refinement programs give coefficients for two type of
maps: 1) 2Fo-Fc type maps. 2) Fo-Fc type of maps. Both maps
should be inspected and model should be corrected if
necessary.

 Refmac gives coefficients:
2mF, - D F_.—to represent contents of the crystal

m F,-D F_- to represent differences

m is the figure of merit (reliability) of the phase of the current
reflection and D is related to model error. m depends on each
reflection and D depends on resolution. Unobserved reflections
are replaced by DFc.

If phase information is available then map coefficients correspond
to the combined phases.



Available refinement programs

SHELXL

CNS
REFMACS
TNT
BUSTER/TNT
Phenix.refine
RESTRAINT
MOPRO

XD

MAIN

o1



What can REFMAC do?

Simple maximum likelihood restrained refinement

Twin refinement

Phased refinement (with Hendrickson-Lattmann coefficients)
SAD/SIRAS refinement

Structure idealisation

Library for more than 8000 ligands (from the next version)
Covalent links between ligands and ligand-protein

Rigid body refinement

NCS local, restraints to external structures

Helical, point group NCS constraints

TLS refinement

Fitinto EM map

Map sharpening

etc
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What and when

Rigid body: At early stages - after molecular replacement or when
refining against data from isomorphous crystals

“Jelly” body — At early stages and may be at low resolution

TLS - at medium and end stages of refinement at resolutions up to
1.7-1.6A (roughly)

Anisotropic - At higher resolution towards the end of refinement

Adding hydrogens - Higher than 2A but they could be added
always

Phased refinement - at early and medium stages of refinement
SAD - at the early srages

Twin —when you are sure that crystal is twinned

NCS local — always?

Ligands - as soon as you see them

What else?



Conclusion

Information about ligands and their chemistry should be used in
refinement

NCS restraints are useful tool

External restraints can be a powerful tool for reliable atomic model
derivation.

“Jelly” body can be very powerful at the early stages of
refineement

Twin refinement improves statistics and occasionally electron
density: Rfactors may be misleading

Refinement is just one step in X-ray structure analysis — it is often
used as part of phase improvement and model building
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