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Refinement

Initial model Improved model

Fit atomic model to experimental data with the help of some
knowna prioriinformation.



Refinement

Experimental A priori
Initial model data knowledge

CalculateR,, 4. from
current model

i |
Optimizemodel so SCOMeFmoger
Fnoder@re closer to fps against E..

Improved model



Refinement

‘ B — Refinement
exible fitting,
morphing ‘

A Docking, morphing areot refinement
A Refinement is to fingune an already fine atomic model

A Refinement only applies small changes to the model (withil
the convergence radius of refinement, ~1A)



Refinement: black box

Model

.~

Refinement

Refined model

=

Data

A Does it always work?

A Is it always as easy as poor model in, better model out?



Refinement: black box

A Does it always work?

A s it always as easy as poor model in, better model out?

No. Because:
A Model parameterization is not easy.

A Default settings suit most common scenario
(typical data resolution, model reasonably fits data)

A Less typical situations need customizations

A Low/high resolution data ‘
A Incomplete models

A Novel ligands Refinement




Refinement: black box

How do you know if... ‘

AX NBFAYSYSYU 62N
AX @2dz RAR AU O2NNFB

uf ek
AX O0KS Y2RStf Aa 3I22R Sy2dzaAK

Do validation!

Standard validation protocols are designed to answer these
guestions.



Refinement

Use aroptimizationalgorithm to minimize a
target functionof a set ofobservationdy
changing thearametersof a model.
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Refinement

A parametersof a model
A target function

A optimizationalgorithm
A observations
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Parameters of a model

Our model has @arametersthat describe the crystal and its content.

A Atomic:
- coordinates
- B-factors
- occupancies

A Non-atomic:
- bulk-solvent
- anisotropy
- twinning




Parameters of a model

Our model has @arametersthat describe the crystal and its content.

A Atomic:
- coordinates

- Bfactors Saved In the model filegdb, .mmcif)
- occupancies

A Non-atomic:
- bulk-solvent
- anisotropy
- twinning



Parameters of a model

Our model has @arametersthat describe the crystal and its content.

A Atomic:
- coordinates
- B-factors
- occupancies

A Non-atomic:
- bulk-solvent Taken into account automatically by

- anisotropy refinement program (e.g., bulk solvent)
- twinning Set by the user (e.g., twinning).



Atomic model parameters

To calculate a score (compare measured and mbdskdstructure
factor amplitude$, we need to compute structure factors from model
parameters.

Ca atom in a Pro residue:
ATOM 25 CA PRQA 4 31. 3039. 4836. 0418. 0B7. 709 C
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Atomic model parameters

To calculate a score (compare measured and mbdskdstructure
factor amplitude$, we need to compute structure factors from model
parameters.

Ca atom in a Pro residue:
ATOM 25 CA PRQA 4 31. 3039. 4836. 0418. 0B7. 709 C

31.309 29.489 26.044
Atomic coordinates

(position) l
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Atomic model parameters

To calculate a score (compare measured and mbdskdstructure
factor amplitude$, we need to compute structure factors from model
parameters.

Ca atom in a Pro residue:
ATOM 25 CA PRQA 4 31. 3039. 4836. 0418. 0B7. 709 C

31.309 29.489 26.044
Atomic coordinates

(position) l

4+ wbie (R Q0 (r’1 (90 T Qv )

ADP (Eactor)
Local mobility (harmonic
vibrations)

S57.79



Atomic model parameters

To calculate a score (compare measured and mbdskdstructure
factor amplitude$, we need to compute structure factors from model
parameters.

Ca atom in a Pro residue:
ATOM 25 CA PRQA 4 31. 3039. 4836. 0418. 0B7. 709 C

31.309 29.489 26.044

1.00  Occupancy Atomic coordinates
Largescale disorder (position) l
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ADP (Eactor)
Local mobility (harmonic
vibrations)

S57.79



Atomic model parameters

To calculate a score (compare measured and mbdskdstructure
factor amplitude$, we need to compute structure factors from model
parameters.

Ca atom in a Pro residue:
ATOM 25 CA PRQA 4 31. 3039. 4836. 0418. 0B7. 709 C

31.309 29.489 26.044

1.00  Occupancy Atomic coordinates
Largescale disorder (position) l

4+ wbie (R Q0 (r’1 (90 T Qv )

T

ADP (Eactor)
C Atom type 57.79

Local mobility (harmonic
vibrations)



bulk solvent : noratomic model parameter
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bulk solvent : noratomic model parameter




bulk solvent : noratomic model parameter
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Account for the bulk solvent in calculated structure factors:

model I<overall (Fcalc(atoms) I:bulk solven)



Why model the bulk solvent?

A500 [ooeoempee s R SEEEREE T SR
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resolution (ﬁ)

Bulk solvent significantly affects structure factor amplitudes at
low resolution.



Why model the bulk solvent?
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resolution (ﬂ)

Without bulk solvent R, = 0.27 R..= 0.31

Usingbulk solvent  R,,«=0.21 R..=0.24



Bulk solvent vs ordered solvent

Bulk solvent is not the same as ordered solvent.




Refinement

A target function
A optimizationalgorithm
A observations
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Target function

Score the model against the experimental data,.canpare model
basedand measured structure factor amplitudes.

Experimental data Model A priori knowledge

Example:
Covalent geometry

H 121.3° H
chf/na.? pm

C=C

Hf’IEE.EI pm \H




Target function

Score the model against the experimental data,.canpare model
basedand measured structure factor amplitudes.

1. Least squares

Y 0 —({Oo | o |

. = Standard deviation

A Large difference between observed and calculated structure factor
A The model Is Inaccurate.

A Small standard deviation
A That observation will be important in the sum.



Target function

Score the model against the experimental data,.canpare model
basedand measured structure factor amplitudes.

1. Least squares

Y 0 —({Oo | o |

Assumptions of this approach:
A Errors obey a Gaussian distribution.

It Is Impossible for any set of parameters of an imperfect model (e.qg.
missing domain) to reproduce all the observed structure factors.



Target function

Score the model against the experimental data,.canpare model
basedand measured structure factor amplitudes.

2. Maximum Likelihood (ML)

dal EAYAT S (KS LINROI
K

Al
LINE RdzOSR 3IAOGSY 2

S
RS

0 tAUEée Of
S INNByY O Y

Computing this exactly requirdslly modeling all sources of errobut
we cannot model all errors in complete generality.

A Make assumptions about the nature of the uncertainties in the
observations and the model parameters.

Method of choice for macromolecular crystallography.



Refinement

A optimizationalgorithm
A observations
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Optimization algorithm

The purpose of the optimization algorithm is to minimize the target

function.
- Target

| function

Starting model

A Evaluate target functioni

A Compute gradients (and\
second derivatives)

The gradients show the
direction of changeneeded
to reduce the disagreement
between model and data.

Optimization algorithm
calculates how much to

4—>p
move each parameter.

Free Parameter



Optimization algorithm

The purpose of the optimization algorithm is to minimize the target

function.
. Target

/ function
Starting model

Free Parameter



The target function Is complex

From Robb Seaton’s “The Ultimate
Guide to Simulated Annealing”



Systematic searching
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Simulated Annealing

Physical process ahnealing(metallurgy):
Heat a material and then slowly cool it so its atoms settle into a low

energy, stable structure.

In crystallographic refinement:
Introducecontrolled random change$o model parametersxyz
U2NBEAZ2Ya0Dd LYUNRRIZzZOS GaKSIFU€&¢ OAl

When to use:
A Poorly built structures early in refinement.
A Particular need to remove bias (changRfye8.



Refinement

A observations
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Observations

Observations = Everythirmown about the crystal

A structurefactor amplitudes

A unit-cell parameters

A standardized stereochemistry

A experimentally determined phase information

Restraintawill add observations.



What to change In refinement?

Strategy

XYZ (reciprocal-space) XYZ (real-space) Rigid body Individual B-factors
Refinement strategy : ?
Group B-factors TLS parameters Occupancies Anomalous groups

~
v

Number of cycles: 3

Select Atoms Note: selections can only be made for enabled options (e.g. NCS groups are available if "Use NCS" box is checked)

Targets and weighting

Target function: Automatic e Optimize X-ray/stereochemistry weight Optimize X-ray/ADP weight
Use NCS NCS type : Automatic linking options
Reference model restraints Use secondary structure restraints & Use experimental phase restraints
Refinement target weights... Model interpretation... ?

Other options

Automatically add hydrogens to model Update waters Place elemental ions :
Simulated annealing (Cartesian) Simulated annealing (Torsion angles) Scattering table: n_gaussian s
Automatically correct N/Q/H errors Number of processors : 1 2 ?
Global refinement parameters... Modify start model... All parameters... ?

Which options shall | use? Which parameters shall | change?

phenix.refinehas >1k parameters.



What to change In refinement?

A parametersof a model
A target function

A optimizationalgorithm
A observations

} Set by refinement program



What to change In refinement?

A parametersof a model <
A target function

A optimizationalgorithm
A observations <

LYy LINJ OG A OS = médel dztainéteriafoland3d S G KS
modify the a priori information (observations) viastraints

There iIs no recipe for what to change. Needs to be adapted to eacr
case.

Consider refinement like an experiment. You try and analyze the
result.



What to change In refinement?

A parametersof a model <
A target function

A optimizationalgorithm
A observations <

Some examples ohodel parameterizationhat can be changed.



Atomic displacements

o £ - (%

N P
. Ny

Y g 21 i)
» b ponls ey \' y

Intensities (kl)

]

Average over time and space

Time: Space:

Atoms are In thermal motions Small differences between
around mean positions. unit cells.

L/



Atomic displacements

Displacements of atoms in the sam ot@‘

L

Reciprocal space:
Highresolution data vanis’

Displacement need to be modelled



Atomic displacements

Superposition of several contributions:

Utotal = Ucryst +U T UIocal

group



Atomic displacements

Superposition of several contributions:

Utotal = Ucryst +U T UIocal

group

U.....= displacement of the crystal as a whole

cryst —



Atomic displacements

Superposition of several contributions:

Utotal = Ucryst T Ugroup T UIocal
Ueyst= displacement of the crystal as a whole
Ugroup = CONCerted motions of multiple atoms (group motions)



Atomic displacements

Superposition of several contributions:

Utotal = Ucryst T Ugroup T UIoc:al
Ueyst= displacement of the crystal as a whole
Ugroup = CONCerted motions of multiple atoms (group motions)

U= Small local atomic vibrations



Atomic displacements

Superposition of several contributions:

Utotal = Ucryst +U T UIocal

group

Done

U.....= displacement of the crystal whol .
cryst P ) Sl Koo Oeautomatlcally

U = concerted motions of multiple atoms (group motions)

group

U..,,= Small local atomic vibrations



Atomic displacementsugmup

A TLS: rigid body displacements ¢ g% St
molecules, domains, secondary %"
structure elements y

Displacement of agid bodycan be described by

- Translation
- Rotation (bration)
- Correlation between themXrew)

Partition the model into TLS groups

In phenix.refine partinioningneeds refined BF I O 2 NA <
turn on right after MR.



Atomic displacements!dgmUID

A TLS: rigid body displacements ¢
molecules, domains, secondary
structure elements

Custom Geometry Restraints Refinement Strategy View Controls

Zoom in selection

X¥Z Torsion Angles Occupancies Fix Occupancies Group Occupancies  Individual ADP TLS -
al l e OI le Salaction Color: Rainbow &

Find TLS 1 group/chain chain'A" and (resid 1 through 33) Show: All atoms u
chain 'A' and (resid 34 through 56)
" i Recenter Clear Labels
[ ] [ Add Selection Delete Selection chain 'A’ and (resid 57 through 96)
chain 'B' and (resid 1 through 33) )
chain 'B' and (resid 34 through 38) Selection Controls
chain 'B' and (resid 39 through 56) Edit Selection

chain 'B' and (resid 57 through 68) =

- chain 'B' and (resid 69 through 78) EEERE Besidues “
e e l l IX chain 'B' and (resid 79 through 96)
[ ]

Left-click: toggle residuesfatoms
Shift + left-click: select range

Command + left-click: deselect range

I I



Atomic displacementsugmup

" r.') J B "o‘.' o~
‘v '.,..“i' ‘!.“
. l'». 'Y Liasd \
. ‘Y'-\." PN .‘! L
yuf )‘\04 ,']’ ‘,"\'r \

A TLS: rigid body displacements [t
molecules, domains, secondary * CigiE SE SRR ¢
structure elements P

A Simple group isotropic model (one singlg),
entire residue or main chaigside chain

B

side-chain

Bresidue

Bmainchain



Atomic displacementsJ, ..,

A Describe small local atomic vibrations

A£€LISNI | G2YE

A Represent both thermal vibration, and variation in the atom
positions from one unit cell to the next

BISO
A‘ - related to the mearsquare amplitude of vibration
" - one Isotropic displacement parameter per atom

B

aniso

- describe a probability distribution for the
electron density with a 3d Gaussian

- 3x3 symmetric tensor (6 parameters)




Atomic displacementsJ, ..,

AB,,Ad Y2ZNBE aGaNBIfAAUGAOE D
A But theydoublethe number of parameters.

Xyz+ occ B, Xyz+ 0cC 1B,
3 + 1 +1 3 + 1 +6

A Requires more observations to be feasible (resolution).



Atomic displacements: which one to choose?

LG RSLISYRAX o
(data resolution, data quality, dat@-LJF NJ Y S U S NJ NJ

Around 1.5A: can try anisotropicfBctors
(all nonH atoms or only protein?)

TLS: can be applied at most resolution ranges.
(cannot do individuahnistropicADP and TLS)

Group Bfactors: low resolution
(per residue or mainchain/sidechain?)

https://phenix-online.org/documentation/fags/refine.htmi@-factorsadpstls



https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls
https://phenix-online.org/documentation/faqs/refine.html#b-factors-adps-tls

Occupancy refinement

Occupancy models disorder beyond the harmonic approximati



Occupancy refinement

Occupancy models disorder beyond the harmonic approximati

- Atoms are not present in every unit cell (e.g. ligand, ion)




Occupancy refinement

Occupancy models disorder beyond the harmonic approximati

- Atoms are not present in every unit cell (e.g. ligand, ion)
- Atoms are In alternative conformation

A

0CG +0CG =1



