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Refinement

Initial model Improved model

Fit atomic model to experimental data with the help of some 
known a priori information.



Refinement

Initial model
Experimental 

data
A priori 

knowledge

Improved model

Optimize model so 
Fmodel are closer to Fobs 

Calculate Fmodel from 
current model

Score Fmodel 
against Fobs



Refinement

Å Docking, morphing are not refinement

Å Refinement is to fine-tune an already fine atomic model

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



Refinement: black box

Å Does it always work?

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



Refinement: black box

Å Does it always work?

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

No. Because:

ÅModel parameterization is not easy.

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

Å Less typical situations need customizations

Å Low/high resolution data

Å Incomplete models

Å Novel ligands



Refinement: black box

How do you know if...

ÅΧ ǊŜŦƛƴŜƳŜƴǘ ǿƻǊƪŜŘ

ÅΧ ȅƻǳ ŘƛŘ ƛǘ ŎƻǊǊŜŎǘƭȅΚ

ÅΧ ǘƘŜ ƳƻŘŜƭ ƛǎ ƎƻƻŘ ŜƴƻǳƎƘ ǘƻ ǇǳōƭƛǎƘΚ

Do validation!

Standard validation protocols are designed to answer these 
questions.



Refinement

Use an optimization algorithm to minimize a 
target function of a set of observations by 
changing the parameters of a model.

Tronrud, D. E. Introduction to macromolecular refinement. Acta Crystallogr. D Biol. Crystallogr. 
60, 2156ς2168 (2004). 
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Parameters of a model

Our model has parameters that describe the crystal and its content.

Å Atomic: 
  - coordinates
  - B-factors
  - occupancies

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



Parameters of a model

Our model has parameters that describe the crystal and its content.

Å Atomic: 
  - coordinates
  - B-factors
  - occupancies

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

Saved in the model file (.pdb, .mmcif)



Parameters of a model

Our model has parameters that describe the crystal and its content.

Å Atomic: 
  - coordinates
  - B-factors
  - occupancies

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

Taken into account automatically by 
refinement program (e.g., bulk solvent)

Set by the user (e.g., twinning).



Atomic model parameters

To calculate a score (compare measured and model-based structure 
factor amplitudes), we need to compute structure factors from model 
parameters.

╕╬╪■╬╪◄▫□▼ὬὯὰ ήὪ▼Ὡ Ὡ ▼►

ATOM 25 CA PRO A 4 31.309 29.489 26.044 1.00 57.79 C

Ca atom in a Pro residue:
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Atomic model parameters

To calculate a score (compare measured and model-based structure 
factor amplitudes), we need to compute structure factors from model 
parameters.

╕╬╪■╬╪◄▫□▼ὬὯὰ ήὪ▼Ὡ Ὡ ▼►

ATOM 25 CA PRO A 4 31.309 29.489 26.044 1.00 57.79 C

Ca atom in a Pro residue:

31.309 29.489 26.044

Atomic coordinates 
(position)

57.79
ADP (B-factor)
Local mobility (harmonic 
vibrations)

1.00 Occupancy
Large-scale disorder

C Atom type
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bulk solvent : non-atomic model parameter



Atomic model
Bulk solvent

Constant density 
~0.2-0.6 e/Å3

Account for the bulk solvent in calculated structure factors: 

Fmodel = koverall (Fcalc(atoms) + Fbulk solvent)

bulk solvent : non-atomic model parameter



Calculated (from atomic model)

Observed 

Why model the bulk solvent?

Bulk solvent significantly affects structure factor amplitudes at 
low resolution.



Calculated (from atomic model)

Observed 

With bulk solvent

Without bulk solvent Rwork = 0.27 Rfree = 0.31

Usingbulk solvent Rwork = 0.21 Rfree = 0.24

Why model the bulk solvent?



Bulk solvent vs ordered solvent

Bulk solvent is not the same as ordered solvent.

Ordered water
Bulk solvent



Refinement

Åparameters of a model 
Å target function
Åoptimization algorithm 
Åobservations

Tronrud, D. E. Introduction to macromolecular refinement. Acta Crystallogr. D Biol. Crystallogr. 
60, 2156ς2168 (2004). 



Target function

Example: 
Covalent geometry

A priori knowledge

Ὕ  Ὕ Ὂ ȟὊ ύὝ

Experimental data Model

Score the model against the experimental data,. i.e. compare model-
based and measured structure factor amplitudes.



Target function

Score the model against the experimental data,. i.e. compare model-
based and measured structure factor amplitudes.

1. Least squares

Ὕ ύ
ρ

„
Ὂ Ὂ

ÅLarge difference between observed and calculated structure factor 
Ą The model is inaccurate.

ÅSmall standard deviation „ 
Ą That observation will be important in the sum.

„ = Standard deviation



Target function

Score the model against the experimental data,. i.e. compare model-
based and measured structure factor amplitudes.

1. Least squares

Ὕ ύ
ρ

„
Ὂ Ὂ

Assumptions of this approach:

ÅErrors obey a Gaussian distribution.

It is impossible for any set of parameters of an imperfect model (e.g. 
missing domain) to reproduce all the observed structure factors.



Target function

Score the model against the experimental data,. i.e. compare model-
based and measured structure factor amplitudes.

2. Maximum Likelihood (ML)

Computing this exactly requires fully modeling all sources of error, but 
we cannot model all errors in complete generality. 

άaŀȄƛƳƛȊŜ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ όƭƛƪŜƭƛƘƻƻŘύ ǘƘŀǘ ǘƘŜ ƻōǎŜǊǾŜŘ Řŀǘŀ ǿƻǳƭŘ ōŜ 
ǇǊƻŘǳŎŜŘ ƎƛǾŜƴ ǘƘŜ ŎǳǊǊŜƴǘ ƳƻŘŜƭΦέ

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

Method of choice for macromolecular crystallography.
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Åparameters of a model 
Å target function
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Optimization algorithm

The purpose of the optimization algorithm is to minimize the target 
function.

Target 
function

Starting model

ÅEvaluate target function
ÅCompute gradients (and 

second derivatives)

Optimization algorithm 
calculates how much to 
move each parameter.

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



Optimization algorithm

The purpose of the optimization algorithm is to minimize the target 
function.

Target 
function

Starting model



The target function is complex



Systematic searching



Simulated Annealing

Physical process of annealing (metallurgy):
Heat a material and then slowly cool it so its atoms settle into a low-
energy, stable structure.

In crystallographic refinement:
Introduce controlled random changes to model parameters (xyz, 
ǘƻǊǎƛƻƴǎύΦ LƴǘǊƻŘǳŎŜ άƘŜŀǘέ Ǿƛŀ ŀ ƳƻƭŜŎǳƭŀǊ ŘȅƴŀƳƛŎǎ ǎƛƳǳƭŀǘƛƻƴΦ

When to use:
ÅPoorly built structures early in refinement.
ÅParticular need to remove bias (changing Rfree).



Refinement

Åparameters of a model 
Å target function
Åoptimization algorithm 
Åobservations

Tronrud, D. E. Introduction to macromolecular refinement. Acta Crystallogr. D Biol. Crystallogr. 
60, 2156ς2168 (2004). 



Observations

Observations = Everything known about the crystal 

Åstructure-factor amplitudes 

Åunit-cell parameters

Åstandardized stereochemistry

Åexperimentally determined phase information

Restraints will add observations.



What to change in refinement?

Which options shall I use? Which parameters shall I change?

phenix.refine has >1k parameters.



What to change in refinement?

Åparameters of a model 
Å target function
Åoptimization algorithm 
Åobservations

Set by refinement program



What to change in refinement?

Åparameters of a model 
Å target function
Åoptimization algorithm 
Åobservations

Lƴ ǇǊŀŎǘƛŎŜΣ ȅƻǳΩƭƭ ŎƘŀƴƎŜ ǘƘŜ model parameterization and 
modify the a priori information (observations) via restraints.

There is no recipe for what to change. Needs to be adapted to each 
case.

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



What to change in refinement?

Åparameters of a model 
Å target function
Åoptimization algorithm 
Åobservations

Some examples of model parameterization that can be changed.



Atomic displacements

X-rays

Intensities (hkl)Unit cell

crystal

Average over time and space

Time:  

Atoms are in thermal motions 
around mean positions.

Space: 

Small differences between 
unit cells.



Atomic displacements

Displacements of atoms in the sample

Displacement need to be modelled

Reciprocal space: 

High-resolution data vanish

Real space:   

Density is blurred



Atomic displacements

Superposition of several contributions:

Utotal = Ucryst + Ugroup + Ulocal
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Atomic displacements

Superposition of several contributions:

Ucryst = displacement of the crystal as a whole

Utotal = Ucryst + Ugroup + Ulocal

Ugroup = concerted motions of multiple atoms (group motions)

Ulocal = small local atomic vibrations

Done 
automatically



Atomic displacements: Ugroup

Å TLS: rigid body displacements of 
molecules, domains, secondary 
structure elements

Displacement of a rigid body can be described by

- Translation
- Rotation (Libration)
- Correlation between them (Screw)

Partition the model into TLS groups

In phenix.refine, partinioning needs refined B-ŦŀŎǘƻǊǎΣ ǎƻ ŘƻƴΩǘ 
turn on right after MR.



Atomic displacements: Ugroup

Å TLS: rigid body displacements of 
molecules, domains, secondary 
structure elements

Can be done 
automatically in 
the Phenix GUI.



Atomic displacements: Ugroup

Å TLS: rigid body displacements of 
molecules, domains, secondary 
structure elements

Å Simple group isotropic model (one single Biso), 
entire residue or main chain ς side chain

Bresidue

Bside-chain

Bmain-chain



Atomic displacements: Ulocal

Å Describe small local atomic vibrations
ÅέǇŜǊ ŀǘƻƳέ
Å Represent both thermal vibration, and variation in the atomic 

positions from one unit cell to the next

Baniso

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

- 3x3 symmetric tensor (6 parameters)

Biso

- related to the mean-square amplitude of vibration
- one isotropic displacement parameter per atom



Atomic displacements: Ulocal

Å Baniso ƛǎ ƳƻǊŜ άǊŜŀƭƛǎǘƛŎέΦ

Å But they double the number of parameters.

  xyz+ occ + Biso   xyz+ occ + Baniso

 

Å Requires more observations to be feasible (resolution).

3   +   1   +  63   +   1   +  1



Atomic displacements: which one to choose?

Lǘ ŘŜǇŜƴŘǎΧ
(data resolution, data quality, data-to-ǇŀǊŀƳŜǘŜǊ ǊŀǘƛƻΣΧύ

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

Around 1.5Å: can try anisotropic B-factors
(all non-H atoms or only protein?)

TLS: can be applied at most resolution ranges.
(cannot do individual anistropic ADP and TLS)

Group B-factors: low resolution
(per residue or mainchain/sidechain?)

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 approximation:



Occupancy refinement

Occupancy models disorder beyond the harmonic approximation:

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

occligand < 1



Occupancy refinement

Occupancy models disorder beyond the harmonic approximation:

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

- Atoms are in alternative conformation

A
B

occA + occB = 1


