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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

• Docking, morphing are not refinement

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

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



Refinement: black box

• Does it always work?

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



Refinement: black box

• Does it always work?

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

No. Because:

• Model parameterization is not easy.

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

• Less typical situations need customizations

• Low/high resolution data

• Incomplete models

• Novel ligands



Refinement: black box

How do you know if...

• … refinement worked

• … you did it correctly?

• … the model is good enough to publish?

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, 2156–2168 (2004). 
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• target function
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Parameters of a model

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

• Atomic: 
  - coordinates
  - B-factors
  - occupancies

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



Parameters of a model

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

• Atomic: 
  - coordinates
  - B-factors
  - occupancies

• 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.

• Atomic: 
  - coordinates
  - B-factors
  - occupancies

• 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.

𝑭𝒄𝒂𝒍𝒄(𝒂𝒕𝒐𝒎𝒔) ℎ𝑘𝑙 = ෍

𝑛

𝑁atoms

𝑞𝑛𝑓𝑛 𝒔 𝑒
−𝐵𝑛

𝑠𝑖𝑛2𝜃
𝜆2 𝑒2𝜋𝑖𝒔𝒓𝑛

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

Using bulk 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

• parameters of a model 
• target function
• optimization algorithm 
• observations

Tronrud, D. E. Introduction to macromolecular refinement. Acta Crystallogr. D Biol. Crystallogr. 
60, 2156–2168 (2004). 



Target function

Example: 
Covalent geometry

A priori knowledge

𝑇 =  𝑇𝐷𝑎𝑡𝑎 𝐹𝑜𝑏𝑠, 𝐹𝑀𝑜𝑑𝑒𝑙 + 𝑤𝑇𝑅𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠

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

𝑇𝐷𝑎𝑡𝑎 = 𝑤𝑥𝑟𝑎𝑦 ෍

ℎ𝑘𝑙

1

𝜎2 𝐹𝑜𝑏𝑠 − 𝐹model
2

• Large difference between observed and calculated structure factor 
→ The model is inaccurate.

• Small standard deviation 𝜎 
→ That observation will be important in the sum.

𝜎 = Standard deviation



Target function

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

1. Least squares

𝑇𝐷𝑎𝑡𝑎 = 𝑤𝑥𝑟𝑎𝑦 ෍

ℎ𝑘𝑙

1

𝜎2 𝐹𝑜𝑏𝑠 − 𝐹model
2

Assumptions of this approach:

• Errors 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. 

“Maximize the probability (likelihood) that the observed data would be 
produced given the current model.”

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

Method of choice for macromolecular crystallography.



Refinement

• parameters of a model 
• target function
• optimization algorithm 
• observations

Tronrud, D. E. Introduction to macromolecular refinement. Acta Crystallogr. D Biol. Crystallogr. 
60, 2156–2168 (2004). 



Optimization algorithm

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

Target 
function

Starting model

• Evaluate target function
• Compute 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, 
torsions). Introduce “heat” via a molecular dynamics simulation.

When to use:
• Poorly built structures early in refinement.
• Particular need to remove bias (changing Rfree).



Refinement

• parameters of a model 
• target function
• optimization algorithm 
• observations

Tronrud, D. E. Introduction to macromolecular refinement. Acta Crystallogr. D Biol. Crystallogr. 
60, 2156–2168 (2004). 



Observations

Observations = Everything known about the crystal 

• structure-factor amplitudes 

• unit-cell parameters

• standardized stereochemistry

• experimentally 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?

• parameters of a model 
• target function
• optimization algorithm 
• observations

Set by refinement program



What to change in refinement?

• parameters of a model 
• target function
• optimization algorithm 
• observations

In practice, you’ll change the 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?

• parameters of a model 
• target function
• optimization algorithm 
• observations

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

• 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-factors, so don’t 
turn on right after MR.



Atomic displacements: Ugroup

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

Can be done 
automatically in 
the Phenix GUI.



Atomic displacements: Ugroup

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

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

Bresidue

Bside-chain

Bmain-chain



Atomic displacements: Ulocal

• Describe small local atomic vibrations
• ”per atom”
• 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

• Baniso is more “realistic”.

• But they double the number of parameters.

  xyz+ occ + Biso   xyz+ occ + Baniso

 

• Requires more observations to be feasible (resolution).

3   +   1   +  63   +   1   +  1



Atomic displacements: which one to choose?

It depends…
(data resolution, data quality, data-to-parameter ratio,…)

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:
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- 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



Occupancy refinement

How to refine the occupancy :

- Set the occupancy of atoms to a value < 1 (Coot, PDB tools, …)

How to refine alternative conformations:

- Add alternative conformation in a molecular viewer (Coot)
- Activate occupancy refinement

A
B

phenix.refine: 
Occupancy refinement is on by default.
Will only refine atoms with occ<1.



Occupancy refinement

Concerted (coupled) conformations

You can couple the two alternative 
conformations.

A

B
A’

B’ occA + occB = 1

occA’ + occB’ = 1

occB + occA’ = 1
occA = occA’



Occupancy refinement

https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12

https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2015_07.pdf#page=12


Restraints: a priori knowledge

Restraints modify the target function by creating relationships 
between independent parameters.

Restraints increase the number of observations.

Example: restrained bond lengths

• the coordinates of the two 
atoms are independent

• restraint keeps their distance 
within a certain target value 

• imposes a penalty if it deviates 
too much.



What kind of restraints can you use?

Low resolution

• Secondary structure restraints

• NCS

• Reference model

• Ramachandran

All resolution ranges

• Stereochemistry

• ADP



Restraints: a priori knowledge

Used 
automatically 
(no need to 

activate)



Restraints: Ligands

Restraints of common ligands are 
included in libraries.

If novel ligand: 

restraints need to be generated with a restraints generator



Restraints: ADP

Unlikely                         Reasonable

Isotropic ADPs

Used automatically (no need to activate).



Restraints: ADP

Anisotropic ADPs

              

Reasonable

Unlikely

Pictures from Thomas Schneider



Secondary Structure Restraints

Helices

pi helix

n

n+5

alpha helix

n

n+4

310 helix

n

n+3



Secondary Structure Restraints

Sheets

parallel antiparallel



Secondary Structure Restraints

Stacking pairsBase pairs



NCS – non crystallographic symmetry

Constrain mols 1, 2 and 3 to be identical.
Restrain mols 1, 2 and 3 to be similar.

Cartesian restraints:  
Atoms in NCS-related chains are restrained to the average xyz 
position.



NCS restraints

Torsion restraints:  
Restrain dihedral angles; 
Allow them to be unrestrained if genuinely different.

Leu B 180

outlier

1. Identify rotamer outlier

Leu B 180

tp rotamer

2. correct to corresponding 

rotamer in NCS-related chain 

by matching χ angles

Leu B 180

tp rotamer

3. verify rotamer is still 

correct match

1b04: 2.8 Å
DNA ligase



NCS – which one to use?

Consider:
• Does my model have NCS?

Constraints vs. restraints:
• cryo-EM: Was my map symmetrized? 
• Is my data good enough to reasonably expect to see 

difference in NCS copies? 

Torsion restraints are generally preferable of Cartesian 
restraints.



Reference model Restraints

When to use:
Data set is low resolution, but there is a known related 
structure solved at higher resolution.

Concept:
Restrain each torsion angle in the working model to the 
corresponding torsion angle in the reference model;
Allows for structural differences

Headd JJ et al., 2012, Acta Cryst. D68:381-390

http://dx.doi.org/10.1107/S0907444911047834
http://dx.doi.org/10.1107/S0907444911047834
http://dx.doi.org/10.1107/S0907444911047834
http://dx.doi.org/10.1107/S0907444911047834
http://dx.doi.org/10.1107/S0907444911047834


4-aminobutyrate-aminotransferase

1GTX: 3.0 Å

1OHV:  2.3 Å

Reference model Restraints



1GTX: 3.0 Å1OHV:  2.3 Å

4-aminobutyrate-
aminotransferase

Reference model Restraints



Ramachandran plot restraints

• The backbone dihedral angles can be restrained to stay 
in the allowed regions of the Ramachandran plot 

• Prevent the model from degrading at low resolution 
when the conformation is approximately correct.

→ Don’t use Ramachandran restraints to “fix” 
Ramachandran outliers.

Keep in mind:

Don’t rely on Ramachandran plot for validation.



Two Ramachandran distributions

Model A

Favored 97.8 %

Allowed 1.95 %

Outliers 0.25 %

Favored 96.2 %

Allowed 3.8 %

Outliers 0.0 %

Model B 



Global Ramachandran Score

Structure, 28. 1249-1258.

Initially proposed in 1997!



Global Ramachandran Score

Model A

Favored 97.8

Allowed 1.95

Outliers 0.25

Favored 96.2

Allowed 3.8

Outliers 0.0

Model B 

Rama z-score

-0.19 -4.08



Automated water picking

Phenix.refine can build waters automatically.



Weight optimization

𝑇 = 𝑤1𝑇𝐷𝑎𝑡𝑎 𝐹𝑜𝑏𝑠, 𝐹𝑀𝑜𝑑𝑒𝑙 + 𝑤2𝑇𝑅𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠

Crystallographic 
refinement target Restraints target 

(geometry, ADP)

Procedure to find the best weight (that gives lowest Rfree)



Automated water picking

Phenix.refine can build waters automatically.

You can then check them in a molecular viewer.



Deciding about a particular parameterization

There are no easy recipes:

• “Activate all boxes: the more options, the better.”

• “Always turn on TLS after 10 rounds of refinement/Coot 
model building.”



Deciding about a particular parameterization

Does it make sense to introduce this parameterization (now)?

Gradually increase the complexity of the model.

Using the same input model, try different parameterizations, then compare 
the results: don’t rely only on R-factors, but also check validation metrics.
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