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Quality of final (complex) structure depends on:

 Good crystals (co-
crystallisation or soaking)

 Well designed data collection
 Correct data processing

 Careful refinement of (initial) 
protein model

 Assessment of ligand density: 
“Is there any ligand bound?”

 Ligand/cofactor restraints-
dictionary based on correct 
chemistry

 Correct fit of ligand to density

 Final refinement of ligand-
protein complex

 A mistake in any one of 
these can lead to poor 
ligand-protein complex 
structures

We need validation at every step along the way.

All steps need to be done (in fully automated mode) for large 
number of structures
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Refinement

 Combines prior knowledge 
and observed (X-Ray) data

 Chemistry (bonds, angles, ...)

 Protein (Engh & Huber)

 Compound/Ligand

 ...

 Similarity

 Within the crystal (NCS)

 To other structures 
(“targeting”)

 Occupancy, disorder 
(alternate conformations), ...
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Prior knowledge is essential 

2bal kinase 2.1Å resolution. 

          Restraints: 2Fo-Fc     RSCC 0.943

         No restraints:               RSCC 0.957

RSCC is a poor validation criteria 

here: it tells us that ligand model 

and map agree, but not if we have a 

good ligand model that also follows 

prior chemical knowledge

→ pick your quality criteria carefully!

RSCC = real-space correlation coefficient
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Grade (2011): ligand dictionaries based on CSD  

 Use CCDC mogul program to survey CSD

 Use CSD as source of information for restraints (not only in validation)

 Also: AceDRG (Long et al, 2017: COD), eLBOW (Moriarty et al, 2011: CSD)

5
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 Dictionaries based on

 Cambridge Structural 
Database (CSD) = small 
molecule crystal structures

 QM

2h7p (residue 468) After BUSTER refinement with 

grade dictionary

Grade: ligand dictionaries based on CSD  

http://grade.globalphasing.org/

Grade2 (rewrite, 20210716 release): 
https://www.globalphasing.com/buster/manual/grade2/manual/
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Grade2 (Smart, O. 2021): fresh implementation

 Grade2 is based around:

 RDKit open-source cheminformatics tool kit

 CSD Python API for Mogul searches and 
custom analysis

 Grade2 improvements:

 protonation state of commonly charged 
groups

 better use of CSD information regarding 
planes and rings

 Release: 20210716
Task Tool

CSD geometry analysis CSD Python API for 
Mogul + custom analysis

Chemical toolkit RDKit & CSD Python API

Computational chemistry 
minimization

RDKit MMFF94s or UFF 
force field

SMILES to 3D RDKit
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Contact restraints for 1-4 connected atoms -  V1

inactiveactive
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Contact restraints V2

VAL

(t, 76%)

THR

(m, 45%)

CG1

CG2

C

C

MET

(ttm, 7%)

CG

CE

BUSTER ≥ 20190923:
● 1-(2,3)-4 atom-typing DB
● > 30000 PDB structures 

(2015-2018)
● Rfree <= 25%
● better than 2 Å
● collect minimum 1-4 

distance for a given atom
● use CCP4 atom typing of 

all 4 atoms for 

classification
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Contact restraints V1 vs V2



C. Vonrhein. Global Phasing Ltd
CCP4 SW 2022

Contact restraints V1 vs V2
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Local Structure Similarity Restraints (LSSR)

Smart et al (2008). ACA abstract TP139.

Smart et al (2012). Acta Cryst. D68, 368.

Large Δ
i,j
 differences add to function value but not 

gradient (maintaining those existing differences)

r
i,j

distances r
i,j
 within 5.5 Å
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LSSR Targeting

 NCS restraints: between chains within the 
same model

 Often, the chain being refined is similar to a 
structure that has already been solved

 For example:

 ligand complex with higher resolution apo

 two crystal forms of the same protein

 partial datasets from non-isomorphous 

crystals

 following radiation damage

 The already solved structure becomes the 

“target”
 Apply LSSR restraints to the fixed target 

structure supplied as pdb file (-target 
some.pdb)

13
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NCS restraints through LSSR

ΔCZ ΔCD2

ΔCG
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NCS restraints through LSSR

LSSR V2: downweighting by max(r
i,j
, r

i’,j’
) 

LSSR V1

Δ
ij

Δ
ij

m
a

x(
r i,j

, 
r i’,

j’)

function

ΔCG

ΔCZ

ΔCD2ΔCD2

ΔCZ

ΔCG

gradient



C. Vonrhein. Global Phasing Ltd
CCP4 SW 2022

NCS restraints through LSSR - example (7A2L)

 LSSR V1 implements 
automatic pruning to 
detect existing NCS 
outliers

 But no such outliers 
exist after initial MR

 LSSR V2 is “softer” and 
allows strong density to 
have an impact

after MR (all chains identical) after LSSR V2 after LSSR V1

C
h

a
in

 1
C

h
a
in

 2

7a2l: Camara-Artigas et al (2021)

DOI: 10.2210/pdb7A2L/pdb
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Hydrogen handling in X-Ray refinement

See e.g.: Williams et al (2018). Protein Science, 27, 293-315.
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Hydrogen placement has consequences

BUSTER: hydrogens refined as any other atom - not “riding hydrogen” model
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Mixed-mode (hybrid) hydrogen model

BUSTER: refine -M HydrogenHybridModel ...
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Mixed-mode (hybrid) hydrogen model
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Mixed-mode (hybrid) hydrogen model

See also discussions in: Liebschner et al (2018). Acta D74, 800-813.
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Reporting

 REMARK 3 header

 buster-report tool

 Part of BUSTER distribution
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Reporting

July 2019:
Buster-report 
now part of 
wwPDB 
validation suite
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Reporting

Take care in restraint dictionary generation and in (over-)interpreting 
density features
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Alternate conformations

 Atoms with altConf “A” see atoms with no altConf or with altConf “A”

 Atoms with different altConf don’t see one another

28

 Set occupancies you want refined 

to something not equal to 1.0, and 

then run

 pdb2occ –p model.pdb –o 
occ.gelly

 refine –Gelly occ.gelly ...

 If occ(A)+occ(B)=1 in input, 

pdb2occ will restrain occupancy 

sum (to 1)

Alternate conformation
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Utility restraints

 Gelly (geometry) component of BUSTER supports distance, angle, torsion and 
sum(OCC) restraints.

 Restraints can be generated (directly or through simple conversion) using e.g. 

 Base-pairing restraints (rna.ucsc.edu/pdbrestraints/): Laurberg et al (2008). Nature 
454, 852. 

 ProSMART (CCP4): Nicholls et al (2012). Acta Cryst. D68, 404

 libG (CCP4): Brown et al (2015). Acta Cryst. D71, 136

 RestraintLib (achesym.ibch.poznan.pl/restraintlib/): Kowiel et al (2016). Nucleic 
Acids Res. 44, 8479

 Easy to implement secondary-structure restraints (alpha helix, parallel/antiparallel 
beta-sheets) or metal coordination.

Marcus (1988). Chem. Rev. 88, 1475.                   2.09 Å ± 0.04
Ohtaki & Radnai (1993). Chem Rev 93, 1157-1204.       2.07 Å
Caminiti et al (1979). J Appl Crystallogr 12, 34-38.  2.11 Å

Mg

H
2
O

Mg

RNA
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Additional restraints

• E.g. using powerful and flexible utility restraints (Gelly) in BUSTER

• Example: Mg2+·(H
2
O)

6

3.0 Å
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3HHN

Marcus (1988). Chem. Rev. 88, 1475.                   2.09 Å ± 0.04
Ohtaki & Radnai (1993). Chem Rev 93, 1157-1204.       2.07 Å
Caminiti et al (1979). J Appl Crystallogr 12, 34-38.  2.11 Å

Mg

Mg

H
2
O

Mg

RNA



Clemens Vonrhein, Global Phasing Ltd
DLS/CCP4 2023

3HHN: BUSTER refinement

deposited no restraints
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3HHN: BUSTER refinement

deposited Gelly utility restraints
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3HHN: BUSTER refinement

deposited Gelly utility restraints

2Fo-Fc @ 1.5rms
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BUSTER – additional restraints

2.95 Å

• 1.1 Mio reflections                                      290 000 atoms in asymmetric unit
• 11 000 amino acids, 9000 RNA, 500 Mg, 1700 HOH

• E.g. using powerful and flexible utility restraints (Gelly)
 in BUSTER

• Example: Mg2+·(H
2
O)

6
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4U1U: BUSTER refinement

PDB:

R/Rfree = 0.249/0.282

CAVEAT:

Comparing R/Rfree from 

different programs 

difficult: they use 

different methods (e.g. 

bulk solvent model) and 

scaling.

Sometimes program A 

gives lower R/Rfree, 

sometimes program B.

Goal is to get best 

model - fitting data, 

chemistry and prior 

knowledge.

Good to have choice of 

different approaches and 

parametrisation!
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BUSTER: 4U1U

Region-1:

deposited model

Initial map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-1:

BUSTER model

Final map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-1:

BUSTER model

Initial map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-2:

deposited model

Initial map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-2:

BUSTER model

Final map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-2:

BUSTER model

Initial map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-2:

deposited model

Initial map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-2:

BUSTER model

Final map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-2:

BUSTER model

Initial map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-3:

deposited model

Initial map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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BUSTER: 4U1U

Region-3:

BUSTER model

Final map

2Fo-Fc @ 1.5rms
  Fo-Fc @ 3.5rms
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Some notes about rotamers and outliers

 MolProbity rotamer analysis often used as a quality criteria for model

 outliers are considered problematic und highly unlikely (the stated goal is <1% outliers)

 Do we have a problem with rotamers in BUSTER refinements?

 A  10  LEU:1.00:0.0:259.1:21.3:::OUTLIER:OUTLIER

 A  19  LEU:1.00:0.1:309.3:303.1:::OUTLIER:OUTLIER

 A  24  LEU:1.00:0.2:297.4:296.7:::OUTLIER:OUTLIER

 A  45  LYS:1.00:0.1:197.6:122.2:308.4:165.6:OUTLIER:OUTLIER

 A  50  ILE:1.00:0.0:239.0:174.6:::OUTLIER:OUTLIER

 A  82 AVAL:0.33:0.2:320.6::::OUTLIER:OUTLIER

 A  97  LEU:1.00:0.0:238.9:5.1:::OUTLIER:OUTLIER

 B  23  LEU:1.00:0.0:180.7:193.4:::OUTLIER:OUTLIER

 B  41  ARG:1.00:0.1:138.1:266.5:172.2:188.0:OUTLIER:OUTLIER

 B  45  LYS:1.00:0.1:197.5:123.2:307.8:166.2:OUTLIER:OUTLIER

 B  50  ILE:1.00:0.0:238.2:171.6:::OUTLIER:OUTLIER

 B  82  VAL:1.00:0.1:326.1::::OUTLIER:OUTLIER

 B  97  LEU:1.00:0.0:238.8:5.0:::OUTLIER:OUTLIER

6D0E (deposited) BUSTER
  2% A  10  LEU:1.00:0.4:280.2:36.0:::Allowed:mp

  2% A  19  LEU:1.00:0.4:273.1:36.4:::Allowed:mp

  2% A  24  LEU:1.00:0.4:260.6:43.2:::Allowed:mp

  2% A  45  LYS:1.00:0.5:199.5:130.2:301.8:173.9:Allowed:ttmt

     A  50  ILE:1.00:0.0:249.5:205.1:::OUTLIER:OUTLIER

 20% A  82 AVAL:0.33:2.1:311.2::::Favored:m

     A  97  LEU:1.00:0.0:235.3:15.2:::OUTLIER:OUTLIER

 59% B  23  LEU:1.00:0.4:247.2:198.3:::Allowed:mt

  ?  B  41  ARG:1.00:0.4:142.9:262.7:191.0:181.3:Allowed:tmt170

  2% B  45  LYS:1.00:0.3:203.2:129.9:301.1:170.3:Allowed:ttmt

  8% B  50  ILE:1.00:0.4:215.5:155.0:::Allowed:tt

 20% B  82  VAL:1.00:1.2:312.5::::Allowed:m

     B  97  LEU:1.00:0.0:236.7:13.8:::OUTLIER:OUTLIER

Unlikely – but not 
classified as “outlier”
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Rotamer has to fit density
(for X-Ray crystallographic models)

deposited BUSTER fixed

mp (2%): Allowed

6D0E: A10 
Leu

6D0E: A10 
Leu

6D0E: A10 
Leu

OUTLIER mt (59%): favoured

● small, but significant difference between mt (59%) and mp (2%)
● BUSTER refines model away from poor/wrong rotamer and gives clear indications:

● positive difference density
● rotamer now highlighted as outlier

● enforcing rotamer restraints can mask incorrect side-chain conformations
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Rotamer outliers are useful markers
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Rotamer outliers are useful markers
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BUSTER: Is there any any ligand bound? 

 BUSTER's '-L' feature tries to 
take an unbiased look at 
data/model to decide if, 
where and how something 
might have bound.

 No prior knowledge (bias?) 
required/used.

 Used since 2003, with first 
academic release in 2009

Liebschner et al (2017): “Polder maps: 
improving OMIT maps by excluding bulk 

solvent.”, Acta D 73, 148
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BUSTER: Is there any any ligand bound? 

 Unbiased towards “expected” 
binding (just because the 
crystal was soaked/co-
crystallised with compound 
doesn’t mean it actualy is 
bound)

 Unbiased towards binding site 
(there can be unexpected or 
new binding sites)

 Unbiased towards binding pose

BUSTER wiki
www.globalphasing.com/buster/wiki/
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Difference Fourier maps

● Anomalous: 
● distinguish ion from solvent
● help difficult sequencing (Cys/Met marker)
● help placing of compound
● automatically generated and analysed in BUSTER

● Early-Late:
● show radiation damage effects
● automatically prepared in autoPROC - then generated and 

analysed in BUSTER
● Fo-Fo:

● (Compound - Apo) to show compound

diff_fourier -h
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Difference Fourier maps: F(early)-F(late)
detecting/describing radiation damage

A novel mode of Gleevec binding is revealed by the structure of spleen tyrosine 
kinase. Atwell, S. et al.(2004) J.Biol.Chem. 279, 55827-55832.

Typical decarboxylation of 
ASP/GLU residues

Normal mFo-Dfc maps will 
show negative peaks.

low dose, high-multiplicity

Present in 
F(early), but not 
F(late)
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F(early)-F(late): water in crystal contact

4LER
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F(early)-F(late): water in crystal contact

4LER

1.5 rms

2
F
o
-
F
c
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F(early)-F(late): water in crystal contact

4LER

1.5 rms

3.5 rms

2
F
o
-
F
c

F
o
-
F
c
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F(early)-F(late): water in crystal contact

4LER

1.5 rms

3.5 rms

2
F
o
-
F
c

E
a
r
l
y
-
L
a
t
e

Present in F(early), but not F(late)
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F(early)-F(late): alternate conformation?

4LER

1.5 rms

3.5 rms

2
F
o
-
F
c

F
o
-
F
c
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F(early)-F(late): alternate conformation?

4LER

1.5 rms

3.5 rms

2
F
o
-
F
c

E
a
r
l
y
-
L
a
t
e

Present in F(early), but not F(late)
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F(early)-F(late): large-scale movements

4LER

3.5 rms

F
o
-
F
c
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F(early)-F(late): large-scale movements

4LER

3.5 rms

E
a
r
l
y
-
L
a
t
e

Present in F(early), but not F(late)
Present in F(late), but not F(early)
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Radiation damage - decarboxylation

6VZU
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Radiation damage - decarboxylation

2mFo-DFc @ 1.0 rms, 2 Å 
resolution.

6VZU6VZU
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Radiation damage - decarboxylation

F(early)-F(late) @ 6.0 rms
Showing loss of density due to
● reduction in occupancy
● increase in temperature factor
● loss of atoms/groups
● movement of atoms/groups

6VZU

● early and late data automatically 

generated by autoPROC
● F(early)-F(late) maps automatically 

generated and analysed by BUSTER
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Radiation damage - decarboxylation

F(early)-F(late) @ 6.0 rms
Showing loss of density due to
● reduction in occupancy
● increase in temperature factor
● loss of atoms/groups
● movement of atoms/groups

de-carboxylation of ASP/GLU and compound

6VZU
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Radiation damage - decarboxylation

F(early)-F(late) @ 6.0 rms 6VZUF(early)-F(late) @ 6.0 rms
Showing loss of density due to
● reduction in occupancy
● increase in temperature factor
● loss of atoms/groups
● movement of atoms/groups

de-carboxylation of ASP/GLU and compound

6VZU
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Radiation damage - decarboxylation

F(early)-F(late) @ 6.0 rms 6VZU
Showing loss of density due to
● reduction in occupancy
● increase in temperature factor
● loss of atoms/groups
● movement of atoms/groups

de-carboxylation of ASP/GLU and compound

not every carboxy group suffers radiation 
damage to the same extent
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Radiation damage - decarboxylation

F(early)-F(late) @ 6.0 rms showing hotspots and “connected” regions

6VZU
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Radiation Damage - improved
model parametrisation

Cl

NH

SO O

5KCO

6RO

5KCO Tempel et al (2016).



Clemens Vonrhein, Global Phasing Ltd
DLS/CCP4 2023

Radiation Damage - improved
model parametrisation

Cl

NH

SO O

2mFo-DFc @ 1.0 

rms

  mFo-DFc @ 3.5 

rms

5KCO

6RO

very 

clean
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Radiation Damage - improved
model parametrisation

Cl

NH

SO O

2mFo-DFc @ 1.0 

rms

  mFo-DFc @ 3.5 

rms

F(early)-F(late)

@ 4.0 rms

5KCO

6RO

very 

clean

strong 

peak on 

chlorine
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Radiation Damage - improved
model parametrisation

Data Refinement R/Rfree OCC
non-CL, CL

B
all, non-CL, CL

Deposited, 
merged
(1.47Å)

None 0.1830/0.2150        0.84 19    18       32

full, one OCC 0.1797/0.2009        0.73 18    18       26

Deposited, 
remerged 
(1.47Å)

0.1651/0.1980        0.73 20    19       30

Reprocessed
(1.46Å)

0.1851/0.2074        0.72 19    18       27

full, split OCC 0.1848/0.2066 0.79        0.39 19    19       20

Reprocessed 
(1.46Å), early

   B, split OCC 0.1872/0.2135 0.82        0.46 19    19       20

Reprocessed 
(1.46Å), late

0.2068/0.2284 0.79        0.27 21    21       23

5KCO 6RO 6RO
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Radiation Damage - improved
model parametrisation

Data Refinement R/Rfree OCC
non-CL, CL

B
all, non-CL, CL
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Radiation Damage - improved
model parametrisation
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Radiation Damage - improved
model parametrisation
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Reprocessed
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Reprocessed 
(1.46Å), early

   B, split OCC 0.1872/0.2135 0.82        0.46 19    19       20

Reprocessed 
(1.46Å), late

0.2068/0.2284 0.79        0.27 21    21       23

•Refinement against “early” or “late” dataset show decrease in chlorine occupancy
•F(early)-F(late) maps give confidence in parametrisation
•

5KCO 6RO 6RO
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Pipedream - combining all steps

Expert system that links data processing 

(autoPROC), initial refinement & ligand 

detection (BUSTER), ligand fitting (Rhofit), 

final refinement (BUSTER) and analysis 

(buster-report) - including 

pepflip/SideAide option.

Used in large-scale operations within 

commercial and academic environments.

https://www.globalphasing.com/buster/wiki/index.cgi?PipedreamMainpage

For a given crystal form:
1) Apo model
2) Dataset (directory with images)
3) Ligand dictionary (CIF)

=> refined complex structure
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Summary

 Careful processing of data can be crucial (not everything is Lysozyme)

 A good collection strategy (that adapts to crystal quality, SG, orientation, 
detector, beamline, goniostat) will result in better data, better density and 
better models

 Collect all prior knowledge
 Geometric restraints (good ligand dictionaries)

 Similarity restraints (NCS, targeting)

 Occupancy

 Correct formfactors (fluorescence scan)

 Refine to convergence
 Otherwise difference maps can be hard to interpret

 And statistics like R/Rfree are (fairly) meaningless

 What happened to crystal during data collection is still (very) important at this 
stage

 Radiation damage: F(early)-F(late) maps

 Anisotropy (STARANISO)

 Often the defaults (quick click) work well … but to get the correct structure 
interpretation the best/correct parametrisation and refinement is important
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