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Talk outlines

• Main format files for protein crystallography software
 Reflection data format (MTZ)
 Structural data format (PDB and PDBx/mmCIF)
 Restrain file (CIF)
 Primary sequence format (fasta)

• Collaborative Computational Project No.4 
 CCP4  important tools
 Structural solution by Phaser
 Structural refinement by Refmac

• PHENIX
 Structural solution (PHASER-MR)
 Structural solution (MRage/MR-Rosetta)
 Model improvement by Autobuild
 Structural refinement by Refine



From lab to publishable structure

Protein production
cloning, transformation/transfection, 
expression, purification, quality 
control

Protein crystallization

Crystal shipment
X-ray diffraction data collection

Diffraction data

XDS
DIALS

HKL-2000
Mosflm

Data 
reduction

Phaser
SIR

Phasing
ARP/wARP
Autobuild

Refmac
Refine

Booster

Model 
improvement

Molprobity
PDB_REDO

Validation and 
deposition



The MTZ file: where it all begins

MTZ 
format file

Main file format for 
diffraction data storage

Data and 
metadata

Readable by mtzdmp
(it is a binary file)

MTZ file hierarchy

File Crystal Dataset Datalist

Software for mtz file handling and dump
• mtzdmp (dump)
• sftools (manipulation)
• freerflag (reflection tagging for Rfree)
• mtz2various (file conversion)



MTZ file contains
• data (table of reflections)
• metadata (cell dim, wavelength, symmetry info…)

Column labels Description

H, K, L Miller indices

M/ISYM Partiality flag

BATCH Batch number

I/SIGI Intensity/sigma(I)

FRACTIONCALC Calculated partial fraction of spot

IMEAN/SIGIMEAN Mean intensity/sigma(IMEAN)   

FP/SIGFP Native F value/sigma(FP)

FC  Calculated F

FPH<n>/SIGFPH F value for derivative <n>/<n>sigma(F<n>)

DP/SIGDP  Anomalous difference for native data/sigma(DP)

DPH<n>/SIGDPH Anomalous difference for derivative 
<n>/<n>sigma(DEL<n>)

PHIC Calculated Phase

PHIB Phase from experimental phasing

FOM Figure of merit

WT Weight

HLA,HLB,HLC,HLD Hendrickson-Lattman (HL) coeffcients

FREE Free R-flag

Column 
types

Description

H index h,k,l

J intensity

K intensity associated with one member of an hkl -h-k-l pair, I(+) or I(-)

F structure amplitude

G structure amplitude associated with one member of an hkl -h-k-l pair, F(+) or F(-)

D anomalous difference

Q standard deviation of J,F,D

M standard deviation of a column of type K

L standard deviation of a column of type G

E structure amplitude divided by symmetry factor (“epsilon”)

P phase angle in degrees

W weight (of some sort)

A phase probability coeffcients (Hendrickson/Lattman)

B BATCH number

Y M/ISYM, packed partial/reject flag and symmetry number



Structural format - PDB
Protein Data Bank format is the main file format for structural data storing

HEADER    OXIDOREDUCTASE                                         09-FEB-11   3QNS

COMPND    MOL_ID: 1;                                                            
COMPND   2 MOLECULE: DYP PEROXIDASE;                                            
COMPND   3 CHAIN: A;                                                            
COMPND   4 ENGINEERED: YES 

REMARK   3  DATA USED IN REFINEMENT.                                            
REMARK   3   RESOLUTION RANGE HIGH (ANGSTROMS) : 1.40                           
REMARK   3   RESOLUTION RANGE LOW  (ANGSTROMS) : 33.93                          
REMARK   3   DATA CUTOFF            (SIGMA(F)) : 0.000                          
REMARK   3   COMPLETENESS FOR RANGE        (%) : 98.9                           
REMARK   3   NUMBER OF REFLECTIONS             : 108165 

SEQRES   1 A  353  GLY SER HIS MET PRO GLY PRO VAL ALA ARG LEU ALA PRO          
SEQRES   2 A  353  GLN ALA VAL LEU THR PRO PRO SER ALA ALA SER LEU PHE          
SEQRES   3 A  353  LEU VAL LEU VAL ALA GLY ASP SER ASP ASP ASP ARG ALA          
SEQRES   4 A  353  THR VAL CYS ASP VAL ILE SER GLY ILE ASP GLY PRO LEU          
SEQRES   5 A  353  LYS ALA VAL GLY PHE ARG GLU LEU ALA GLY SER LEU SER 

LINK         NE2 HIS A 226                FE   HEM A 351     1555   1555  2.02  
LINK         FE   HEM A 351                 O   HOH A 507     1555   1555  2.12
SSBOND     1  CYS  A 2                               CYS B 2          1555 1555 2.02 

CRYST1  127.699  127.699  178.242  90.00  90.00 120.00 H 3 2        18          
ORIGX1      1.000000  0.000000  0.000000        0.00000                         
ORIGX2      0.000000  1.000000  0.000000        0.00000                         
ORIGX3      0.000000  0.000000  1.000000        0.00000                         
SCALE1      0.007831  0.004521  0.000000        0.00000                         
SCALE2      0.000000  0.009042  0.000000        0.00000                         
SCALE3      0.000000  0.000000  0.005610        0.00000 

ATOM      1  N   VAL A   5     -61.802  33.704 -10.209  1.00 34.05           N  
ANISOU   1  N   VAL A   5     3920   4291   4724   -139     38   -203          N  
ATOM      2  CA VAL A   5     -60.768  32.718 -10.663  1.00 33.25           C  
ANISOU   2  CA VAL A   5     3772   4213   4647   -204     -8   -215           C  
ATOM      3  C    VAL A   5     -59.359  33.309 -10.505  1.00 31.78           C  
ANISOU   3  C    VAL A   5     3659   3989   4426   -224     27   -161          C  

Title section

Primary 
sequence 
section

Linkage 
section

Crystallographic 
transformation 
section

Coordinate
section



Structural format - PDB
Protein Data Bank format is the main file format for structural data storing

CRYST1  127.699  127.699  178.242  90.00  90.00 120.00 H 3 2        18          
ORIGX1      1.000000  0.000000  0.000000        0.00000                         
ORIGX2      0.000000  1.000000  0.000000        0.00000                         
ORIGX3      0.000000  0.000000  1.000000        0.00000                         
SCALE1      0.007831  0.004521  0.000000        0.00000                         
SCALE2      0.000000  0.009042  0.000000        0.00000                         
SCALE3      0.000000  0.000000  0.005610        0.00000 

Crystallographic
transformation
section

SCALEn represents the transformation matrix to get 
the fractional coordinates from the orthogonal 
coordinates

Xfra = S11X + S12Y + S13Z + ST1 
Yfra = S21X + S22Y + S23Z + ST2 
Zfra = S31X + S32Y + S33Z + ST3

ORIGXn represents the transformation matrix to get 
the submitted coordinates from the orthogonal 
coordinates

Xsub = O11X + O12Y + O13Z + OT1 
Ysub = O21X + O22Y + O23Z + OT2 
Zsub = O31X + O32Y + O33Z + OT3



Structural format - PDB
1                    2                    3                    4                     5                    6 7                    8

12345678901234567890123456789012345678901234567890123456789012345678901234567890
ATOM      1        N        VAL A   5         -61.802  33.704   -10.209                   1.00         34.05                    N  
ANISOU   1        N        VAL A   5       3920   4291   4724   -139     38   -203                                              N  
ATOM      2        CA      VAL A   5         -60.768  32.718   -10.663                   1.00         33.25                     C  
ANISOU   2        CA      VAL A   5       3772   4213   4647   -204     -8   -215                                               C
ATOM      3        C        VAL A   5         -59.359  33.309  -10.505                    1.00         31.78                    C   
ANISOU   3        C         VAL A   5      3659   3989   4426   -224     27   -161                                              C 

Coordinate
section

COLUMNS        DATA  TYPE FIELD DEFINITION
-------------------------------------------------------------------------------------
1 - 6        Record name "ATOM "
7 - 11        Integer serial Atom  serial number.

13 - 16        Atom          name Atom name.
17             Character altLoc Alternate location indicator.
18 - 20        Residue name resName Residue name.
22             Character chainID Chain identifier.
23 - 26        Integer resSeq Residue sequence number.
27             AChar iCode Code for insertion of residues.
31 - 38        Real(8.3)     x Orthogonal coordinates for X in Angstroms.
39 - 46        Real(8.3)     y            Orthogonal coordinates for Y in Angstroms.
47 - 54        Real(8.3)    z            Orthogonal coordinates for Z in Angstroms.
55 - 60        Real(6.2)     occupancy Occupancy.
61 - 66        Real(6.2)     tempFactor Temperature  factor.
77 - 78        LString(2) element Element symbol, right-justified.
79 - 80        LString(2)    charge Charge  on the atom.

COLUMNS DATA TYPE FIELD DEFINITION
----------------------------------------------------------------
1 - 6 Record name "ANISOU"
7 - 11 Integer serial Atom serial number.

13 - 16 Atom name Atom name.
17 Character     altLoc Alternate location indicator
18 - 20 Residue name resName Residue name.
22 Character     chainID Chain identifier.
23 - 26 Integer resSeq Residue sequence number.
27 AChar iCode Insertion code.
29 - 35 Integer u[0][0] U(1,1)
36 - 42 Integer u[1][1] U(2,2)
43 - 49 Integer u[2][2] U(3,3)
50 - 56 Integer u[0][1] U(1,2)
57 - 63 Integer u[0][2] U(1,3)
64 - 70 Integer u[1][2] U(2,3)
77 - 78 LString(2)    element Element symbol, right-justified.
79 - 80 LString(2)    charge Charge on the atom.



Towards PDBx/mmCIF

PDB format is not suitable for large 
macromolecular complexes

• Atom number field < 5 characters 
(ONLY model < 99.999 atoms)

• Polypeptide chains field =1 character 
(ONLY models < 62 chains)

Moreover, PDB doesn't know 
what a "Chemical Bond" is 
(interpretation by molecular 
graphic programs)

PDBx/mmCIF
MacroMolecular Crystallographic Info format 

born in 1997 as a derivative format of the CIF file

This format overcomes 
limitations of the legacy PDB file 
format and supports:

• Large structures
• Complex chemistry
• Hybrid experimental methods

Large 
is better



PDBx/mmCIF

loop_

_atom_site.group_PDB

_atom_site.id 

_atom_site.type_symbol

_atom_site.label_atom_id

_atom_site.label_alt_id

_atom_site.label_comp_id

_atom_site.label_asym_id

_atom_site.label_entity_id

_atom_site.label_seq_id

_atom_site.pdbx_PDB_ins_code

_atom_site.Cartn_x

_atom_site.Cartn_y

_atom_site.Cartn_z

_atom_site.occupancy

_atom_site.B_iso_or_equiv

_atom_site.pdbx_formal_charge

_atom_site.auth_seq_id

_atom_site.auth_comp_id

_atom_site.auth_asym_id

_atom_site.auth_atom_id

_atom_site.pdbx_PDB_model_num

ATOM 1 N N . VAL A 1 1 ? 6.204 16.869 4.854 1.00 49.05 ? 1 VAL A N 1 

ATOM 2 C CA . VAL A 1 1 ? 6.913 17.759 4.607 1.00 43.14 ? 1 VAL A CA 1 

ATOM 3 C C . VAL A 1 1 ? 8.504 17.378 4.797 1.00 24.80 ? 1 VAL A C 1 

PDBx/mmCIF data are arranged in

Tabular style

_cell.entry_id pdb_00004hhb 

_cell.length_a 63.150 

_cell.length_b 83.590 

_cell.length_c 53.800 

Key value style

_CATEGORY.ATTRIBUTE

PDBx/mmCIF token

Token and data storing 
architecture do not impose 
limitations for the number 

of atoms, residues or chains 
as in the case of the PDB file

PDBx/mmCIF also includes
restrain information for ligand
by _chem_comp category



CIF restrain file
1 2

Peaks of electron density are not well 
separated in the case of high B values and/or 

low data resolution.

Restraints retain chemistry of molecule, 
enabling optimal description of the electron 

density.

If restraints are not used, molecule will show 
unreasonable geometry

Moreover, restrains allow to reduce the number 
of parameters respect to the observations



CIF file generation
1) Draw your molecules (pdb, smiles, mol)

2D molecule

2) Regularization

3D geometrical-optimized molecule

2)Restrain file generation

3) Restrain check
PDB, CCDS, Int. Table of 
Crystallography C



Sequence file format

Format Extension Phenix CCP4

FASTA
.faa, .fa. 

.fasta

NBRF/PIR .pir

SEQ
.seq, .txt

…

>MCHU - Calmodulin - Human, rabbit, bovine, rat, and chicken 
MADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQ

>P1;CRAB_ANAPL 
ALPHA CRYSTALLIN B CHAIN (ALPHA(B)-CRYSTALLIN).
MADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQ

P1: protein sequence
F1: Protein fragment
DL: Linear DNA seqence
DC: Circular DNA sequence
RL: Linear RNA sequence
RC: Circular RNA sequence

MADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQ



The job of a Crystallographer

Diffraction experiment
(experiment space)

Position on the image x,y
Amplitute Ix,y

Miller index h,k,l
Structure factor |FH|2, (|FH|2) 
Phase H

Data processing 
(reciprocal space)

Data processing, model building 
(direct space)

FT



From handcrafted electron density models to AI

Dorothy Hodgkin's innovative three-dimensional electron 
density model of penicillin

AI exploited for crystal formation monitoring, model 
preparation, diffraction pattern evaluation, DL for phase 

problem…

1940 2026



Crystallographic expertise remains essential
The case of Set7, the HMTase methylating
the  lysine 37 on H3 histone (H3K37)

S.G.: P 6522
Unit cell: a = b = 66.18 Å, c = 257.70 Å
Resolution: 1.999 Å
MR search model: 3KMA (23% sequence homology)

90°

5H6Z
3KMA

Chain A Chain B

Solution procedure:
1. Phase refinement procedure by REVAN in 

SIR2014 (EDM, VLD, and REFMAC)
2. Polyalanine remodeling executed via COOT
3. FREE LUNCH procedure (FL)
4. Medel rebuild by BUCCANEER

Exploit the 3KMA search model in 
its dimer form …

Unique MR solution was found

Structure, 2019, 27(4), 631



Collaborative Computational Project n.4 or, 
easily … CCP4 

From 1970 and 1980, UK found several Collaborative 
Computational Projects

CCP1 Electron Corr. in Molecular Wavefunctions Quantum chemistry
CCP2 Continuum States of Atoms and Molecules Atomic and molecular physics
CCP3 Surface Science Solid state physics
CCP4 Protein Crystallography Molecular biology
CCP5 MD and MC Simulation of Macroscopic Sys Statistical mechanics 
CCP6 Heavy Particle Dynamics Atomic physics
CCP7 Analysis of Astronomical Spectra Astronomy
CCP8 Nuclear Structure Physics Nuclear physics
CCP9 Electronic Structure of Solids Solid state physics

CCP4 aims:
• Facilitate the collaboration of MX software 

developers
• Distributing MX software
• Promote MX teaching 

CCP4 Study Weekend, online and in-person workshops

• Promote and support crystallographic 
community
CCP4 bulletin board

Acta Cryst, 2023, D79, 449



CCP4: past and present   

CCP4i2
QT/PySide

CCP4 cloud
CCP4i
Tcl/Tk

• Traceability of files and jobs
• Automatic population of inputs outputs from previous jobs
• Split of large MTZ files into important column sets defining particular data types
• Programs are incorporated into tasks
• Improved report of results between individual programs.



CCP4: from diffraction experiment to structure

Patterson and correlation functions
• AMoRE
• Molrep

Maximum-likelihood approach
• PHASER

Pipeline
• DIMPLE (MR+refinement on updated existing models)
• MrBUMP (model search+MR+refinement)
• SIMBAD   (Sequence-independent model search and MR)
• BALBES    (MR database-driven approach)

AUSPEX (Acta Cryst. D73, 2017, 729) Data pathology detection
POINTLESS (Acta Cryst. D62, 2006, 72) S.G determination
AIMLESS (Acta Cryst. D62, 2006, 72) scale and merge
CTRUNCATE (Acta Cryst. D62, 2006, 867) Intensity to structure factor module conversion
DIALS (Acta Cryst. D69, 2013, 1260) in xia2 and xia2.multiplex pipeline. Also for SX, X-FEL, electron diffraction
MOSFLM 

MOLREP (Acta Cryst. D66, 2010, 22)
PHASER (J. App. Cryst, 2007, 40, 658)
AMoRe (Acta Cryst. D64, 2008, 11)
MrBUMP (Acta Cryst. D63, 2007, 447)
SIMBAD (Acta Cryst. D76, 2020, 1)
BALBES (Acta Cryst. D64, 2008, 25)
DIMPLE (Acta Cryst. D69, 2013, S299

ARP/wARP (Nat. Struct. Biol., 1999, 6, 458)
Buccaneer (Acta Cryst. D62, 2006, 1002)

Refmac (Acta Cryst. D67, 2011, 355)

H K L Intensity (Intensity)

0 1 1 450 3

1 2 2 200 50

…

20 35 40 546 24



AMoRe approach 

MR idea 𝑟=𝑅𝑟0+𝑇

Trasformation function

min[𝑅𝑓𝑎𝑐𝑡𝑜𝑟=
σ(𝐹𝑜𝑏𝑠− 𝐹𝑐𝑎𝑙𝑐)

σ𝐹𝑜𝑏𝑠
]

AMoRe steps
1. Model is included in a large P1 unit cell

Time consuming strategy 
- orthorhombic cell 100x100x100 Å 
- 6-D search sampled in a fairly coarse grid 

(5° increments,  1 Å) = 3x109 points

By using a 0.001 second/point, it would 
require 8100 hours of computation. 



AMoRe approach (divide and conquer)

MR idea 𝑟=𝑅𝑟0+𝑇

Transformation function

min[𝑅𝑓𝑎𝑐𝑡𝑜𝑟=
σ(𝐹𝑜𝑏𝑠− 𝐹𝑐𝑎𝑙𝑐)

σ𝐹𝑜𝑏𝑠
]

AMoRe steps
1. Model is included in a large P1 unit cell
2. Structure factors are calculated 
3. The best rotation function (RF(R)) is determined
4. The best translation function (TF(T)) is determined
5. Rigid-body refinement

𝑃𝑥𝑦𝑧=෍

ℎ,𝑘,𝑙

|𝐹𝐻 |2𝑒−𝑖2(ℎ𝑥+𝑘𝑦+𝑙𝑧)

Structure factors are used to calculate Patterson

𝑅𝐹𝑅 = 𝑃𝑜𝑏𝑠∗𝑃𝑐𝑎𝑙𝑐

T𝐹𝑇 =𝑐𝑜𝑟𝑟(𝐹𝑜𝑏𝑠,𝐹𝑐𝑎𝑙𝑐(𝑅,𝑇))



AMoRe step-by-step

Cell Content Analysis

Wilson plot

amore HKLIN ../../indexing/data_unique1.mtz HKLPCK0 data_unique1.hkl << eof > 0_preparation.amore
SORTFUN RESOL 30.0  3.5
LABI FP=FP  SIGFP=SIGFP
eof

amore  TABLE1  search.tab HKLPCK1 search.hkl hklpck0 data_unique1.hkl CLMN1 search.clmn CLMN0 data_unique1.clmn 
MAPOUT amore_cross.map << eof > 2_Rotation.amore
ROTFUN
VERBOSE
TITLE : Generate HKLPCK1 from MODEL 1
GENERATE 1   RESO 30.0 3.0  CELL_MODEL 90 90 90
CLMN CRYSTAL ORTH  1 FLIM 0.E0 1.E8  SHARP 0.0 RESO  10.0 3.5 SPHERE 18
CLMN MODEL 1         FLIM 0.E0 1.E8            RESO  10.0 3.5 SPHERE 18
ROTA  CROSS  MODEL 1  BESLIMI 6 120 STEP 2.5 PKLIM 0.5  NPIC 100 BMAX 90
eof

amore  XYZIN1 ../../models/1LYZ_mod.pdb XYZOUT1 searchrot.pdb TABLE1 search.tab <<  eof > 1_pdb_hackout.amore
VERBOSE
TABFUN
CRYSTAL 75.9700   75.9700   34.8700   90.0000   90.0000   90.0000   ORTH 1
MODEL 1 BTARGET 60 #BREPLACE 0 BADD 0
SAMPLE 1 RESO 3.5 SHANN 2.5 SCALE 4.0
eof

amore  TABLE1 search.tab HKLPCK0 data_unique1.hkl MAPOUT amore_transjunk1.map << eof > 3_translation.amore
TRAFUN CB   NMOL 1 RESO 6 3.0  PKLIM 0.5  NPIC 10
SYMM P43212
VERBOSE
CRYSTAL ORTH  1 FLIMI 0.E0 1.E8   SHARP 0.0
@2_Rotation.solution
eof

amore  TABLE1 search.tab HKLPCK0 data_unique1.hkl MAPOUP junk.map << eof > 4_rigid_body.amore
FITFUN NMOL 1 RESO 50 2.8  ITER 100
SYMM P43212
VERBOSE
CRYSTAL ORTH  1 FLIMI 0.E0 1.E8   SHARP 0.0
REFSOL   AL     BE   GA     X   Y    Z   BF
@3_translation.solution
eof

pdbset xyzin searchrot.pdb xyzout sol1.pdb <<eof
CELL 75.9700   75.9700   34.8700   90.0000   90.0000   90.0000
spacegroup 'P 43 21 2'
rotat euler 18.72   60.34  325.51
shift fractional  0.0270 -0.2498  0.0711
chain A
end
eof



MOLREP approach

MOLREP steps
1. Model preparation
2. Rotation search
3. Translation search
4. Packing check
5. Rigid body refinement

MOLREP is a more sophisticated and more versatile version of AMoRe

AMoRE MOLREP

Rotation 
Function

spherical harmonic + FFT More real-space correlation driven

Parameter sensitive Less parameter sensitive

Translation 
Function

FFT phased translation functions 

Dependency to tabulation (TABFUN) Adaptive scoring

AMoRE MOLREP

Very fast method Very automatic method

Parameter tuning Robust by using real data

Sensitive to model quality Less required parameter tuning 



MOLREP 
Search model preparation step and packing function

1. Alignment of search and target models (higher weights for buried residues)
2. Search model residues in the target gaps are removed
3. Atoms of search model that have no counterpart in the target are removed
4. Electron density smearing according to the surface accessibility S (ADP=15Å2+V*S)
5. Residue renumbering
6. Weighing of X-ray data according to sequence homology and Rg

Combined Translation Function (CTF(r))

𝐶𝑇𝐹𝑟 =𝑇𝐹𝑟𝑃𝐹(𝑟)PF(r) packing function
0 overlapped molecules

1 no clashes



MOLREP step-by-step
MOLREP function

Data (mtz)

Model (pdb)

Sequence
(fasta)

Molecule to 
search

Rotation search step output

molrep -f data_unique1.mtz -m 1LYZ_mod.pdb -s 6W8E.fasta -po out

Matching of observed and 
calculated Patterson map



MOLREP step-by-step
Rotation search step output

Matching of observed and 
calculated Patterson map

Translation search/rigid body refinement step output



Phaser approach
Maximum likelihood-based strategy

Find the model parameters that maximize 𝑃(𝐹𝑜𝑏𝑠|𝐹𝑐𝑎𝑙𝑐)

𝐹𝑇𝑟𝑢𝑒=D𝐹𝑐𝑎𝑙𝑐+𝜀
𝐹𝑜𝑏𝑠=𝐹𝑇𝑟𝑢𝑒+𝛾

 is the error mainly related to the model 𝜀N(0,σ2 ​))

 is the error mainly related to the model γN(0,σF
2 ​))

𝑃𝐹𝑇𝑟𝑢𝑒𝐹𝑐𝑎𝑙𝑐 𝑒
−

|𝐹𝑇𝑟𝑢𝑒−𝐷𝐹𝑐𝑎𝑙𝑐|2

2

𝑃𝐹𝑜𝑏𝑠𝐹𝑇𝑟𝑢𝑒 𝑒
−

|𝐹𝑜𝑏𝑠−𝐹𝑇𝑟𝑢𝑒|
2

𝐹
2

𝑃𝐹𝑜𝑏𝑠𝐹𝑐𝑎𝑙𝑐=න𝑃𝐹𝑜𝑏𝑠𝐹𝑇𝑟𝑢𝑒𝑃𝐹𝑇𝑟𝑢𝑒𝐹𝑐𝑎𝑙𝑐𝑑𝐹𝑇𝑟𝑢𝑒

The integral allows to elide 𝐹𝑇𝑟𝑢𝑒contribution

From Model

From measurements

Measurements errors

From A (Acta Cryst. D73, 2017, 729) 

AMoRE and MolRep are based on the idea that 
rotations and translations can lead to Fobs=Fcalc. 

This situation very rarely occurs due to 
experimental errors, incorrect models, and 

other factors. 

A better approach is based on bringing Fcalc

close to Fobs, rather than requiring them to be 
exactly equal.

Low sensibility to sequence 
homology and experimental errors



Maximum likelihood: an example

Model A: explains the data well but ignores the uncertainty
Model B: explains the data a little less “perfectly”, but is consistent with experimental errors

It is not enough to properly fit the data (AMoRE and MOLREP),
you have to be compatible with the real quality of the data

Maximum likelihood strategy could prefer B

Real case data are featured by
• noise
• measurement errors
• limited resolution

Therefore, it doesn't make 
sense to claim 

Fcalc = Fobs



Phaser
step-by-step

Data input file Search models

ASU content MR search strategy

Options:
• All possible in the same point group
• Enantiomeric space group
• Listed space group only
• No alternative

Data reduction may have been done in the 
wrong space group

 Systematic absences issues
 Chiral Model/space group 

incompatibility



Phaser
step-by-step

Data input file Search models

ASU content MR search strategy Results



Best Rotation function solution 
(to assess if the top one differs 

from the others)
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Phaser output
Cell content analysis

Composition is of type: PROTEIN

MW to which Matthews applies: 14298

Resolution for Matthews calculation:  2.68

Z MW VM % solvent rel. freq.

1       14298      1.76  30.09      1.000  <== most probable

V
M

 h
is

to
gr

am

Rotation Function

Rotation Function Table: ensemble1

----------------------------------

(Z-scores from Fast Rotation Function)

#SET        Top    (Z)      Second    (Z)       Third    (Z)

1          6.54   3.77       -0.30   3.24       -1.56   3.14

---------------

FINAL SELECTION

---------------

Select by Percentage of Top value: 75%

Top RF = 6.537

Purge RF mean = -42.176

Number of sets stored before final selection = 1

Number of solutions stored before final selection = 27

Number of sets stored (deleted) after final selection = 1 (0)

Number of solutions stored (deleted) after final selection = 27 (0)

Percent used for purge = 60.000%

Includes deep search down percent = 15%

Number of solutions stored above (below) deep threshold = 6 (21)

RF score = Rotation Function Score

RFZ score = Rotation Function Z-Score 
how many  of RF the solution is far from the RF distribution 

RFZ

3

4

5

Noise

Plausible

Good

Very good

Acta App. Cryst, 2007, 40, 658
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Best Translation function solution 

(to assess if the top one differs 
from the others)

Translation Function

Translation Function Table

--------------------------

SET ROT*deep   Top   (Z)     Second   (Z)      Third   (Z) SpaceGroup Ensemble

1   1     -392.7  9.03     -496.4  7.54          - - P 43 21 2 ensemble   

1   2          - - - - - - P 43 21 2 ensemble   

1   3          - - - - - - P 43 21 2 ensemble   

1   4          - - - - - - P 43 21 2 ensemble   

1   5          - - - - - - P 43 21 2 ensemble   

1   6          - - - - - - P 43 21 2 ensemble   

--- ---

---------------

FINAL SELECTION

---------------

LLG will be used for purge, not FSS

Top TF  = -392.69

Top TFZ = 9.03

Mean TF = -1053.28

Percent used for purge = 75%

Cutoff for acceptance = -557.8

TFZ used for final selection = 8

Number of solutions over TF final cutoff  = 2

Number of solutions over TFZ final cutoff = 1

Number of solutions over TF & TFZ cutoff  = 1

Number of solutions stored before final selection = 2

Number of solutions stored (deleted) after final selection = 2 (0)

Phaser output
TF score = Translation Function Score

8
Good

TFZ score = Translation Function Z-
Score 

how many  of TF the solution is 

far from the TF distribution 

TFZ

5

6

7

Very 
unlikely

Unlikely 

plausible

Very good

Acta App. Cryst, 2007, 40, 658



Packing analysis

Packing Table

-------------

Solutions accepted if pairwise clashes less than 10 % of trace atoms

#in  #out Clash-% Symm TF-SET  ROT TFpk#        TF    TFZ    SpaceGroup

1    Top1  4.651  -- 1     1    1       -392.69  9.03  P 43 21 2  

2    --- >10.08  -- 1     1    2       -496.38  7.54  P 43 21 2 

Phaser output

Final Summary
Solution annotation (history):

SOLU SET  RFZ=3.8 TFZ=9.0 PAK=5 LLG=77 TFZ==9.8 LLG=210 TFZ==17.0 PAK=5 LLG=210 TFZ==17.0

score 
has to be as low as possible

3.8Å
𝐶𝑙𝑎𝑠ℎ%=

𝑁𝑐𝑙𝑎𝑠ℎ

𝑁𝑐ℎ𝑒𝑐𝑘𝑒𝑑𝐶𝑎𝑎𝑡𝑜𝑚𝑠
𝑥100

𝑃𝐴𝐾=𝑁𝑐𝑙𝑎𝑠ℎ=𝑎𝑡𝑜𝑚𝑠𝑐𝑙𝑜𝑠𝑒𝑟𝑡ℎ𝑎𝑛3.8ÅGood

Clash%

5%

10%

Good

To be cheked

Very unlikely

Acta App. Cryst, 2007, 40, 658

LLG Log-Likelihood Gain
how much your model better explains the 
experimental data than a random model.

• Not rigid universal threshold
High LLG → probable correct sol
Moderate LLG → possible sol
LLG negative → wrong model

• useful for comparing solutions in the 
same work



Rotation step

Translation step
Refinement step

Phaser output and helpful plots

Solution annotation (history):

SOLU SET  RFZ=3.8 TFZ=9.0 PAK=5 LLG=77 

TFZ==9.8 LLG=210 

TFZ==17.0 PAK=5 LLG=210 



Model refinement by Refmac

Data collection

Data reduction

Phasing

Refinement

Validation

PDB Deposition and 
maybe … 

and hopefully PhD

REFMAC

Starting model
Diffraction data

Model/data match improvement
Keep chemistry

• It's not just minimization of R-factor

• Use maximum likelihood

• Take into account the experimental error
• More robust than older methods

𝑅−𝐹𝑎𝑐𝑡𝑜𝑟=
σ|𝐹𝑜𝑏𝑠−|𝐹𝑐𝑎𝑙𝑐||

σ𝐹𝑜𝑏𝑠

𝑚𝑖𝑛෍ |𝐹𝑜𝑏𝑠−𝐹𝑐𝑎𝑙𝑐|2 max(𝑃(𝐹𝑜𝑏𝑠|𝑚𝑜𝑑𝑒𝑙))



Refmac
input and output

Review restrain
Restrained refinement

Unrestrained refinement
Rigid body refinement
Structure idealization

TLS+restrained refinement

Cif file containing the 
restrain info for unknown 

ligand

Refmac cycles

Jelly-body refinement 
very useful at low resolution

Isotropic/anisotropic refinement 
very useful at high resolution

𝐸=𝐸𝑥−𝑟𝑎𝑦+𝑤𝐸𝑔𝑒𝑜𝑚



Refmac: input and output

****                         Bond distance outliers                         ****

Bond distance deviations from the ideal >10.000Sigma will be monitored

A      1 LYS N   . - A      1 LYS CA  . mod.= 1.320 id.= 1.487 dev=  0.167 sig.= 0.010 Symmetry flag = N

A      1 LYS CA  . - A      1 LYS C   . mod.= 1.889 id.= 1.526 dev= -0.363 sig.= 0.010 Symmetry flag = N

...

****                          Bond angle outliers                           ****

Bond angle deviations from the ideal >10.000Sigma will be monitored

A      1 LYS N     - A      1 LYS CB    mod.= 153.19 id.= 110.44 dev=-42.753 sig.=  2.460

A      1 LYS CA    - A      1 LYS O     mod.= 105.07 id.= 120.61 dev= 15.548 sig.=  1.500

...

****                         Torsion angle outliers                         ****

Torsion angle deviations from the ideal >10.000Sigma will be monitored

A     31 ALA CA    - A     32 ALA CA    mod.=-128.43 id.= 180.00 per.= 1 dev= -51.57 sig.=   5.00

...

****                         Chiral volume outliers                         ****

Chiral volume deviations from the ideal >10.000Sigma will be monitored

A     14 ARG CA    mod.=  -0.41 id.=   2.54 dev=  2.945 sig.=  0.200

...

****                Large deviation of atoms from planarity                 ****

Deviations from the planarity >10.000Sigma will be monitored

Atom: A      7 GLU CD    deviation=   0.25 sigma.=   0.02

Atom: A     17 LEU C     deviation=  -0.22 sigma.=   0.02

...

****                              VDW outliers                              ****

VDW deviations from the ideal >10.000Sigma or dist <  1.000 will be monitored

A      5 ARG HB3 . - A      6 CYS H   . mod.= 0.950 id.= 2.400 dev= -1.45 sig.= 0.20 sym.=  1  0  0  0 ncs 1 type =  1

A     14 ARG O   . - A    128 ARG HH12. mod.= 0.591 id.= 1.620 dev= -1.03 sig.= 0.20 sym.=  6  0  0 -1 ncs 1 type =  9

...

Outliers (before refinement) summary 

For each refinement cycle (CGMAT)

Weight matrix    3.79247451E-03

Actual weight    9.18843079 is applied to the X-ray term

---------------------------------------------------------------

Restraint type N restraints  Rms Delta Av(Sigma)

Bond distances: refined atoms 1021     0.030     0.012

Bond distances: others 939           0.015     0.016

---------------------------------------------------------------

…

---------------------------------------------------------------

Overall R factor                     =     0.4127

Free R factor                        =     0.4102

…

Overall figure of merit              =     0.6254

---------------------------------------------------------------



Refmac: input and output

Ncyc Rfact Rfree FOM    -LL -LLfree rmsBOND zBOND rmsANGL zANGL rmsCHIRAL

0   0.4522   0.4761   0.567  16323. 891.4   0.1806 16.284  11.602  7.039 0.756

1   0.4127   0.4102   0.625  15758. 862.5   0.0296  2.503   4.046  2.244 0.305

2   0.3806   0.3882   0.655  15450. 846.9   0.0090  0.754   2.725  1.458 0.292

3   0.3576   0.3755   0.679  15277. 840.8   0.0073  0.627   2.210  1.164 0.289

4   0.3406   0.3693   0.697  15109. 839.2   0.0071  0.618   1.937  1.019 0.288

5   0.3267   0.3594   0.706  14929. 837.3   0.0069  0.615   1.759  0.936 0.286

6   0.3202   0.3566   0.712  14846. 836.2   0.0064  0.578   1.706  0.913 0.284

7   0.3139   0.3538   0.714  14771. 833.8   0.0063  0.570   1.663  0.890 0.282

8   0.3086   0.3515   0.716  14743. 834.6   0.0062 0.560   1.628  0.870 0.280

9   0.3038   0.3417   0.718  14671. 830.0   0.0061  0.549   1.599  0.854 0.278

10   0.2988   0.3434   0.719  14663. 831.8   0.0059  0.537   1.579  0.842 0.276

$$

$TEXT:Result: $$ Final results $$

Initial    Final

R factor    0.4522   0.2988

R free    0.4761   0.3434

Rms BondLength 0.1806   0.0059

Rms BondAngle 11.6021   1.5789

Rms ChirVolume 0.7555   0.2762

Final table

R-factor and R-factor free decrease over the refinement
R-factor free < 105% of R-factor



Refinement in Phenix by Refine 



Refinement in Phenix by Refine 



Take it easy… there’s Autobuild

Autobuild carries out cycles of 
model-building, refinement, and 

model-based density 
modification to provide a 

relatively complete atomic model

Res < 2.5 Å complete model

2.5 < Res < 3.0 Å partially complete model

Res > 3.0 Å quite incomplete model

|𝐹|2
𝑒𝑥𝑝

𝑚𝑜𝑑𝑒𝑙

𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑
• NCS copies match
• Model expected and data ED match

Build and refine

Final model 
(cc model/ED)

Core modules
• building a new model into an ED map
• rebuilding an existing model
• Refinement

Standard procedure
• model-building/completion from exp. phases
• rebuilding from scratch (with/without exp. phase)
• rebuilding in place



Autobuild interface

Autobuild output:
Autobuild_run_*_*.log overall log file
Autobuild_warnings.log warning log file
Overal_best_final_refine_***.mtz/pdb post refinement file



Before AutoBuild After AutoBuild

2|Fo|-|Fc|>1
|Fo|-|Fc|>3
|Fo|-|Fc|<-3

Resolution 2.6Å



What’s next Autobuild
• Check R/Rfree (they could be higher than expected because come 

from EDM and not refinement)
• Check NCS copies similarity (if NCS is present)
• Refinement
• Add Ligand/water 

Validation

SE
R

V
ER

PHENIX validation tool (MOLPROBITY) POLYGON

Multicriterion plot



One call can add years to your life

bennydanilo.belviso@cnr.it



PDB-PDBx/mmCIF correspondence
PDB PDBx/mmCIF

Section Data Records Category

Title and 
experimental 
description

HEADER -
COMPND _entity

REMARK 3
_refine

Primary 
sequence

SEQRES
_entity_poly
_entity_poly_seq

Linkage
LINK

_struct_conn
SSBOND

Crystallographic 
information

CRYST1
_cell
_symmetry

ORIGn _database_PDB_matrix
SCALEn _atom_sites

PDB PDBx/mmCIF

Section
Data 

Records
Field Name Token

Coordiantes
ATOM/

HETATM

Section _atom_site.group_PDB
Serial_No _atom_site.id 

Atom_Name _atom_site.auth_atom_id
Alt_Loc _atom_site.label_alt_id

Residue_Name _atom_site.auth_comp_id
Strand_ID _atom_site.auth_asym_id

Residue_No _atom_site.auth_seq_id
Ins_Code _atom_site.pdbx_PDB_ins_code

X _atom_site.Cartn_x
Y _atom_site.Cartn_y
Z _atom_site.Cartn_z

Occupancy _atom_site.occupancy
T_Factor _atom_site.B_iso_or_equiv
Sigma_X _atom_site.Cartn_x_esd
Sigma_Y _atom_site.Cartn_y_esd
Sigma_Z _atom_site.Cartn_z_esd

Sigma_Occupancy _atom_site.occupancy_esd
Sigma_T_Factor _atom_site.B_iso_or_equiv_esd

Symbol _atom_site.type_symbol
Charge _atom_site.pdbx_formal_charge

https://mmcif.wwpdb.org/docs/pdb_to_pdbx_correspondences.html#ATOMP



CIF restrain file
• Restrain information are written in Crystallographic 

Information Framework format (CIF File)

• CIF format is a standard format based on data 
dictionaries and relational rules expressible in different 
machine-readable manifestations, including, but not 
restricted to, Crystallographic Information File.

Max 80 characters

Only  ‘printable’ ASCII characters 
standard alphanumeric and punctuation 
characters on a US computer keyboard


