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Cryo-EM tools in Phenix
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Complete set of tools for 
cryo-EM structure solution: 

from initial reconstruction to 
final validated model 
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Scenarios for model-to-map fitting

Docking

	

 
 
Figure 1. Comparison of different programs for adenylate kinase (PDB code 1ake, 4ake) 
atomic model fitting. 
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Flexible fitting, morphing Refinement



Refinement tools in Phenix
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Crystallography Cryo-EM

phenix.refine
Available since 2005

phenix.real_space_refine
Available since 2013



Refinement tools in Phenix



Real-space refinement with phenix.real_space_refine

• No Fourier space involved

• No structure factors

• No R-factors

• Model refined directly into the map



Repurposing crystallographic software for cryo-EM
Cryo-EM Map

|FOBS|, φOBS

Use standard reciprocal 
space refinement

• Is conversion map to structure factors lossless?

• Are crystal bulk-solvent and anisotropic scaling still applicable?

• R factors will largely depend on masking used. What is Rfree?

• 2mFo-DFc and mFo-DFc maps? 

• Form-factors ?

Fourier transform

Legacy procedure



Map to structure factors conversion
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• Lossless conversion: ρ <> F



Map to structure factors conversion
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Map in real space (ρ) Map in Fourier space (F) 
truncated by resolution (red 
sphere)

• Not a lossless conversion: ρ <> F



Real-space refinement

• Calculations are faster
• Large models
• Quick turn-around when model building or development

• Local targets 
• Easy to make parallel
• Employ methods with large convergence radii

• Weight between data and restraints 
• Can always be optimized
• Can vary across reconstruction volume



• PDB code: 5LDF

www.nature.com/scientificreports/
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reconstruction with an overall resolution of 4.2 Å (FSC =  0.143 criterion) and a local resolution that varied from 
~4 Å within the GS subunit to between 6 and 10 Å within the MBP subunit (Fig. 4B,C). "is map agreed well with 
the GS crystal structure, allowing all secondary structure elements and certain large side chains to be visualized 
(Fig. 4D, Supplementary Fig. S5D and Supplementary Video S1). A good #t was also observed for MBP: the 
N- and C-terminal lobes enclosing the active site are clearly de#ned, several helical elements are well resolved, 
and the bound maltose ligand is partly visible (Fig. 4D,E and Supplementary Video S2). To better evaluate the 
accuracy of the reconstruction, we used program Phenix34 to calculate real-space correlation coe$cients (RSCCs) 
between MBP and GS residues and the cryo-EM map. "e resulting values generally mirrored the local resolution 
of the map, with the highest and lowest RSCCs associated with GS and MBP residues, respectively (Fig. 5A). 
Within MBP, the values were highest for residues close to the N-terminus of GS and decreased with increasing 

Figure 4. Final cryo-EM reconstruction of MBP-GS construct ∆2. (A) Representative class averages showing 
top and side views. (B) FSC curve of the 3D reconstruction (calculated prior to masking). (C) Local resolution 
plotted onto the 3D reconstruction colored from blue (≤ 3 Å) to red (≥ 10 Å). Insets show di%erent cross-
sections of the MBP and GS subunit rings (boxed in black) or of an MBP-GS monomer (boxed in magenta).  
(D) Fit of the MBP and GS crystal structures into the 3D reconstruction. "e N- and C-terminal domains of 
MBP (NTD, CTD) are in purple and magenta, respectively; the GS subunit is in cyan. Insets show the cryo-EM 
map covering one MBP or GS subunit. "e 3D reconstruction is displayed at two di%erent isosurface levels for 
each domain. Contour levels are 2.5 σ  (gray), 4.2 σ  (cyan) and 6.5 σ  (green). (E) Stereo view showing the active 
site of MBP, with maltose indicated in stick representation. "e map is contoured at 4.6 σ .

Coscia et al (2016). Sci. Reports, 6, 30909

Real-space refinement: local data/restraints weight

Resolution (map quality) varies across the volume



• 5LDF

(a)$ (b)$

(c)$

(a)$ (b)$

(c)$

Real-space refinement: local data/restraints weight

T = TDATA(ρOBS,ρMODEL )+wTRESTRAINTS
• Contribution of restraints can be weighted by local map quality
• Poorer resolved regions may be restrained stronger
• Better resolved regions may use less restraints and more data
• Local optimal weight can be quickly obtained in real space

Low contouring level High contouring level



phenix.real_space_refine

• Best model-map fit. Any map: X-ray, neutron, EM. Any resolution

• Refined models: no poor validation metrics

• Fast (minutes – a few hours, not days or many hours)
• Make use of multiple CPUs: as many as available

• Large convergence radius

• Easy to use: map and model in, refined model out

• Accessible: no special hardware requirements



Refinement target

• Least-squares (map similarity) or cross-correlation:

𝐿𝑆 = $
%&& '()* +,)-./

𝜌,1/ − 𝑘 ∗ 𝜌5%&5 6

• Accurate (matches shape of model-calculated map with 
experimental map)

• Very slow to calculate

• Not used in phenix.real_space_refine

𝐶𝐶 =
∑-𝜌,1/𝜌5%&5

∑- 𝜌,1/6 ∑- 𝜌5%&56

𝜌,1/ = experimental map
𝜌5%&5 = model calculated map



Refinement target

• Atom-centered:

𝑇 = − $
%.,:/

𝜌,1/ 𝑥%.,:, 𝑦%.,:, 𝑧%.,:

• Less accurate

• Very fast to calculate (more than 100 times faster than LS or CC)

• Used in phenix.real_space_refine

𝑥%.,:, 𝑦%.,:, 𝑧%.,: = coordinates of atom center



Refinement target

• Atom-centered:

𝑇 = − $
%.,:/

𝜌,1/ 𝑥%.,:, 𝑦%.,:, 𝑧%.,:

𝑥%.,:, 𝑦%.,:, 𝑧%.,: = coordinates of atom center
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High resolution Low resolution

Atom 1    Atom 2 Atom 1    Atom 2

• Why it is less accurate?

Moving atoms to nearest peaks ≠making correct model 



• Calculate one set of 𝜌5%&5 – never 
finished on my laptop

• Calculate real-space refinement 
target – several seconds

Target calculation example

• PDB: 5VKU 
3720 chains | 1,872,060 residues | 14,917,620 atoms

T = − ρ(
atoms
∑ xatom, yatom, zatom )



Automated model refinement: phenix.real_space_refine
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Automated	model	refinement:	phenix.real_space_refine	
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Start model before refinement After phenix.real_space_refine

Morphing



Model regularization



Model regularization

Before and after regilarization
RMSD between two models

less than 1.5Å



1Å 2Å 3Å

TRESTRAINTS = TBOND + TANGLE + TDIHEDRAL + TPLANARITY + TNONBONDED+ TCHIRALITY

• Lower the resolution, less detailed the map

• Need extra information to keep correct geometry during refinement

T =TDATA +wTRESTRAINTS

Restraints



• Low resolution map is not sufficient to maintain secondary

2 Å 4-5 Å 6Å-lower 

Restraints



• Example: refinement of a perfect α-helix into low-res map

• Using standard restraints on covalent geometry isn’t sufficient
• Model geometry deteriorates as result of refinement

Restraints



Images from PumMa web 
site (http://www.pumma.nl)

Mainchain 
distributions

Sidechain 
distributions

Covalent 
geometry

Related 
structures

Secondary 
structure

Internal 
symmetry

TRESTRAINTS = TBOND + TANGLE +… + TNCS + TRAMACHANDRAN + TREFERENCE +…

Restraints



NCS (internal symmetry): constraints vs restraints

• Constraints: molecules 1, 2 and 3 are required to be identical

• Restraints: molecules 1, 2 and 3 are required to be similar but 
not necessarily identical

• phenix.real_space_refine: only NCS constraints available



Refinement: practical considerations and misc. facts
• Running with all defaults is ok in most cases

• Minimal required inputs:
• Model, map and map resolution
• Map resolution is only used to calculate CC for your information 

and does not affect refinement results in any way

• Need to adjust parameters 
• Something isn’t quite right with the refined model
• Input model is poor and needs many adjustments to fit the map

• Refinement at 3-3.5 Å and lower, always use:
• Ramachandran plot restraints
• Secondary structure restraints
• Reference model restraints (if quality homology model is available)
• “NCS” (molecular symmetry)



Refinement: practical considerations and misc facts

• NCS:

• Symmetry related copies:
• Can be found automatically as part of refinement or using 
phenix.simple_ncs_from_pdb tool
• Can be specified manually
• Automatic determination relies on model quality
• Always check automatically detected NCS copies!

• Symmetrized map: 
• Always use NCS constraints

• Symmetry was not used in reconstruction, resolution:
• Better than 2.0Å: don’t use NCS
• 2-3.5 (or 4) Å: use NCS restraints



Refinement: practical considerations and misc facts
• Secondary structure (SS) annotation
• SS information is encoded as HELIX/SHEET records in PDB file or 

equivalent in mmCIF file
• phenix.secondary_structure_restraints can create SS annotation
• No software can annotate SS fully reliably and correctly!

• Secondary structure (SS) restraints:
• Always use at 3Å and worse
• Better than 3Å: use if needed (model has geometry violations)
• Setting up SS restraints:
• Use one of available SS annotation tools to get initial draft
• Before using in refinement, manually validate and edit initial 

annotation to make it as accurate as possible
• Incorrect SS annotation will propagate into refined model



Refinement: practical considerations and misc facts

• Ramachandran plot restraints
• Always use at 3Å and worse
• Better than 3Å: use if needed (model has geometry violations)
• Don’t use to fix outliers. Fix outliers first, then use Ramachandran 

plot restraints to stop re-occurring outliers.. 
• Check Ramachandran plot regularly (see Validation topic)



Refinement: practical considerations and misc facts
• Ramachandran plot restraints
• Don’t use to fix outliers. Fix outliers first, then use Ramachandran 

plot restraints to prevent re-occurring outliers.. 

PDB code: 5a9z
Original

Refined with Ramachandran
plot restraints

Bad idea to use Ramachandran plot restraints in this case. Fix outliers first! 



Refinement: practical considerations and misc facts
• Ramachandran plot restraints
• Use to stop outliers from occurring 

Before refinement After refinement

Good idea to use Ramachandran plot restraints! 



Refinement: practical considerations and misc facts

• mmCIF file format for atomic models

• Mandatory use for crystallographic models since July 2019
• PDB formatted files are not accepted any more

• Some cryo-EM models may be large enough to not fit into PDB file 
format

• Phenix provides full support for mmCIF I/O

letters to the editor

Acta Cryst. (2019). D75, 451–454 https://doi.org/10.1107/S2059798319004522 451

Announcing mandatory submission of PDBx/mmCIF
format files for crystallographic depositions to the
Protein Data Bank (PDB)

Paul D. Adams,a,b Pavel V. Afonine,a Kumaran Baskaran,c Helen M. Berman,d John
Berrisford,e Gerard Bricogne,f David G. Brown,g Stephen K. Burley,d,h,i* Minyu
Chen,j Zukang Feng,d Claus Flensburg,f Aleksandras Gutmanas,e Jeffrey C. Hoch,k*
Yasuyo Ikegawa,j Yumiko Kengaku,j Eugene Krissinel,l Genji Kurisu,j* Yuhe Liang,d

Dorothee Liebschner,a Lora Mak,e John L. Markley,c* Nigel W. Moriarty,a Garib N.
Murshudov,m Martin Noble,n Ezra Peisach,d Irina Persikova,d Billy K. Poon,a

Oleg V. Sobolev,a Eldon L. Ulrich,c Sameer Velankar,e* Clemens Vonrhein,f John
Westbrook,d Marcin Wojdyr,f,l Masashi Yokochij and Jasmine Y. Youngd

aMolecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720,

USA, bDepartment of Bioengineering, University of California, Berkeley, CA 94720, USA, cBioMagResBank (BMRB),

University of Wisconsin-Madison, Madison, WI 53706, USA, dResearch Collaboratory for Structural Bioinformatics

Protein Data Bank (RCSB PDB), Institute for Quantitative Biomedicine, Rutgers, The State University of New Jersey,

Piscataway, NJ 08854, USA, eProtein Data Bank in Europe (PDBe), European Molecular Biology Laboratory, European

Bioinformatics Institute (EMBL-EBI), Wellcome Genome Campus, Hinxton, Cambridgeshire CB10 1SD, UK, fGlobal

Phasing Limited, Sheraton House, Castle Park, Cambridge, CB3 0AX, UK, gSchool of Biosciences, University of Kent,

Canterbury, Kent CT2 7NJ, UK, hRutgers Cancer Institute of New Jersey, Robert Wood Johnson Medical School, New

Brunswick, NJ 08903, USA, iResearch Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB), San

Diego Supercomputer Center, University of California, San Diego, La Jolla, CA 92093, USA, jProtein Data Bank Japan

(PDBj), Institute for Protein Research, Osaka University, Osaka, 565-0871, Japan, kBioMagResBank (BMRB), UConn

Health, 263 Farmington Avenue, Farmington, CT 06030, USA, lCCP4, Research Complex at Harwell (RCaH), Rutherford

Appleton Laboratory, Didcot, Oxon OX11 0FA, UK, mMRC Laboratory of Molecular Biology, Francis Crick Avenue,

Cambridge Biomedical Campus, Cambridge, CB2 0QH, UK, and nNewcastle University, Framlington Place, Newcastle

Upon Tyne, NE2 4HH, UK. *Correspondence e-mail: stephen.burley@rcsb.org, hoch@uchc.edu,

gkurisu@protein.osaka-u.ac.jp, markley@biochem.wisc.edu, sameer@ebi.ac.uk

The Protein Data Bank (PDB) (wwPDB consortium, 2019) is the single global archive of
experimentally determined three-dimensional (3D) structure data of biological macro-
molecules. The continuing growth in the numbers, size and complexity of macromolecular
structures in the PDB archive, coupled with the rapid growth of evolving experimental
methods such as 3D cryo-electron microscopy (3DEM) has made the traditional PDB
format (‘legacy PDB format’) inadequate for fully representing these data. As described
below, this format was based on a punched-card format that became obsolete long ago. In
the following letter, we describe the changes necessary to address the challenges coming
from the extraordinary success of structural biologists.

Since 2003, the PDB has been managed by the Worldwide Protein Data Bank
(wwPDB; https://www.wwpdb.org/) (Berman et al., 2003), an international partnership
that collaboratively oversees deposition, validation, biocuration and open-access dis-
semination of 3D macromolecular structure data, adhering to the FAIR principles of
Findability, Accessibility, Interoperability and Reusability (Wilkinson et al., 2016). In
2007, the master file format for the archive was officially changed to PDB Exchange/
Macromolecular Crystallographic Information File (PDBx/mmCIF), supported by the
PDBx/mmCIF data dictionary, to address new challenges in structure archiving. Later, in
2012, the wwPDB terminated its support of the legacy PDB file format and froze its
further development (https://wwpdb.org/documentation/file-formats-and-the-pdb).

We now announce that as of 1 July 2019, PDBx/mmCIF will be the only format allowed
for deposition of the atomic coordinates for PDB structures resulting from macro-
molecular crystallography (MX), including X-ray, neutron, fiber and electron diffraction
methods, via OneDep (Young et al., 2017). This requirement will be extended to PDB
structures resulting from nuclear magnetic resonance (NMR) spectroscopy and 3DEM
methods at a later date to be determined. Elimination of the legacy PDB format will
improve the efficiency of the deposition process and enhance validation through capture
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User support

• Feedback, questions, help

phenixbb@phenix-online.org
bugs@phenix-online.org
help@phenix-online.org

• Reporting a bug or asking for help:

• We can’t help you if you don’t help us to understand your problem

• Make sure the problem still exist using the latest Phenix version

• Send us all inputs (files, non-default parameyters) and tell us steps
that lead to the problem

Subscribe to Phenix mailing list:  www.phenix-online.org


