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A structure

Q: Who invented this way of drawing a structure (ribbon 
diagram)? 



Ribbon diagram

Hand-drawn by J. Richardson, 1981

Ribbon schematic of triose P 
isomerase monomer (PDB: 1TIM​)





Phenix now
• Complete system for crystallography and cryo-EM structure solution

• Available at scripting, command line and GUI levels

• Integrated with popular molecular graphics programs: Coot, PyMol and ChimeraX

• Integrated with structure prediction (AlphaFold)

Crystallography

Cryo-EM



Phenix PDB statistics



Phenix metrics

220 publications | 18447 citations | 82101 models in PDB | 35000 users | 33 countries

About 70 industry users



Phenix metrics

Number of citations



Keep Up With Trends

•                 channel: 63 videos



Crystal structure solution



Steps to solve structure by crystallography

Pure 
sample

Crystals Diffraction 
experiment

Process & 
check data

Solve phase 
problem

Initial 
map

Improved 
map

Build 
model

Refine 
model

Validate 
model

Publish & 
deposit

• Process is not as ‘linear’ as shown

• Each step has numerous sub-steps

• Each step can take from days to years

• Each step can fail



Crystallization Data collection Data processing

Experimental part

Crystal structure determination workflow

Computational part

Phenix has tools to carry 
out all these steps



Phenix tools for crystallography: GUI and command line



Experimental data quality

Macromolecular crystals can have pathologies:

• Twinning: two or more crystals are intergrown (orientations are related by 
a twin operation)

• tNCS: more than one copy of a molecule is in a similar orientation in the 
asymmetric unit (ASU)



Experimental data quality: Xtriage

• Data anomalies can 
prevent structure solution

• Important to check the 
data before doing anything 
else

• Xtriage is the tool for this!

• Xtriage comprehensively checks the data (Wilson plot, completeness, 
symmetry, tNCS, twinning, anomalous completeness and signal, and many 
more)

Click to explore the 
results and investigate 

problems



Solving phase problem



Crystal

Unit cell

Unit cell

• Crystal is a periodic object, so we can:

• do diffraction experiment

• represent electron density as 3D infinite Fourier series

Picture: http://www.ruppweb.org/

Phase problem and finite completeness of the data



Phase problem and finite completeness of the data

Crystallization Data collection Data processing

Experimental part

This is what we measure

Goal: obtain distribution of 
electron density = Structure

This is lost: phase problem

Experimental phasing techniques, direct methods and molecular replacement 
are the tools to solve the phase problem (recover missing phases)



Recovering missing phases (solving phase problem)

• Experimental phasing – exploit properties of special atoms: 
anomalous scattering, large number of electrons

• Molecular replacement: a previously known structure can provide 
initial phase estimates for the new structure

• Direct methods: phase relationships can be formulated by assuming 
the positivity and atomicity of the electron density



Density modification (DM)

Density	modification:	Crystallography	

Crystallography:	

- Amplitudes	are	measured	quite	accurately	
- Phases	have	large	errors	
	
Modify	phases	to	produce	a	map	most	consistent	with	
what	we	know	about	macromolecular	structures:	

• Solvent	density	distribution	(Solvent	flattening)	

• Atomicity	and	positivity		

• Macromolecular	density	distributions	(histogram	
matching)	

• Similarity	between	molecules	(symmetry	averaging)	

Density	modification:	Crystallography	

Crystallography:	

- Amplitudes	are	measured	quite	accurately	
- Phases	have	large	errors	
	
Modify	phases	to	produce	a	map	most	consistent	with	
what	we	know	about	macromolecular	structures:	

• Solvent	density	distribution	(Solvent	flattening)	

• Atomicity	and	positivity		

• Macromolecular	density	distributions	(histogram	
matching)	

• Similarity	between	molecules	(symmetry	averaging)	Poor map Improved map

DM



Density modification

• Class of methods to improve initial density map by applying the 
information we know about maps, crystals and macromolecular 
structures:

• Solvent density distribution (solvent flattening and flipping)

• Macromolecule density distribution (Histogram Matching)

• Atomicity and positivity of the map (Maximum Entropy Methods)

• Similarity between molecules (Symmetry Averaging)

• Phase and amplitude improvement and extension methods

• Phase combination

• Reducing bias (gamma-correction)



Model building and re-building

Build atomic model into 
interpretable map

Model building typically 
iterates with density 

modification and 
refinement



Ligands



Ligands: fitting and refinement



Model refinement

Model refinement: a cyclic optimization process of making an initial model 
a better model



Validation



Validation

Model Data

Model to data fit

Validation = checking model, data and model-to-data fit are all 

make sense and obey to prior expectations



Deposition

As of 2019, mmCIF is a mandatory 
format for crystallographic depositions  



Cryo-EM structure solution



Solving structure by crystallography

Pure 
sample

Crystals Diffraction 
experiment

Process & 
check data

Solve phase 
problem

Initial 
map

Improved 
map

Build 
model

Refine 
model

Validate 
model

Publish & 
deposit



Solving structure by electron cryo-microscopy

Pure 
sample

Grid

Pick, align & 
average 
particles

Initial 
map

Improved 
map

Build 
model

Refine 
model

Validate 
model

Publish & 
deposit

Unlike crystallography, no Phase Problem!

Electron 
microscope

Electron 
microscope



Phenix tools for cryo-EM

Sample

Structure	determination	workflow:	Cryo-EM	

Prepare	sample	
Sample	on	grid	

Refinement	
Real	Space	

Validation	

Collect	data	
Electron	

microscope	

Process	data	
3d	map	

Build	first	model	

Map	
manipulations	

Data collection Data processing

Map 
manipulations

Model buildingModel refinementValidation

Phenix



Structural Biology Workflows

Structure	determination	workflow	
Phenix: tools for crystallography and cryo-EM



Starting map Map improvement
Map symmetry

Map manipulation

Extract unique part

Docking, model building

RefinementValidation

Complete set of tools for 
cryo-EM structure solution: 

from initial reconstruction to 
final validated model 

Phenix tools for cryo-EM



Phenix tools for cryo-EM: GUI and command line



Deposited Map Autosharpened Map

High-conductance Ca(2+)-activated K(+) channel 

(emd_8414 and PDB entry 5tji; Hite et al., 2017) 

Biso = 260Å2 Biso = 20Å2

Map	sharpening:	Examples	
Automated map sharpening: phenix.auto_sharpen

EMDB: 8414, PDB: 5tji

Fully automatic:

No manual trial-and-error  |  No parameters to adjust  |  Only inputs: map and resolution



Density modification: phenix.density_modify_cryo_em

Crystallography Cryo-EM

From uninterpretable to interpretable map

Density	modification:	Crystallography	

Crystallography:	

- Amplitudes	are	measured	quite	accurately	
- Phases	have	large	errors	
	
Modify	phases	to	produce	a	map	most	consistent	with	
what	we	know	about	macromolecular	structures:	

• Solvent	density	distribution	(Solvent	flattening)	

• Atomicity	and	positivity		

• Macromolecular	density	distributions	(histogram	
matching)	

• Similarity	between	molecules	(symmetry	averaging)	

Density	modification:	Crystallography	

Crystallography:	

- Amplitudes	are	measured	quite	accurately	
- Phases	have	large	errors	
	
Modify	phases	to	produce	a	map	most	consistent	with	
what	we	know	about	macromolecular	structures:	

• Solvent	density	distribution	(Solvent	flattening)	

• Atomicity	and	positivity		

• Macromolecular	density	distributions	(histogram	
matching)	

• Similarity	between	molecules	(symmetry	averaging)	

Effect is less dramatic as in crystallography

• Can increase map resolution (0.05-0.3 Å)
• Can improve map clarity for interpretation

Testing	density	modification	

Original map, model-
sharpened 

Density-modified map, 
model-sharpened 

Testing	density	modification	

Original map, model-
sharpened 

Density-modified map, 
model-sharpened 

Similar principals for crystallography and cryo-EM: 

change the map so that it is most consistent with what we know about macromolecules 



Finding map symmetry: phenix.symmetry_from_map

http://phenix-online.org/newsletter/  
 Tools for interpreting cryo-EM maps using models from the PDB 

D2C7



Extracting unique part of map using phenix.map_box

Lots of options: use map only, use model, use symmetry, mask boxed map, and many more!

http://phenix-online.org/newsletter/  
 Tools for interpreting cryo-EM maps using models from the PDB 



Combining maps with phenix.combine_focused_maps

Focused map 
(chain B)

Target map

Composite map

A

A

B

B

B



Docking models with phenix.dock_in_map

EMDB: 8750

1ss8 chain A

Chain A docked in map



Integration with ChimeraX

Local EM map fitting

2.9Å

4.2Å
3.5Å

2.9Å

2.5Å

Water building into EM maps

Loop Fitting



Automated model building: phenix.map_to_model



Automated model building: phenix.map_to_model

TRPML3 channel (4.1 Å, 78% built, 1.3 Å rmsd)

Data from Zhou, X. et al. (2017) Nat. Struct. Mol. Biol. 24: 1146



Automated model building: phenix.map_to_model

Rotavirus VP6 (2.6 Å, 100% built, 0.9 Å rmsd)

Data from Grant and Grigorieff, eLife 2015;4:e06980



Automated model building: phenix.map_to_model

Automated model building, facts:

• No automated model building produces 100% complete and 
accurate model

• Produces initial model for further manual building

• The lower the resolution, the less complete and accurate the 
auto built model



Manual model building steps

• Auto-sharpen the map 

• Run Map Symmetry to obtain symmetry

• Run Map Box to obtain asymmetric unit (using symmetry)

• Run Map to Model on asymmetric unit

• Run Apply NCS Operators on model, with the trim overlap 
option (supplying the full map)

If phenix.map_to_model fails or model is too big or else:



Automated water building: phenix.douse

2.9Å

4.2Å
3.5Å

2.9Å

2.5Å

Available in ChimeraX!



Sequence from map: phenix.sequence_from_mapSequence	Assignment	

Residue G A S V I L M C F Y K R W H E D Q N P T

CC 0.30 0.50 0.53 0.47 0.58 0.62 0.68 0.59 0.83 0.77 0.71 0.69 0.70 0.82 0.65 0.64 0.60 0.60 0.35 0.47

Prob 3 0 0 0 0 0 1 0 40 23 5 5 4 9 2 2 1 0 2 0

• Determine	probability	of	side	chain	at	each	C! 	
• Align	sequence	to	maximize	total	probability	for	the	chain	



Difference maps: phenix.real_space_diff_map
SHORT Communi ca t i ons  

8

1

Phenix&tool&to&compute&a&difference&map&for&cryoUEM&

Molecular.Biophysics.&.Integrated.Bioimaging.Division,.Lawrence.Berkeley.National.

Laboratory,.Berkeley,.CA,.USA.

2

σ

SHORT Communi ca t i ons  

8

1

Phenix&tool&to&compute&a&difference&map&for&cryoUEM&

Molecular.Biophysics.&.Integrated.Bioimaging.Division,.Lawrence.Berkeley.National.

Laboratory,.Berkeley,.CA,.USA.

2

σ

5L4g, EMDB 4002

• Analogue of crystallographic Fo-Fc map

• Requires well-refined model (including B factors)



Atomic model refinement: phenix.real_space_refine

Direct refinement of atomic models against the map



Structure prediction: new era in structural biology 

AlphaFold changes everything and… nothing

            Tom Terwilliger, LANL



Structure determination in the AlphaFold era



How to use predictions?

Incorporate predictions into your structure determination workflow



AphaFold and Phenix

phenix.predict_and_build: 

Sequence + Data (X-ray or cryo-EM) in -> Refined model out



Feedback & need driven



Feedback & need driven – Example 

Vincent’s post on phenix mailing list (phenixbb)



Feedback & need driven – Example 

63 emails later….



Feedback & need driven – Example 

… 63 emails later, we came up with a tool to effectively model 
ensemble of maps with ensemble of atomic models in a fully 
automated manner…



Feedback & need driven – Example 

… and wrapped that into a publication and a user-accessible tool



Automated re-refinement of deposited cryo-EM models

• Developers: track the impact of new

• Users: see how your models benefit 

from improved methods and tools 



Phenix: tools for crystallography and cryo-EM



Phenix resources

Phenix paper

Video tutorials

Documentation

Relevant papers

Bi-annual newsletters

PDFs with slides from workshops



User support

• Feedback, questions, help

Mailing list (anyone signed up): phenixbb@phenix-online.org
Bug reports (developers only):  bugs@phenix-online.org
Ask for help (developers only):  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 parameters) and tell us steps that lead to 
the problem

• All data sent to us is kept confidentially
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