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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:	
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-  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 of docking with ChimeraX

• Read, Millán, McCoy & Terwilliger, “Likelihood-based signal and noise analysis for docking of 
models into cryo- EM maps”:  BioRxiv, Acta Cryst. D (in press)

• Millán, McCoy, Terwilliger & Read, “Likelihood-based docking of models into cryo-EM maps”:  
BioRxiv, Acta Cryst. D (in press)



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
!
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While! some! highEresolution! cryoEEM! maps!
may! be! of! exceptional! quality,! a! typical! cryoE
EM! map! is! still! a! lowEresolution! map! (by!
crystallography!standards,!at!least).!Therefore!
locating!and!accurately!placing!ligands!in!such!
maps! may! not! be! a! trivial! task! (figure! 1).! In!
crystallography! a! σA! scaled! mFobsEDFcalc!
difference!(or!residual)!map!is!the!tool!that!is!
used! routinely! for! locating! yet! unmodeled!
atoms.! In! cryoEEM! there! are! no! structure!
factors,! observed! Fobs! or! calculated! Fcalc,! and!
therefore! a! difference! map! cannot! be!
straightforwardly!obtained.!Naïvely,!one!could!
argue! that! it! is! possible! to! convert!
experimental! cryoEEM! map! into! structure!
factors! by! a! Fourier! transform.! Similarly,! it!
could! be! possible! to! calculate! Fcalc! from! the!
model! using! electron! formEfactors.! This! is! a!
possibility,! of! course,! but! it! is! not! without!
issues.!!The!issues!include:!!
a) Model!completeness!
b) BEfactors!inadequately!refined!
c) The! bulkEsolvent! and! scaling! protocols!

designed! for! crystallography! may! not! be!
appropriate!

d) The!map!may!contain!artifacts!left!over!from!
reconstruction! that! are! away! from! the!
molecule!and,! if!working! in! real! space,! pose!
no!issues.!!

Any!of!these!problems!may!be!a!showstopper!
if!the!map!is!calculated!using!structure!factors.!
Typically!most!of! these!problems!are!present!
when!working!with!cryoEEM!data.!Calculating!
a! difference! map! in! real! space! avoids!
problems!all!together!and!thus!should!to!be!a!
better! choice.! Furthermore,! working! with!

Figure! 1:! ATP! in! PDB!model! 5L4g! superimposed!
on!cryoEEM!map!emd_4002.!

Figure! 2:!ATP! in! PDB!model! 5L4g! in! a! difference!
density!plot!calculated!using!emd_4002.!
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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



Automated re-refinement of deposited cryo-EM models

• Developers: helps track the impact of new 

methods and tools

• Users: lets to see how their models can benefit 
from improved methods and tools 


