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Cryo-EM	tools	in	Phenix	

Sample	 Grid	

Freeze	

Electron	
microscope	 2D	

projections	

Pick	particles,	align	
and	average	3D	map	Atomic	model	

Model	building,	
refinement,	
validation	



Cryo-EM	tools	in	Phenix	

Starting	map	
Map	improvement	

Map	symmetry	

Map	manipulation	

Extract	unique	part	

Docking,	model	building	
Refinement	

Validation	



Automatic	map	sharpening:	phenix.auto_sharpen	

Maximize	detail	in	the	map	

…	and	connectivity	of	map	

Adjusted	surface	area	

Optimally	sharpened	map	

Fully	automatic:	
• No	manual	trial-and-error	
• No	parameters	to	adjust	
• Only	inputs:	map	and	resolution	



Automatic	map	sharpening:	phenix.auto_sharpen	

PDB	/	EMDB:	
5tji	/	8414	
Resolution:	

3.8	Å	

Sharpened	

Original	



Automatic	map	sharpening:	phenix.auto_sharpen	

PDB	/	EMDB:	
5tji	/	8414	
Resolution:	

3.8	Å	

Original	

Sharpened	



X-ray	vs	cryo-EM	

(which is the cryo-EM map?)	

Beta	galactosidase	at	2.2	Å	



X-ray	vs	cryo-EM	

Beta	galactosidase	at	2.2	Å	

Cryo-EM	(PDB	5a1a)	X-ray	(PDB	3i3b)	



X-ray	vs	cryo-EM	

X-ray and cryo-EM maps can be very similar… 



X-ray	vs	cryo-EM	

…but have different limitations 

X-ray	maps	have	less	accurate	low-resolution	information	

Cryo-EM	maps	cannot	(yet)	be	improved	by	density	
modification—what	you	start	with	is	what	you	get	



X-ray	vs	cryo-EM	

(Blurred	is	worse)	 (Blurred	is	better)	



Procedure	for	finding	symmetry:	

•  Test	 point	 group	 symmetries	 (e.g.,	 C7,	
D2,	I,	O,	T)	

•  Helical	symmetry	

•  Principal	rotation	axes	along	z,	x,	y	

•  Score	 based	 on	 map	 correlation	 for	
symmetry-related	 points	 and	 number	 of	
operators	

Finding	map	symmetry:	phenix.symmetry_from_map	

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

D2	

C7	



Extracting	unique	part	of	map:	phenix.map_box	

Procedure:	

•  Use	symmetry	of	map	

•  Contour	map	at	 level	 that	yields	 regions	
about	50	residues	in	size	

•  Group	symmetry-related	regions	

•  Choose	one	member	of	each	group	

•  Optimize	 compactness	 and	 connectivity	
of	unique	part	of	map	

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



Combining	maps	with	phenix.combine_focused_maps	

Procedure	for	combining	maps:	

•  Superpose	density	

•  Rotation/translation	from	refined	models	

•  Average	target	and	focused	map	density	

•  Weight	using	map-model	correlations	

Focused	map	
(chain	B)	

Target	map	

A	 B	

B	



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	

Search	procedure:	

•  Pure	translation:	

•  low-res	

•  high-res	

•  Rotation/translation:	

•  low-res	

•  high-res	
Score	 based	 on	 rigid-body	 refinement	 map-
model	correlation	

EMDB:	8750	

1ss8	chain	A	

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

from	the	PDB		



Docking	models	with	phenix.dock_in_map	

Features:	

•  Multiple	chains	

•  Density	search	

•  Symmetry	

•  Multiprocessing	

EMDB:	8750	

1ss8	chain	A	



Docking	models	with	phenix.dock_in_map	

EMDB:	8750	

1ss8	chain	A	

Chain	A	docked	in	map	



Automated	model	building:	phenix.map_to_model	

Isolate	density	for	a	chain	

Identify	Cα	and	Cβ	positions	from	
side-chain	density	

Construct	and	refine	all-atom	
model	



Automated	model	building:	phenix.map_to_model	

Trace	chain	the	way	a	person	does	

Find	secondary	structure	
Find	clear	regions	of	density	

Adjust	contour	level	until	a	region	
just	connects	to	one	other	

Iterate	to	build	up	chain	



Automated	model	building:	phenix.map_to_model	

*Rotkiewicz	&		Skolnick	(2008).	J.	Comp.	Chem.	29,	1460.	

Finding	Cα	and	Cβ	positions		

Trace	chain	path	through	high	
density	

Find	Cβ	positions	from	side-chain	
density	

Choose	Cα	positions	3.8	Å	apart	
and	next	to	Cβ	positions		

Construct	all-atom	model	with	
Pulchra*	and	refine	



Structure	refinement	at	a	glance	

Initial	(poor)	
model	

Improved	
(refined)	
model	

Refinement	



Automated	model	refinement:	phenix.real_space_refine	

Ini=al$model$ Experimental$$
data$

Score$

Modify$model$$
parameters$

Improved$$
model$

A(priori((
knowledge$

Refinement$–$op=miza=on$process$of$fiSng$model$to$
experimental$data$$

Ini=al$model$ Experimental$$
data$

Score$

Modify$model$$
parameters$

Improved$$
model$

A(priori((
knowledge$

Refinement$–$op=miza=on$process$of$fiSng$model$to$
experimental$data$$

Crystallography	 Cryo-EM	

phenix.refine	
Available	since	2005	

phenix.real_space_refine	
Available	since	2013	



Automated	model	refinement:	phenix.real_space_refine	

•  Direct	refinement	against	the	map		
•  No	Fourier	space	involved	



Automated	model	refinement:	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 		



Automated	model	refinement:	phenix.real_space_refine	

Rigid	body	

Model	
idealization	

Morphing	

Weight	
calculation	

Minimization	

Refine	NCS	
operators	

Simulated	
Annealing	

Rotamer	
fitting	

Inputs	

Refined	
model	 Trajectory	 Log	file	

Refinement	
macro-cycle	



1Å 	 	 	 	 	 		2Å 	 	 				 	 	 		3Å	

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

TBOND  = Σall bonded pairsw(dideal - dmodel)2 	

•  Lower	the	resolution,	less	detailed	the	map	
•  	Need	extra	information	to	keep	correct	geometry	during	refinement	

T =TDATA +wTRESTRAINTS

Automated	model	refinement:	phenix.real_space_refine	



•  Low	resolution	map	is	not	sufficient	to	maintain	secondary	

2	Å 	 	 					 	 	 	 		4-5	Å 	 	 					 	 	 	 	6Å-lower		

Automated	model	refinement:	phenix.real_space_refine	



•  Example:	refinement	of	a	perfect	α-helix	into	low-res	map	
•  Using	standard	restraints	on	covalent	geometry	is	insufficient	

• Model	geometry	deteriorates	as	result	of	refinement	

Automated	model	refinement:	phenix.real_space_refine	



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

Mainchain 
distributions

Sidechain 
distributions

Covalent 
geometry

Related 
structures

Secondary 
structure

Internal 
symmetry

Automated	model	refinement:	phenix.real_space_refine	

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



Start	model	before	refinement	 After	phenix.real_space_refine	

Automated	model	refinement:	phenix.real_space_refine	



Examples: 3ZEE,	resolution:	6.1	Å 

Residues/atoms:	
4,116/32,830	

	
Refinement:	45	min	

METRIC	 Original	 Phenix	
Map	CC	 0.709	 0.647	
RMSD	(bonds/angles)	 0.04/4.05	 0.01/1.23	
Clashscore	 18.34	 18.59	
Rama.	outl.,	%	 3.66	 0	
Rotamer	outl.,	%	 24.64	 0	
C-beta	deviations	 637	 0	



Validation	

Model	 Data	

Cryo-EM	 Diffraction	

Model	to	data	fit	

or	



Validation	tools:	Crystallography	vs	Cryo-EM	

Model	 Data	

Cryo-EM	 Diffraction	

Model	to	data	fit	

or	

Exactly	same	 Different	

Similar	



Validation	

•  Helps	to	save	time	later	

•  Helps	to	produce	better	models	

•  Helps	to	set	correct	expectations	

•  Minimize	fraud	or	true	mistakes	



Validation	

Page 2 Full wwPDB X-ray Structure Validation Report 1JH7

1 Overall quality at a glance i○

The following experimental techniques were used to determine the structure:
X-RAY DIFFRACTION

The reported resolution of this entry is 2.40 Å.

Percentile scores (ranging between 0-100) for global validation metrics of the entry are shown in
the following graphic. The table shows the number of entries on which the scores are based.

Metric Whole archive
(#Entries)

Similar resolution
(#Entries, resolution range(Å))

Rfree 111664 3481 (2.40-2.40)
Clashscore 122126 3956 (2.40-2.40)

Ramachandran outliers 120053 3897 (2.40-2.40)
Sidechain outliers 120020 3898 (2.40-2.40)

RSRZ outliers 108989 3386 (2.40-2.40)

The table below summarises the geometric issues observed across the polymeric chains and their fit
to the electron density. The red, orange, yellow and green segments on the lower bar indicate the
fraction of residues that contain outliers for >=3, 2, 1 and 0 types of geometric quality criteria. A
grey segment represents the fraction of residues that are not modelled. The numeric value for each
fraction is indicated below the corresponding segment, with a dot representing fractions <=5%
The upper red bar (where present) indicates the fraction of residues that have poor fit to the
electron density. The numeric value is given above the bar.

Mol Chain Length Quality of chain

1 A 189



Example:	Ramachandran	plot	outliers	

3zx9	 5a9z	

Clashscore:	245	

Rama	outliers:	23%	

Rotamer	outliers:	17%	

Year:	2011	

Resolution:	17Å	

Clashscore:	197	

Rama	outliers:	25%	

Rotamer	outliers:	28%	

Year:	2015	

Resolution:	4.7Å	



Ramachandran plot	

PDB	code:	5a9z	

Original	
Refined	with	Ramachandran	

plot	restraints	



Example:	side-chain	rotamer	outliers	
4btg	

Clashscore:	329	

Rama	outliers:	9%	

Rotamer	outliers:	46%	

Year:	2013	

Resolution:	4.4Å	



Example:	steric	clashes	
3j5p	

Clashscore:	78	

Rama	outliers:	0%	

Rotamer	outliers:	27%	

Year:	2013	

Resolution:	3.275Å	



Validation:	model-to-map	fit	
3j9e	(emd_6240)	|	3.3Å	|	CC=	0.85	|	Year:	2015	



Validation:	model-to-map	fit	
3a5x	(emd_1641)	|	4.0Å	|	CC	<0	



Data	resolution	

3j5q	|	3.8Å	 5tsi	|	3.7Å	



Model-map correlation coefficient (CC)	
•  Definition	
• With	or	w/o	subtracting	mean	

	
•  How	model	map	is	calculated	
•  Approximation	(e.g.	N-gaussian)	
•  Form-factors	(electron,	X-ray,	neutron)	
•  Fourier	map	
•  Box	or	sphere	of	Fourier	map	coefficients	

•  Region	in	the	map	used	to	calculate	CC	
• Whole	box	
• Mask	around	atoms	
•  Atom	radius	
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Phenix	tools	for	cryo-EM	



Resources	



Feedback	

•  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	

•  Do:	
	 	1)	Make	sure	you	can	reproduce	the	problem	using	latest	Phenix	version	
	 	2)	Command	and	parameters	used	(series	of	GUI	clicks	that	lead	to	problem)	
	 	3)	Input	and	output	files	
	 	4)	Clearly	explain	the	problem/question	

PHENIX	mailing	list:		www.phenix-online.org	



Thanks	!	


