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projecAons	of	the	
original	

object	in	mulAple	
(unknown)	
orientaAons	

We	collect	data	in	2D	
(projec@ons/integral	through	object)	

We	want	to	go	back	to	3D	

Microscope	introduces	artefacts		
We	don’t	know	the	orientaAons	

Data	is	noisy	

We	can	perform	a	3D	reconstruc@on	provided	we:	
-	Correct	for	the	CTF	artefacts	

-	Know	the	orientaAons	of	all	par@cles	
-	Averaging	will	take	care	of	low	SNR	

Cryo-EM	-	From	2D	images	to	3D	structure(s)		



RELION	(REgularised	LIkelihood	OpAmisaAoN)	
	

Instead	of	assigning	discrete values assign probabilities(each particle contributes	to	all	
references	and	in	all	orienta@ons)	

	
Learns	cri@cal	parameters	from	the	data	themselves	

LOTS	of	other	soTware:	Frealign,	EMAN,	SIMPLE,	
Xmipp,	cryoSPARC,	SPHIRE,	and	many	more…	

Cryo-EM	-	From	2D	images	to	3D	structure(s)		



Single	parAcle	data	processing	strategy	

*typical	scheme	for	a	well	behaved	dataset	



MOVIE PROCESSING WITH SOFT-LINKS TO TERARAID
[…/DATA/MC2/.]!

!
Start running “MovieRefine” on hal/hex (not submitting to queue)!

!
After particle movie extraction you can stop the job and continue on the cluster as particle 

files are now on beegfs!
!

Remember to gentle-clean MovieRefine jobs after you are done with Polishing!!

24h K2 data acquisition!

EXTERNAL HD
!

Backup!
!

[…/DATA/RAW]!
!

800 GB + 200 GB (+3.7 TB)!

CISTA (TEMP)
!

775 movies!
!

1.86 TB!

[…/DATA/RAW/.]!
!

775 compressed 
movies!

!
!

800 GB!

BEEGFS
[…/DATA/MC2/.]!

!
775 movies + mrc!

!
!
!

3.7 TB!

[…/PROCESS/.]!
!

RELION!
symlink movies!

symlink MC output!
!

<50 GB (Initial)!
<500 GB (Final)!

TERARAID
[…/PROCESS/.]!

!
RELION!

symlink movies!
symlink MC output!

!
<50 GB (Initial)!
<500 GB (Final)!

rsync!

clean jobs!

rsync!

clean jobs!

Single	parAcle	data	processing	strategy	



MoAon	CorrecAon	



Micrograph	
40e-/Å2	

MoAon	CorrecAon	
Movie	or	Micrograph	Stack	

4e-/Å2.frame	



Micrograph	
40e-/Å2	

Movie	or	Micrograph	Stack	
4e-/Å2.frame	

MoAon	CorrecAon	



Micrograph	
40e-/Å2	

MoAon	CorrecAon	

Movie	or	Micrograph	Stack	
4e-/Å2.frame	

Corrected	Micrograph	

MoAon	CorrecAon	

MoitonCor2	
alignparts_lmbfgs	&	alignframes_lmbfgs	
Xmipp	(OpAcal	Flow)	

Zheng	2016	(Nature	Methods)	
Brilot	2012	(JSB)	

Rubinstein	2015	(JSB)	

Abrishami	2015	(JSB)	

Unblur	



Micrograph	
40e-/Å2	

Movie	or	Micrograph	Stack	
4e-/Å2.frame	

MoAon	CorrecAon	

MoAon	CorrecAon	FFT	

Op@mise	data	acquisi@on	
parameters	to	record	

GOOD	DATA	

Corrected	Micrograph	

MoitonCor2	
alignparts_lmbfgs	&	alignframes_lmbfgs	
Xmipp	(OpAcal	Flow)	

Zheng	2016	(Nature	Methods)	
Brilot	2012	(JSB)	

Rubinstein	2015	(JSB)	

Abrishami	2015	(JSB)	

Unblur	



Micrograph	
40e-/Å2	

Movie	or	Micrograph	Stack	
4e-/Å2.frame	

MoAon	CorrecAon	

Op@mise	data	acquisi@on	
parameters	to	record	

GOOD	DATA	

MoAon	CorrecAon	FFT	



MoAon	CorrecAon	

Frames	
Pixel	Size	(	—>	dose	weigh@ng)	



MoAon	CorrecAon	

Frames	
Pixel	Size	(	—>	dose	weigh@ng)	
Patches	
Grouping	
Binning	

Mo@onCor2	patches	



MoAon	CorrecAon	

Frames	
Pixel	Size	(	—>	dose	weigh@ng)	
Patches	
Grouping	
Binning	
Check	your	results!	(errors?)	



MoAon	CorrecAon	



MoAon	CorrecAon	-	Dose	WeighAng	

Grant	2015	(eLife)	

Dose	weigh@ng	(radia@on	damage)	
Possibility	to	refine	it	later	(Polishing)	

Unblur	-	Grant	2015	(eLife)	
MoAonCor2	-	Zheng	2016	(Nature	Methods)	

Based	on	theore@cal	model	

Grant	2015	(eLife)	



CTF	EsAmaAon	



cryo-EM	<—	phase	contrast		
	

microscope	aberra@ons	+	defocus	increase	contrast	
	

Final	image	is	modified	by	these	aberra@ons	

The	CTF	(Contrast	Transfer	FuncAon)	describes	these	effects	
(Fourier	Transform	of	the	scope’s	point	spread	funcAon)	

CTF	CorrecAon	

FFT 



FFT 

Gc`	-	Kay	Zhang	(hgp://www.mrc-lmb.cam.ac.uk/kzhang/)	-	Zhang	2015	(JSB)	
C`find	-	Niko	Grigorieff	(hgp://grigoriefflab.janelia.org/cj)	-	Rohou	2015	(JSB)	

CTF	CorrecAon	



Microscope	parameters	
Search	parameters	

CTF	CorrecAon	

Gc`	-	Kay	Zhang	(hgp://www.mrc-lmb.cam.ac.uk/kzhang/)	-	Zhang	2015	(JSB)	
C`find	-	Niko	Grigorieff	(hgp://grigoriefflab.janelia.org/cj)	-	Rohou	2015	(JSB)	



Microscope	parameters	
Search	parameters	

Zheng	2016	(Nature	Methods)	

CTF	CorrecAon	



MODEL	

EXPERIMENTAL	

Gc`	-	Kay	Zhang	(hgp://www.mrc-lmb.cam.ac.uk/kzhang/)	-	Zhang	2015	(JSB)	
C`find	-	Niko	Grigorieff	(hgp://grigoriefflab.janelia.org/cj)	-	Rohou	2015	(JSB)	

Output	from	C`find	

CTF	CorrecAon	



MODEL	

EXPERIMENTAL	

Gc`	-	Kay	Zhang	(hgp://www.mrc-lmb.cam.ac.uk/kzhang/)	-	Zhang	2015	(JSB)	
C`find	-	Niko	Grigorieff	(hgp://grigoriefflab.janelia.org/cj)	-	Rohou	2015	(JSB)	

Output	from	C`find	

ROT	
AVERAGE	

CTF	CorrecAon	



CTF	CorrecAon	



Per-Par@cle	CTF	refinement	(Gcj)	

px	(X)	

de
fo
cu
s	(
µM

)	 px	(Y)	normal	to	plot	

CTF	CorrecAon	



CTF	CorrecAon	-	Phase	Plate	Data	
Phase	ShiT	

GCTF	
--ac	0	

--phase_shil_L	0.0	
--phase_shil_H	180	
--astm	3000	(tune)	

Data	from	Javier	García	Nafría	



Let	go	of	bad	micrographs…	it	is	hard,	I	know…	

Image	SelecAon	



Let	go	of	bad	micrographs…	it	is	hard,	I	know…	

Image	SelecAon	

Ice	quality	
Drily	images	

Check	for	strong	as@gma@sm	
Are	there	any	par@cles??	
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Let	go	of	bad	micrographs…	it	is	hard,	I	know…	

Ice	quality	
Drily	images	

Check	for	strong	as@gma@sm	
Are	there	any	par@cles??	

Image	SelecAon	

Ice	



Let	go	of	bad	micrographs…	it	is	hard,	I	know…	

Ice	quality	
Drily	images	

Check	for	strong	as@gma@sm	
Are	there	any	par@cles??	

Dril	

Image	SelecAon	

Ice	



as@gma@sm	

Let	go	of	bad	micrographs…	it	is	hard,	I	know…	

Ice	quality	
Drily	images	

Check	for	strong	as@gma@sm	
Are	there	any	par@cles??	

Image	SelecAon	

Dril	

Ice	



as@gma@sm	

Let	go	of	bad	micrographs…	it	is	hard,	I	know…	

Ice	quality	
Drily	images	

Check	for	strong	as@gma@sm	
Are	there	any	par@cles??	

Image	SelecAon	

Dril	

Ice	

“Einstein from noise” 

Avoiding	the	pijalls	of	single	par@cle	cryo-electron		
microscopy:	Einstein	from	noise	(Henderson	2013	PNAS)	



ParAcle	Picking	



ParAcle	Picking	
Manual	Picking	



-	There	are	many	packages	for	automa@c	par@cle	picking!		
-	Many	support	reference-free	par@cle	picking	(Gautomach,	RELION)	
-	Reference		based	par@cle	picking	(RELION,	EMAN,	findEM,	etc.)	

	
	

ParAcle	Picking	
Automated	Picking	



-	There	are	many	packages	for	automa@c	par@cle	picking!		
-	Many	support	reference-free	par@cle	picking	(Gautomach,	RELION)	
-	Reference		based	par@cle	picking	(RELION,	EMAN,	findEM,	etc.)	

	
	

ParAcle	Picking	
Automated	Picking	

Always	check	what	has	been	picked!!!	
Are	there	any	parAcles!?	



Always	check	what	has	been	picked!!!	Are	there	any	parAcles!?	

van	Heel,		2013	(PNAS)	

“Einstein from noise” 

Henderson	2013	(PNAS)	

ParAcle	Picking	



ParAcle	ExtracAon	

Box	size	
Mask	size	

“Rule	of	thumb…”	
Mask	=	Max-par@cle-distance	*	1.25		

Box	=	Max-par@cle-distance	*		1.5-2	

			BUT	
Informa@on	is	displaced	with	defocus!	

Big	boxes	take	longer	to	process	&	use	more	memory	

Make	a	reasonable	box	ini@ally	and	play	with	it	for	your	
final	reconstruc@on	

Very	high	defocus	—>	might	require	bigger	box	earlier!	

Rosenthal	&	Henderson	2003	(JMB)	

An	effect	of	defocus	(ΔF)	is	to	displace	image	spacings	of	resolu@on	d	by	a	distance	
λΔF/d;	where	λ	is	the	electron	wavelength.	In	order	to	include	all	the	informa@on,	
the	raw	image	box	size	was	chosen	to	be	D	+	2R;	where	D	is	the	par@cle	diameter	
and	R	is	the	displacement	expected	for	the	most	defocused	image	at	the	maximum	

resolu@on	spacing	expected	in	the	reconstruc@on	



2D	ClassificaAon	



2D	ClassificaAon	

Number	of	classes	
CTF	correc@on	

Mask	
Resolu@on	limit	

Use 2D classification to asses the quality of your dataset 

and to cleanup false positives from picking 



Use 2D classification to asses the quality of your dataset 

and to cleanup false positives from picking 

V Correct 

P Partial complex 

N Neighbouring particles 

X False positives / Contaminants 

2D	ClassificaAon	

Scheres	2016	(Methods	Enzymology)	



Use 2D classification to asses the quality of your dataset and sample 

2D	ClassificaAon	



2D	ClassificaAon	



2D	ClassificaAon	



2D	ClassificaAon	

Run	1	(25Å	res	limit	/	50px	binx3)	
Run	2	(25Å	res	limit	/	50px	binx3)	
[…]	
Run	5	(6Å	res	limit	/	200px)	



2D	ClassificaAon	

Run	1	(25Å	res	limit	/	50px	binx3)	
Run	2	(25Å	res	limit	/	50px	binx3)	
[…]	
Run	5	(6Å	res	limit	/	200px)	



2D	ClassificaAon	

Run	1	(25Å	res	limit	/	50px	binx3)	
Run	2	(25Å	res	limit	/	50px	binx3)	
[…]	
Run	5	(8Å	res	limit	/	200px)	



IniAal	Model	



What	iniAal	reference	3d	map	should	we	use	for	the	first	3D	refinement/classificaAon?		
•  PDB	or	EMDB	structure	closely	related	to	your	sample	(e.g.	ribosome)	<—	low-pass	filter!	
•  Use	the	2D	class	averages	to	calculate	a	first	3D	map	(e.g.	ab-ini@o	genera@on	in	EMAN)	
•  Ab-iniAo	model	generaAon	from	a	random	subset	of	parAcles:	

•  SIMPLE	PRIME	(Stochas@c	Hill	Climbing)	
•  CryoSPARCS	(Stochas@c	Gradient	Descent)	
•  RELION	(Stochas@c	Gradient	Descent)	

•  Subtomogram	averaging	
•  Random	conical	@lt	
•  Common	lines	
	
	

IniAal	Model	

SIMPLE	-	Elmund	2013	(Structure)	
cryoSPARC	-	Punjani	2017	(Nature	Methods)		

SIMPLE	PRIME	

RELION	(SGD)	



3D	ClassificaAon	



3D	ClassificaAon	

Number	of	classes	
CTF	correc@on	

Mask	
Resolu@on	limit	

Use initial 3D classification to further cleanup your dataset 



3D	Refinement	



3D	Refinement	

Scheres	2012	(Nature	Methods)	

Gold-Standard	FSC	

Data	is	split	in	two	halves	at	the	beguinning	
	
Refinement	starts	with	same	iniAal	model	for	each	half	
dataset	
	
Both	halves	refined	independently	against	independent	
models	
	
FSC	in	between	the	two	halves	aler	every	itera@on	
helps	RELION	tune	parameters	automaAcally	and	
prevent	overfijng	
	
Follow	progression	via	the	run.out	file	
	
Aler	convergence	(no	improvement	in	angles	and	
resolu@on)	two	unmasked	half	maps	are	wrigen	and	a	
last	itera@on	with	all	data	together	is	performed	
	
Unfiltered-unmasked-half-maps	will	be	used	for	
postprocessing	later	on	



Movie	Procesing	&	ParAcle	Polishing	



Movie	Processing	&	ParAcle	Polishing	

Con@nua@on	of	a	refinement	
Running	average	window	

Movie	Processing	



Movie	Processing	&	ParAcle	Polishing	

Correct	Movement	(fit	linear	path)	
Account	for	radia@on	damage	(Dose	Weigh@ng)	

ParAcle	Polishing	



Movie	Processing	&	ParAcle	Polishing	

Correct	Movement	(fit	linear	path)	
Account	for	radia@on	damage	(Dose	Weigh@ng)	

ParAcle	Polishing	

Dose	weighAng	in	moAoncor2?	
Polishing	in	RELION?	

	
Use	both	

	
Very	useful	to	have	dose	weigh@ng	from	the	beginning	
(provided	you	know	the	dose	you	put	on	your	sample)	

	
We	have	seen	always	improvements	using	polishing	



TreaAng	Heterogeneity	



TreaAng	Heterogeneity	

Nguyen	2016	(Nature)	

IniAal	ClassificaAon	



IniAal	ClassificaAon	
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MANUAL PICKING            

2D CLASSIFICATION         

3D Classification 

POLISHING	
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3D	REFINAMENT	MAIN	CLASSES	
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SIGNAL	SUBTRACTION	

Bai	2016	(eLife)	
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FOCUSSED	REFINEMENT	



3D Classification 

FOCUSSED	REFINEMENT	
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MASKED	REFINEMENT	





Fernández-Leiro	2016	(NSMB)	

TreaAng	Heterogeneity	



Postprocessing	



Postprocessing	



ValidaAon	



ValidaAon	

Can	you	see	the	expected	structure	features	for	the	resoluAon?	
Alpha	helices	@	9Å	-	Beta	strands	@	4.8Å	
	

Tilt	pair	validaAon	
Check	that	your	structure	is	correct	by	collec@ng	pairs	of	micrographs	with	a	known	@lt	
	

Handedness!	
Use	secondary	structure	features	to	make	sure	you	have	the	right	hand	
Tilt	pair	plot	will	also	help	you	find	the	right	hand	
	

Can	you	see	your	parAcles?	
Avoid	Einstein	from	noise…	

How	do	we	know	if	the	structure	is	right?	

Chen	2013	(Ultramicroscopy)	



Single	parAcle	data	processing	strategy	
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