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Tutorial



What you will need ...

- Software:

« EMAN2.2

« EMANZ2.2 patch

- Data

 AnnotationTutorial
® tomoseg_init

o NNET



EMANZ2

e Single particle reconstruction

* Tomography
e Tilt series alignment & reconstruction
* Cellular tomogram annotation
e Subtomogram averaging

e CTF correction



Hardware and system recommendations

e Linux workstation
* Nvidia GPU with CUDA7.5+ (>10x speed up for training)
* Enough memory for 2 (binned) tomograms (~2GB for 1Kx1Kx256)

e >=3 putton mouse



Hardware and system recommendations

e |f you do not have recommended hardware...
e You can still go through the tutorial on a laptop using CPUs
e (Certain steps can be very slow...

« All output files for the workshop are available



- PC12 cell . pc12,7.2 Alpix
e Binned by 4
* 864x864x94, 28 A/pixel

e 4 features to annotate

Microtubules

Ribosomes

Single membranes

Double membranes




Setting up working directory

mkdir tomoseg
cd tomoseg

e2projectmanager.py

Make sure to run everything within the working directory!



Y

Jinfo
Jrawtomograms
Jparticles
J/particles3d

JSPE_XX

Directory structure

| Y]

(]

e2display.py Browser

Path: [ﬁomoseg_mt.hdf

Filter: | Sel All

Row [ Name Type |Size I Dim I N l Date
EMEN2 0 display.py Text 43k 900(n - 2017/11/14 16:31:44
SSH 1 e2boxercache Folder 2017/11/14 14:12:17
E-2  info Folder 2017/11/1513:25:24
Root -3 nnet_save_dbmemb hdf Image Stack 5m 15x15 1684 2017/11/14 15:18:45
-4  nnet_save_memb_ hdf Image Stack 5m 15x15 1684 2017/11/14 14:56:20
Current -5 nnet_save_mthdf Image Stack 5m 15x 15 1684 2017/11/14 13:56:39
-6  nnet_save_ribo.hdf Image Stack 5m 15x 15 1684 2017/11/14 14:30:15
Home E-7  particles Folder 2017/11/14 15:13:57
0 rawtomograms-pc12-DI1144h-102413t3-bin2_bin2_dbmemb_bad hdf Image Stack 2m 64x 64 100 2017/11/14 15:13:11
1 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_dbmemb_good.hdf Image Stack 195k 64 x 64 8 2017/11/14 15:09:59
2 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_dbmemb_good_seg.hdf  Image Stack 195k 64x 64 8 2017/11/1415:11:03
- 3 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_dbmemb_good_trainset... Image Stack 94m  64x 64 4000 2017/11/14 15:13:49
- 4 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_memb_bad.hdf Image Stack 2m 64x 64 100 2017/11/14 14:50:58
- 5 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_memb_good.hdf Image Stack 195k 64x 64 8 2017/11/14 14:46:10
- 6 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_memb_good_seg.hdf Image Stack 195k 64 x 64 8 2017/11/14 14:47:30
- 7 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_memb_good_trainsethdf ImageStack 94m 64 x 64 4000 2017/11/1414:51:34
- 8 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_mt_bad.hdf Image Stack 2m 64x 64 100 2017/11/1413:51:24
9 rawtomograms-pc12-DI144h-102413t3-bin2_bin2_mt_good.hdf Image Stack 195k 64x64 8 2017/11/1413:47:34
rawtomograms-pc12-D1144h-102413t3-bin2_bin2_mt_good_seg.hdf Image Stack 195k 64 x 64 8 2017/11/14 13:49:35
rawtomograms-pc12-DI144h-102413t3-bin2_bin2_mt_good_trainsethdf Image Stack 94m  64x64 4000 2017/11/14 13:52:08
rawtomograms-pc12-DI144h-102413t3-bin2_bin2_ribo_bad.hdf Image Stack 2m 64x 64 100 2017/11/14 14:18:14
rawtomograms-pc12-DI144h-102413t3-bin2_bin2_ribo_good.hdf Image Stack 195k 64x 64 8 2017/11/14 14:12:28
rawtomograms-pc12-DI144h-102413t3-bin2_bin2_ribo_good_seg hdf Image Stack 195k 64x 64 8 2017/11/14 14:16:20
-~ rawtomograms-pc12-DI144h-102413t3-bin2_bin2_ribo_good_trainsethdf  ImageStack 94m 64 x 64 4000 2017/11/14 14:18:47
-8  particles3d Folder 2017/11/14 14:06:37
: - 0pc12-DI144h-102413t3__mthdf Image Stack 43m  48x48x 48 97 2017/11/14 14:04:21
E-9  rawtomograms Folder 2017/11/14 14:40:41
- 0 pc12-DI144h-102413t3-bin2_bin2.hdf Image 281m 868x864x94 1 2017/11/1413:41:42
E-10  rec Folder 2017/11/1413:41:18
.+ 0pc12-DI144h-102413t3-bin2.rec Image 563m 1736x1728x 188 1 2013/10/25 17:07:51
B- Folder 2017/11/1416:01:41
Image 457k 48x48x48 1 2017/11/14 14:54:32
H Image 456k 48x48x48 1 2017/11/14 14:15:07
‘- 2 tmpout hdf Image Stack 456k 48x48x48 6 2017/11/14 14:54:32
tomoseg_dbmemb.hdf Image 281m 868 x864x94 1 2017/11/1415:31:28
tomoseg_memb.hdf Image 281m 868 x 864 x 94 1 2017/11/14 15:05:34
tomoseg_mt.hdf Image 281m 868x864x94 1 2017/11/14 13:59:49
tomoseg_ribo.hdf Image 281m 868 x 864 x 94 1 2017/11/14 14:36:26
trainout_nnet_save_dbmemb. hdf Image Stack 5m 64x 64 300 2017/11/14 15:18:42
trainout_nnet_save_memb hdf Image Stack 5m 64 x 64 300 2017/11/14 14:56:17
trainout_nnet_save_mt.hdf Image Stack 5m 64x 64 300 2017/11/14 13:56:37
trainout_nnet_save_ribo.hdf Image Stack 5m 64x 64 300 2017/11/14 14:30:13
wiener.txt Plot 864 48x2 - 2017/11/1416:20:13

( Show 3D ] [ Show Stack ] [ Show 2D ] [ Chimera ] [ ProjXyz
( Show 3D+ ] [ Show Stack+ ] [ Show 2D+ ] [ FilterTool ] [ Save As




e2projectmanager

«
(O
&

| X e2projectmanager.py

File Project Utilities Help

EMAN_Z2 Project Manager

Project Name: bootcamp

Workflow Mode SPR EMANZ2 Program Interface
SPR
SPR SPT
B Raw Data QTR0 S
Particles
“@® CTF

™. particle Sets

2D Analysis

& Initial Model

¥ 3D Refinement

s Validation and Analysis

[ Ganced ] [ e )




Import tomogram

| ¥® e2projectmanager.py

e o s Always import tomograms
N EMAN2 Project Manager before processing!

Project Name: bootcamp

«
©
x

WorkFlow Mode TomoSeg ~| EMAN2 Program Interface X e2display.py Browser ¥ o X

TomogramSegmentation GUI C d Hel, — 1 [ ) —
@ Inport Tomoaram Files | i Command _Help | Path: | frec/pc12-DI144h-102413t3-bin2 rec ] Info
; import_files |2-DI144h-102413t3-bin2.rec ' Browse | 7 7 ‘

Filter: | [+] | selau

& Box training references
-8 Segment training referel

Num Images: None

4 Build training set

& Train the neural network

@ Apply the neural network ### e2import options ### Row | Name |Type | Size I Dim I N | Date ‘
EMEN2 0 info Folder 2018/01;‘

Folder 2017/11,

(% import_tomos importation | copy | v SSH
Root

D
shrink |2 | [linvert [%| tomoseg_auto
reprocess
prep ‘ ‘ Home

M Cancel } [

< T | ]
| show3D | | showstack | | show2p | | chimera | | Projxyz |

If you are using a Mac: you may need to click somewhere else | Show 3D+ | [show Stacks| | show2Ds | | FilterTool | | saveas | | cancel | K
(i.e. another box or command tab) before click Launch ...

This will generate rawtomograms/xxx_bin2.hdf ‘



Visualize tomogram

o
File Project Utilities Help

e2projectmanager.py

EMAN_Z Project Manager

Project Name: bootcamp

WorkFflow Mode

EMANZ2 Program Interface

Tomo tation

- @ Import Tomogram Files

- @ Box training references

- @ Segment training references
- @ Build training set

- & Train the neural network

- @ Apply the neural network

e2display.py Browser

Yo

Path: [ Jrawtomograms/pc12-DI144h-102413t3-bin2_bin2 hdf

] Info

=]

Filter: | |~ Sel All
Row | Name |Type | Size I Dim | N | Date
EMEN2 &0 info Folder 2018,
SSH El-1  rawtomog _ )
0 pc12-DI144h-102413t3-bin2_bin2.hdF
Rk B2 rec Folder 2017,
Current
Home
< i | 1D
| show3p || showstack || show2p chimera | | Projxyz |
| show3p+ || showstacks || Show2p« FilterTool | | saveas |




Visualize tomogram

[©) pc12-DI144h-102413t3-bin2_bin2.hdf (N OR ' W/

e2projectmanager.py <2> Y o &

App | Save | Filt | Probe | Meas | Draw | PSpec | Pyl‘|»
Application specific mouse functions

Mag:(10 | O

Min: C

Max: 9
Brt: Y

Cont: Y

Gam: G

N [sa | O

1 3 to change planes

Control panel:
Mouse middle / Option + mouse left




Box training references

l (®) e2projectmanager.py v o
File Project Utilities Help
EMAN_2 Project Manager
.I g X e2display.py Browser <3> (ORORI]
Project Name: bootcamp Path: [rawtomograms| | Info
Filter: | =) Sel All
Workflow Mode EMAN2 Program Interface
Row [Raw Data Files |Dimensions IQuality |
| Tomogramsegmentation | | Gui | command | Help | EMEN2 0 pc12-DI144h-1024133-bin2_bin2 hdFf 868x 864x94 2
& Import Tomogram Files . SSH
Box training references micrographs [ltomograms/pc‘lZ»DI144h»102413t3—bin2_bin2Ahdf] Browse 0 e —
& Segment training references Root
4 Build training set Num Images: None TR
@ Train the neural network
@ Apply the neural network boxsize[d Home
% boxing
4
£
“ Cancel ] [ Launc




INg references

1N

Box tra

bin2.hdf

DI144h-102413t3-bin2_|

pci2

boxer

a2

Display |

Box Size:| 64
~Tools

Main

(7]
[0}
C
©
o
(0]
(@)]
C
©
e
(&)
O
-+—
-
=

Mouse scroll to zoom in/out

Mouse left to select particles

ft + Mouse left to remove selections

Sh

Current Boxing Tool:

|| Auto-center

Clear

Keep range #:

Image Quality:

Write output

Done

4 Boxes

(Particles)

8 good references used




Box training references

(O} e2boxer ORORI N 9O (Particles) v v X & o Write Particle Output [ONOX)
Main | Display | Ve Use this Form for writing boxed particles and/or coordinate files to disk
llBox sizesa ] se this form for writing boxed particles and/or coordinate files to disk.
~Tools
Current Boxing Too:
~Raw Data
|| Auto-center
Raw Data | Stored Boxes |
1@ rawtomograms-pc12-DI144h-102413t3-big2_bin2 8
Keep range#: -1 ‘
| Image Quality: 2
[ Write output
( Done
8 Boxes
| T ]

Box Size:| 64

| [] Force Overwrite

| write Coordinates

(% write Particles

| [l Invert Pixels

Output Suffix:|_mt_good
Normalize Images
Output Image Fori

Form commands:

\ None | 'J
normalize
normalize.edgemean

normalize.ramp.normvar
I nione

This will generate particles/xxx_mt_good.hdf

- Make sure Box Size is 64

- Use different Output Suffix for different features

+ Do not normalize images




Segment training references

(x

| O]

File Project Utilities Help

e2projectmanager.py

EMAN2Z Project Manager

Project Name: bootcamp

X ©

Workflow Mode

EMAN2 Program Interface

Filter: |

e2display.py Browser

Yo

]

Path:[particles/rawtomograms—pc1Z—DI144h—102413t3—bin2_bin2_mt_good.hdf

-

GUI | Command | Help |

TomogramSegmentation

& Import Tomogram Files

- @8 Box training references
Segment training references

- @ Build training set

- @ Train the neural network

‘- & Apply the neural network

particles [rams-pc12-DI144h-102413t3-bin2_bin2_mt_good hdF | m

Num Images: None

output [

[%| segment

SSH
Root
Current

Home

EMEN2

<

[ [ Cancel

| showstack | | show2p | | FilterTool |

|show Stacks| | show2D+ | | saveas |

Cancel OK
| Cancel |




Segment training references

["e 2tom _buildtrai Y O AL

ety
App Save | Filt Probe | Meas Draw | PSpec | Pyl‘|»

rawtomograms-pc12-Di144h-1... ) & X ‘A ) rawtomograms-pc12-DI144h-1... v &) X

Pen Size: |3

Pen Size2: |3
Pen Val: 10}. Pen Val2: o ).

Invert Normal b
Auto contrast
Real FFT
Amp Pha
-

Mag: |3.797

Min: |-3.0

Max: 3.0

Brt: |-0.0

Cont: |05

Gam: 1.0

N#: |2

1 3 to switch between images

This will generate particles/xxx_mt_good_seg.hdf



Box negative references

l_ O/ : - e2projectmanager.py [ORORES)
EMAN2 Project Manager —

e2display.py Browser <3> Yo

Path: [rawtomograms| | Info

Project Name: bootcamp

Filter: | =) Sel All
Workflow Mode EMAN2 Program Interface
Row [Raw Data Files |Dimensions IQuality |
| Tomogramsegmentation | | Gui | command | Help | EMEN2 0 pc12-DI144h-1024133-bin2_bin2 hdFf 868x 864x94 2
- @ Import Tomogram Files 4 SSH
: Box training references micrographs [ltomograms/pc‘lZ»DI144h»102413t3—bin2_bin2Ahdf] Browse 0 e —
- @ Segment training references Root
i @8 Build training set Num Images: None TR
- @ Train the neural network
@ Apply the neural network boxsize[d ] Home
% boxing
£
E
[[ Cancel ] [ Launc




Box negative references

(@) e2boxer Yo X pc12-DI144h-102413t3-bin2_bin2.hdf (ORONCI)]

(wain |_pispizy | * Clear existing boxes first
BoxSile:|64

Tools o T —— —— * Box ~10 times more negative
Current Boxing Tool: A RGN et references than positive ones

|| Auto-center .
* Cover background and non-interest
features

Write output

Done

(Particles)

B
)

100 negative references used



Box training references

X Write Particle Output ¥ O &

Use this form for writing boxed particles and/or coordinate files to disk.

i S ves - Use a different Output Suffix

Main | Display |

Box Size:| 64

Tools Raw Data

Current Boxing Tool: manual v | Raw Data Stored Boxes

Auto-center L y rawtomograms-pc12-DI144h-102413t3-bin2_bin2 100
Clear

Keep range #: -1

Image Quality: 2 -
Write output
Done

40 Boxes

£l LDJ
Box Size:| 64 Force Overwrite
Write Coordinates X| Write Particles
Output Suffix: _mt_Rad Invert Pixels

Normalize Images iv
Output Image Format

Form commands: ok Cancel

This will generate particles/xxx_mt_bad.hdf



Build training set

)] e2projectmanager.py SRRt

File Project Utilities Help

EMAN2Z Project Manager

Project Name: bootcamp

Workflow Mode EMAN2 Program Interface

Tomograms tation GUI | Command | Help |

- [ Import Tomogram Files
- @ Box training references particles_raw [;-pd2-DI144h-102413t3-bin2_bin2_mt_good.hdf ]

; @ Segment training references
&% Build training

4 Train the neural k
@ Apply the neural particles_label |DI144h-102413t3-bin2_bin2_mt_good_seg.hdf |

‘ Num Images: None

boxes_negative [-pd 2-DI144h-102413t3-bin2_bin2_mt_bad.hdf ] H

Num Images: None

Num Images: None

trainset_output l ‘

ncopy [10 | zthick [0

=)&)(EL] )]

[[ Cancel ] [ Launch

This will generate particles/xxx_mt_good_trainset.hdf



Train neural network

This may take hours on CPUs on a laptop!
It is recommended to copy the pre-generated output files to your working folder.
(NNET/nnet_save_mt.hdf; NNET/trainout_nnet_save_mt.hdf)

[ 3]

File Project Utilities Help

e2projectmanager.py

«
6
&

EMAN2Z Project Manager

Project Name: bootcamp

WorkFflow Mode EMAN2 Program Interface

Tomo: ation

GUI | Command | Help |

- @ Import Tomogram Files
- @ Boxtraining references

- @ Build training set

&8 Train the neural n
‘- @ Apply the neural netw

- Segment training references

trainset [12-DI144h-102413t3-bin2_bin2_mt_good_trainset hdf |

Num Images: None

from_trained | | | Browse

Num Images: None

netout [nnet_save_mthdf |

learnrate (001 YW | niter 20 ]
ncopy(1 N batch (20 ]

nkernel [40,40,1 ] ksize [15,15,15 ]

[

EREDEEE

This will generate nnet_save_mt.hdf and trainout_nnet_save_mt.hdf

l [ Cancel ] [ Laun:i

trainout_nnet_save mt.hdf




Apply to tomogram

e eosroictmansaetey G * from_trained should be the same as
File Project Utilities Help netout in Train neural network
EMAN2 Proiect M section (NOT the trainout_xx file!)
rojec anager
J 9 * Set threads to the number of cores
Project Name: bootcamp On your Computer
WorkFflow Mode TomoSeg v | EMANZ2 Program Interface ° Make Sure there IS enough memory to
TomogramSegmentation GUI | Command | Help | open tWO tomograms
- & Import Tomogram Files (]
® Sement tatning references omosrans :‘ml"’gm:’ CEDNERIEED2 D2AT) | Browe This may take ~30min on a laptop...
& Build training set LRGSO

[

& Train the neural network
L. o
% Apply the neural netwgrk from_trained |nnet_save_mthdf Browse ‘
Num Images: None ‘

' output | tomoseg_mthdf ‘
% applying ‘ OR
‘ x| to3d

It is recommended to copy the pre-
generated output files to your working
folder.

E=ELNRE

D

threads [12 Clip and test on a small region using:
— — e2proc3d.py rawtomograms/xxx_bin2.hdf
‘ rawtomograms/xxx_bin2_clip.hdf --clip
480,480,24
This will generate tomoseg_mt.hdf ‘

This will take ~2min...



Repeat previous steps for each
feature of interest

Or copy the pre-generated output files to your working folder...

cp ../tomoseg_final/tomoseg_*.hdf .



Visualize results in UCSF Chimera

X O UCSF Chimera—display ORORCIN | WS olume Viewer SRR

* Open rawtomograms/xxx_bin2.hdf
in Chimera

* Set up volume rendering
» Set step to 1

File Select Actions Presets Volume Tools Favorites Help File Features Data Tools

pc12-DI144h-102413t3-bin2_bin2.hdf #0 86886494 step 1

tomoseg_mt.hdf #1 868 8

* Invert contrast

tomoseg_memb.hdf #3 86886494 step Ll < =

Range -3-3 Level |-3 Color J

tyle © surface ¢ mesh id

Z

Close Help
A Y &
10| |A|s|Name

¥ [0 [ pc12-DI144h-102413t3-bin2_t
0 ["|M&pc12-DI144h-102413t3-bin2_t

1 M[Jtomoseg_mt.hdf
2 [MI[Jtomoseg_ribo.hdFf
3
4

B
g
L L&

[MI[Jtomoseg_memb.hdF
MI[Jtomoseg_dbmemb.hdFf

« favorites  all
1 E
Configure... | Close | Help |/




Visualize results in UCSF Chimera

A O UCSF Chimera—display ¥ o QX O olume Viewer ¥ & &
° O en tomose xx-hdf |n Chlmera File Select Actions Presets Volume Tools Fayvorites Help ’ File Features Data Tools ‘
g i o ; N IML{W: ﬁ% Lind i 77 |pc12-D114ah-102413t3-bin2_bin2hdf #0 86886494 step 1| © =
+ Set isosurface threshold (1 should be |[EENEZERESAES , /'f'/'“-* ‘44’4 :
! 8t o ! )‘(1‘;'_1 o

fine)
» Setstepto 1

Range -3-3 Level |-3 Color J

MM |Style " surface " mesh « solid

Center I Orient | Close l Help |/

-~ Model Panel Y O &

10| |A|s|Name activate
W[ pc12-DI144h-102413t3-bin2_t activate all
I~ |MM pc12-DI144h-102413t3-bin2_t ol

. - < 2
:-UN-OO\_}

[VI[v] tomoseg_mt.hdFf Stirib
[][v]tomoseg_ribo.hdf
V[ tomoseg_memb.hdf —]
[V[¥] tomoseg_dbmemb.hdFf clipping...
close
deactivate /
by = = « favorites " all
Q Configure... | Close I Help |¢



Visualize results in UCSF Chimera

X UCSF Chimera—display OROXI] /. 4O Volume Viewer (SRR

File Select Actions Presets Volume Tools Favorites Help File Features Data Tools I
> 7. 7 K A
! “,] ] A2 /7|pc12-DI144h-102413t3-bin2_bin2.hdf #0 86886494 step Ll L=

s

V.o

[

od
\ / |Range -3-3 Level |-3 Color D

tyle ¢ surface © mesh © solid

L3

Center Orient Close Helj
| onen | _cise | v |,
i R &) ModelPanel IOROED
. MJMﬂ Name activate
\ []pc12-DI144h-102413t3-bin2_t activate all
DE pc12-DI144h-102413t3-bin2_t activate only [
tomoseg_mt.hdf =
ttributes...
tomoseg_ribo.hdf Srbutes
[ tomoseg_memb.hdF biological unit
tomoseg_dbmemb.hdF __ dlipping.. |
close
deactivate 7

« favorites " all

| >

| - e — = & | Nz Configure... | Close | Help |/




Mask density map with annotation

Make contrast inverted tomogram
e2proc3d.py rawtomograms/xxx_bin2_clip.hdf rawtomograms/xxx_bin2_clip_inv.hdf —mult -1 —process normalize

Mask tomogram with annotations
e2proc3d.py tomoseg_mt.hdf density_mt.hdf —process threshold.binary:value=1 —multfile rawtomograms/xxx_bin2_clip_inv.hdf

-~ Q




Next steps

Annotation on other tomograms
CTF correction
Subtomogram averaging

Statistical analysis



Subtomogram averaging from
annotation

Add EMANZ2/examples to your path before proceeding...



Extract subtomograms from annotation

extractptclfromseg.py tomoseg_mt.hdf rawtomograms/xxx_bin2.hdf --random 100 --edge 32 --thresh 1.5

Main A
Box Size:| 32
‘

Tool
Tools

Current Boxing Tool:

|| Auto-center

Keeprangest: 1 |

Image Quality:

97 Boxes
X

Al

SN
"ﬂ's-'a:\
R

o

~
(e ¥

r

L]

P
S
.-

D

Visualize boxes using Box training references or
e2spt_boxer.py




Generate particles

extractptclfromseg.py rec/xxx.rec rawtomograms/xxx_bin2.hdf --genptcls particles3d/xxx__mt.hdf --boxsz 24

; o/ e2display.py Browser <5
« Path: particles3d/pc12-DI144h-102413t3__mt.hdf Info
T U | Filter: v
|Row |Name Type |Size |Dim N |
EMEN2 0 pc12-DI144h-102413t3__mthdf ImageStack 43m  48x48x 48 96 ;
SSH
Root
Current
Home
(« ()
Show all 3D Show 1st 2D Chimera

XU

Show 1st ‘ Show Zn» Save As

Take a look at the first particle and make sure it is correct



Initial model for subtomogram averaging




Subtomogram averaging

o e2spt_align.py

o eZspt_average.py )

« Results depend on data quality... , ’
I



