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An easyto-follow tutorial for anyone new toisTEM

Introduction

Welcome tacisTEM! cisTEM is useffriendly software to process crEM images and obtain higtesolution

3D reconstructions from them. l'ts name derives f
mi cr o s c @ muarisesanndmber of tools to process imageidalading movies, micrographs and
stacks of singkparticleimagesl t | mpl ement s a compl ete Aphigpel i neo

resolutionsingleparticle reconstructionhe tutorial should take about two hours to complete (depending on
your workstation) and takes you from movies of frozsmirated apoferritin particles to af8reconstruction.

We assume thatou knowbasic concepts in cryBM, including movie mode data, exposure filtering, contrast
transfer function (CTF), Fourier shell cdaton (FSC) low-pass and higipass filteringandB-factor
sharpeninglf you areunfamiliar with these termse recommendeadng some of the basic texts in the cryo
EM field. We further assumthatyou do not want to read extensive texts befgoa cangetgoing with your

own data sowe will keep thigutorial to the essentials. For more informatipteaseaead the help pages
included incisTEM or consult tle online documentation atstemorg

Installation

We have optimizedisTEM to run on CPUSGPUs are currently not supported because we found in tests that
CPU-optimized code runs as fast on a modern roglte CPU as GPdptimized code runs on a modern GPU.
This means thatou can expect fast processingheut the need for specialized hardware (recompgisgEM

on your local machine may produce slower code, see bdloalso means thahé speed with whichiSTEM

can process data depends on the number of CPUs avasiablEeM has its own parallelizi@in scheme that is
independent of common architectures such as operfiRhermore, it can run on a local workstation and
utilize high-performance computing environments (e.g. a computer cluster) by remotely executing compute
jobs. All that is required ithat all machines (local workstation, cludiegin andcompute nodes) have access to
the same file system (i.e. paths to data files are the same everywhettggtéimellogin node for the cluster is
accessible via ssh.

To installcisTEM, we recommendownloadng one of the compiled versions @6TEM from cistemorgto

take advantage of optimizations that may not be available when compiling on a local machine. Select the
archive that is appropriate for the architecture used and, after downloading it to a local disk, unpack it using tl
commandine

tar - xzfcistem - <version> - <architecture> - <OS>tar.gz


http://cistem.org/
http://cistem.org/
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This will create a directory callerstem - <version> that contains all the necessary programs to run
CISTEM. Type the command line

cistem -<version> /[ cisTEM

This shouldstart thecisTEM graphical user interface (GUI), indicating tice&dTEM runs on your systentClose
thecisTEM windows andoptionally,includethecistem - <version> directory in your PATH environment
variable for executables. Then, after logging out and back in, you should be abledis T\t by typing

CISTEM

on the command lindf you did not set the PATH variable, you have to provide the full path tog/SLIEM
executablelf everything was installed correctlyyis will start thecisSTEM GUI.

The GUI
Once installedyou can launch theisTEM GUI by typing
CISTEM

on thecommand line.

......

The GUI is organized into AAssetso and fAActions.
steps (Particle Positions, 3D Volumes) andssgre ci f i ed @ Re f The dffarent AssePtyesk a g e
will be displayedvh e n ¢ | i ¢ k i Agions are pfodessmgestess.that can be applied to Assets,
producingresults and new Assets that campbecessed furthelou can access differeActions by clicking on
AActions. 0 Once yaueasdisplaythenlbhy ec bb t ki n g/duran alSoRleasga thd s .
waycisSTEM runs by cliktkingsobal hidttongsescbly, Settin
each specifying a workstation and/or computer cluster taislieM on. For the tutorialve will run cisTEM

on your | ocal wDefaults 0 @ & i 0O thai s aviilabte & vthereprofies were not defined
For this, you do not need to make changes in fASe
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Start a New Project

For the tutorial, you will need to downlodtktapoferritin test dataset from iesTEM web page. It comes as
another archive calleapoferritin _data targz and i s attached to the fAG
Documentation pagé&tore this archive on a fast local disk where you have about 15 GB of spacepacoklitin

by typing

tar -xzf apoferritin _data .tar.gz

This will create a new directory calleghoferritin _data that contain®0 movies recorded on an
aberratiorcorrected Titan Krios microscope (300 k\ 0, effective pixel size = 1.4, exposuréframe= 2 €
/A?). The moviesare the only data required for this project.

Now launchcisTEM. On startup, the GUI presents a list of previously opened projects, as well as options to
create a new project or open an existing project. To continue a previoed,riogk on the provided link. For
the tutorial, we startfreshawmdl i ck on A Cr e &diaogwill be displayed: o j ect . 0

Create New Project

Project Name :

Project Parent Directory :
/home Browse...
Resulting project path :

fhome/New _Project

Finish Cancel

In this tutorial, you will calculate a8r econstructi on of apoferritin, s
You must also provide a path to the directory where your new project will reside. For best results, this should
on a fast local diskfor example the disk you chose to store anpack the apoferritin datas@&nter the path
directly or use navigateofhBdirectory@loi dlkuti Binnit ©h o cisTEMcr e a't
keeps track of files and results in a database (®théat is stored in a file calledproject name>.db

inside the project directory (heAgoferritin ). Because file names are stored in the database with their
absolute paths, the project directory and database should not be moved onceltiteatetbved,cisTEM will
attempt to update the pattasfiles within the project directoryHowever, paths to imported files will not be
updated and, therefore, these files will have to remain in their original location to remain accessible within
CISTEM.

Importing Movies and Images

Once a project is open bas been newly created, Assets can be imported. These will usually be Movies or
Images but can aldee Particle Positions, 3D Volumes and Refinement Packages. For the tutorial, you should
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import the movies from the test dataset. Click on Assets, tleamelsland Import. This will open a dialog:

fscratchfapoferritin_movies/May08_02.46.41.bin.mrc
fscratch/apoferritin_movies/May08_02.50.41.bin.mrc
fscratch/apoferritin_movies/May0&_04.26.16.bin.mrc
fscratch/apoferritin_movies/May08_04.32.27.bin.mrc
fscratchfapoferritin-movies/May08_04.33.57.bin.mrc
fscratch/apoferritin_movies/May08_05.01.28.bin.mrc
/scratch/apoferritin_movies/May08_05.04.38.bin.mrc
/scratch/apoferritin-movies/May08&_05.06.18.bin.mrc

Add Files Add Directory Clear
Voltage (kV) 300
Spherical Aberration (mm) 0.00
Pixel Size (R): 1.5000
Exposure per frame (e~ /A2) : 2.00

~ Movies are gain corrected
Resample movies during processing

Correct magnification distortion

Particles are white

Cancel Import

I n the dial og, sel ec ttotheAdickadory@antaieirg the 20 apnferatin thoviasaTheng a
cl i ¢ k ThOsheuld lisball the mvies in the directory. Now enter the required informatiescdibing the

data (see figure above): Voltage (kV): 300; Spherical Aberration (mm): 0.0; PixelSize]; Exposure per

frame (é/A?): 2.0. There are also opti®to import compressed tiff files and separate gain references, to change
the pixel size (binning) and apply magnification distortion on the fly. For the tutorial, these options should
remain uncheckedl i ¢ k @ | aipT&M will show a list of the 20mported movies. The movies are all
part of a groupAdailtliedndlAldr cMMopysd esam be created
for further processingrou should continue with all éhdata ér now. If images are available instead of vies,

these can be imported as Image Assets in the same way as Movies, by Glitkmga g e s . 0

Movie Alignment

Movie data collection and frame alignment héeen part of the singlgarticle image processing pipeline since

it was first introduced by Brilogt al. in 2012. The original software Unblur was developed further by Grant &
Grigorieff (2015) when exposure weighting was added to take into account the radegiemdent signal loss
when adding movie frames, yielding sigimgitimized frame sumgisTEM implements the Unblur algorithim

the Align Movies panelwhich alsoprovidessome backgroundtothe meth@ll i ck AActi ons o a
AnAlign Movieso to call up the panel
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Movie Alignment

Run Profile

Expert Options

Actions panels display parameters thati can change. Some of these are showthe main panel while others
are only accessible when AShow Expert Optionso i
parameters and you s houl drtkebattpnh of thecpanelcYlou will 8dtiee that A |
next to he start button a menu is shown that allows you to select different run profiles. The Local profile shoul
be selected by default but can be changed to other profiles if these were previously set up under Settings. Fc
the tutorial, you should run all steppcally on your workstatior©On a 16CPU workstation, the alignment of all

20 movies takes less than a minufghile the job is running, X,Y traces are displayed for some of the movies
and a progress bar indicates the time left until completion of théfter termination(you must click on

iFi ni sho at t,lyeu eman oifnsagdctj otbls@ results by ctick

sTEM
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For each movie, the X,Y trace and the power spectrum and image of the final alighexiposuréitered

frame sum are shown. You can move between results from different movies by clicking on the eye symbols ir
the list (next to the ticks), byARd iarkaysomthen Pr e v i
keyboard.The ticks canot be selected/deselected until movie alignment is run additional times. Most Actions
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in cisSTEM can be reun to test different sets of paramet@isTEM stores the results for each run and allows

you to select the best results using the tick boxdseResults panels.her e i s al so a ASho
button to display the parameters used for a particular job (try it by clicking on it, then click it again to hide it).
For the tutorial, keep the current results and stnodlughthemto spot movieshat did not align wellThe

apoferritin dataset should include two movies that yield blurry images and/or power spectra with poor Thon
rings.You can add successfully aligned movies to a new Assets group but for the yatorssloulddelay the
selectionof good dataintil the next step where you will determine the CTFs of each infagglly, Align
Movies produced new I mage Assets, which can be |

CTF Estimation

The image defocus can be estimated by fitting a CTF to the Thon rings visible in an image power spectrum.
CTFFIND is a commonly used tool to fit CTFs and has been implementesT M using the latest version
developed by Rohou & Grigorieff (20158}lickon A Act i on s 0, to acbessrihe paRdélereqouC T F 0
have the option to estimate the CTF from the mov

ExpertOpti onso to see all par ameter s:
© 20¢ 18 44l O

Estimation from Movies is selected by default aisdally gives the best results. The algorithm will average a
few frames at a time to rade noise in the power spectiged for the fit. The number can be adjusted and
defaults to 3. As a rule of thumb, select the number of frames thain&toca combinedxposure of 4/ /A2
(Rosenthal & Henderson, 2008).the case of the apoferritin dataset, this eq2iflames.You may also want

to adjust the assumed amplitude contrast (default is 0.07, i.e. 7%), resolution range to be considered in the fi
and searchange Additionally, for phase plate data, a phase shift can be estinfatethe tutorial, you should

only adjust the Max. Resolution of Fitto#5 t hen cl i ck AStart Esti Meti or
job should take less than a minuteetonplete As before, the results can be found in the Results panel:
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Show Job Detats 20 CTF Fit Result Estimat
™
P Defocus 7574A
Angle: 5282° Alias Res. s fone
@ Phase Shift : (00
“ Image / Aligned Movie Sum (May08_02.46.41.bin_1_0.mrc)
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You should inspect all the resul tra eaghsMownegmagehtee b ut
power spectrum (this time without exposure filter) and fit are shown as 2DCaptbts, as well as the image
itself, A°- usef ul additi onal thatlindicatesstdhwhat eesolatiorQlinanlrings wereo f  F i
detectable. The detection limit is displayed as the Fit Resolution and can be takengisragasure of image
quality. 19out of the 20 apoferritin images should have a Fit Resolution better hAn Bo sort the results
accordingtoth&i t Resol ution (and otdheThicg iwielrli aghow |l d cd
options of whi c htectedFitRResl |i rf&lteriBeedndowt he @A De

Filter / Sort Images (on bern)

Filter By :-
) AssetID: 0 To |0
] Estimation ID : 0 To |0
|| Date of Run: 09/26/17 ¥| To |09/26/17 &
) Job ID: 8] To (O
) Defocus : 0.0 Te |0.0
) Astigmatism : 0.0 To (0.0
I Astigmatism Angle : 0.0 Te |0.0
O Score: 0.0 To (0.0
Sort By :-
) Asset ID () Estimation ID () Date of Run
) Job ID () Defacus () Astigmatism
() Astigmatism Angle O Score (+) |Detected Fit Res.
() Detected Alias Res. () Phase Shift () Voltage
() Spherical Aberration () Pixel Size () Amplitude Contrast
O Box Size ) Min. Resolution ) Max. Resolution
) Min. Defocus () Max. Defocus () Defocus Step
() Tolerated Astigmatism () Min. Phase Shift () Max. Phase Shift

() Phase Shift Step

Cancel Filter/Sort
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Applying the sorting filter will move the worst images to the end of the list. TaieBenew Assets group on
thel9good i mages, click AAssetso, then Al mageso anc
switch back to the CTF estimation results, selec
To Groupo (the fABad | maegtéoghe bugan)this ghoutd veorepeated Witk alls h o w
images that show poor Thon rings. For the tutorial dataset, only image #16 should be eSaliidedhack to
Assets/ I mages and select the fABad | ma gpevighall tigergood p .
i mages and r en anmagestan &lss bevadded ambrgmm\ed within the Assets panel by
drag/drop, clicking #fH AdedgoodimagEsrame nop deady forthe feRtestapo paréicle 0
picking.

Particle Picking

Finding particles in EM images usedtobe alabort ensi ve step, costing many
to click on potential candidates. The development of good algorithms to pick particles is still ongoing and
different strategies exist. Some algloms are based on templates to identify particles. While they can be quite
accurate depending on the quality of the templates, they also bear the danger of template bias, i.e. the select
of noisy areas of the images that do not contain particles duemibduce the templates when aligned and
averaged. Furthermore, tempHitased algorithms are computationally expensive because each image has to b
searcledwith each template, usually in different rotational vieWse current version afisTEM implemeants a

faster algorithm t er me d tlintdstbasedrom an algodthdescribed by Sigworth (2004) and uses a
simple lowpass filtered disk with a radius close to the average patrticle radius to search for matchingifeatures
the images. It excludeseas of low and abnormally high variance to avoid areas that have no particles and
areas that contain higtontrast features that are not particles (ice contamination, cafmar}.from the speed,

this algorithm also largely avoids the problem of tempbés since no specific templates are used.

......

To get started, clickoilRoti omhseolnpbenGhidupd &Hak e
the radio button AAuto preview. o0 This wilsihcethdrow
picking algorithm is fast, these results drgplayedalmost instarly. Scroll through a few of the images to get a
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feeling for how well your parameters wokklhen previewing, you can enable additioloaV-pass filteringhat

will make it easier to see particles and some display features can be turned on$eleéctd particles are
indicated by red circles that have the size of the maximum particle rbiding; preview mode,qu shouldtry
different values for the nxamum and characteristic particle radii, as well as threshold for the peak to be
accepted as a particle. The maximum particle radius determines how closely spaced particles can be picked
while the characteristic radius determines the size of the diskused pi cki ng. Cl i cking
will reveal additional parameteesn d you shoul d al so play with AHigh
previous runs of the tutorial, tfiellowing values worked well: Maximunadius = Characteristiadius= 504,
Thresholdpeak height 4.0, High-resolutionlimit = 15.0 A, fiAvoid high variance sea® enabledLater, you

will generate a particle image stack from the picked coordinates with a box size of 192 x 192 pixels. You sho
therefore also makesureh at t he number di splayed in ASet mini
value of 100 works welwWh e n al | parameters are set, click #fASt

The job slould run for only a few seconds and results will be viewable under Rékhdtslisplay offers the

same features as the preview mode. You can now select additional particles or delete particles that you deen
unacceptable bleft-clicking with the mouse in empty areas or red circles, respectivefydition to mouse

clicks, youcan press the Ctrl key and rubberband an area to delete all the selected particles in it. Finally,
pressing the Shift key, the mouse pointer turns into an eraser and running it across an image will delete all
particles it encounterd.you are uncertainteout one set of picking parameters, you can switch back to
Actions/Find Particles and+rein picking with a different set of parameters. You can then select the best results
for each image by using the ticks in the file list. Using a combination of autopieking and manual editing,

you should be able to annotate a dataset in a relatively short time. For the tutorial, you do not need to edit the
particle picking results manually apoferritin is easy to pick artde automatic picking results are suféict to

obtain a 3A structure. Bad particles will be filtered out in the next step, 2D classificatging the parameters
listed above, abo®000particles should be picked and added as new Assets to Particle Positions.

2D Classification

Classification of single particle images is ofte
contaminants. It is also a quick way to assess the quality of a dataset. For a homogeneous set of particles, cl
averages should show weléfinedviews, ideally with high
resolution featurexisTEM implements a maximustikelihood
algorithm that is based on the original warkSigworth (1998)
with further developments for multiple references by Schere
al. (2005)

Create New Refinement Package

Template Refinement Package “\Iew Refinement Package

Before you can run 2D clasgiéition, you need to create a
Refinement Package, which is a type of Asset and simply
deflnes a Combinatlon Of par“Cle Image StaCk, allgnment Select "New Refinement Package" to create a package from scratch. Select "Create From

. ~ 2D Class Average Selection” to create a new package based on one or more selections of
paramete rS and a 3D refe rence StrU CtU r@. Kll O n n A S 2D class averages. Alternatively, an existing refinement package can be used as a

template. Template based refinement packages will have the same particle stack as their

t h e n fP %. & fk I a rg e S 6 a n d ﬁ C r e wu e . template, but you will be able to change the other parameters, you may wish to do this to a k
. change the number of classes or symmetry for example
through the creation process ’ e

Next > Cancel

Select ANew Refinement Pack.,.. . _. e . o at e

o
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Positionso forAi4asaGk. Goufnadr ptalrd igdretsi,cl e wei ght ( aj
1920 for the box sounheimagesdi Otto fout otch e,hp@i di t sy m
number of requested classes (this number does NOT refer to the number of 2D,claszes)d fi Gener a't
Params. o for. tRenaDOFnghe f ecisT&M Wilesfart cutting outhe particles to generate
a stack. This will only take aW seconds because only aboudd 9articles were picked. For larger datasets,

thiscantakeuptoafewminutéou wi | | see a new Asset call ed fARE
rename if you vwsh. If, at a later stage, you would like to change the 3D reference associated with a Refinemer
Package you can select a new reference withadouble ck on the | isted referei
Referenced secti on towards the | ower right.

@

Youar e now ready to start 2Dn cil2aB sGlfa scsaitfiyoon .a nSde | ceh
Package you would like to use (for now, only the one you just created will be available). You can also select

starting references but again, fornowonp t he fANew Cl assi ficationo opt.i

number of classes depends on the size of the dataset andddfaultto 5. Try changing this to 10 to make

room for a few more views of the particteat will be represented in the staaverage¥eep the default

number of cyclestorun (20).her e ar e ot her parameters to change

should leave this unchanged forn&awl i ck AStart Classificationo to r

The classification of the small apofeimi dataset will take only a few minutes. You will see updated class
averages after every iteration, giving you a sense of how the classification progresses. You will also notice pl
of Image Mobility, Likelihood and average Sigma values (Sigma inditiaeseciprocal of the estimated
signatto-noise ratio in the particle images) that grow with every iteration. For successful classification, you
should see decreasing Sigma values. Image Mobility will remain begivéen 25 and®%) until the final

iteraions because the algorithm initially uses only a small changing fraction of the data in each iteration.
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The classification results can b #&singtheright mouse duttann t
you can select different class awgga and see the particles assigned to this class in the lower right paatd. C

a selection of good clamsds raewearmd ghegs thhye csleil cekecitn g ni
ifRenameo b u tclickang onat.Nowd usinglthe &ft mowsbutton, select good clasgesages. Since

there are onlyabo@000p ar t i cl es, it may be best to eauxdnude o
nowswitchback to AAssPaskhagedofir86i areate a newGopdac K :
Classes. Click on ACreateo and in the wizard, se
template:

Clicking ANexto, you will see your nTBerenhni® asses
guestions should be answered afbke (box size = 1Dpixels, molecular weight = 44Da, largest dimension
=120A, symmetry = f 00, initaurefdreace = GeheratelFm BagametBrsisHL \When

the Refinement Package has been created, check how many particlésiiscand compare this with your firs
Refinement Bckage. Excluding the particles in your bad classes should have reldeiqedticle number by
about 100 in your new Ref i ne mpanitle sReand argreadyddain@an n o
ab-initio 3D reconstruction.



