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Segmentation Tutorial

INTRODUCTION

This tutorial is intended to walk you through the important steps required to extract actin filaments
from cryo-electron tomograms using the actin segmentation package within AMIRA. After completing
this tutorial, you should be able to extract actin filaments from your tomographic dataset. A basic
introduction to AMIRA itself can be downloaded from:

www.amira.com/images/stories/pdf/522/AmiraUsersGuide.pdf.

The parameter settings used in this tutorial are adapted to tomographic data from the following type:
2048x2048 EM images (Voxel Size: 0.81 nm), Weighted Back Projection Reconstruction with Binning 1
(region shown: 412x412x70, Voxel Size: 1.62 nm , Datatype: float). Note: the y-axis of our 3D
reconstruction corresponds to the tomography tiltaxis!

Workstation/Machine setup: DELL Precision T5400, Intel Xeon CPU E5440@2.83GHz dual quadcore
processors, 64bit WIN7, 26GB RAM, GPU: Nvidia Quadro FX 5600.

WORKSPACE LAYOUT IN AMIRA
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For every module a help button ? exists in the object properties viewport, where additional
information can be found. The results of each computation step can be saved via the main menu File >

Save Data as...
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SELECTING THE APPROPRIATE TEMPLATE FOR EXTRACTING CYTOSKELETAL FILAMENTS

The shape of the cylindrical template needs to fit locally the actin filaments. The width of the cylinder is
therefore fixed by the diameter of actin filaments, which is approximately 7 nm. The length of the
template is, however, more critical. Noise and incomplete information constrain the length. If the
template is too short, it reacts to all fluctuations, resulting in arbitrary orientations. On the other hand, if
the template is too long, it could miss small-scale features. Empirically, a template length of six times
the width of an actin filament, i.e. 42 nm, turned out to be a good compromise and to yield satisfactory
results. Smaller template lengths can be used, but the reliability of the extracted filaments becomes
strongly dependent on the quality of the tomogram.

Similar to actin filaments, a solid cylindrical template can be used to extract intermediate filaments.
Since these filaments have an approximate width of 14 nm the radius of the template should be set to 7
nm. For a good separation of these filaments from other structures a template length of 70 nm should
be given.

Microtubules can be extracted using a hollow cylindrical template instead of a solid cylinder, as used
for actin filaments. Two radii — the inner and the outer radius — must be specified by the user to define
this template. The inner radius defines the size of the hollow space in the template while the outer
radius defines the width of the microtubule. The approximate width of a microtubule is 25 nm. A value of
13-14 nm for the outer radius is therefore appropriate. The inner radius can be usually set to 7 nm. A
template length of 120 nm yields reliable results such that microtubules can be separated from other
structures in the tomogram.

In case all three cytoskeletal filaments are present within a tomographic dataset, the tracing approach is
performed in a sequential manner: first for microtubules, then for intermediate filaments and finally for
actin. Filamentous structures that have been identified in the previous steps are excluded from the
subsequent tracing steps. This can be done by voxel-based masking using the line geometries found by
the tracing algorithm.

REMARKS ON PARAMETER SETTINGS
(using the Extract Lines Module, see page 7 f.)

* The similarity parameter (user defined threshold t;) influences the length of filaments traced. The
higher this setting, the shorter the filaments.

* The Min.Correlation parameter (user defined threshold t,) influences the number of filaments
traced. The higher this value, the lower the number of filaments.

* The cocircularity condition evaluates the smoothness of the filament. The user can favor straighter
lines by choosing a small parameter, while large values allow more curved lines.

* The linearity function is the most sensitive parameter. It defines the opening angle of the search
cone. Lowering the linearity leads to more, but shorter filaments.

* The distance function influences the length of the filaments traced. It defines the radius of the
search cone.

The parameters cocircularity, linearity and distance depend on the structure that is to be extracted.
Those parameters must be adjusted once to the desired structure and can be kept throughout a series
of experiments. For the actin filament data shown in this tutorial we have chosen the following
configuration: cocircularity: 0.05 m, linearity: 0.3 m«, distance: 40 nm. The parameters t; and t, have to be
individually adjusted for each tomogram.
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CONVERSION OF DATA TYPES

The input data type of the tomographic data used in this tutorial and in the demo network on the website
http://www.zib.de/en/visual/software/CryoEM.html is float.

Depending on the parameters set in the reconstruction software, the data type of the 3D data set can
be different. In IMOD, e.g., the data type/storage mode of the output file can be set to: 0 for byte, 1 for
16-bit signed integer, 6 for 16-bit unsigned integer or 2 for 32-bit floating point.

If you want to convert your data set to float data you can easily do this in AMIRA by using the CastField
module. Simply right click on your data file and connect Compute > CastField to the data set and select
Output Datatype: float.

Compute » | CastField —0 Select.
8 Info: short (0...3.277e+004) -= float (0...3.277e+004)
2 Output Datatype: [float - |
@ unsigned char (3 bit)
Scaling: signed short (16 bit)
unsigned short (16 bit)
signed int (32 bit]

¢ Sclectfioat DBinieger Dol o-foat”.
double

LabelField

In the object properties viewport hit the — button to start the conversion
You can check the data type by clicking on the data object. The data type is displayed in the Info: line

& Info: 1000 x 1000 x 145 shorts (' ... 32767), uniform coords & 1nfo: 1000 x 1000 x 145 floats (11 ... 32767), uniform coords
3 Voxel Size: 2x2x2 T 2 voxelSize: 2x2x2 T
old data type format data type format converted to float
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WORKFLOW STEPS SHOWN IN THIS TUTORIAL

Tomographic raw data Denoised volume

Cross correlation field

rabler |
pointidx coordi coordy coordz linelche locallinePointldx
1 0 12733201 925.02002 64.800003 0 0
2 1 12733201 92340002 64.800003 0 1
3 2 17 91854004 64.800003 0 2
4 3 126846 90395996 66.410008 o 3
5 4 126522 89585999 66.419998 o 4
3 5 12636 89262 66.419998 0 5
7 6 126036 884.52002 68.040001 0 6
8 7 125874 87966003 69.660004 o 7
9 8 12555 86994 71.279939 o 8
o 9 125338 865.08002 71.279%99 0 9
Spreadsheet output LineSet output
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° DENOISING THE RAW DATA CRYO-ELECTRON TOMOGRAM

Load your tomographic volume (*.em, *.mrc) via File > Open Data ... or drag&drop your file directly into
the object pool.

Right click on the file and select the denoising filter via ImageFilters > Noise Reduction Non-Local
Means:

ImageFilters 3 . ) .
Gaussian Smgothmg connected module:
Interpolate » .
ImageFilters
Labelling 4 . .
Intensity Remapping
M5-Porespace [ )
Lighten/Darken
Map r . . .
Moize Reduction Maximum
Measure 3 ) ) )
Moize Reduction Median
MicrotubulesSVM 4 . . o
Moise Reduction Minimum
Particles 4 - -
Moize Reduction Non-Local Means
L N B [

In the AMIRA object properties viewport enter the following parameters:

Noise-Reducton-Non-Local-Means Operation in 2D or 3D can be
3 Filter: Noise Reduction Non-Local Means - ;eg?gtsgbsr?s;\slecfompmatlona"y
& search Window: 21
8 Local Neighborhood: 5 < ° Radius of the neighborhood
< window in voxels/pixels.
3  similarity Value: 0.6
2 Adaptive: () false @ true . . o .
8 i - The bigger this weighting factor is,
Device: @ cu O cru the smoother the result will be.
& CuDA device: | Quadra Fx 5600 [ID: 0] ¥ |
8 Options: automatic partition size
& partition size (in %): | 100
% GPUMemory: 1498 MB
& Max. Block Size: 599 MB
3 Action: Apply to result

In the object properties viewport hit the _ button to start computation.
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The result of the denoising step is shown as a new object in the object pool.

e SELECTION AND ADJUSTMENT OF THE CYLINDRICAL TEMPLATE

In the object pool right click in the background and select: Create > Tomography > CylinderReference

Create >| Tomography 4 CylinderReference Select.
Recent Files 4 HollowCylinderReference
Recent Networks  » HollowSphereReference

DlateRet module:
Show Object 5 ateReference

oo o

Remove All Objects
Save Network
Save Network As...

Enter the following parameters in the object properties viewport:

Length of the template in nanometers

_ (unit depends on the dimension of the

input data).
8 Cylinder Parameter: Length 42 Radius 4
3 Mask Parameter: Length 42 Radius &
8 Scalar Values: Background 1 Foreground -1 This value must correspond to
3 Voxel Size: ¥ 162 ¥y 162 z 1.62 <@———=@ the voxel size of the tomogram.
& Theta Range: min 0 max 130 It is usually given in nm.
2 PsiRange: min 0 max 180
& Angle Increment: ° Allows the user to smooth the
& Smoothing: 1 < ® template. If the value is 0 no
8 Options: MNormalize Missing Wedge Cut smoothing is done at all.
8 Tilt Type: ) dual @ single
8 Tilt Axis: Dx @y
8 Tilt Angles: ™ -~ 4—. Defines the missing wedge of

the tomogram.

Hit the ? button for additional information about the module properties.
In the object properties viewport hit the _ button to start computation.
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The result is shown in the object pool (cylinder.ccr*). For a visualization of the generated template the
following network can be constructed: Right click on the cylinder.ccr object and select Tomography >
CCRShow. In the CCRShow module click the auto-refresh clickbox. Two new objects appear. Connect
an Isosurface to the cylinder.scanConvert object and set it to auto-refresh by clicking the checkbox. The
different template orientations can be visualized by moving the index slider in the CCRShow module.

SRaissatmel s —— Dlllsowurface [,
LSgyindermask? (>

To select the cross correlation module right click at the cylinder.ccr object and select: Tomography >
CrossCorrelation

Temography r CCRShow

Tools b CrossCorrelation || <@——® Select.

Connect the denoised tomographic volume to the CrossCorrelation module by clicking with the mouse
into the small white square of the CrossCorrelation module, select ScalarField and click on the
denoised tomographic volume.

_ I Data (-= cylinder.cer)
ScalarField (-=Cryo-Electron- Tomogram-filtered)

The cross correlation is computed on the GPU. Parameters for the computation can be set in the object
properties viewport. Note: if an error message pops up (due to a GFX card hardware conflict), it is
recommended to reduce the values for Block Size.

CrossCorelation

& crupevice:

2 GPU Memory: 977 | 1498 MB

3 Block Size: % 256 y 256 z 128
8 Number of Blocks: Decomposition in 0 blocks

In the object properties viewport hit the BRI button to start computation.
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The output from the CrossCorrelation module are two new data objects, the correlation field (termed
crossCorrelation) and orientation field (termed referencelndices). Both files can be saved via File >
Save Data as...

e TRACING OF FILAMENTS

In order to start the filament tracing procedure right click on the green crossCorrelation object and
select Tomography > ExtractLines.

Temography 4 AverageSlices
DataToSpreadshest

Select. @&————p Estractlines

ReferencelndicesToData_orientation

ReferencelndicesToData_scale

There are two options to extract the filaments: Option A is less memory consuming, but filament
tracing takes longer. Click in the small white box of the generated ExtractLines module and connect the
cylinder.ccr object via the CCR port and the referencelndices object via the OrientationField port.

CrientaticnField
CCR

Option B converts the information from the referencelndices object into an orientationField object. This
variant is consuming more memory, but filament tracing is much faster. Right click on the green
referencelndices object and select Tomography > ReferencelndicesToData_orientation.

Temagraphy 4 | AverageSlices
DataToSpreadsheet
Extractlines
select @& ReferencelndicesToData_orientation

Referencelndices ToData_scale

In the object properties viewport hit the BB button to start computation.
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The result is a new object called orientationField.

Now, create an ExtractLines module in the same way as shown for option A. Instead of attaching the
referencelndices object the new orientationField object is connected. The other two objects (cylinder.ccr
and crossCorrelation) are connected accordingly.

Once the three data objects are connected to the ExtractLines module, the tracing parameters can be
adjusted in the object properties viewport. The simple GUI allows the user to adjust the similarity value
and cross correlation coefficient used for tracing:

Allows switching between simple or advanced menu.
Defines the diameter of the filaments (here: 8 nm).
ot

8 Influences the length of filaments traced.
& Line Radius: 4 (threshold t,)

& similarity: I 0.25

8 Min. Correlation: | 0.65  <@=—® Influences the number of filaments traced.
8 LabelFields: ’ Binary Mask ] [I.nhemal Mask] [Centerline Mask] (threShOId t2)

T Creates a voxel-based representation of the filament

Creates a voxel-based center lines (available after the tracing process).
representation of the
traced filaments Voxel-based representation of the filaments approximating
(available after the elongation effects caused by the missing wedge
tracing process). (available after the tracing process).

In the object properties viewport hit the BB button to start computation.

10
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The advanced GUI allows to adjust more parameters for filament tracing:

Gdmnes Automatic adjustment of the cone parameters.
§ cur / [recommended]
2 Line Radius: 4
8 similarity: I
A oG v These values are calculated automatically if the
8 LabelFields: [ Binary Mask ] Mﬂask] [Cenberllne Mask] CheCkbOX above 1S tICked'

: A
§ Automatic Coue Parameter Takes into account the elongation in x,y,z.
2 Cone Radius: 47.0954
8 Cone Angle: 20,4764 /
8 Line Scale: 1 1 2 Influences the smoothness of a filament. Small
& similarity: [¥] Correlation [¥] Linearity [V] Cocircularity [¥] Distance values yield straighter lines, while large values
8 codrcularity: I 0.05 A-E]/. allow more curved lines.
& Lincarity: I
8 Dpistance: e g\ . . .

Most sensitive parameter. Lowering this parameter

8 Mask Radius 4 leads to more, but shorter filaments. Defines the

opening angle of the search cone.

Influences the length of filaments traced. Defines
the radius of the search cone.

This parameter is not of importance for
tracing, but defines the radius of the
binary mask.

In the object properties viewport hit the |ABBISII button to start computation.

11
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o VISUALIZATION AND ANALYSIS OF THE TRACED FILAMENTS

The result of the line tracing can be visualized by connecting a LineSetView module via right clicking
the green crossCorrelation.lines data object.

OOLinesetview [=

For a visualization of the traced filaments, the line settings can be adjusted in the LineSetView
properties viewport:

Choosing circle allows scaling the lines according to the
diameter of the filaments.

LineSe tview . .
= Choosing Constant selects a constant scaling

8 shape: of the lines. Choosing Data 0 selects scaling

8 circle Complexity: [d|[—m—————— (| 12 with respect to the correlation values along

8 scale Mode: the lines. Choosing Data 1 selects scaling

8 scale Factor: | 4 O with respect to the computed similarity values

3 Rotate Mode: Signed Strength ~ | [FirstPoint = along the lines.

8 Twist Mode: Accumulate Twist Values - Sca“ng factor.

8 Color Mode: Datal a w | |Per Vertex -

8 spheres: Select Data 0 or Data 1 to enable line

8 spherescaler | 0.1 O coloring.

8 Sphere Color: Mo Color + | |NoAlpha -

8 Colormap: 1} 1 Edit .

Allows the user to set the color of filaments.

For postprocessing and analysis of the traced filaments outside of AMIRA, data representing
geometry of individual filaments can be displayed and exported. In order to do this right click at the
crossCorrelation.lines object and select Tomography > LineSetToSpreadSheet.

Tomography 4 | AngularDistribution
LineSetToSpreadSheet Select.

Hit the — button to generate the spreadsheet (*.ss file)

12
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In the crossCorrelation.ss object press the Show button to display a table with the individual line indices
(lineldx), corresponding point indices along a line (pointldx), the local line point indices
(localLinePointldx) and coordinates of the traced filaments within the 3D volume. Data O shows the
cross correlation values and Data 1 the corresponding scalar values for each point.

8 Size: Tablel: & columns, 5072 rows

 Spreadsheet: press

[Tablet |

pointIdx coordy coordY coordZ lineIdx locallinePointIdx Data 0 Data 1
1 0 12733201 92502002 64.800003 0 0 037573704 0.27550539
2 1 12733201 923.40002 54,800003 0 1 042430369 041128027
3 2 12717 918.54004 64,300003 0 2 049777353 0.40263379
4 3 126846 903.95996 66419998 0 3 05511924 050490344
5 4 1265.22 §95.55999 66419938 0 4 052987003 0476403
& 5 12636 89262 66419998 0 5 043010305 0.43085015
7 6 126036 884.52002 68.040001 0 6 048179018 045828602
8 7 125874 879.66003 69,660004 0 7 04819535 0.39470428
9 3 12555 869.94 71.279999 0 8 053835642 052782178
w 9 125388 865.08002 71.279993 0 9 054393923 04262071

Spreadsheet containing geometry information about each traced filament

To display the angular distribution of the filaments, right click at the crossCorrelation.lines object and
select Tomography > AngularDistribution.

Hit the |RBRRI button to generate the spreadsheet (*.ss file) and a new line object (angularDistr)
which can be visualized by another LineSetView module.

O0LineSetView?2 [

This angular distribution module estimates the angular orientation of each line. The estimation is done
in a least square sense. A linear function is fitted such that the distance of each line point is minimized.

13
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The output is a spreadsheet (*.ss file) containing the estimated angles phi and theta. Phi is the angle in
the x,y-plane with respect to the y-axis in counter-clockwise direction. Phi is in the range of [0, 180]
degrees. Theta describes the elevation of the line with respect to the x,y-plane. Theta is in the range of
[-90, 90] degrees. Additionally, the euclidian length of each line is stored in the spreadsheet.

8 Size: Tablel: 4 columns, 204 rows

8 Soreathest

| Table1 |
lineTdx phi theta lineLength
1 0 20.217533 -1.6439694 30194354
2 1 14398438 -2.5886809 382.51645
3 2 15363138 -39076443 24498022
4 3 14395248 -81724148 24558459
5 4 116.56505 2.5044781e-006 36224191
[ 5 12872113 1.3235308 4287146
7 6 13894682 -51416955 24215598
8 7 15032333 -1.2816347 23857405
LineSetView of the traced filaments Spreadsheet

The second output is a new set of lines (angularDistr) containing three additional data channels (Data
2-4). Data 2 includes the angle phi, Data 3 the angle theta and Data 4 the euclidian line length.

8 LineSet: 204 lines, 5072 points, 5 values per point (-86. 1608...641.901)

LineSetiiew2 O Data2 = |<—® Data O = cross correlation
8 Shape: ggén[llnr Data 1 = similarity value
¢ ooy s el | Daa2zpi v pleno
§ scalerode Data 4 = euclidian length
8 scalefactor: | 4 L) Data 4

8 Rotate Mode: Signed Strength = | |FirstPoint -

8 Twist Mode: Accumulate Twist Values  +

3 color Mode: Data2 v [Noalpha v | [Per Vertex ~|

& spheres

& sphere Scale: I 0.1 ]

8 Sphere Color: Mo Color + | Mo Alpha ~

§ colormap: 0 nEaC DDl "l 10

The LineSetView module can be used to visualize these data channels accordingly (for adjusting the
colormap right click in the color field, select e.g. physics.icol colormap and use the Adjust to data range
function).

14
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Note: The cell membrane (see workflow diagram on page 4) or internal membranes (vesicles,
organelles) should be masked out after the CrossCorrelation procedure and before the subsequent
filament tracing step, since a cylindrical template yields high correlation values at these structures. In
addition, false traced lines/filaments can be removed by visual inspection using the LineSet Editor:

Click on the green crossCorrelation.lines data object and select the LineSet Editor from the object
properties viewport.

B [5)?]

LineSet Editor

OBLinesetview [> T ‘&;

WO Cryo-Electron-Tomogram-filtered. crossCarrelation. lines [= l

Select the interact pointer from the 3D viewer tools: ‘H}’l <—0 Select.

Now click in the 3D viewer on the lines/filaments you want to remove (hold down SHIFT to select
multiple lines):

Selected lines are
highlighted in red

Press the Delete button in the crossCorrelation.lines object properties to delete the selected lines:

Cryo-Electron-Tomogram-filtered. crossCorrelation. lines D

& LineSet: 204lines, 5072 points, 2 values per point (0.250623...0.807512)

3 Selected: 0 points, 0 lines

8 Display: all points || endpoints || lines

3 Select: Al || Bylength || clear | [BylineIndex...|

-?.a Undo: undo redo

3 Action: Connect... | Delete | | Stretch | | Split | | Draw | | values. ..

Delete selected lines
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CORRESPONDING PUBLICATION

Additional information about automated segmentation of electron tomograms can be found in the
Journal of Structural Biology:

Automated segmentation of electron tomograms for a quantitative description of actin filament networks,
A. Rigort, D. Glnther, R. Hegerl, D. Baum, B. Weber, S. Prohaska, O. Medalia, W. Baumeister, H.C. Hege;
Journal of Structural Biology: doi:10.1016/j.jsb.2011.08.012

ROOM FOR NOTES

16
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