Tutorial

Metabolic Network Analysis with CellINetAnalyzer

CellNetAnalyzer (CNA) — general information:

o CellNetAnalyzer (CNA) is a MATLAB toolbox with (optional) graphical user interface and
various computational methods and algorithms for exploring structural and functional
properties of metabolic, signaling, and regulatory networks.

e The focus of this tutorial is on CNA’s functionalities for analysing metabolic networks
based on stoichiometric and constraint-based modeling techniques, including flux
balance analysis (FBA), metabolic flux analysis, elementary-modes analysis, minimal cut
set analysis, and many more.

e You should also read the manual of CNA (on the CNA website or in the directory
‘CellNetAnalyzer/doc’), in particular chapters 0 (quick start) and 2 and 3 (general
information on mass-flow / metabolic networks in CNA)

contents:

Use case scenario S1: Flux analysis

Use case scenario S2: Flux optimization

Use case scenario S3: Elementary modes and minimal cut sets

Use case scenario S4: Constrained minimal cut sets for strain design
Use case scenario S5: Editing the network structure

Use case scenario S6: Export and import of SBML models

Use case scenario S7: APl interface

Example model: E. coli core metabolism

In the following we will use the compressed E. coli core metabolism model EColiCore2-

compressed (ECC2comp) and provided along with CellNetAnalyzer. This model was

published in [Hadicke O, Klamt S (2017) EColiCore2: a reference model of the central

metabolism of Escherichia coli and the relationships to its genome-scale parent model.

Scientific Reports 7:39647] and was received by reducing a genome-scale model E. coli

model (iJO1366). It comprises the reactions of the central metabolism, four substrate uptake

reactions (glucose, succinate, acetate, glycerol; here the focus will be on glucose), several

standard fermentation products (ethanol, acetate, succinate, formate, lactate, hydrogen).

Biomass synthesis is represented by one compressed growth reaction. Note that there are

also other (partially related) E. coli network projects in the standard CNA contribution:

e EColiCore2-compressed (Small map): the same as ECC2compressed with a smaller
map (for monitors/beamers with smaller resolution)

o EColiCore2 (ECC2): E. coli core with uncompressed biomass synthesis routes;

o EColiGenomeScale (ECGS): the genome-scale model (slightly modified iJO1366) from
which ECC2 and ECC2compressed were derived

e Escherichia coli (small model): another smaller core model of E. coli’s central
metabolism illustrating the use of biomass components and assembly routes in CNA




Use case scenario S1: Flux analysis

Test feasibility and perform metabolic flux analysis and flux variability analysis in the central
metabolism of Escherichia coli.

Starting CellNetAnalyzer:

When starting CellNetAnalyzer the first time you might need to set some path variables in
“startcna.m” and “javalibrarypath.txt ” (see manual sections 0.2 and 0.5)

Start MATLAB; ideally you should choose the CellNetAnalyzer main directory as startup
directory (important for correct setting of the paths for the JAVA CPLEX interface; only
relevant for a few API functions; see also section 0.2 in the manual). Alternatively you
can change the working directory to CNA’s main directory after loading MATLAB but then
few CPLEX related functions will not work in this case).

Start CNA by entering “startcna” into the command window

The project manager window appears - you can now select and start a project:

- EColiCore2-compressed (ECC2comp)
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NOTE: this project consists of only one interactive network map; a network project can
have arbitrary many maps (see e.g. E. coli (small))

In the map, each text box corresponds to one reaction (rate). The text boxes show initially
the predefined default values of reaction rates (for most reactions the default value is
unknown (‘#’)). Here, the default values can be used to model growth on glucose
(glycerol, acetate, succinate cannot be taken up).
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To receive information about reactions and metabolites of the network open the network
composer from the CNA menu (Network — Network Composer — Edit/Info); for more
information see also use case scenario S5

Properties of a reaction can also directly be seen and edited by a right click of the
corresponding text box
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Select default scenario values:
e As mentioned, after opening a project the default scenario is displayed in the boxes.
e Manual selection (also at a later time point) is possible on two ways:

» press the @-button in the toolbar
= gselect: Scenario — Set default scenario
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¢ In the same submenu you can also save and load scenarios. Here we load a scenario
“‘example_flux_analysis.val” serving as an example for a flux analysis scenario for growth
on glucose. The scenario file is located in the project directory which is shown in the
dialog box appearing after clicking on “Load scenario”.
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e After loading, the scenario is displayed in the maps and given values are highlighted.
e Legend: # £ reactions with undefined value (grey text box)

red box £ disabled reaction (rate = 0)

blue box 4 given reaction rate # 0

Check feasibility:

e We check the feasibility of the loaded scenario

e Press: Analysis — Check feasibility of flux scenario — choose “GLPK” as LP solver (you
may also select a different solver if available (CNA supports GLPK, MATLAB linprog,
CPLEX; see manual for installation)
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“Check feasibility of flux scenario” tests whether there exists at least one feasible flux
distribution in the network consistent with the defined rates and flux capacity constraints
(min/max reaction rates that can be specified in the property editor for each reaction; see
also below) - one possible solution (if it exists) is shown in the map
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green boxes 2 predefined values; blue boxes 4 calculated values

Flux analysis:

Reload the latest scenario by clicking on < in the toolbar - this was the flux example
scenario we had loaded before.
Press: Analysis — Metabolic Flux Analysis — Flux analysis
The predefined, uniquely calculable and non-calculable (if the system is not fully
determined) rates are displayed/indicated in the maps
Legend: green boxes 2 predefined values; blue boxes 2 calculable values
grey boxes £ non-calculable rates (here: 6 rates are undetermined due to
unresolved fluxes in the glucose uptake pathway (PTS vs. hexokinase)



¢ Inredundant (“‘overdetermined”) systems, a method for dealing with redundant
systems must be chosen and balanceable rates will also be indicated (see manual)
o NOTE: flux min/max and reversibility constraints are not considered in this type of flux

analysis, but violations of these constraints would be indicated in the MATALB

command window
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Flux variability analysis (FVA):

e FVA can also be used as a metabolic flux analysis tool. It accounts for the min/max
(including reversibility) flux constraints and displays also feasible flux ranges for
undetermined reaction rates, but it cannot deal with redundant systems. We apply FVA
again to our flux scenario.

¢ Load again the “example_flux_analysis.val” scenario.

e Analysis — Flux variability analysis — choose e.g. GLPK as LP solver

e Results are displayed in the network maps in the blue and green boxes ...
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... and in the command window (here is an extract):

Results of Flux Variability Analysis:
kkkkkkkkkkkkkkkkkkkkkhkkkkhhkkkkkkkkkkkx
Growth: MinFlux: 0.76 , MaxFlux: 0.76
R_ACALD: MinFlux: 0, MaxFlux: 0
R_AcEx: MinFlux: 0, MaxFlux: 0
R_ACKr: MinFlux: -0.44276 , MaxFlux: -0.44276

R_ATPM: MinFlux: 6.7124 , MaxFlux: 8.7124
R_ATPS4rpp: MinFlux: 46.2522 , MaxFlux: 48.2522
R_CO2Ex: MinFlux: 16.8018 , MaxFlux: 16.8018

R_GLCptspp: MinFlux: 0, MaxFlux: 8
R_GLCt2pp: MinFlux: 0, MaxFlux: 8
R_GlcUp: MinFlux: 8, MaxFlux: 8




R_PTAr: MinFlux: -0.44276 , MaxFlux: -0.44276
R_PYK: MinFlux: 1.0212 , MaxFlux: 9.0212
R_RPE: MinFlux: 1.3376 , MaxFlux: 1.3376

6 fluxes are undetermined - grey boxes
27 fluxes fixed. - green boxes
49 fluxes are determined by the given constraints. - blue boxes; anabolism included

e NOTE: only fixed and uniquely determined fluxes (min. rate = max. rate) are shown in the
network maps; the range of non-unique rates is displayed in the command window

Use case scenario S2: Flux optimization

Find the optimal flux distribution maximizing cell growth on glucose as the only substrate.
Subsequently, find the optimal flux distribution for ethanol production with some minimal
growth.

e Pressthe ﬂ—button in the window to set the default scenario (which is “growth on
“glucose”)

o Verify that the glucose uptake reaction is set to a maximal rate of 10 in the field “Rate
maximum” (Network— Network Composer — “Edit/Info” —Button next to the “Reactions”-
part in the window after selecting “R_GIcUp” -reaction). Alternatively click with the right
mouse button at the reaction text box of “R_GIcUP”.

Edit reaction 2 & *

Reaction identifier (use "mue" for biomass synthesis)

R_ClelUp

Reaction equalion (examples: & + 2B = C; = A

‘1 M_glc_DASH D_ex = 1 M _glc_DASH_D_p

Default rate @ for empty): ’137
Rate minimum (D=irrevers ) ’07
Rate maximu( o
Coeff. in objective function: ’07
Variance of measuraments ’0017

Motes and Comments:

Flux map numher Text hox style

Map 1: Network ... " Editable v|

H-Position Y-Position

57 [o.4753 Get xjy-Fos
oK ‘ Cancel

o Specify the right coefficient for the ‘growth’ reaction in the objective function as displayed
below. Note that CNA will minimize the objective function, hence, for minimizing a rate
you need to enter “+1” in the field “coeff. in objective function”; for maximizing enter “-1”;
for no optimisation leave “0”. You may check the current objective function via
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“Analysis>Flux balance analysis->Show objective function”

CellNetAnalyzer: Metwork Map [ECC2comp) [ORS] &
Metwork Map  Scenarios  Clipboard  Analysis  Info Ll
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For starting the flux optimization press: Analysis — Flux Balance Analysis (FBA) — Flux
optimization
Choose e.g. GLPK as LP solver.

The resulting optimal flux distribution for the maximal biomass production is shown in the
network maps.
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Result: maximal cell growth (without ATP maintenance demand) is at p=0.98 h™* with no
by-product formation except CO,

For finding the optimal flux distribution for growth on glucose with a maximal ethanol
production and a defined minimal growth rate (u=0.01 h™"): repeat the flux optimization as
follows:

= Press the ~-Button (“Reset values”) and all values predefined from the previous
calculation will be shown again

= Set the coefficient in objective function of the growth reaction to “0”

= Restrict the reaction rate of growth () to 0.01 h™ by typing the value directly into
the reaction text box of the map

= Set the coefficient for the objective function for reaction “R_EthEx” as
demonstrated previously for the growth reaction (enter “-1” in the field “coeff. in
objective function”). You may check the correct setting of the objective function
via “Analysis=>Flux balance analysis=>Show objective function”

= Start flux optimisation via: Analysis — Flux Balance Analysis (FBA) — Flux
optimization
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The resulting optimal flux distribution for maximal ethanol production under some
minimal growth is shown in the flux maps (catabolic map is shown below) and we
can see that the maximum ethanol production rate is 19.84 mmol/gDW/h.

Cellstanalyzer: Metwork Map (ECC2comp) & & 2%
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¢ Result: maximal ethanol production under these conditions is 19.84 mmol / (gDW h)

Use case scenario S3: Elementary modes (EMs) and
Minimal Cut Sets (MCSSs)

Compute elementary modes (EMs) for anaerobic growth on glucose in the central
metabolism of E. coli. Visualize the 2D-yield plot for growth versus ethanol yield. How many
modes exist, that contain in total only 20 reactions? Calculate the minimal cut sets (MCSs)
deleting all EMs for anaerobic growth on glucose.
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Calculating the EMs:

Here we want to calculate the elementary modes for anaerobic growth on glucose. There

[ ]
is a predefined scenario file which fixes certain reaction rates to zero to simulate growth
on glucose (this switches off substrate uptake reactions (succinate, acetate, glycerol) and
some other reactions which are unlikely to be active under standard growth on glucose).
Load the scenario file: Scenario — Load scenario and select the file
“glucose_standard.val’
e To ensure anaerobic conditions enter “0” in the box of reaction “R_0O2up”
¢ When CNA calculates the EMs, all reactions with a given zero rate will be excluded
(hence, all computed EMs will not use these reactions).
CellNetAnalyzer: Metwork Map (ECC2comp) % & X
Network. Map  Scenarios  Clipboard BEGENRSAEN (nfo k]
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e Calculate the EMs (Analysis — Elementary modes and pathway analysis — Compute

modes); leave the options in the panel as they are (with efmtool as algorithm)
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J Calculate elementary modes 3l x|

4 Consider constraints given in text boxes

Use flux bounds to calculate
elementary flux vectars

Check reversibility

0

Convex hasis anly

m

Consider isozymes only once

Calculation method:

|EFM Tool |

r Use rational numbers

Start computation! |

e Start computation, wait for the results: 61812 EMs are found
e The first EM is automatically displayed in the map and a control panel for EM analysis
comes up. You may go through the set of EMs by clicking on “Next” or “Previous”
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Select and normalize EMs with Glucose uptake:

o We should normalize the modes with respect to the substrate (glucose) uptake rate.
Choose “Normalization of modes” in the “Statistics” pull-down menu and click on
“Compute”. Write in the first line “R_GlcUp” to normalize all EMs with respect to their
glucose uptake rate.

Elemnentary modes (¥ (& x

Selection ...

Deselect mode Select all

tvlodes calculated: 51812
tvlodes selected: 18712
hvlode number: 1/61812
hvlode is irreversible
Mext

Previous Jump ..

Dalete unsalected modes

. Normalization of mades 03 X
Clipboards and set operatio .

‘ Reaction(s) to which the modes will he notmalized
Statistics: Compute ... |R_GIcUp
Naormalization of modes

Mumber by which the modes will be divided

Save all modes Export modes

A Cancel

¢ Next we want to check whether there are (artificial) EMs that do not involve glucose
uptake. Press the button “Selection...” in the “Elementary modes”-window and enter
“R_GlcUp” as a reaction, that must NOT occur in the set of EM, and press “OK”. & There
are two such EMs and in the next step we will delete them from the set of EMs.

o Press “Select all” in the “Elementary modes” window. Use then “Selection...” in the
“Elementary modes”-window and enter “R_GlcUp” as a reaction, that must occur in the
set of EM, and press “OK”. (61810 EMs are selected).

Select a subset of the caleulsted modes v x,

Reactions which must not occur:

Reactions which must accur:
[p_clcugl

Reactions which may occur anly in forward direction:

Reactions which may occur only in backward direction

Metabolites which must not participate:

Metabalites which must participate:

Minimum number of participaling reactions

Maxitmum number of participating reactions

|
OK Cancel

e Delete the two (artificial) unselected EMS via “Delete unselected modes”-button in the
“Elementary modes”-window
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Elemnentary modes (¥) (& x

Selection ...

Deselect mode Select all

tvlodes calculated: 51812
tvlodes selected: 51810
hvlode number: 1/61812
hvlode is irreversible

Previous Next

Dalete unsalected modes ‘

Clipboards and set operatio.‘.‘

Delete unselected modes > x

Statistics: Compute ...
Norralization of modes = @
Do you really want to delete the deselected modes?

Export modes

Save all modes
YES NO - Cancel

/]

= Result: 61810 EMs are selected, all containing the glucose uptake reaction

=>» Before continuing you may save these EMs for later analysis via “Save all modes”
(binary MATLAB file - this one can be reloaded by CNA) or via “Export modes” (as
text file).

Analyzing product vields in EMSs:

We are now interested in ethanol as a potentially relevant product.

Select “Yields and rate ratios” in the “Statistics” menu of the “Elementary modes” window
and press the “Compute”-button

Enter the names of product excretion reaction and the substrate uptake reaction (here:
R_EthEx/ R_GlcUp)

Elernertary modss (¥ (& &

Selection ...

Deselect mode Select all

Ivodes calculated: 51810
Ivodes selected: 61610
Iode number: 1/61810
Ivlode is irreversible

Previous INext Jump

Determination of eptimal (maximall... ¥ X,

Delete unselected modes |R,EthE><

Rale S (denominator, subsirate uptake(s))
[r_cicud |

Clipboards and set operatio

For selection (optional): minimum yield

‘ Raie P (nominator, product excretionis))

Statistics: Compute .

Vields and rate ratios A 3 For selection (optional): maximum yield
Save all modes |
y QK Cancel

Export modes

The yield distribution within the EMs is shown in the graphic below. And more information
is also given in the command window.
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Product Yields in Elemertary Modes ¥ & x,

File Edit Wiew [nsert Tools Deskiop Window Help E

NS ALk [NRUDEL-G|0E|uD

o
@

=
=

Product Yield P/S  (P: R_EthEX ; 5: R_GlcUp )

You want to see the EMs with maximal ethanol yield of mmol/(mmol glucose)? Repeat
the last step but write in the third row (Minimum yield) a 2. - 33 optimal EMs are
selected. You can go through this set of EMs and study the different optimal pathways.
You may compute Statistics (e.g. reaction participation) via the “Statistics” pull-down
menu for these EMs.

Click on “Select all” to select all EMs again.

Visualize the EMs in a 2D-Yield space plot: biomass yield vs. ethanol

yield

Ensure that all EMs are selected again (press “Select all”).

Select “2D Yield space plot” in the statistics part of the “Elementary modes” window and
press the “Compute”-button

Specify the yields to be displayed by giving the corresponding reaction names: first for
the yield to be displayed at x-axis (product rate P: ‘Growth’ = biomass synthesis;
substrate uptake rate S: ‘R_GlcUp’ = glucose uptake’) and then for the yield to be
displayed at the y-axis (product rate P: ‘R_EthEX’ = ethanol excretion; substrate uptake
rate S: ‘R_GlcUp’ = glucose uptake)
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Elementary modes (%) (2

Selection ...

Deselect mode Select all

Iwiodes calculated: 61810
Iviodes selected: 61810
tviode number: 9798/61810
twiode is irreversible

Previous MNext Jump ... ‘ Two-dirmensional yisld spacs plot of selacted modes (¥,

#-Yield: Rate P (nominator, product excretion reaction(s))
‘Growth

Delete unselected modes ‘

H-Yield: Rate S (denominator, substrate uptake reactionis))
‘ R_GlcUp

Clipboards and set operatio...

w-Yigld: Rate P (nominator, product excretion reaction(s))

Statistics: Compute ... R_ExhEx
2D Yield space plot - Y-¥ield: Rate 5 (denominatar, substrate uptake reaction(s))
[r_cicup |
Save all modes| Export modes oK Cancel
/]
File Edit View Insert Tools Desktop Window Help k]

D kR0 EL-|S(0EH|aD

— n ra

=
n

W-Yield {Product: R_EthEx ; Substrate: R_GlcUp )

1} 0.005 0.0 0015 0.0z 0.025 003 0.035
H-¥ield (Product: Growth ; Substrate: B_GlcUp )

= Result: two-dimensional distribution of the elementary modes in the yield space with
biomass yield on the x-axis and acetate yield on the y-axis. You can also see the
maximum growth yield and maximum product (ethanol) yield again.

Analyze pathway lengths of EMs
e Select “Pathway lengths” in the statistics part of the “Elementary modes” window and
press the “Compute”-button above
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Figure 5 ¥ & %
Elementary modes (¥, (2 X File Edit View Insem Tools Deskiop Mindow Help ~
NEEde| AV UDEL- |G| 0H|uD
Selaction ...
16000
Deselect mode Select all
Wiodes calculated: 61810 14000 - b
ivodes selected: 61810
twiode number: 9788/61810 12000 | 4
Iviode is irreversible
Previous Mext Jump ... ‘ = Leocd- 1
S
=
S 8000 - b
Delete unselected modes ‘ E
§ 8000 - g
Clipboards and set operatio...
4000 b
istics: Compute ...
Statistics: o] L ]
Pathway lengths -
0 L L A L L L
Save all modes| Export modes 0 10 20 a0 40 50 G0 70 a0 a0
Pathway Length {Number of Involved Reactions)
v |

¢ You want to see the shortest EMs, e.g. using only 20 reactions or less? >
e Use the “Selection”-button in the “Elementary modes” window and enter “20” in the field
“Maximum number of participating reactions”). > 42 EMs are selected

Reactions which must not occur:

which must occur:

Reactions which may occur only in forward direction:

Reactions which may occur only in backward direction

which must not partici

A which must particiy
Mini number of participating
o

number of paticipating
o

OK Cancel

Select EMs with biomass synthesis:

o Press the “Select all’-button in the “Elementary modes”-window to select all EMs again.

e Press the button “Selection...” in the “Elementary modes”-window and enter “Growth” as
a reaction, that must occur in the set of EM, and press “OK”
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Select a subset of the calculsted modes (¥ x

Reactions which must not occur:

Reactions which must accur:
|Crowth

Reactions which may occur anly in forward direction

Reactions which may occur anly in backward direction

Metabalites which must nat paricipate:

Metabolites which must participate:

Minimum number of participaling reactions

Maximum number of participaling reactions

\
OK Cancel

The EMs with a growth rate >0 are selected, the first is displayed in the network map
and the total number of selected EMs is shown in the “Elementary modes”-window

Elernertary modes (%) (2 =

Selection ...

Deselect mode Select all

Ivodes calculated: 51810
IModes selected: 59259
Iode number: 1/61810
Ivode is irreversible

Previous Next

Delete unselected modes ‘

Clipboards and set operatio..“

Statistics: Compute ...
Pathway lengths >

Save all modes| Export modes

=>» Result: there are 59259 EMs allowing growth under anaerobic conditions with
glucose as substrate.

Compute Minimal Cut Sets deleting all EMs for anaerobic growth on

glucose:

Work with the current EM-selection (all EMs with anaerobic growth on glucose) - these
EMs will be deleted by the minimal cut sets to be calculated

Select “Minimal cut sets ....” in the statistics part of the “Elementary modes”-window and
press the “Compute”-button above

Define the maximal cut set size (to accelerate the computation we choose here 3; when
left empty all MCS are computed) and press the “Start computation!”-Button
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Elementary modes () (4 &

Selection ...

Deselect mode Select all

Iwiodes calculated: 61810
hviodes selected: 53253

haode number: 1/61810 Computing minimal cut sets (¥, x
twiode is irreversible

| Exclude reactions with 0 value

Previous Mext

Jump ... ‘ | Store cut sets compact

| Reguest mulifunctional enzymes
Delete unselected modes ‘

_ | Save atleast modes from cliphoard 1

Clipboards and set operatioc... _| Save at least maodes from cliphboard 2

. _| Late check (during post-processing)
Statistics: Compute ... |

Minimal cut sets ... E > Maximal cut setswze:
Start computation!
pa

Save all modes|

Export modes

¢ Note that CNA considers the SELECTED EMs as target to be deleted (here: all EMs for
anaerobic growth on glucose)

e Wait for the results (you can check the progress in the command window): 334 MCSs up
to size 3 are calculated for blocking anaerobic growth on glucose and the first is
automatically displayed in the map

¢ Note that CNA also finds the trivial MCS of deleting the Growth reaction itself, which is
shown as first MCS
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CellNetAnalyzer: Network Map (ECCZcomp) o & X
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Explanation of the results:

calculated MCS in red in the corresponding reaction field
can jump between the calculated MCS

a specific MCS by entering the number of the MCS

Use case scenario S4: constrained MCS for strain design

The map of the catabolic network displays the comprised reactions of the
Using the “Next” or “Previous”-Buttons in the “Minimal cut set”-Window the user

By using the “Jump”-Button in the “Minimal cut set’-Window the user can jump to

Calculate constrained MCSs (cMCSs) from the calculated EMs such that an ethanol yield of
at least 1.5 mmol / mmol glucose is guaranteed while some minimum biomass yield (0.01
gDW/mmol glucose) is feasible. Restrict the MCS-size to 10. Show the histogram for all

calculated cMCS-sizes. Verify one of the calculated cMCSs by flux optimization.

Procedure for calculation of constrained Minimal Cut Sets:
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define the set of desired EMs (DM), which will here be specified via 2 criteria:



1. select EMs with biomass yield Y gouthigc 2 0.01 (2 TMP1)
2. select (on TMP1) EMs with ethanol yield Yege2 1.5 (£ DM1)
= define the set of target EMs (TM) to be deleted: EMs with Yegyge <= 1.5
= calculate the cMCS; each cMCS will delete all target EMs (TM) and maintain a
predefined number of desired EMs (DM).

Procedure in CNA:

We use again the EMs from the last scenario. Close the “Minimal cut sets”-window from
the previous calculation.

Select again all 61810 EMs.

Select “Yields and rate ratios” in the “Statistics” pull-down menu and press the
“Compute”-button

Select all EMs with Y gowihigic 2 0.01 (= set TMP1, cell growth is enabled). - Result:
38148 EMs are selected (the yield distribution over all EMs is also shown again).

Elemantary mades ¥/ (2 X

Selection ...

Deselect mode Select all

hviodes calculated: 51810
hodes selected: 59253
twiode number: 1/61810
hviode is irreversible

Selection ...

Daselect mode Select all

Iviodes calculated: 1810
Modes selected: 38148
Ivlode number: 1/61810
Iviode is irreversible

Ao hles Lpogy ‘ Determination of optimal (maximall... > x Aiekious hles Lupeey ‘
Rate P (nominator, product excretion(s))
Delete unselected modes ‘Growth Delete unselected modes

‘ Rate S (denominator, substrate uptake(s)) ‘

Clipboards and set operatio... ‘R_GIcUp Clipboards and set operatio...

For selection (optional): minitum yield
Compute ... 0.01

Compute ...

Yields and rate ratios =

Statistics: Statistics:

Yields and rate ratios For selection {optianall: maximum yield

Save all modes Export modes

2 oK Cancel 2

Save all modes| Export modes

from the current selection, select the subset of EMs that additionally fulfill Yegygc=1.5
(analogous as done before for the biomass yield).

Selection ...

Deselect mode Select all

Iwiodes calculated: 61810
Iviodes selected: 5882
fwiode number: 5641/61810
twiode is irreversible

Prewvious MNext Jump .. ‘ Determination of optimal (maximall r... (¥ X

R_EthEx

Rate P ¢hominator, proguct excretion(s))
Delete unselected modes ‘

Rate 5 {denominator, substrate uptake(s)
R_GlcUp

Clipboards and set uperat\u‘..‘

Far selection foptional): minimut yield

Statistics: Compute ... |1.5

Yields and rate ratios - For selection {optional): maximum yield

oK Cancel

Save all modes Export modes
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Determination of optimal (maximal)... x

Rate P {nominatar, product excretion{s))
[p _EthEx

Rate S {denominatar, substrate uptake(s))

[r_gicurl

For selection {optional): minimum yield

For selection {oplional): maximum yield

|
OK Cancel

Result: 5882 EMs selected - these are the desired EMs (set DM). You may check the
current ethanol yield distribution from the current selection again via “Yield and rate
ratios” (but this time without selecting for a min/max yield).

DEde|k

File Edit View Insert Tools Desktop Window Help
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Product islds in Elementary Modes <4> v i~ x
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Product Yield P/S  (P: R_EthEx ; 5: R_Glclp )

=}
r
T

=

5682

Figure 9: Clipboard of slem... (¥ (2 x

Selection ——> Clipboard 1|

Selection —-> Clipboard 2|

Clipboard 1 ——> Selection |

Clipboard 2 ——> Selection |

Set operations ... |
v

We “save” the current selection of desired EMs on EM clipboard 1 by using “Clipboards
and set operations”-button and then “Selection 1 - Clipboard 1.

For specifying the target modes (which need to be “hit” by the MCSs) select first the
complete set of EMs again by pressing the “Select all’-button in the Elementary
modes”-window and select then all EMs with ethanol yield below 1.5.

Elementary modes () (2 X,

Selection ..,

Deselect mode Select all

Iwiodes calculated: 51810
Iwiodes selected: 1810
hviode number: 5641/81810
Iviode is irreversible

Previous Mext Jump ... ‘

Delete unselected modes ‘

Clipboards and set operauo...‘

Statistics: Compute ...

Yields and rate ratlos =

Save all modes| Exportmodes

Determination of optimal (maximal).. & *

Rate P (nominatar, product excretion(s))
R_EthEx

Rate 5 {denominatar, substrate uptake(s))
R_ClcUP

For selection (optional): minimum yield

For selection (optional): maximum yield

L5
OK Cancel

Selection ..,

Deselect mode Select all

Ivlodes calculated: 1810
Iviodes selected: 50262
Iviode number: 1/61810
Iviode is irreversible

Previous Mext Jump .. ‘

Delete unselected modes ‘

Clipboards and set operatlo.‘.‘

Statistics: Compute ...

Yields and rate ratios =

Save all modes| Exportmodes
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Result: 50262 (target) EMs selected

Computation of constrained MCS:

= Select “Minimal cut sets ....” in the statistics part of the “Elementary modes”
window and press the “Compute”-button above

* to maintain at least one desired EM (DM1) tick the selection “save at
least...modes from clipboard1” and enter the number of modes that should be
conserved (here: we choose 1)

= define the maximal cut set size (here we choose 6) and press the “Start
computation!”-button

= Again: the current selection of EMs represents the set of target modes for the cut
sets to be calculated!

Selection ...

Deszlect mode Selecr all

hodes calculated: 61810
tvlodes selected: 50262
tvlode number: 1/61810
hvlode is irreversible

Computing minimal cut sets (¥ X

| Exclude reactions with 0 value

Previous Mext Jurmp .. ‘ | Stare cut gets compact

| Request multifunctional enzymes

Delete unselected modes ‘
& Save af least |1 modes from clipboard 1

Clipboards and set operamo‘.“ _| Save at least motes from cliphoard 2

_| Late check (during post-processing)
Statistics: Compute ...

Minimal cut sets ... - Masdmal cut set size: [6[_|

Start computation! H

Export modes

Save all modes

Wait for the results (may take some minutes): 1442 cMCSs exists for the chosen
constraints. The first cut set (comprising 5 KOs) is displayed. (for general explanations on
how to handle and interpret the MCS see use case scenario S3)
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CellNetanalyzer: Network Map (ECC2comp) @ @ [£3)
Metworke Map Scenarios  Clipboard  Analysis  Info
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To show the MCS size distribution compute the histogram by selecting “Cut set size
histogram” in the statistics part of the “Minimal cut sets”-window and press the
“Compute”-button above. You can see that the minimum cut set size is 5 (anhd not larger
than 6 since we set an upper bound of 6 for the cut set size).
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Minimal cut sets (v x Figure 12 v X

File Edit  ¥iew Insert Tools Deskiop Window Help E

selection .. ‘ NEde|kAR0DEL- 2|08 nD

Deselect set

Select all ‘ 1200

Cut sets calculated: 1442
Cut sets selected: 1442

1000 -
Cut set number: 1/1442

=3
=
=

Previous [ext Jump .. ‘

Delete unselected cut sets

Mumber of occurences
@
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=]

S
=
=

Expand cut sets ‘

ra
=}
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Statistics: Compute ‘
Cut set size histogram . =

=

Save cut sets | Export cut sets

Set size

/|

Verify correctness of the calculated cMCSs: flux optimization for minimal

acetate vield

e We verify one of the cMCSs calculated above: if we “implement” an MCSs (with
glucose as the only substrate, oxygen uptake is 0, and with a minimum biomass yield
of 0.01) then the minimum ethanol yield must be 1.5.

o We take the first calculated cMCS which comprises five reaction knockouts (R_AcEXx
R LacEx R_AKGDH R_ICL R_G6PDH2r) - these reactions are displayed with
zero values in the flux map.

In addition we need to set zeros for the “off-reactions” for anaerobic growth scenario on

glucose. Luckily, these reactions are indicated in green in the flux maps. So set a zero

value in all green text boxes. (Alternatively you might load the scenario file

“glucose_standard.val” and then add zero rates for the five reaction knockouts of the cut

set).

Set a (normalized) uptake rate of glucose “1” in the associated text box of of glucose

uptake rate.

Modify the properties of reaction “Growth” such that the minimum rate is 0.01 and set the

coefficient in the objective function for growth to 0 (you may click with the right button of

the mouse into the text box of the “Growth” reaction).

Modify the objective function value for reaction R_EthEx such that it is minimized (we

therefore need to enter “+1” in the field “Coeff. in objective function”)

Ensure that no other reaction in the network is participating in the objective function (you

may check the current objective function via “Analysis — Flux balance analysis (FBA) —

Show objective function”)
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Gelluetanalyzer: Network Map (ECC 2eomp)
Network Map Scenarios Clipboard  Analysis  Info
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o Start flux optimisation (Analysis — Flux balance analysis (FBA) -> Flux optimization)
choose GLPK as LP solver)

e The resulting optimal flux distribution for the chosen cMCS with the minimal ethanol
production is shown in the flux maps.
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CellNetAnalyzer: Network Map (ECC2comp) & @ &
Network. Map Scenarios Clipboard  Analysis  Info L
SEOL %A QA
oo —— i
Sifup, Giopsy [OOE g “=DASH,
lgle_*D_. bmgle_*D_p5s e st 1000 et N
e 5 Ln,ii ele_"D ;ul;k!r €p <22 D bpgl 6P(B‘K:ND EDD
hp-ft+—~ i -
P atp PB st . hacdph.eol
3p - OO0,
£3p ap 10D \\\ rusp_*D
e F‘F’f( [FEP ™ re/RPE i \RFI
\
fdp
dba b | xu5p_;? /rSp
fmlea.« TRT
T TKT2 5 &7 TR T
GLYCDE| dhap - I 0 e3p
- P - glp\\ >
~ sz safoarn \\\ 4~ TALA e fép
N 0.0 " = edp
GIPD2 13dpg \\\
glye3p nd . ?‘ oot Biomass |
ap” Y SEE gy o
3pg 2KD6PG 0 g PP %
S| Glyeu iy ) . [
[EIYC_EXJ o glye & PGM h2e e !]_/hzufexl
2' co? — x:uz_ex\
PE dhap CO2Ex
1 mags| MGS A
= | o
e prc [ORIBE pep mihgzl
co2 T’ 1 e gl [GLYOX3
5 ok
o 1]
ez | [EO0E ”‘., Pyr 0000 e w2 = -
LY i focd
;:;m(:ﬁ\ [0.000 . R~ for TomEx]
@2,
=2
I
_ accoa FTar D =gy |L5EE - AcEx]
[1.588
ld -\Lg‘glzf » etoh —r
n
ap amp
m.,
ADKI
MDH ot adp = atp
@ SRS _!:]
mal_*L }CY 3 4
a1 i =i
ielt [ICDHyT NADHI6pp =h
’/\\:al, P
ake naclph
m nadh
T b [Nabiim ~hp
ash2 20 RD2 18
%
s!UL Toman succoa HADTRHD
T Suce SLCCI2 2p atp h
‘SE’SLI&:LE mcc_p"succupg_:’ - suee S men - N
h_p- SUCOAS nadph

Result: the minimum resulting ethanol yield for the chosen cMCS is ~1.56 and thus

greater than 1.5 as demanded.
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Use case scenario S5: Network adjustments

Modify the metabolic network by

(A) deleting the reaction of the glyoxylate pathway that converts isocitrate to glyoxylate

and succinate
(B) adding an irreversible reaction

Task (A):

that needs to be deleted

for the uptake of pyruvate

open the network composer (“Network — Network composer”)
select the corresponding reaction “R_ICL” in the reaction list and press “Delete”

to identify the reaction name click with the right cursor into the reaction field on the map,
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Task (B):

Button next to the Metabolites list
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open the network composer (Structure — Network composer) and press the “New’-




o define the external Pyruvate as a new metabolite and set it as an external metabolite

Declaration of a new metabolite

ve @

e press the “New”’- Button next to the reactions list and define a new reaction R_PyrUp
(“Get x/y-Pos”-Button locates the reaction field within the catabolic map)
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Reactions [81]
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Declaration of a new reaction 2 &

Reaction identifier (use "mus" for biomass synthesis)

R_PyrUP

Reaction eguation (examples: A + 2B =C; = A}

‘M _pyr_ex = M_pyr_c

Default rate (# for empty)

Rate minimum (O=irrevers.y: g
100
Coeff. in ohjective function: g
Variance of measurements: |0, 01

Motes and Comments:
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Flux map numher Text hox style

Map 1: Metwork ... 'J Editable 'J

H-Puosition Y-Position

e
oK J Cancel J

The textbox of the new reaction will appear. Note that (graphical) changes in the map need
to done by the user outside of MATLAB, by using certain drawing programs (e.g. Inkscape)).

Note: once you have changed a network project and would like to save the made changes
you can click on the “Save network ...” button in the network composer window (but you

should maybe not save this changed ECC2compressed example project).

Use case scenario S6: Export and import of SBML models

and creating new CNA projects

In this scenario we will first export the model in SBML format and then, to illustrate creation
of a new CNA project and import of SBML models, build a new network project (which is then

essentially a copy of the original model).

e To export the E. coli model as SBML file choose Network — Export — Export in SBML

format from the CNA menu.

CallNetanalyzar: Network Map (ECC2comp)
Map Scenarios Clipboard  Analysis  Info
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e Create directory ecoli_new and copy the map from ECC2comp/ColiCentralNetwork.png
to ecoli_new/ColiCentralNetwork.png

e |Initialize a new network project by choosing (Project — New) from the menu of the CNA
Project manager.

¢ Name the project “E. Coli new”, the project directory “ecoli_new”, choose the copied E.
Coli map as network graphics, adapt the text box sizes for reactions and then click the
“Save” button.

Declaration of a new netwark & &

x

Metwork title:
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Mame of subdirectory Metwork type
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Start |
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Import SBML model) from the CNA menu.
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* Now, the model has been loaded, however, all text boxes are initially placed on the upper
left corner on the map and you must now move the text boxes to the right position on the
map. To identify which text box belongs to which reaction we click Network — “show
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names of network elements”. Then open the network composer from the CNA menu
(Network — Network composer), click “Move Text Boxes” (1), drag the text boxes to their
desired position on the network map (2), and finally accept the new text box positions (3).
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Use case scenario S7: Application Programming Interface
(AP1) of CNA

Many of the CNA-commands/calculations that can be started from the CNA GUI can also be
started from MATLAB’s command line by using CNA’s Application Programming Interface
(API). Moreover, the GUI of a CNA project can be accessed, e.g. to read/write values from/to
the text boxes in the network maps. For general information regarding CNA’s API and its
application see manual chapter 7. The complete set of CNA’s API functions can be found in
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the directory CellNetAnalyzer/code/api. For information on a particular API function you may
enter ‘help <API function>’ (note: CNA must have been loaded before). Most API function
receive as input a CNA project variable.

Some examples of API functions:

CNAcomputeEFM: Compute elementary modes of the network

CNAoptimizeFlux: calculate optimal flux distribution.

CNAfluxVariability: flux variability analysis

CNAdeleteSpecies/ CNAdeleteReaction: Deletion of single metabolite or reactions from
the network

CNAreadMFNValues / CNAwriteMFNValues: reads values from / writes values to the text
boxes within the GUI of a CNA project

Example 1: We want to recompute the elementary flux modes (EFMs) from scenario S3
(anaerobic growth on glucose) in the ECC2comp network, this time from command line:

Redo the first steps of scenario S3:

Load the scenario file which fixes certain reaction rates to zero to simulate growth on

glucose (this switches off substrate uptake reactions (succinate, acetate, glycerol) and

some other reactions which are unlikely to be active under standard growth on glucose).

Load the scenario file: Scenario — Load scenario and select the file

“glucose_standard.val’

To ensure anaerobic conditions enter “0” to the reaction field “R_0O2up”

We now need to read the values from the text boxes (these fluxes need to be set to zero

for EFM calculation). Therefore, enter in the MATLAB command window:

[reacval]l=CNAreadMFNvalues(ECC2comp);
‘ECC2comp’ is the network project variable of the project. The returned vector
“reacval”’ contains the values of the reaction rates currently set in the text boxes in the
map (NaN for unknowns (‘#)).

e We now start the calculation of EFMs from command line by:

efm = CNAcomputeEFM(ECC2comp,reacval);
The “reacval” variable indicates the reactions that must be set to zero. The standard
solver used for EFM calculation is efmtool.

e The calculation (~ 5 min) yields 61812 EMs (the same number as found earlier in
scenario S3) which are stored as rows in the matrix variable efms (the columns
correspond to the reactions; the IDs of the reactions can be found in
ECC2comp.reaclID).

Example 2: Repeat use case scenario S5 - Task (A) (deletion of a reaction):

Load the ECC2compressed project

Enter in the MATLAB command window:
[ECC2comp]=CNAdeleteReaction(ECC2comp,strmatch('‘R_ICL',ECC2comp.reaclID));
Remark: “strmatch('‘R_ICL',ECC2comp.reaclID)” gives the reaction index for the
reaction ‘R_ICL’ that is to be deleted.

reaction "R_ICL” has now been deleted in the “ECC2comp” project (you will also see that

the corresponding reaction box has disappeared at the flux map).
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For further information see:
CNA web site (with manual): https://www2.mpi-magdeburg.mpg.de/projects/cha/cna.html

User forum: https://groups.google.com/forum/#!forum/cellnetanalyzer-user-forum

Contact: klamt@mpi-magdeburg.mpg.de
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