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The Tutorials

Shows how to compute elementary flux vectors given a stoichiometry matrix.
Introduces the computational geometry routine used by SNA.

Basic introduction into constructing, manipulating and analyzing metabolic networks.
Application of the ideas in Tutorial 3 to a medium sized real world network.
Importing metabolic networks into SNA based on an stoichiometry matrix.
Importing metabolic networks into SNA based on a textual representation.

Flux cone calculations for large networks I.

Conversion cone calculations for large networks and flux cone calculations for large

networks II.

tutorial9.nb

Notes

Flux Balance Analysis.

It is perhaps best to start with Tutorial 3. This, together with Tutorials 4 and 9 contains all the
information you need to analyze networks of moderate complexity with SNA.

Tutorial 1 is intended mainly for people who wish to avoid using SNA proper and just need a
computational engine for calculating elementary fluxes. However, the material in Tutorial 1 (and 2)
is also used in the more advanced Tutorials 7 and 8.

The content of all of the tutorials is appended below. Since there is currently no function by function
documentation for SNA, you can use this, together with Acroread’s Find, as a workaround.



Computing elementary fluxes given the stoichiometry matrix

HINT: Evaluating the tutorial will be a much more lively experience, if you now
choose "Delete all output” in the Kernel menu.

m Snce we shall need to read in some data, first check that you are in the SNA tutorials
directory. Executing the command

Directory[]

/home/robert /SNA/tutori al s

should give above a line with a path ending with " SNA/tutorials’.

m If thisis ok, we can now load the SNAmat package using

<< " .. /mat hcode/SNAmat . ni'

Li nkQoj ect [.. /mat hcode/. . /pairel vs/pairel vsl Fsh, 2, 2]

If the package Is correctly loaded the above line should look ssimilar to
LinkObject[../mathcode/../pairelvs/pairelvsiFsh, ... |

m \We now read in a stoichiometry matrix, but first the source of the matrixis
acknowledged:

I mport [" Icat succinate.dat | grep @', "Lines"] // Tabl eForm

@ Stoichiometry matri x of the Succinate netabolismof the E. Coli network,
@ taken from

@ S.Klant, J. Stelling, Mol. Biol. Rep, 29, 2002, 233-236
@

@ The first 18 columms are reversi bl e.

@

stoi chreal =Ilnport ["!cat succinate.dat | grep -v @', "Table"];
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m Thisis a 30 by 45 matrix,

stoi chreal // D nensi ons

{30, 45}

with the second row :

stoi chreal [[2]]

m The numbersin the matrix are reals, notice the decimal point. Thisis unsuitable for
SNAmat, so we convert stoichreal to rational numbers using:

stoich = real 2rat [stoi chreal ];

stoich[[2]]

{0, 0, -1, 0,0, 00000000000 000000,
0, O, 1, 1,¢060606000 00000200000 0,0 0}

m \We can now cal culate the elementary fluxes using the following command (the
second argument states that the first 18 columns of stoich are reversible):

{el fluxs, rev} = fluxelvs[stoich, 18];

The list elfluxs consists of the 4250 elementary fluxes
Di nensi ons [el fl uxs]
{4250, 45}

Thefirst
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rev

of these arereversible. (So in this case none are reversible.)
The second elementary flux, for example, is

el fluxs[[2]]

40

{8,0,0,0,0,0 0,0, 4,6, 00,00 -4,6 0, 0,7 20,
0, 0,0 00400 2 0, 4,0 2, 0,4, 0, ?, 0, 0, 0, 0, 4, 0}

m If you don’t need all elementary fluxes, but just a minimal generating set of the flux
cone use:

{gsfluxs, rev} = fluxgset [stoich, 18];
Di mensi ons [gsf | uxs]

(230, 45)

m In the course of computation the SNA routines can generate quite a lot of informative
messages. |f you want to look at the messages generated so far, open the Messages
notebook from the Window menu. However to find out what all the numbers mean,
you' lI have to peruse the source code in SNAmat.nb. The output of informative
messages can be controlled by setting the variable chatter.

?chatter

Wth default setting, chatter = 1, the SNA routines print out all Kinds
of internediate stuff to the Messages notebook. chatter = O:
shut up, chatter = -1: output goes to the eval uati on notebook.



ComputationalGeometrywith SNAmat

This tutorial describedunctionswhich give a more direct accesgo the computatione
geometryroutinesin SNAmatthan the onesdescribedin Tutorial 1. The presente
materialis rathertechnicalandit is perhapsbestto skipit, at leastinitially.

m Makesureyouarein the SNAtutorials directory,beforeloading SNAmat.

<< "../mat hcode/SNAmat . ni'
Li nkObj ect [.. /mat hcode/. . /pairel vs/pairel vsl Fsh, 2, 2]
m Theroutinesdescribedelowcarry out computation®n a polyhedralconvexcone
C, given

by two matricesZ andH asthesetof pointsx satisfyingZx = 0 andHx = 0.
For examplelet usassume
011
Z = {}; H=[l 1 O];
2 31

Sothereare no equalitybut only inequalityconstraints.

m To computea minimalgeneratingsetof C, use:
{gset, rev} = ZH2gset [Z, H];

theresultgset is a list of row vectorsgeneratingthecone:

gset // Matri xForm

1 -1 1
0 0 1 J
0 1 -1

Thefirstrev rowsin gset are reversible. Since
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rev

gset[[1]] isreversiblej.e.—gset[[1]] alsoliesin C.

m Someof theaboveclaimsare easyto verify. Calculating

H. Transpose[gset] // Matri xForm

yieldsonly non—negativevaluesin theresultingmatrix, showingthat therowsof gset
iIndeedlie in C . Further

H. gset [[1]]
{0, 0, 0}

SO gset[[1]] is indeedreversible.

m Asa problemwith equalityconstraintsconsider
Znew = Take[gset, 1]; Hnew = Drop[gset, 1];

General ::spelll : Possible spelling error: new symnbol
name "Hnew' is simlar to existing synmbol "Znew'. More...

So

Znew // Matri xForm

(1 -1 1)

IS thereversiblerow in gsetandtheotherrowsgo into
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Hnew // Matri xFor m

o1 4

Theconegivenby Znew andHnew is pointed,since

{gset new, revnew} = ZH2gset [Znew, Hnew];
revnew

andits edgesare

gset new // Matri xForm

Noticethattheseare just thefirst tworowsof H. Thisis a consequencef duality and
thefactthattheinequalitygivenby thatlastrow of H is redundant.

m YoucanalsouseSNAmato calculate theelementarywectorsof C, using:

{elvs, elvsrev} = ZH2el vs[Z, H];
elvs // MatrixForm

1 -1 1

0O 0 1

O 1 -1

1 0 O

-1 1 O

0O 1 O
el vsrev



SNAsynbasics

The basicdata tyge SNAsynoperateson, is called mnet. The tutorial showshow to
inputmnet metabolicnetworksand somebasicanalysisof networks.

m Makesureyouare in the SNAtutorials directory, beforeloading SNAsym.Notethat
executinghefollowing commandautomaticalljloadsSNAmataswell.

<<"../mat hcode/SNAsym ni';

Li nkObj ect [.. /mat hcode/. . /pairel vs/pairel vsl Fsh, 2, 2]

m Nowwe constructan mnet startingfromthelist of reactionsgiven
below.Thethird reactionis reversible while the othersare not.

"7

reacs =
% L2,
“X" s "' 4 "d
" all + " bl = IIC
ot R
n dll ' C"’
"e' 4 2'b" vyt
n dll + 2 n aII - " yII }

{(x—=2c, x—~d+e, a+b=c, e—c, d—c, 2b+e—y, 2a+d—y}

In theabovereactions metabolitenamesare strings. Thisis inappropriatefor
SNAsymwheremetabolitesare morecomplicatedconstructsof theform

meta[ role, compound, compartment].

role canbeoneof thefour symbold nt , Xt, Xtin, Xtout. Aninternal metabolitehas
Int , an externalone Xt, and Xtin, Xtout denoteexternalmetabolitesvhichare

restrictedto beinginputsor, respectivelyputputs.
compound is a string , typically giving the chemicalspecieof the metabolite.

compartment is a string giving the cellular compartmenof the metabolite,youmight
e.g.use"c" for cytosoland”m" for mitochondria.

Thenextinputline convertshe string in reacs to propermetabolitesmakingall metab

olitesinternalandbeing in the samecompartment, " " .
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reacsl =reacs /. x_String -» nmetaf[lnt, x, ""]

{(x ~2¢c, x ~d+e, a+b=c, e —c,d—c, 2b+e >y, 2a+d Ny}
Comparingto reacs, it seemghat nothinghaschanged.Theoutputsseemshe same,

becausemetabolitesare pretty printed on output.
But usingl nputForm on thefirst elemenbfreacs andreacsl revealsthedifference.

First [reacs] //|nputForm

VG PR

First [reacs1l] // | nput Form

metal Int, “x", ""] -~ 2*nmetallnt, "c", ""]

Thenextthingis, to give eachreactiona name Herewe shall just numberthem
sequentially.

nanes = Range[Length[reacs]]
{1, 2, 3, 4, 5, 6, 7}

Finally, we canconstructthe network.

net = constructmmet [reacsl, nanes];

m SNAsynprovides functionsfor inspectingmetabolicnets,which we illustrate on the
net justconstructed.
metabolites lists all metabolitesn the net; reactions lists the reactions;tags lists
the names,and trpairs makesthe associationbetweennamesand reactionsmore
explicit.

net abol i t es@net

{a, b, c, d, e, X, y}
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reacti onse@net

{a+b=c,d—c,2a+d >y, e —c, 2b+e >y, x >2c, x ~d +e}

t ags @enet

{R[3], R[5], R[7], R[4], R[6], R[1], R[2]}
trpairsenet

{{R[3], a+b =c}, {R[5], d >c}, {R[7], 2a+d —vy},
{(R[4], e —™c}, {R[6], 2b +e =y}, {R[1], x —™2c}, {R[2], x —™d +e}}

Notethatthereactionsare listedin canonicalorderingandnotin theorderthey
appearedn reacsl . Howeverusingthe namesyoucouldreconstructheoriginal
ordering.Further,R[..] hasbeenwrappedaroundthe numbersve usedto namethe
reactions.Thisis sothatyoucansafelyusenotjust numberdut alsostringsor even
generalMathematica expressionso namethereactions. For instancejn alarge
model, youmightnamereactionsby somethindike { mnemonic, pathway}.

m Finally we use SNAsynto actually calculate somethingmeaningfulfor this simple

net.
First we computehe elementaryflux vectors.

{fl uxes, nrev} = synfluxel vs[net];

nrev

fluxes

{3

Thissomewhatisappointingresultmeanghat thereare no elementaryluxesandO of
themare reversible.Thisis not surprising,sincenet hasno futile cyclesandall metabe
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lites are internal.
So,nextwe usethefunctionsetrole to changetherole of " x" and "y" fromInt to Xt.

netl = setrol e[net, {neta[lnt, "x", ""], nmetal[lnt, "y", ""1}, Xt];
reacti onsenet 1

{a+b=c,d—c, 2a+d —yy,, e —c, 2b+e —yy, Xy —2C, Xy —d+e}

Notethatin the output,externalmetabolitehavetheir role shownin the subscript.
Now calculatingthe elementaryluxesyields:

{fluxes, nrev} = synfluxel vs[net1];
nrev

fluxes

{R[1] +R[2] -2 R[3] +R[6] +R[7] -2 Rx [Xx, — 0] +2Rx[yy, = 0],
2R[2] -2R[3] +R[4] +R[5] +R[6] +R[7] -2 RX[Xyx, = 0] +2Rx [y, = 0]}

Sonetl hastwoirreversibleelementaryfluxes. An elementarylux is listed by showing
thetag for eachreactionwith the scalar pre—factor of theta %lvmg theflow through
thereaction.Notethat symfluxelvs hasautomaticallyaddedthe appropriateexchange
reactions.For simplicitythe exchangeeactionsthemselveare alsotheir names,
wrappedin Rx to distinguishthemfrom theinternal reactions.In effectthe outputof
symfluxelvs refersto thefollowing network:

trpai rs@eaddexchangesenet 1 // Tabl eForm

R[3] a+b=c
RX [Xy — 0] Xy — 0
Rx[yyx = O] Y =0
R[5] d—c¢

R[7] 2a+d —yy
R[4] e —¢

R[6] 2b+e Sy,
R[1] Xy —2¢C
R[2] Xyg —d +e

Now,to illustrate Xtin.
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;]

{a! bl c, dl e, thl XXIln}

{R[1] +R[2] -2 R[3] +R[6] +R[7] +2Rx[Yy, — 0] +2 RX [0 — Xxin],
2R[2] -2R[3] +R[4] +R[5] +R[6] +R[7] +2 Rx[yy, = 0] +2RX[0 = Xy in]}

m To calculatetheelementaryconversion®f netl use:

{Xxt = Yy !

{1



Analyzinga metabolicnetworkof moderatecomplexity.

m Makesureyouare in the SNAtutorials directory,beforeloading SNAsym.

<<"../mat hcode/SNAsym ni';
Li nkQbj ect [.. /mat hcode/. . /pairel vs/pairel vsl Fsh, 2, 2]
m The following readsin the network, acknowledgegshe source and displays somu
basicinformationaboutthe network.

{nanme, humit} = << (SNApath <>"tutorial s/HumanM t ochondri a. m');
nanme

Met abol i ¢ network of human cardi ac mtochondria adapted from

Vo, T.D., Geenberg, HJ., and Pal sson, B.O
Journal of Biological Chem stry, 2004.

Only reactions involving mtochondrial netabolites are included
in the present networKk.

reacti onsehunmt // Length

123



tutorial4.nb

net abol i t es@huni t

(10fthf™, 12dgr_ni", 2nop™, 34hpp™, 3hacoa™, 3oacoa™, 5aop™, 5fthf™ aacoa™,
acac™, accoa™, adp™, aglyc3p_n", ahcys™, akg™ anet™, amp™, arg-L™,
asch-L™ asp-L™M atp™ c204coa™ c204crn™, c226coa™ c226¢crn™, cbp™ cdp™,
cdpdag_n", cdpea™ chol™ cit™ citr-L™ clpn_n", cnp™, co2™, coa™, creat™,
crn™ ctp™ dgnp™ dgsn™ dhap™, dhdascb™, dhor-S™ dtnp™, dunmp™, dutp™,
facoa n", fad™ fadh2™ fe2™ ficytC" focytC", for™ fun", gdp™, glu-L™,
gly™ glyc™ glyc3p™ gthox™ gthrd™ gtp™ gudac™ h™ h2co3™ h2o™,
h202™, hco3™, hngcoa™, icit™ idp™ itp™ lys-L™ mal -L™ nethf™ mthf™,
mtoa-S", nad™, nadh™, nadp™, nadph™, nh4™ 02™ 02-M, oaa™ ocdycacoa™,
ocdycrn™, odecoa™ odecrn™ orn™ orot™ pa_nf", pc_n", pcreat™ pe_ni"
pep™, pg_nm", pgp_n", pheme™, pi ™ pntcoa™ pntcrn™ ppcoa™ ppi™ ppp9™,
pppg9™, ps_n", pyr™ g10™, g10h2™, ser -L™, stcoa™, stcrn™ succ™ succoa™
thf™ thymd™ tyr-L™, udp™ 5aop§,, adp$ , akgy , arg-L§, , asp-L% ., atpy,
c204crn$ , c226crng, cdpy,, cit$, citr-L%, co2§, coaf, crn%, fe2%,
fung ., gdpl . glu-L% ., alyy ., glyck., glyc3pg., gthrds, gtpl ., h% ., h2o% .
lys-Ly , mal -LS , nh4$, 02% , ocdycrn§,, odecrn§, orn% , pc_nf, , pep% .
pheme§, , pi %, PL% ., pntcrng., pppg9% . ps_nf ., pyrg ., stcrny, succy , udpg }

Notethat mitochondrialmetabolitedhavethe superscript” m" , metabolitesn the
cytosolhave" c" , andextracellularmetabolites €' . Mitochondrialmetabolitesare
treatedasinternal, whereagheothersare external.

m While listing all 123 reactionsyieldsa resultwhichis still just aboutreadable, this
is a goodoccasiono showhowto pick partsof a network.
Thefollowinglists all reactioninvolving asp-L.

with["asp-L", reactionsehumt]

{akgM+asp-L™=glu-L™+ 0aa™, asp-L™+glu-L§ +h% = glu-L™+h™+asp-LS }
Andthis, all reactionsinvolvingasp—Lor glu-L.

with[{"asp-L", "glu-L"}, reactionsehunit] // Tabl eForm

akgm+ asp-L™ = gl u-L™+ oaa™
akg™+tyr -L™ = 34hpp™ + gl u-L™
glu-Lg +h% =glu-Lm+hm

asp-Lm+glu-L, +hg = glu-L™+h™+asp-LS

with doesnot only work for reactions butfor listsin general.
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with[Xt, netabolitesehumnit]

{5aop%, , adp§,, akg§,, arg-L% , asp-L§,, atp$ , c204crn§ , c226¢rng,

cdp§, , Ccit%, citr-L%, co2%, coaf, crng, fe2§, fung, gdp§,,

glu-LS ., gly$., glycs., alye3p§, gthrdg, gtp§ ., h%, h2o% ., lys-L§,

mal -L%, , nh4§,, 02% , ocdycrn$ , odecrn$ , orng, pc_nf, , pep§ , phenme§,,

pi %, PL% , pntcrng , pppg9% ., ps_nf, ., pyr% . stcrng, succ , udp§, }
yieldsall externalmetabolites.

If youneedthelist indicesof theelementandnot elementshemselvesiwith canbe
usedinsteadof with. In factthedefinitionof with is just:

?with

SNAsymM wi t h

withfpat _, | _List]:=I[iwith[pat, |]]

m Many of the cytosoliccompoundgan, in fact, be synthesizetyy the mitochondria.Sc
there is no needto feedthe mitochondriawith them. Hence,we changethe role of
some cytosoliccompoundso Xtout.

humtl = setrol e[

hum t - o L o o

{"adp"yf , "atp'y , "gdp"y . "gtp"y . "glyc3py

"akg", &, "cit"y T, tcitr-L"y ", "succ"y ', "mal -L"yE, tfumd'yE ),
Xt out 1;

Theabovesyntaxfor the metabolitess a bit morereadablethanmeta]...]. Thereare

arcanewaysof actuallytypingthingslike adpy, in Mathematica. | tendto avoidthis
by just pastingthe outputof metabolites.

Further, wedon’t wantthe mitochondriato produceor consumeprotons.

humitl = setrolefhumitl, "h"y\¢", Int];
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I Theflux coneof humitl

m First we studythe flux coneof humitl by computinga minimal generatingsetot
the cone.

{fl uxes, nrev} = synfluxgset [hum t1];
nrev

fluxes // Lengt h

1150
Sothefirst oneof the 1150fluxesis reversible. Let’'s inspectthis flux.

fluxes[[1]]

R[CI TRt m] - R[ORNt 3m] + R[ORNt 4m]

With[{R["CITRtn'], R["ORNt 3m'], R["ORNt4nf' ]}, trpairsehunmtl] // Tabl eForm

R[CI TRt m| citr-L™=citr-L% out
R[ORNt 3m) h¢ + orn™ = h™ + or n
R[ORNt 4m) R G T Y R = Y TR R AT L Gy 7

Thesecondlux is alreadymuchmorecomplicated:
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fluxes[[2]]

R[ACONTM] - R[ASPGLUM] + R[ASPTAmM] + R[ATPS4m] + R[CO2t m] + R[CSm] - R[FUMM] +
R[HCCBEm] + R[| CDHxm] - R[MDHM] + R[NADH2 -u10m] + R[PCm] + R[PDHM] - R[PI t 2m] +
2 R[PYRt 2m] - R[SUCCt 2m] - R[SUCD1m] - R[SUCD3-u10m] - Rx [asp-LS, = 0] -

Rx[c02% — 0] +Rx[glu-Ly = 0] -2Rx[pyr% = 0] + Rx[succ% oy — 0]

m Clearly, just printing fluxes doesnot make good bedtimereading. So we us¢
Mathematica to analyze
fluxes focussingon phospholipidsynthesis.
Thephospholipidreactionis:

with["PL", trpairsehumtl]

{{R[DWPL], 18cl pn_n"+ 43 pc_ni" + 34 pe_ni" — 100 PL§; }}
Sowecanpickall fluxesgeneratingPL by

pl fluxes = with["DWPL", fluxes];
pl fl uxes // Length

791

Note,thatsincethe exchangeeactionsare part of a flux, we couldalsohaveobtained
plfluxes by askingfor fluxeswith PL.

pl fluxes === with["PL", fluxes]

True

Next,weobtainall internal reactionswhichcambeinvolvedin PL synthesidy

somewhere = Cases[pl fluxes, R[_], o] // Union;
somewhere // Length

89
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sonmewher e

{R[5ACPt m|, R[ACONTmM], R[ADK1im], R[AGATmM], R[AKGDmM], R[AKGVALtmM], R[ALASmM],
[ASPA.Um], R[ASPTAmM|, R[ATPS4m|, R[CL60CPT2], R[CL60CRN], R[C180CPT2],
[C180CRN], R[C181CRN2], R[CL181CRN3], R[C182CRN2], R[C182CRN3], R[C204CRN\2],
[C204CRN3], R[C226CRN2], R[C226CRN3], R[CATm], R[CBMKmM], R[ClI TRt m],

[Cl Ttam], R[ClI Tt bm], R[CLPNSm], R[CO2t m], R[CRNti m], R[CSm], R[CYOOn8],
[CYOR-ul0m], R[DAGKm], R[DASYNm], R[Dvhene], R[DMPL], R[FAOXC160],
[FAOXC180], R[FAOXC181], R[FAOXC182], R[FAOXC204], R[FAOXC226],
[FASYNm], R[FCLTm], R[FE2t m], R[FUMM], R[G3PATmM], R[GYCt m|], R[GLYKm],
[GLYt M, R[GTHOM], R[GITHPmM], R[H2Q m], R[HCO3EmM], R[HMGECOASmM], R[HME.m],
[I CDHxm], R[I CDHym], R[MALt m], R[MDHmM], R[ME2m], R[NADH2-ulOmj,

[NHAt m], R[C2t m], R[OCBTm], R[OCOAT1m], R[ORNt 3m], R[PAPAmM|, R[PCm],

[PCt m], R[PDHmM], R[PEPCKm|, R[PGPPm], R[PGSAmM|, R[PIt2m], R[PPAmM],
[PPPGOt m], R[PPPGOm|, R[PSDm|, R[PStm], R[PYRt2m], R[Satpctp],

[SPODMmM], R[SUCCt 2m], R[SUCDim], R[SUCD3-ulOm], R[SUCOASmM], R[THD1m] }

VVVOVOVOVIOVOOVDIOOIOODO

and comparethis with thereactionswhichoccurin everyflux of plfluxes.

everywhere = Intersecti oneeMp[ Cases[#, R[_], o] & plfluxes];
everywhere // Length

34
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with[everywhere, trpairsehumtl] // Tabl eForm

]
]
C226CRN2 | c226crng — c226c¢rn™
]
]

R[ASPTAM] akgM™+asp-L™ = gl u-L™ + oaa™
R[ADK1m] anp™+ at p™ = 2 adp™
R[PGSAm] cdpdag_n" + gl yc3p™ = cnp™+ h™ + pgp_n"
R[DASYNm] ctp™+hM+ pa_nm" = cdpdag_ni" + ppi ™
R[CLPNSm) 2pg_n" = cl pn_n"+ gl yc™
R[CO2t m] €02% < co2™M
R[ASPGLUM] asp-L™+h¢ +glu-Ly = glu-L™+h™+asp-LS,
RIGLYCt m] glycg —glycm
R[H2Ct m] h20% — h2o™
RPI t 2m] he +pi g = hm+pi M
R[Sat pct p] atp™+cnp™ — anp™ + ct p™
R[C204CRN3 | c204crn™ + coa™ — c204coa™ +crn™
R[C226CRN3] c226¢rn™ + coa™ — c226coa™ + crn™
RICRNt i m] crn™— crn%
R[AGATm] agl yc3p_nm" + f acoa_ni" — coa™ + pa_ni"
R[G.YKm] atp™+glyc™ — adp™+ gl yc3p™ + h™
R[G3PATM] facoa_n"+ gl yc3p™ — agl yc3p_ni" + coa™
R[C182CRN3] coa™+ ocdycrn™ — crn™ + ocdycacoa™
R[C181CRN3] coa™ + odecrn™ — crn™ + odecoa™
R[DMPL] 18 cl pn_ni" + 43 pc_ni" + 34 pe_ni" — 100 PL$;
R[PGPPm] h2o0™ + pgp_m" — pg_mM"+pi M
R[ATPS4m| adp™+4h¢ +pi™— atp™+ 3 hM+ h20™
R[PPAm h20™ + ppi ™ — hM+ 2 pi ™
R[PSDm] h™+ ps _n" — co2™ + pe_ni"
R[NADH2 -u10m 5h™+ nadh™+ q10™ — 4 h® + nad™ + q10h2™
R[FASYNm] c204:0am + czzgc(:)oam + ocdyc:coam + odelcgam 4 bt c;oam L St csoam — f acoa_
R[C180CPT2 coa™+stcrn™ — crn™+ st coa™
R[C204CRN2 c204crng — c204crnm
R[
R[C182CRN2 ocdycrn$ — ocdycrn™

R[C181CRN2 odecrn$ — odecrn™

R[PCt m] pc_nf, — pc_ni"

R[PSt m] ps_nf, — ps_ni"

R[C180CRN] stcrng — stcrn™

m The irreversible reactions in everywhere are truly essentialfor PL-synthesic
However for thereversiblereactionsin everywher e this mightnot be the case,since
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cancellationscould occurwhencombiningthe vectorsin fluxes.

To checkthis, you mightwant to carry out the aboveanalysisusingthe elementar
vectorsof the flux coneof humitl, startingwith beinga little patientuntil following
computatiorterminates:

{ef l uxes, nrev} = synfluxelvs[humt1];
nrev

General ::spelll : Possible spelling error: new synbo
name "efluxes" is simlar to existing synbol "fluxes". More...

efl uxes // Length

34690

with["DWPL", efluxes] // Length

31410

B Sometimed is conveniento transformsymbolicrepresentationske

fluxes[[2]]

R[ACONTm] - R[ASPGLUM] + R[ASPTAM] + R[ATPS4m] + R[COR2t m] + R[CSm] - R[FUMM] +
R[HCOBEM] + R[| CDHXm] - R[MDHmM] + R[NADH2-u10m] + R[PCm] + R[PDHM] - R[PI t 2m] +

2 R[PYRt 2m] - R[SUCCt 2m] - R[SUCD1m]| - R[SUCD3-ul0m] - Rx [asp-L§ = 0] -
RX[€02% = 0] +Rx[glu-LS = 0] -2Rx[pyr$ = 0] + Rx [sucC% oyt — 0]

into propervectors.

Thisis achievedwith the functionfactor sof, whichextractsthe pre—factorsof the speci
fied symbolse.g.
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factorsof [{ R["PYRt 2n'], R["PPAnt'], R["ASPGLUN 1}, fluxes[[2]]]
(2, 0, -1}

factorsof will notonly workwith a singlesymbolicflux butalsowith a list of such
fluxes(or moregenerallywith a list of sumsof products).

_I-Ienlgf,thefollowing extractstheflowsfor all internal reactions in thefluxesgenerat
ing PL.

intcoefficientmatrix = factorsof [tagsehumit1, plfluxes];
i ntcoefficientmatrix // D nensi ons

(791, 123)

Notethata morenumericway of computingthe set ever ywher e could havebeento
usetheabovematrix.e.g.

(tagsehum t 1) [[i wi t h[Lengt hepl f| uxes,
Appl y [Pl us, AbseSi gnei ntcoefficientmatrix]]]]

{R[ASPTAM], R[ADK1m], R[PGSAmM|, R[DASYNm], R[CLPNSm],

R[CO2t m], R[ASPGALUmM], R[AYCtm], R[H2ZG: m], R[PIt2m], R[Satpctp],
R[C204CRN3], R[C226CRN3], R[CRNti m], R[AGATM], R[GLYKm], R[GPATm],
R[C182CRN3], R[CL81CRN3], R[DWPL], R[PGPPm], R[ATPS4m], R[PPAmM],
R[PSDmM], R[NADH2-ul0m], R[FASYNm], R[CL80CPT2], R[C204CRN2],
R[C226CRN2], R[CL182CRN2], R[C181CRN2], R[PCtm|, R[PSt m], R[C180CRN]}

To getat flowsthroughthe exchangeeactionscanrequirea lot of typing.For conve
nience thefunctionexch constructthereactiontag for a givenexternal metabolite.

exch["co2" " ]

RX [€02% = O]

exch[{"co2"\¢", "coa" ™, "succ" ou }1
{Rx[c02% = 0], RXx[sucC% oy — O]}

Note,thatexch skipsinternal metabolitesSoto getat theflowsthroughtheexchange
reactionsin plfluxes youcansimplyuse:
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exchcoefficientmatri x = factorsof [exchenetabolitesehumtl, plfluxes];
exchcoefficientmatrix // D nensi ons

{791, 43}

I Theconversionconeof humitl

m Wefirst a computea minimalgeneratingsetof the conversiorcone

conver si ongset [hum t1] // Length

641

Sincethis generatingsetis notall thatlarge, wego straightfor theelementary
conversions.

econvs = conversionel vs[humt1] ;
econvs // Length

1535

econvs // Last

9629190 c204cr ng, + 1925838 c226crng, + 23685632 f €25, +
11243430 gl y§, +28887570 gl yc§, + 57292212 02§, + 7703352 ocdycrng, +
3851676 odecr n§ + 23003065 pc_nf, + 19258380 pi &, + 23685632 pppg9s, +
18188470 ps_nf, + 11243430 pyr§ + 15800046 st crng, —
11243430 5aopy, + 40675330 co2§, + 38910102 crng, +
131007666 h20%, + 23685632 phene§, + 53495500 PL§;
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m Similarly to theaboveanalysis we nowaskwhichexternalmetabolitescan/must
occurasinputsin PL-synthesis.

pl econvs = with["PL", econvs];
pl econvs // Length

1155

pl econvs // Last

9629190 c204cr ng, + 1925838 c226¢r ny, + 23685632 f e2%, +
11243430 gl y§, +28887570 gl yc§, + 57292212 02§, + 7703352 ocdycrng, +
3851676 odecr n§, + 23003065 pc_nf, + 19258380 pi §, + 23685632 pppg9y, +
18188470 ps_nf, + 11243430 pyr %, + 15800046 stcrng, —
11243430 5a0py, + 40675330 co2§, + 38910102 crn§, +
131007666 h20%, + 23685632 phene§, + 53495500 PL§;

Thefirst thingis, to getrid of theoutputsandof thestoichiometridactors.

tmp = pleconvs /. a_ = b_ - a;
tnp // Last

9629190 c204cr n§, + 1925838 c226¢r ng, + 23685632 f €2, +
11243430 gl yS, + 28887570 gl ycS, + 57292212 025 + 7703352 ocdycr ng, +
3851676 odecr n + 23003065 pc_nf, + 19258380 pi &, +
23685632 pppg9s, + 18188470 ps_nf, + 11243430 pyr &, + 15800046 st cr n

plins = Map[Cases[#, neta[__], o] & tnp];
plins // Last

{c204crn§, , c226crng, fe2%, glyy, glycy, 02%,
ocdycrn$, , odecrn$, pc_nf, , pi§ . ppp99% . ps_nk, , pyry . stcrng }

Andnow,we proceedasfor thefluxes.

i nsomewhere = Cases|[plins, neta[__], ] // Union

{asp-L$ , c204crn% , c226crny, fe2%, glu-LY,
glyy% . alyck . nh4§ , 02% , ocdycrn§, , odecrn$ , orng,
pc_nf., pi %, pntcrng ., pppg9% . ps_n , pyrg . stcrng )
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i neverywhere = IntersectioneeMp[ Cases[#, nmeta[__], o] & plins]

{c204crn% , c226¢crn%, glycy .
ocdycrn§, , odecrn$ , pc_nf,, pi%, ps_nf,, stcrng }

Sincewe haveconsideredhe elementaryconversionsthe metabolitesn ineverywhere
are essentiafor PL—synthesisOf coursewe could, hopefully, havearrived at the
sameresultby consideringhe exchangeeactionsof the elementarfluxes. Butthen
we’d haveto dealwith >=30000fluxes.

Nowbwe knowthatst cr n§, Is essentialwecanaskwhatthe productionratesof Pl
canbe.

stcrnfactors =factorsof ["stcrn"y§', pleconvs /. a_ = b_ - a];
plefactors =factorsof ["PL"y$, pleconvs /. a_ = b_ - b1;

<< G aphi cs' Graphi cs*

Hi st ogram[pl ef actors /stcrnfactors]

700¢
600+t
500}
400¢
300}
200¢
100+t

- Graphi cs -

I Feasibleandinfeasiblereactions

Beforecalculatingelementarywectors, theaboveroutinessimplifythe network.Among
otherthings,this meanghat theydeterminevhichreactionsare feasible..e. canactu
ally havea non-zeroflow in steadystategiventhe currentassignmenof roles. Since
this canbe of independeninterest, SNAprovidesthe functionfeasiblemnet, which
returnsthe subnetworlconsistingof thefeasiblereactions.
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reacti ons ef easi bl etmet [hunit] // Length

94

reacti ons ef easi bl etmet [hunit 1] // Length

90

Soof thetotal 123reactions,94 are feasibleif anynonmitochondrialmetaboliteis
treatedasexternal. Butthe morerestrictiveassignmenof rolesusedfor humitl
reduceghisto 90.
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Thistutorial showshowto constructan mnet, if youhavea stoichiometrymatrix (and
someotherinformation).

<<"../mat hcode/SNAsym ni';

Li nkObj ect [.. /mat hcode/. . /pai rel vs/pairel vsl Fsh, 2, 2]

m Thedatafor our network is in CSV-formatn the subdirectoryhumit.
We first read in the stoichiometrymatrix, note that the "54rev " in the filename
meanghatthefirst 54 columnsare reversible.

stoich = I nport [SNApat h <>"tutorial s/hum t /stoi ch54rev. csv", "CSV'];
Di mensi ons [st 0i ch]

(164, 123)

stoich[[1]]

OO0 O0OOO0OO0O
OOO~OOOO
OOO‘OOOO
OOO~OOOO
OOO‘OOOO
OOO~OOOO
OOO‘OOOO
OOO~OOI—‘O
coooo00
coooooo
OOO_OOOO
OOO;)OOO
OOO_OOOO
OOO;)OOO
OOO~OOOO
OOO;)OOO
OOO~OOOO
cooo

)
Sincethe entriesof stoichare real numberswe convertthemto rational numbers.

stoich = real 2rat [stoich];
stoich[[1]]

coooo
coooo
coooo
coo0o0o
coooo
coooo
cooo0o
coooo
coooo
cooo0o
coooo
LR
coooo
coooo
coooo
coooo
coooo
coooo
coooo
coooo
coooo
coooo
coooo
coooo
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m Next, wereadin someauxiliary informationregardingmetabolite& reactionnames

nmet aspec =
| nport [SNApat h <>"tutorial s/hum t /met abol i t es_speci es. csv", "CSV']

{{10ft hf, 12dgr_m 2mop, 34hpp, 3hacoa, 3oacoa, 5aop, 5fthf, aacoa, acac,
accoa, adp, aglyc3p_m ahcys, akg, amet, anp, arg-L, ascb-L, asp-L,
at p, c204coa, c204crn, c226coa, c226¢crn, cbp, cdp, cdpdag_m cdpea,
chol, cit, citr-L, clpn_m cnp, co2, coa, creat, crn, ctp, dgnp, dgsn,
dhap, dhdascb, dhor -S, dtnp, dunp, dutp, facoa_m fad, fadh2, fe2,
ficytC, focytC, for, fum gdp, glu-L, gly, glyc, glyc3p, gthox, gthrd,
gt p, gudac, h, h2co3, h2o0, h202, hco3, hngcoa, icit, idp, itp, lys-L,
mal -L, nmethf, mthf, mtoa-S, nad, nadh, nadp, nadph, nh4, 02, 02-,
oaa, ocdycacoa, ocdycrn, odecoa, odecrn, orn, orot, pa_m pc_m pcreat,
pe_m pep, pg_m pgp_m pheme, pi, pntcoa, pntcrn, ppcoa, ppi, ppp9,
pppg9, ps_m pyr, ql0, gl0h2, ser-L, stcoa, stcrn, succ, succoa, thf,
thymd, tyr-L, udp, 5aop, adp, akg, arg-L, asp-L, atp, c204crn, c226¢crn,
cdp, cit, citr-L, co2, coa, crn, fe2, fum gdp, glu-L, gy, glyc,
glyc3p, gthrd, gtp, h, h2o, lys-L, mal -L, nh4, 02, ocdycrn, odecrn, orn,
pc_m pep, phene, pi, PL, pntcrn, pppg9, ps_m pyr, stcrn, succ, udp}}

Mathematica readsin CSVasa matrix. Wejustwanta simplelist, sowereplacethe
abovewith:

net aspec =
| mport [SNApat h <> "tutorial s/hum t /net abol i tes_species. csv", "CSV']1[[1]1]

{10ft hf, 12dgr_m 2nop, 34hpp, 3hacoa, 3oacoa, 5aop, 5fthf, aacoa, acac,
accoa, adp, aglyc3p_m ahcys, akg, anet, anp, arg-L, ascb-L, asp-L,

at p, c204coa, c204crn, c226coa, c226¢rn, cbp, cdp, cdpdag_m cdpea,
chol, cit, citr-L, cl pn_m cnp, co2, coa, creat, crn, ctp, dgnp, dgsn,
dhap, dhdascb, dhor -S, dtnmp, dunp, dutp, facoa_m fad, fadh2, fe2,
ficytC, focytC, for, fum gdp, glu-L, gly, glyc, gl yc3p, gthox, gthrd,
gt p, gudac, h, h2co3, h2o, h202, hco3, hngcoa, icit, idp, itp, lys-L,
mal -L, net hf, mthf, mrtoa-S, nad, nadh, nadp, nadph, nh4, 02, 02-,
oaa, ocdycacoa, ocdycrn, odecoa, odecrn, orn, orot, pa_m pc_m pcreat,
pe_m pep, pg_m pgp_m phene, pi, pntcoa, pntcrn, ppcoa, ppi, ppp9,
pppg9, ps_m pyr, ql0, ql0h2, ser-L, stcoa, stcrn, succ, succoa, thf,
thymd, tyr-L, udp, 5aop, adp, akg, arg-L, asp-L, atp, c204crn, c226crn,
cdp, cit, citr-L, co2, coa, crn, fe2, fum gdp, glu-L, gly, glyc,

gl yc3p, gthrd, gtp, h, h2o, lys-L, mal -L, nh4, 02, ocdycrn, odecrn, orn,
pc_m pep, phene, pi, PL, pntcrn, pppg9, ps_m pyr, stcrn, succ, udp}
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nmet aconp = | nport [
SNApat h <>"tutorial s/hum t /met abol i t es_conpartnents. csv", "CSV'][[1]]

mMmmmmmmmmmmmmmmmmmmmmmimmmmmnm m
mmmmmmmmmmimmmmmmmimMnmmimmmmmimmm m
mmmmmmmmmmmmmmmmmmmmmmmmmm m
mmmmmimmmmimmimimmmmimmimmmmmimmm m
mmmmmmmmmmec¢, c,c, ¢ cc, Ccc Cc,Cc C Cc C C, C C,C,
¢c,cc¢cococococccccccccCcC € C € C C C C C C,C}
rnames = | nport [SNApat h <>"tutorial s/hum t /reacti onnanmes. csv", "CSV'][[1]]

General ::spelll: Possible spelling error: new synbol
name "rnames" is simlar to existing synbol "nanmes". More...

{ASPTAm ADK1m ETHAPTm ACONTm Cl TRt m CK, GLYAMDTR, PGSAmMm GACMIR,
H2CBDm HCBEm FUVMM GITHPm HMGCOASmM ADK4m HACDm MDHm DHORDMmM
DASYNm CLPNSm SUCD3-ulOm SUCDIm SUCOASm OCOAT1m FTHFLm GHMI2r m
TYRTAm 5ACPtm ARG m DNCIC, ClTtam Cl Ttbm CO2tm COAtm DNC1IG GYtm
GLYCtm THDIm ORNt3m ORNt4m GLUt2m ASPG.Um H2Gtm GITHRDt, LYSt m
AKGMALt m MALtm NH4tm O2tm Plt2m PPP&tm PYRt2m SUCCt 2m DNC1U,
ACACT1m DAGKm Sat pctp, C204CRN3, C226CRN3, CRNti m DGNSKm AGATmM
GLYKm GPATm G3PDm GIrHDHm DUTPDPm CATm HMGELmM THFATmMm MVSAD1m
AKCDmM | CDHxm FAOXC204, FAOXC226, | CDHym ME2m GTHOm CBMKm CYOOTS,
SPODMmM PEPCKm CSm FAOXC182, C182CRN3, FAOXC181, C181CRN3, OCBTm
PAPAm PCHOLPm DWMPL, PGPPm DWhene, FAOXC160, C160CPT2, PPCOACm PPAmM
FCLTm PPPGOm PSDm PCm PDHm NADH2-ulOm CYOR-ulOm FASYNm FAOXC180,
C180CPT2, ALASm TMDK1Im ATPtm C204CRN2, C226CRN2, FRDcm GIPtm
GLYC3Pt m FE2t m ATPS4m C182CRN2, C181CRN2, PCt m C160CRN, PSt m C180CRN}
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m From metaspec andmetacomp we constructthe metabolitef the networkby:

nmetas = MapThread[ metaf[l nt, #1, #2] & {netaspec, netaconp}]

(10fthf™ 12dgr_ni", 2nop™, 34hpp™, 3hacoa™, 3oacoa™, 5aop™, 5fthf™ aacoa™,
acac™, accoa™ adp™ aglyc3p_nf", ahcys™, akg™ anmet™ anp™, arg-L",
asch-L™ asp-L™ atp™ c204coa™, c204crn™ c226coa™, c226¢rn™, cbhp™,
cdp™, cdpdag n", cdpea™ chol™ cit™ citr-L™ clpn_n", cnp™, co2™,

coa™, creat™ crn™ ctp™ dgm™, dgsn™ dhap™ dhdascb™, dhor-S™, dtnmp™,
dunp™, dutp™, facoa_n", fad™ fadh2™ fe2™ ficytC", focytC", for™ funf,
gdp™, glu-L™ gly™ glyc™ glyc3p™ gthox™ gthrd™ gtp™ gudac™ h™,
h2co3™, h20™, h202™, hco3™, hnmgcoa™ icit™ idp™ itp™ lys-L™ mal-L™,
nmet hf ™, m thf™, mmtoa-S™, nad™, nadh™, nadp™, nadph™, nh4™ o02™ o02-™,
oaa™, ocdycacoa™, ocdycrn™, odecoa™, odecrn™ orn™ orot™ pa n", pc_ni",
pcreat™ pe_n", pep™, pg_nm", pgp_nf", phene™, pi™ pntcoa™ pntcrn™,
ppcoa™, ppi ™, ppp9™, pppg9™, ps_nf", pyr™ gl10™, gl0h2™, ser -L™, stcoa™,
stcrn™, succ™ succoa™ thf™ thymd™ tyr-L™ udp™ 5aop®, adp®, akgC,
arg-L¢, asp-L®, atp®, c204crn®, c226crn®, cdp®, cit®, citr-L®, co2°, coa®,
crn®, fe2¢, funf, gdp®, glu-L®, gly®, glyc®, glyc3p®, gthrd®, gtp®, he,
h2o¢, Iys-L®¢, mal -L®, nh4®, 02°, ocdycrn®, odecrn®, orn®, pc_nf, pep°,
phene®, pi ¢, PL®, pntcrn®, pppg9®, ps_nf, pyr®, stcrn®, succ®, udp®}

Nowwe constructthereactions notethat 54 is the numberof reversiblereactions.

reacs = stoich2reacs[stoich, nmetas, 54];
reacs // First

akg™+asp-L™ = gl u-L™ + oaa™
reacs // Last

stcrn® — stcern™
Usingthereactionsandtheir names,wefirst constructthe network
newhum t = constructmet [reacs, rnanmes];
andthenchangetherole of all extramitochondriametabolitedo Xt.
newhunmit = setrole[newhunmit, with[{"c", "e"}, netabolitesenewhumt], Xt];

Nownewhumit shouldbejustthe networkwe usedin Tutorial 4.
To checkif thisis indeedthecase:
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True



Importing externalformatsili.

Thistutorial showshowto constructan mnet, givena textualrepresentatiorofthe

reactionsystem.

<<"../mat hcode/SNAsym ni';

LinkObject [.. /mathcode /.. /pairelvs /pairelvsiFsh , 2, 2]

m Wefirst acknowledg@andtheninspectthedatain humit.csv.

I nport ["tgrep \"#\" humit.csv", "Lines"] // Tabl eForm

#

# Metabolic network of human cardiac  mitochondria

#

# Vo, T.D., Greenberg , H J., and Palsson , B.QO

# Journal of Biological Chemistry , 2004.

#

# This file was generated by converting the reaction sheet of

#

# http : //gcrg . ucsd . edu /organisms /mitochondria  /Supplemental data . xls
#

# to CSVformat , and replacing the header .

#

rawt ext = I nport ["tgrep -v \"#\" hunmit.csv", "CSV'];

rawm ext // First // | nputForm

{1, "HEX1", "hexokinase  (D—glucose:ATP)", “c] : atp + glc-D --> adp + g6p

+h", 4, "Glycolysis ,
"2.7.1.1", "yes",  "(Voet, Voet et al. 1999)"}

Thesecondacolumnofrawtext hasthereactionnameandthefourth columnhasthe

reaction.
Thefollowing sampleshowsthereactionsyntax.
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i ndexes = {1, 10, 21, 26};
sanpl e = Transpose[raw ext J[[4]][[i ndexes]]; sanple // Tabl eForm

[c] atp + glc -D --> adp + g6p + h
[c] : 2pg <==> 3pg

[mj fum + h20 <==> mal -L

(

4y focytC [m] + (7.92) h[m + o02[m] --> (4) ficytC [m] + (4) h[c] + (1.96 ) h2

If all in involvedmetabolitesare within onecompartmentthe compartments notedas

the headof thereactionbut notin the namesof the metabolites.

If, asin thelastreaction,metabolitegrom differentcompartmentsre involved,the

compartmentare notedaspart of the metabolitename.

m Our goal will be to let Mathematica do the parsing of this syntax.The problemis
that the abovereactionsare not Mathematica expressions, e.g. somemetabolit

namesstartwith a numberandthusare notvalid symbolsn Mathematica.

However, we can use substitutionsbasedon regular expressionto 'beautify’ the
reactionsand makethem conformto Mathematicasyntax. From Mathematicab.1
this could be donewithin Mathematica. Here we shall usethe Unix utility sed to dc

the beautifying.
Thefollowing preprocesselBumit.csv andinspectgheresult.

text =l nport ["!grep -v \"#\" humit.csv | sed -f hum tsedscript", "CSV'];

text // First // 1 nput Form

General :: spell : Possible spelling error : new symbol
name "text " is similar to existing symbols {ext, Text }. More...

{16, "HEXlH’4 "hexokinase (DDashglucose:ATP)", "c: atp + glcDashD > adp +
+ "1 ’
9 lycolysis " "2.7.1.17 "yes",  "(Voet, Voet et al. 1999)"}

sanpl e = Transpose[text]1[[4]]1[[i ndexes]]; sanple // Tabl eForm

c: atp + glcDashD > adp + g6p + h

c: NuM2pg == NuM3pg

m fum + h2o == malDashL

(4) focytC [m] + (792 ) h{m + o2[m] > (4) ficytC [m] + (4) h[c] + (1.96)
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Thesyntaxof thetransformedeactionsnowconformsto Mathematica. Thefollowing
showswhathappens

whenMathematicgparseshe syntax.

Map [Ful | For m[ToExpr essi on[#]] & sanpl e] // Tabl eForm

Pattern [c, Greater [Plus [atp , glcDashD ], Plus [adp, g6p, h]]]

Pattern [c, Equal [NuM2pg NuM3pg] ]

Pattern [m Equal [Plus [fum, h20], malDashL ] ]

Greater [Plus [Times [4, focytC [m]], Times [7.92° , h[m]], 02 [m]], Plus [Times [4, ficy

m While Mathematicacan make senseof the syntax, parsing does not result in
expressionsvhichare valid SNAsymeactions.
So we shall use the following function which further transforms the result of
ToEXxpression:

toreaction[s_] := Block[ {r, c, a, b},
r = ToExpression[s];

| f [Head[r] == Pattern,

c=r [[1]];

r=r[[2]];

r =Replace[r, a_Synbol - a[c], {-1}]11;

r /. a_[b_] » netaflnt, a, b] /. (a_ > b_) » (a =~ b) /.
(a_ ==b_) » (@ =Db)];

Wenowapplytoreaction to thefourth columnof text andinspecttheresult.

reacsl = Map[toreaction[#[[4]1]] & text];
reacsl[[i ndexes]] // Tabl eForm

meta [Int , atp, c] + meta [Int , glcDashD , ¢] — meta [Int , adp, c] + meta [Int , g6p, C]
meta [Int , NuM2pg c] = meta [Int , NuM3pg c]
meta [Int , fum, m] + meta [Int , h20, m] = meta [Int , malDashL, m]

4 meta [Int , focytC , m] + 7.92 meta [Int , h, m] + meta [Int , 02, m — 4 meta [Int , ficytC

[
[

Thisis alreadyquitegood,sincethereactionsyntaxis nowwhatwe want. However,
the metabolitesyntaxneedssomemorework, becauséhe compoundsindcompart
mentsare nowsymbolsandnot strings.

Sowetransformthembackto stringsand, while we are at it, we mightaswell do some
thng_?bloutthefactthat beautifiedcompounchamessuchasglcDashD are lessthan
eautiful.
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reps = {

“NUM - "

"Dash" - "-",

" Subll _> " _Il ,

llPrin.Ell - ll!ll};
syn2string[sym] : = Fold[StringRepl ace, ToString[sym], repsl];
reacs2 =

reacsl /. nmetafa_, b_, c_] :> neta[a, syn2stringeb, synRstringec];
reacs2[[i ndexes]] // Tabl eForm

General :: spell : Possible spelling error : new symbol
name "reps " is similar to existing symbols {rep, res }. More...

atp ¢ +glc -DF — adp® + g6p°¢ + h°

2pg° = 3pg°

fum™ + h20™ = mal -L™

4 focytC M+ 7.92 h™m+02M — 4 ficytC M+ 4 h® +1.96 h20™ + 0.02 02-M

Weare nearlydonewith thereactions.Thelastthing s to transformanyreal stoichic
metricfactorsto rartionals.

reacs3 = reacs2 /. a_ meta[x_, y_, z_] :> real 2rat [a] meta[Xx, Yy, z];
reacs3[[i ndexes]] // Tabl eForm

atp ¢ + glc -DF — adp® + g6p¢ + h®
2pg°® = 3pg°
fum™ + h20™ = mal -L™

m 198 hM m —\ A m c 49 h2oM 02-M
4 focytC + = — + 02 4 ficytC +4h + e
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m Nowweare truly donewith thereactions.Andit seemghat all westill need is to ge
thereactionnames

rnanes = Map[
Conposi tion[syn2string, First, Rest], text]

General :: spelll : Possible spelling error @ new symbol
name "rnames" is similar to existing symbol "names". More...

{HEX1, G6PI, G6PI2, PGI, PFK FBA TPI, GAPD PGK PGM ENQ PYK PDHm CSm
ACONTm ICDHxm, ICDHym AKGDm SUCOASmMmSUCD1m FUMm MDHm NADH2 ul0m,
SUCD3ulOm, CYORuUl10m, CYOOmM3ATPS4m GLUCYS GTHDHmM GTHOm GTHPmM
GTHRDt GTHS SPODMmMTHD1m CATm ASPGLUm ASPTA MDH AKGMALtm ASPTAmM
ALASm 5A0Ptm PPBNGS HMBS UPP3S UPPDC]1 CPPPGO PPPGY9tm PPPGOmM
FCLTm FAOXC16Q FAOXC18Q FAOXC181 FAOXC182 FAOXC204 FAOXC226 C160,
C160CPT1, C160CPT2 C160CRN C180, C180CPT1, C180CPT2 C180CRN C181,
C181CRN1 C181CRN2 C181CRN3 C182, C182CRN1 C182CRN2 C182CRN3 C204,
C204CRN1 C204CRN2 C204CRN3 C226, C226CRN1 C226CRN2 C226CRN3 CRNtim,
CHLPCTD DAGCPTmPCtm, PSDm PStm, G3PDm CLPNSm PAPAm DAGKm ETHAPTmM
HMGLm OCOAT1m ACACT1m MMSADImMPPCOACMHACDmM GLYKm FASYNm G3PATm
AGATm DASYNm PCHOLPm PGSAm PGPPm NH4tm, UREAt, CBMKm OCBTm ARGSS
ARGSI. ARGN ORNt4m GLYAMDTR GACMTR CK ADK1, ADK1m ADK4m DGNSKm
DHORDmMDUTPDPm NDPK1 TMDK1m GLUDx GLUDy TYRTAm LDH_L, ME2m PCm
PEPCKm FTHFLm GHMT2rm HMGCOASNTHFATm H2CO3Dm H20D HCO3Em PPA
PPAm ARGtm ATPtm, CITRtm, CITtam , CITtom , CO2tm COAtm DNC1C DNC1G
DNC1U FE2tm, FRDcm GLUt2m, GLYC3Ptm GLYCtm GLYtm, GTPtm H20tm, Htm,
LYStm, MALtm O2tm, ORNt3m PIlt2m , PYRt2m, SUCCt2m 12DGRtl, C204t, C226t,
CO2t, COAt, CYSt2r, FE2t1, GLCtl, GLUt2r, GLYC3Ptl, GLYCtl, GLYt2r ,

H20t, HDCAt, Ht, L-LACt2r , O2t, OCDCAf OCDCEAf OCDCYAf Plt2r , PSt}

and useconstructmnet to build the network.

Unfortunatelysomereactions whichare necessaryor the properfunctioningof the
netv_vorkﬁare notlistedin thereactionssheef theoriginal .xIsfile, butonthecon
straint sheet.

Soweaddtheseby handandthencall constructmnet .

nore =
{ {"Dwvat p", "h2o" oy tat p" = adp" e thte pi " o },
{"DVhene", "pheme" ™ = "pheme"’®"},
{"DVPL", 18 "clpn_n"™ +43"pc_ni"'™ + 34 "pe_ni''™ =X100"PL""®"},

{"Satpctp", "atp" ™ + "cmp" ™ = "amp" '™ + "ctp" ™ 3}};
reacs3 =Joi n[reacs3, Last [Transpose[nore]l]];
rnanes = Joi n[rnanes, First [Transpose[norel]];
hum tall = constructmmet [reacs3, rnanes];

For Tutorial 4, wedo notwantall of thereactionsbutonly those involvingat leastone
mitochondrialmetabolite.

submnetwith extractstheappropriatesubnetworkand,finally, we changetherole of
all non—mitochondriaimetabolitego Xt.
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mthumt = submetwith[with["m', nmetabolitesehumitall ], humtall J;
mthumtl = setrole[mthumit, wth[{"c", "e"}, netabolitesemthumt ], Xt];

Now mithumitlshouldbethe networkusedin Tutorial 4. Let’s check

<< HumanM t ochondri a. m

{nane, humt} =
= hum t

}
mthumtl ===

True



Analyzinglarger metabolicnetworks

<<"../mat hcode/SNAsym ni';

Li nkQoj ect [.. /mat hcode/. . /pairel vs/pairel vsl Fsh, 2, 2]

m Thenetwork

{nane, ecoli} = << (SNApath<>"tutorial s/ecoli.mn);
nanme

Central carbon netabolism of Ecoli.
Adapted from Stelling et. al., Nature, 420 (2002), 190-193.

reactionseecoli //Length

99

net abol i t ese@ecol i

(2PG, 3PG, AcCoA®, AcP®, Adh®, ADPA c®, Al a®, al K&, Arg®, Asn®, Asp®,
AspSAl d®, Cl4_0_FS°®, CDPEth®, Chor®, Git®, CVP_KDCXF, Cys®, dATP®, dCTP®,
dGTP®, DHAP®, di _am pi nf, DPG’, dTTP®, E4P°, F16P°, F6P°, Funf, G3P°, GGP°,
A nt, du®, dy®, dyc3P°, dyox®, Hex®, His® HSer®, ICt° Ile®, Leu®,
Lys®, Mal €, Met€, mt_ FS®, MIHF®, NADH®, NADPH®, NDPHep®, OH nmyr_ac®,
OxA®, PEP®, Pd ac®, Pd uc®, Phe®, Pro®, PRPP®, Pyr®, Qui H2°, R5P¢, r ATP®,

r CTP®, r GTP®, R 5P°, r UTP®, S¢, S7P°, Ser®, SuccCoA®, TDPd cs®, Thr€,
Trp®, Tyr®, UDPA c®, UDP_NAG, UDP_NAM, Val ¢, X5P°, Ac% , C2%, A yc¥in.
N;((tinv C2§(tinv SUCC%in, ATP%OUM Bi Ona55)>((tout1 Et hg((toutv For ni((toutr Lacg((tout}

In contrastto the 110reactionsin theabovereferencepur networkhasonly 99 reac
tions sincethe exchangeeactionsfor the 10 externalmetabolitesare notincluded
here.Further, in thereferenceAc%; , hastwo irreversibleexchangeeactionsinstead
of a singlereversibleone.99+10+1 = 110.

m Judgingby the numberof reactions,this networkhasaboutthe samesizeas the one
used in Tutorial 4. Indeed, due to the relatively few external metabolitesthe
conversioncone is not more complicatedand can be dealt with by the samu
techniguesasin Tutorial 4. Sowe shall only considerthe flux cone,whichis more
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complicated, probably due the fact that the E. Coli network has some lumpe
reactionsandin effectcorrespondo a larger network.

The output of the function symfluxelvs may use up a lot memoryand we shall
discusshowthis canbecontrolled.

symfluxelvs first adds the exchangereactions,then simplifies the network, anc
obtainsthe stoichiometrymatrix, similarly to the following two commands

secol i =fl uxsi nmp[addexchanges[ecoli ]]; {stoich, nrev} = met 2st oi ch[secoli ];

General ::spelll : Possible spelling error: new synbol
name "secoli" is simlar to existing synbol "ecoli". More...

Thensymfluxelvs calls the SNAmatoutinefluxelvs to computethe elementaryluxes
of thereducednetworkand, if youreally needthe elementaryluxes, this cannotbe
avoided.For secolithe calculationis doableevenon a moderatelysizedmachinebut
maytake5 to 10 minutesto completeHence| suggesthatyouwalt till your coffee
bre?kbetforeevaluatlngthe nexttwo commandsind, for themomentproceedo the
nextsection.

Absol ut eTi mi ng[ {fl uxese, reve} = fluxel vs[stoich, nrevl; ]

{436. 802760 Second, Null }

fl uxese // Lengt h

507631

m Weshall makedo with a minimalgeneratingsetfor the flux coneof secoli.

{fl uxesg, revg} = fluxgset [stoich, nrev];
fl uxesg // Di mensi ons

General ::spelll : Possible spelling error: new symnbol
name "fluxesg" is simlar to existing synbol "fluxese". Mre...

General ::spelll : Possible spelling error: new synbol
name "revg" is simlar to existing synmbol "reve". More...

(1427, 46)
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fluxesg // First
{0, 0, 0,0 000000000600 00,0 00 0,0,
o, 00000@0®0000®01000100000 00 0}

Wenow havetheflux vectorsfor the simplifiednetworkandwouldlike to relatethem
to the onesof thefull network. For thiswe needthetagsof secoli, sincetheykeep
track of therelationship.For instance,

with["Eth", trpairsesecoli] // Tabl eForm

R[ACcCoA: : Adh] + R[Adh: : Eth] + RX [Et h¥ ot — O] AcCoA® + 2 NADH — 0

showsthatfluxsimp hasdeterminedhatin steadystatethethreereactionsR[AcCoA::-
Adh] , R[Adh::Eth] and Rx [Et h%, ., = 0] mustoperatein conjunctionand effectively
becomercCoA® + 2 NADH - 0.

Sometimedluxsimp can makemoreambitioussim[?_lification markedby the symbol
ALT. Thesecaseawill beconsideredattheendof Tutorial 8, herewejustcheckthat
wedon’t haveto worry aboutALT.

wi th[ALT, tagsesecoli]

{1

Sincewe havethefluxesof secoliand therelationshipbetweerthe reactionsof secol
andecoli givenbytags@secoli , it is veryeasyto obtainthefluxesof thefull network
usinga matrix product.

ecol i synfl uxesg = fluxesg. (tagsesecoli) // Expand;
ecol i synfl uxesg // First

R[Fum : Succ] + R[Succ: : Fum]

ecolisymfluxesgs essentiallywhatwe’d haveobtainedby justusing
symfluxgset[ecaoli], exceptthat, in addition, symfluxgset normalizegheresult:

synf | uxgset [ecoli] //First // First

R[Fum : Succ] + R[Succ: : Fum]
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But, usingfluxesg and tags@secoli,we canmakestatementaboutthe full network:
withoutexplicitly computingecolisymfluxesgFor instanceto getthefirst flux of ecoli-
symfluxesgdirectly we coulduse:

fluxesg[[1l]]. (tagsesecoli) // Expand

R[Fum : Succ] + R[Succ: : Fum]

Asa moremeaningfukexamplelet usdetermineghe averagenumberof internal reac
tionsper flux in theminimalgeneratingsetof ecoli.

counts = Map [Count [#. (tagsesecoli) // Expand, R[_], o] & fluxesgl;
Pl us e@ counts /Lengt h[counts] // N

52. 398

counts = Map[Count [#, R[_], =] & ecolisynfluxesg ];
Pl us e@ counts /Lengt h[counts] // N

52. 398

Thefirst methods morecomplicatedslowerbut usedessmemorythanthe seconcne
becausat doesnot needecolisymfluxesg.

m If your coffeebreakis over,andyouhavecomputedhefull setfluxeseof elementar
vectorsof
secoli, you can determinethe averagenumberof internal reactionsper elementar
fluxinecoli by

counts = Map[Count [#. (tagsesecol i) // Expand, R[_], «=] & fl uxese];
Pl us ee counts /Length[counts] // N

76. 1311



Analyzinggenomescalenetworks

<<"../mat hcode/SNAsym ni';

Li nkQoj ect [.. /mat hcode/. . /pairel vs/pairel vsl Fsh, 2, 2]

m Thenetwork

{name, yeast} = <<yeast.m
nane

S. cerevi si ae i ND750

Duarte, N.C., Herrgard, MJ., and Pal sson, B.O
Cenone Research, 14: 1298-1309, (2004)

reacti onseyeast // Length

1150

nmet abol i t eseyeast // Length

1062

Justcalculatinga generatingsetfor the flux coneof a network of this magnitudeseem:
computationallyintractable.
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m Hence,we shall go for the conversiorconebut eventhis is daunting,asthe following
long list of extracellularmetaboliteshows.

with["e", netaboliteseyeast]

{13BDgl cn®, 4abut®, 5aop®, 8aonn®, abt®, ac®, acal d®, ade®, adn®, akg®,
ala-L®, alltn®, alltt®, anet®, arab-Df, arab-L®, arg-L®, asn-L®, asp-LE,
Bi omass®, btn®, chol €, cit®, co2%, crn®, csn®, cys-L®, cytd®, dad-2¢,
dann®, dcyt®, dgsn®, din®, dttp®, duri®, ergst®, etoh®, fm®, for®€,
fru®, funf, gal ¢, ganbp®, gcal d®, gl c-Df, gl n-L®, glu-L®, gly®, glyc®,
gsn®, gthox®, gua®, h®, h2o®, hdca®, hdcea®, his-L®, hxan®, ile-L€,

i nost®, ins®, k&, lac-L®, leu-L®, lys-L®, mal -L®, nmalt®, man®, nelib®,
net -L®, mmet €, nal®, nh4®, nm®, 02%, ocdca®, ocdcea®, ocdcya®, orn€,
pap®, pepd®, phe-L®, pi€, pnto-R¢, pro-L®, ptrc®, pyr®, rib-D°, ribflve,
sbt -Df, sbt -L®, ser-L®, so4®, spmd®, sprnf, srb-L®, succ®, sucr®,

t hnf, thmmp®, t hnpp®, thr-L®, thynf, thynd®, tre®, trp-L®, ttdca®,
tyr-L®, ura®, urea®, uri®, val -L®, xan®, xtsn®, xyl -Df, xylt€®, zynst€}

Butit is possibleto analyzemeaningfukestrictedscenarios.

First, wechooseo ignorethe organismsconsumption/productiornsf waterby simply
zeroingh20°®

yeast1l = construct met [

reactionseyeast /. "h20""® - 0,
tagseyeast /. R[X_] - XI;

ThetransformationR[X_| = X stripstheR fromthetags,because&onstructmnet
insistsonwrappingan R aroundthem.

More importantlywe shall only treat thefollowing subsebf the extracellularmetabe
lites asexternal.

Xts = {"ac""®, "acald"'®, "ala-L""®, "Biomass" ¢, "co2""¢",
"csn"'®, "ergst"'®, "etoh"'®, "ganbp" ', "glc-D'"®, "hdcea" *,
“ocdcea""®", "ocdcya"'®, "so4""®, "xylt""®", "zymst"'®",

"nh4""®" | "asp-L""¢", "ser-L""¢", "funmt"®, "gly"'®, "thr-L""¢"}

{ac®, acal d®, al a-L®, Bi omass®, co2¢®, csn®, ergst®,
et oh®, gambp®, gl c-Df, hdcea®, ocdcea®, ocdcya®, so4€,
xylt€, zynmst€, nh4®, asp-L®, ser-L®, funf, gly®, thr-L®}

yeast2 = setrol e[yeastl, Xts, Xt1;
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I Calculatingthe conversiorcone

m While it might just about work, simply typing conversiongset[yeast2] or
conversionelvgyeast?] is notareally a goodideafor a networkof this size.
But the first thing conver siongset and conver sionelvs do, is to useconvfullsmp to
computea smallernetworkwhich hasthe sameconversioncone.This shouldalway:s
be done,eveif takesa while.

ysi nmp = convful | si np[yeast 27;

General ::spelll : Possible spelling error: new symnbol
name "ysinp" is simlar to existing synbol "sinmp". Mre...

reactionseysinp // Length

45

nmet abol i t eseysi np

{accoa™, adp™ atp™ co2°, coa™ dtmp®, glu-L™ hcys-L®, nadp®, nadp™,
nadph®, nadph™, pep®, pro-L®, r5p®, s7p®, thr-L®, tyr-L®, tyr-L™
ura®, uri®, xubp-Df, ac} , acal d}, ala-L§ , asp-L§ , Bi omass,
co2% , csng, ergst$, etoh§ ., fung, ganbp§,, gl c-Of , glyy ., hdceaf,
nh4§,, ocdceay , ocdcya§, , ser-L§ , sod§,, thr-Lg, xylt§,, zymst§, }

While,comparedo yeast2, theachievedeductionisimpressiveit is notquitea large
asthereactioncountindicates.

Thereasongs thatthereactionsof ysimp tendto be muchmorecomplicatedhanin
yeast2. For instance

(reactionseysinp) [[4]]

adp™ + nadp™ + nadph® + 2r5p® +2tyr L™+ ura® + xusp-D° + acal d§, —
at p™ + nadp® + nadph™ + pep® + s7p® +2tyr -L® +uri® + et oh$
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m From ysimp the functionsconver siongset and conversionelvs calculate in onegc
a minimal generatingsetor, respectivelythe elementaryectorsof the conversio
cone.

Doing thisin onego, maynot be a goodidea. Thereasonis that a few reactionsin
yssimp donolongerinvolveanyinternal metabolitese.g.

(reactionseysi np) [[13]]

glu-L™+r5p® +tyr-L® + xu5p-OF +asp-L§, +etoh§ —
pep® + pro-L® +s7p® +tyr-L™+acal d§; +funfk, +nh4§,

andarethusalreadyin theconversiorcone..

Sowecansplitysimp into two subnetsii andnxt, wherethereactionsin nxt do not
involveinternal metabolitesvhile the onesin ni do. Wethenfind a minimalgenerating
setof conversiorfor ni andappendhereactionsfrom nxt to thisset.Thisresultsin a
generaﬂrzjgsetfor theconversiongoneof ysimp. Thisis justwhatthefollowing two
commandslo:

ints = with[Int, netaboliteseysinpl;
yeastgset = parti al conversions[ysinp, ints];

Asyouwill havenoted,thecomputatiortookquitelong, eventhoughwefocussewn
the subnetworlni .

Whilewenowhavea generatingsetfor the conversiorconeof yeast?, thissetmay
not beminimal. Thereasonis that, dueto splitting, any redundancie®etweerthecon
versionsof ni andthereactionsof nxt havebeenignored.

Since partialconversionsreturnsan intermediateresult,to facilitate further process
ing, theoutputis nota list of reactionsbutan mnet. Soto countthe numberof
conversions:

reacti onseyeastgset // Length
950

Finally, a minimalgeneratingsetof the conversiorconeof yeast?, is computedy

m ngset yeast 2conv = conver si ons [yeast gset, ZH2gset 1;
reacti onsemn ngset yeast 2conv // Lengt h

372
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conversions computesonversion®f the networkgivenasthefirst argumentevenif,
asin theabovecase there a nolongeranyinternal metabolites.Thereactionsof the
outputmnet are a minimalgeneratingsetif thesecondargumenits the SNAmatou-
tineZH2gset; if insteadZH2elvsis specifiedall elementarywectorsof theconver
sioncoenare enumerated.

m So, if thisis the right wayto do it, whyisn't it just build into conversiongset? The
reasonis, thatit maynotbethebestwayof doingit.
Notethatpartialconver sions hasa seconcargumentand,above we gavethelist
of all internal metabolitedor this argument.One can also passa subsetof interna
metabolitesand then partialconver sions will proceedas if only the metabolitesin
the subsetwhereinternal , treating all other metabolitesas Xt. In the nextstep,one
canthenthrow outtheremaininginternal metabolites.

S| - {naccoan"m" " adpu "m" n at pu"m', ncoan"m"

ngl U_Ln “m , n nadpu “m , n nadphn "m , n prO_Lu "e" , ntyr _Lu " };
ysi mpl = parti al conversi ons [ysi np, Si ];
reacti onse@m ngset yeast 2conv === reacti onse@econversi ons[ysi npl, ZH2gset ]

True

Sowe havethe sameresultasbefore,but youwill havenoticedthe morethanfivefold
reductionin computingtime.

m Of courseyou can chooseany subsetof the internal metabolitesof ysimp for si.
Whilethefinal resultdoesnot dependonthe choicethe computatiortimedoes.
The problemof finding the optimal choicefor si, probablyis at leastas hard asthe
oneof computinga generatingsetfor the conversionsHowever,SNAcan help a bit
by makingit easyto inspectthe network.
This is how | arrived at the abovechoicefor si. Asa starting point | thoughtthat
throwing out all of the remainingmitochondrialmetaboliteanightbe goodidea. Tc
investigatethis:

sil =wth["m', nmetaboliteseysinp]

{accoa™, adp™ atp™ coa™ glu-L™ nadp™ nadph™ tyr-L™}
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{nisil, nxtsil} = splitmmet [ysinp, sill;

Thisreturnstwo mnets with nisi1 havingall reactionin ysimp whichuseat leastone
metaboliteof sil and nxtsi1 all otherreactions.Now

reactionsenisil//Length

18

Soto getrid of themitochondrial metabolitesthe functionpartialconver sions justhas
to considerl8reactions.Thisis notall thatdemandingHowever

with[l nt, Conpl enent [net abolitesenisil, netabolitesenxtsil]]

{accoa™, adp™, atp™ coa™ glu-L™ nadp™ nadph™ pro-L¢, tyr-L™

Is a supersebdfsil, containingin additionpr o-L*. Sopr o-L*“ is only usedbynisi1.
Hence,it makessensdo add pr o-L* to thelist of metaboliteave eliminatealreadyin
thefl_rdst stepbecauséhis doesnotincreasethe subnetworkpartialconver sions hasto
consider.

si === sily{"pro-L""¢"}

True

m Finally, to computeall elementaryconversion of yeast2, we can again use
conversions but with the SNAmatroutine ZH2elvs insteadof ZH2gset. As first
argumentwe might as well usemingsetyeast2conv, the minimal generatingset ot
the conversiorcone.

el vsyeast 2conv = conversi ons [m ngset yeast 2conv, ZH2el vs];
reacti onseel vsyeast 2conv // Length

40969
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I Decomposinglementaryonversionsnto elementaryfluxes

m Allow meto pick myfavorite conversion.

nmyconv =W t h[27266477, reacti onseel vsyeast 2conv] // Fi r st

90626 acy, +23710211 acal d§; + 5530 csn§, + 35 ergst§, +
23052269 f unf, + 9885 ganbp, + 4033772 gl c-D§ + 476 hdcea§, +
23401575 nh4§, + 672 ocdcea§, +252 ocdcyag, + 3865 s04§, +75zynmst§ —
22812604 asp-L§, + 50000 Bi omass§, + 15522497 co2§, +
27266477 et oh§, + 323346 ser -L§, + 12475t hr -L§;

Thegoalwill beto find outhowmanyelementaryluxesgiverise to this singleconver
sion.

For thisfirst inverttheconversion

vnocym = nyconv /. (a_ =~ b ) » (b = a)

22812604 asp-L§, + 50000 Bi omass§, + 15522497 co2§, +
27266477 et oh$, + 323346 ser -L§ +12475thr -L§ —
90626 ac, + 23710211 acal d§, +5530 csn$, + 35 ergst§, +23052269 funf, +
9885 ganbpy, +4033772 gl c-0§, + 476 hdcea§, + 23401575 nh4§, +
672 ocdcea$, +252 ocdcyag, + 3865 s04% + 75 zynst§,

appendvnocym to thereactionsin yeast2 and makeall metabolitesnternal.

restricted = joi nnmet [
yeast 2,
const ruct met [{vnocym}, {"vnocynml}]1];

restricted = setrole[restricted, netaboliteserestricted, Int];

Nowanyelementarylux of restricted correspondgo eithera futile cycleof yeast2 or
to an elementarylux of yeast2 whichhasmyconv asconversion.

Wefirst calculatea minimalgeneratingsetof theflux coneby

{of  uxes, nrev} = synfluxgset [restricted];
nrev
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{ogf l uxes // Length, with["vnocym', gfluxes] // Length}

(1044, 1024)

Sothereonly 20 futile cyclesandthe 1024fluxeshavemyconv as conversion.

m Now,one mightfurtherwishto enumeratall elementaryluxesfor restricted. But
their numberis 3.7x 10/, sotrying to usesymfluxelvswouldfail disastrously.
Themethodpresentedelow,howevermightjust aboutmakeit possibleto
enumeratall theelementaryluxes,evenif weonlyillustrateit for the minimal
generatingset.

Initially we proceedasin Tutorial 7 andfind the generatingfluxesin vectorform for
the reducednetworkofrestricted.

rrestricted =fluxsinp[restricted];
{stoich, nrev} = met 2stoi ch[rrestricted];
{rgfl uxes, rnrev} = fluxgset [stoich, nrev];
rnrev

General ::spelll:
Possi bl e spelling error: new synmbol name "rrestricted" is
simlar to existing synmbol "restricted". Mre...

General ::spelll: Possible spelling error: new synbo
nane "rgfluxes" is simlar to existing synmbol "gfluxes". Mre...

General ::spell : Possible spelling error: new synbol
name "rnrev" is simlar to existing synbols {nnrev, nrev}. Mre...

rgfl uxes // Length

144

Sothereducednetworkhasfewergeneratingfluxesthan restricted.
Thereason becomespparentby inspectinghetagsof rrestricted.
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{W th[ALT, tagserrestricted][[2]]1} // Tabl eForm

65250 ALT [R[CRNCARt m] + R[CSNATi f m], R[ACRNti m] + R[CRNti m] + R{CSNATi f m] ] + 25925

ThesymbolAL T indicatesthatthe simplificationprocedurehasgeneratediuplicate
reactions.Toillustrate this,welook at thesecondALT in theline above.

with[{"G.CS2", "GBEZ", "GLYGS"}, trpairserestricted] // Tabl eForm

R[GBEZ] 14gl un® — gl ycogen® + h20o°
R[GLCS2] udpg® — gl ycogen® + h¢ + udp®
RIGAYGS] h20¢ + udpg® — 14gl un® + h® + udp®

Thesimplificationprocedurenasfoundthat GBEZ and GLY GS canonlyrunin tan
demandarethenequivalento

h2o* + udpg* — h20* + gl ycogen* + h* + udp*, whichisthesameas
GLCS2. Sofor anyelementaryflux usingGLCS2 thereis anotherone using GBEZ
aswellasGLYGS.

Computationallyit makessensdo generatesuchalternativesonly at theveryendof the
calculation.Thisis justwhatsymfluxgset doesapplying AL Texpfull to theintermed
ateresultof fluxgset to obtainthefinal 1044fluxes.

Map [ALTexpful | , rgfluxes. (tagserrestricted)] // Flatten // Length

1044

But of course,one canalsoexpandheelement®f rgfluxes individually.

ALTexpful | [rgfluxes[[1l]]. (tagserrestricted)] // Length

ALTexpful | [rgfluxes[[20]]. (tagserrestricted)] // Length

Sosymfluxelvs restricted] is boundto run outof memoryin thefinal stageof the
calculation,dueto the sheersizeof theresult. Enumeratinghe elementaryluxesof
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rrestricted is a muchmorereasonableproposition,sincetheir numbens only 4.6 x
10°. Soif youhave4GB of mem(_)rKand cando withoutyour computerfor upto10
hours, youmighttry fluxelvs[stoich,nrev];

In fact, SNAmaprovidesthefunction signfluxelvs, whichmanagedo squeezé¢he
computationnto 2GB by returningjust the signsof theflowsin eachflux andusinga
compresseodutputformat. Butthisis somessythat| amnotsurewhetherl really con
sider signfluxelvsto be’officially’ part of SNAmat.



Flux BalanceAnalysis

<<"../mat hcode/SNAsym ni';

Li nkQoj ect [.. /mat hcode/. . /pairel vs/pairel vsl Fsh, 2, 2]

m Weshalllook at theyeast networkandconsiderthe samescenarioasin Tutorial 8 .

{name, yeast} = <<yeast.m
nane

S. cerevi si ae i ND750

Duarte, N.C., Herrgard, MJ., and Pal sson, B.O
Cenone Research, 14: 1298-1309, (2004)

yeast 1 = construct met [
reactionseyeast /. "h20"'® - 0,
tagseyeast /. R[X_] - XI;

Xts = {"ac"'®, "acald"'®, "ala-L""®, "Biomass""®, "co2""®",
"csn"'®, "ergst"'®, "etoh"'®, "gambBp" ®, "glc-D'"®, "hdcea"®,
"ocdcea" ", "ocdcya" ", "so4""®, "xylt""®, "zymst"'®",

“nh4" "¢ "asp-L""¢", "ser-L""¢", "fum'"®, "gly"'®, "thr-L""¢};

yeast2 = setrol e[yeastl, Xts, Xt];

m Thefirst thing s, to preparethe networkfor flux balanceanalysisby
f bayeast 2 = FBAprep[yeast 2];

Wenextsetup a list of constraintson the flowsthroughsomeof thereactions:

constr = {
{exch["csn"y & 1, (-1, -1/2}},
{R["ORNt 3ni'], {0, 13}}

};
constr // Matri xForm

Rx[csng = 0] (-1, -3}
R[ORNt 3m] (0, 1)
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Eachconstraint is a list consistingof a reactiontag anda pair of numbers. Thefirst

numberof the pair givesthe lower andthe secondnethe umoer_boundfor theallowed

flow throughthereaction.Thenumberan theboundsshouldbeintegers rationalsor

%oo ténlesstheoptlon numeric (seebelow)is used.Thenrealsmaybealsooccurin the
ounds.

Thedefaultadmissibleangefor reactionsnot specifiedn the constraintss {— co,c0}
for reversibleand {0,c0} for irreversiblereactions.

Nowweare readyto call FBA , passing asthefirst arg)umentthestructurereturnec_lby
FBAprep, spec%/lngwhmhﬂow shouldbe maximizedy thetag of the corresponding
reactionpasseds the secondargument,andgiving the constraintsn thethird
argument.

{opt, flux} = FBA[fbayeast2, exch["Bi omass", ], constr];
opt

opt givesthe maximalflow throughRx [Bi omassy, = 0] giventheconstraints
constr;

flux is one(of oftenmany)flux vectorsrealizing opt .
Thesymbolicform familiar from e.g.symfluxelvs is usedfor flux.

fl ux

11348 R[13GS] 2862 R[20XCADPti m] 5610 R[3MOBt m| 1927 R[3MOPt m

1607 * 1607 1607 B 1607
2862 R[AASAD2] 2862 R[AATA] 8288419 RIACALDL ] 9156 R[ACCOAT |
1607 1607 8035 8035
1927 R[ACHBSM] 5610 R[ACLSM] 93491 R[ACOAH]
R~Cem| - 1607 * 1607 * 8035 *
10188 R[ACONTm] . 13050 R[ACRNti m] 90626 R[ACt 2r ]

1607 = RIACOTAT [ = 1607 * 8035 *
247 R[ADHAPR SC] 9689 R[ADK1] 240 R[ADNK1] 573 R[ADSK]

1607 * 1607 - 1607 * 1607 "
1159 R[ADSL1r ] = 980 R[ADSL2r) 1159 R[ADSS] 247 R[AGAT_SC]

1607 - 1607 " 1607 1607 "

. 180 R[AHGi ] 507 R[AHSERL2] 1643 R[Al CART] 980 R[AI RCr ]
RIAGFRII] « ——rer—— % 1607 * 1607 ¥ 1607 *
228126 R[ALAt 2r ] 205186 R[ALATA L] 8288419 R[ALCD2x] 284 R[ANPRT]

8035 - 8035 - 8035 - 1607
284 R[ANS] 507 R[ASADi | 1017 R[ASNS1]

—1607 + R[ARGSL] + R[ARGSSY | + 1607 4 1607 4
507 R[ASPKi ] 8933 R[ASPt 2m] 3989292 R[ASPt2r ] 4075182 R[ASPTA]
1607 * 1607 - 8035 - 8035

8933 R[ASPTAM] 663 R[ATPPRT] 307101 R[ATPS] 7537 R[ATPt m-H]
1607 1607 8035 1607
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10000 R[Bi oM] 573 R[BPNT] 2359 R[CHORM] 2643 R[CHORS]

1607 t——q1e07  *RICBPS] + 1607 * 1607
4035222 R[C2t ] 49274 R[C2tm] 13050 R[CRNtim] 10188 R[CSm]
8035 - 1607 * 1607 * 1607 -
13050 R[CSNAT] 13050 R[CSNATi fm] 1106 R[CSND] 1106 R[CSNt 2]
1607 - 1607 - 1607 - 1607
447 R[CTPS1] 66 R[CYSS] 272R[CYTKl] 96 R[DADK] 66 R[DAGPYP_SC]
1607 * 1607 - 1607 T T 1607 - 1607 -
175 R[DASYN_SC] 24 R[DCMPDA] 2643 R[DDPA] 24 R[DGK1]
1607 - 1607 * 1607 - 1607 *
5610 R[DHADLm] 1927 R[DHAD2m] 36 R[DHFRi | 2643 R[DHQS]
1607 * 1607 - 1607 - 1607
2643 R[DHQTi | 8079 R[DOLPMVEr | 8079 R[DOLPMIcer ] 8079 R[DOLPt 2er ]
1607 " 1607 " 1607 B 1607
60 R[DURI K1] 60 R[DURI PP] 5286 R[ENO] 7 R[ERGSTt| 8288419 R[ETOH: ]
1607 - 1607 " 1607 " 1607 - 8035
896 R[FACOAL140] 756 R[FACOAL160] 476 R[FACOAL161] 28 R[FACOAL180]
8035 - 8035 - 8035 * 1607 *
672 R[FACOAL181] 252 R[FACOAL182] 280 R[FAS100COA] 1344 R[FAS120COA]
8035 " 8035 * 1607 * 8035 *
1176 R[FAS140COA] 896 R[FAS160] 28 R[FAS180] 280 R[FASS0COA L]
8035 " 8035 " 1607 * 1607 B
2003 R[FBA] 2003 R[FBP] 4057533 R[FDH] 9144 R[FORt m|
1607 - 1607 - 8035 " 1607
4011813 R[FTHFL] 9144 R[FTHFLm] 3940586 R[FUM] 3921856 R[FUM 2r ]
8035 - 1607 * 8035 * 8035
1647 R[G5SADr | 1647 R[G5SD2] 1977 R[GBPDA] 16767 R[GALU]
1607 " 1607 " 1607 * 1607
1977 R[GAMBPt | 5286 R[GAPD] 980 R[GARFTi ] 247 R[GAT2_SC]
1607 * 1607 - 1607 - 1607 *
5185 R[GBEZ] 4074263 R[GHMI2r ] 24 R[GKl] 7069 R[GLNS]
1607 * 8035 T 71607 ° 1607 -
1647 R[GLUSK] 3951411 R[GLUDy] 980 R[GLUPRT] 5719 R[GLUt 2m]
1607 - 8035 " 1607 B 1607 "
5185 R[GLYGS] 4054843 R[GLYt2r] 484 R[GWS2] 3675511 R[H2(t |
1607 - 8035 - 1607 " 8035
14657 R[H2Otm] 2862 R[HACNHM] 2862 R[HCI TSm] 300972 R[HCOBE]
1607 * 1607 * 1607 " 8035
476 R[HDCEAt | 2862 R[HI CI TDM] 663 R[H STD] 663 R[HI STP]
8035 " 1607 " 1607 * 1607
507 R[HSDxi ]| 507 R[HSERTA] 663 R[HSTPT] 10188 R[l CDHxm
1607 * 1607 * 1607 - 1607 -
663 R[1 G3PS] 663 R[I GPDH] 284 R[I GPS] 1927 R[ILETA] 1643 R[I MPC]
1607 - 1607 - 1607 - 1607 - 1607 *
484 R[IMPD] 2964 R[IPMD] 2964 R[IPPM a] 2964 R[I PPM b]
1607 - 1607 B 1607 - 1607 *
2964 R[I PPS] 5610 R[KARALi m] 1927 R[KARA2i m] 2964 R[LEUTA]
1607 * 1607 * 1607 B 1607
13050 R[MALt m] 8079 R[MANLPT] 8079 R[MANGPI | 8079 R[MANNANt er ]
1607 * 1607 - 1607 - 1607
2862 R[MCI TDM] 4005836 R[MDH] 41632 R[MDHM] 28582 R[MELm
1607 - 8035 - 1607 " 1607
180 R[METAT] 687 RIMETS] 60 R[IMFAPS SC] 53 R[M 1PP] 53 R[M 1PS]
1607 - 1607 * 1607 - 1607 - 1607 -

9144 R[M.THFtm| 4024928 RIMIHFC] 9144 R[MIHFOm 4024928 R[MTHFD]
1607 8035 1607 8035
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9144 RMTHFDm] 687 R[MTHFR3] 10308 R[NDPK1] 17214 R[NDPK2]

1607 * 1607 * 1607 - 1607
272 R[INDPK3] 24 R[NDPK5] 3964061 R[NH4t ]| 1927 R[NH4t m]
1607 - 1607 " 8035 - 1607 "
60 RINTD6] 42887 R[OAAt 2 . 672 R[OCDCEAt | 252 R[OCDCYA |
1607 1607 = oL 1) 8035 * 8035
2964 R[OVCDC] . 2862 R[OXAGM] 1647 R[P5CR]
1607 & (NOR ] & (RO 3L (] = 1607 * 1607
573 R[PAPSR] 283781 R[PC] 21 R[PEtm SC] 60 R[PETOHM SC]
1607 - 8035 - 32140 " 1607
17054 R[PG ] 5286 R[PGK] 5286 R[PGM] 16767 R[PGMI] 1339 R[PHETAL1]
1607 - 1607 - 1607 - 1607 - 1607
53 R[PINOS_SC] 5513 R[PIt2m 8079 R[PMANM] 60 R[PMETM SC]
1607 B 1607 B 1607 * 1607 -
34041 R[PPA] 1106 R[PPM] 1020 R[PPND] 1339 R[PPNDH] 980 R[PRAGST ]
1607 - 1607 " 1607 - 1607 " 1607
284 R[PRAIi ] 980 R[PRAIS] 663 R[PRAMPC] 980 R[PRASCS]
1607 * 1607 - 1607 - 1607
663 R[PRATPP] 980 R[PRFGS] 663 R[PRM Cli ] 1927 R[PRPPS]
1607 " 1607 i 1607 " 1607
2643 R[PSCVTi ] 105 R[PSERDM SC] 122 R[PSERS_SC] 21 R[PSt m SC]
1607 * 1607 * 1607 * 32140 -
60 R[PUNP1] 60 R[PUNP2] 1046 R[PYNP2r] 15435 R[PYRt 2m|
1607 - 1607 - 1607 - 1607
96 R[RNDRL] 24 R[RNTR2] 14931 R[RPE] 14931 R[RPI | 2862 R[SACCD1]
1607 " 1607 - 1607 - 1607 " 1607
2862 R[SACCD2] 66 R[SERATi | 4085893 R[SERt 2r] 2643 R[SHK3D]
1607 " 1607 - 8035 - 1607 -
2643 R[SHKK] 573 R[SLFAT] 773 R[SO4ti] 573 R[SULR] 11898 R[TALA]
1607 * 1607 - 1607 B 1607 * 1607
9144 R[THFtm] 1927 R[THRD Lm] 1927 R[THRt 2m] 3841 R[THRt 2r |
1607 - 1607 - 1607 * 1607
11898 R[TKT1] 9255 R[TKT2] 36 R[TMDS] 2250R[TPI] 693 R[TRDR]
1607 * 1607 " 1607 - 1607 - 1607
234 R[TRE6PP] 234 R[TRE6PS] 66 R[TRIGS_SC] 284 R[TRPSL]
1607 " 1607 " 1607 i 1607 -
1020 R[TYRTA] 447 R[UMPK] 1046 R[URI K2] 2646 R[VALTA]
1607 - 1607 - 1607 - 1607 -
36084 R[XYLK] 36084 R[XYLTD D] 36084 R[XYLTt] 15 R[ZYMBTt ]
1607 * 1607 - 1607 - 1607
90626 Rx[ac§ — 0] 8288419 Rx[acald§, — 0] 228126 Rx[al a-L§ = 0]
8035 - 8035 B 8035
3989292 Rx [asp-L§ = 0] 10000 Rx [Bi omass§ — 0] 4035222 Rx [c02% — 0]
8035 " 1607 " 8035 B
1106 Rx[csng, — 0] 7Rx[ergst§, — 0] 8288419 Rx[etoh§ = 0]
1607 - 1607 N 8035
3921856 Rx [funf, = 0] 1977 Rx [ganBp$ = O] , 4054843 Rx [gl y§, =0]
8035 1607 8035
476 Rx [hdceay, = 0] 3964061 Rx[nh4§, — 0] 672 Rx[ocdcea$ = 0]
8035 B 8035 - 8035 -
252 Rx [ocdcya§ = 0] 4085893 Rx[ser -L§ = 0] 773 Rx[sodg = 0]
8035 8035 1607

3841 Rx[thr-Lg =0] 36084 Rx[xylty =0] 15Rx[zymst§ = 0]

1607 1607 - 1607
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To optimizeBiomasgroductiononecouldalsohaveused:

{opt, flux} = FBA[fbayeast2, R["BioM ], constr];
opt

To minimize theflow througha reactionprecedats tag with a minussign.

{opt, flux} = FBA[fbayeast2, -R["BioM'], constr];
opt

2500
553

For solvingthousand®f FBA problemsFBA is a bit slow. HenceFBAprep has
someoptionsto speedup subsequentallsto FBA .

Opt i ons [FBApr ep]

{sinplification-1, exchonly - Fal se, nuneric - Fal se}

m The moststraightforwardoption is numeric, which instructsFBA to do the linear
programmingnumerically:

nf bayeast2 = FBAprep[yeast2, nuneric -» True];

General ::spelll:

Possi bl e spelling error: new synbol name "nfbayeast2" is
simlar to existing synbol "fbayeast2". More...

{opt, flux} = FBA[nfbayeast2, exch["Bi omass",{ ], constr1;
opt

6.22278
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m The option simplification takesvalues0,1,2 or 3; it controls how much effort
FBAprep putsinto simplifying the network when preparing it for FBA. Using
simplification -» 0 meansno simplification, while FBAprep will itself use linear
programmingif you specifya value greaterthan 1. While speedingup FBA, this
maysubstantiallyincreasethe executiortime of FBApr ep.

sf bayeast 2 = FBAprep[yeast2, sinplification-2];

General : :spell :
Possi bl e spelling error: new synbol name "sfbayeast2" is
simlar to existing synbols {fbayeast?2, nfbayeast2}. More...

{opt, flux} = FBA[sfbayeast2, exch["Bi omass",{ ], constr];
opt

m If you only needto specifyconstraintsfor exchangeeactionsand the optimizatiol
target is an exchangeeactionas well, you are in fact askinga questionaboutthe
conversioncone. You should then use exchonly —» True, since this will allow
FBAprep to simplify the networkto a muchgreaterextent. ThenFBA becomedas
enoughto beusedin 3D—plotsif youare alittle patient.

cnbayeast 2 = FBAprep[yeast 2,
exchonly » True, sinplification-3, nuneric » Truel;

ppconstr [csn_, ergst_] =

{exch["csn"y§ 1, {-csn, 0} },
{exch["ergst",& 1, {-ergst, 0}},
{exch["zymst",&" 1, {-0.007, 0}}

ppcbnstr [csn, ergst] // MatrixForm

Rx[csng = 0] {-csn, 0}
Rx[ergst$ = 0] {-ergst, 0}
Rx[zymst§, — 0] (-0.007, 0}
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Pl ot 3D[FBA[cnbayeast 2, exch["Bi omass"y¢ ], ppconstr [csn, ergst]] // First,
{csn, 0, 1}, {ergst, 0, 0.005}]

- SurfaceG aphi cs -



