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Gene Expression: Method by

Shlomi et al.

e Genes that are highly expressed are
likely associated with reactions carrying
non-zero flux

e Genes that are lowly expressed are
likely associated with reactions carrying
little or no flux.

e APPROACH: Find flux distributions
where patterns of reaction usage match
experimental data.

Shlomi, et al. Nature Biotechnology,
@ UW-Madison, Chemical & Biological Engineering 26(9): 1003-10 (2008).
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Figure 1 An example of predicting flux-activity states of genes based on a
metabolic network model and gene-expression measurements. Circular nodes
represent metabolites, whereas diamond nodes represent enzymes. White,
red and green represent normal, significantly low and significantly high
expression of the enzyme-encoding genes, respectively. Solid edges
represent metabolic reactions. Broken edges associate enzymes with the
reactions they catalyze. The predicted steady-state flux distribution,
involving the activation of reactions, is shown as purple arrows. Enzyme E4
Is predicted to be post-transcriptionally upregulated and E7 is predicted to
be post-transcriptionally downregulated.

o, Shlomi, et al. Nature Biotechnology,
LW 26(9): 1003-10 (2008).




Maximize Agreement:
Low Expression 2 Zero Flux
High Expression - Non-Zero Flux

Mass balance

Enzyme Capacity, Thermodynamics
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§)
Mapping Expression via GPR Rules in GAMS:

**Here X,Y,Z are binary (0/1), and represent genes and reactions

e Z active if X e Z=X
e Zactiveif XANDY e Z =min(X,Y)
e Zactiveif XORY e Z=max(X,Y)

e E.g. ACONT can occur if e ACONT=max (acnA,acnB)
acnA or acnB is present

* E.g. NADTRHD can » NADTRHD=min (pntA,pntB)
occur if pntA and pntB

e E.g. PFL can occur if
(pflA and pflB) or (pflC
and pfiD)

e PFL = max { min(pflA,pflB),
min(pfIC,pfID) }

@ UW-Madison, Chemical & Biological Engineering



7

Gene to Reaction Associations

e The reactionstatus represents the mRNA expression levels associated with a
reaction and is used to determine which reactions likely take place.

e The reactionstatus for subunits is the minimum expression level of all subunits.
e The reactionstatus for isozymes is the maximum expression level of the isozymes.

R R R Tar

R R R R R R R R R R R R R R R R R R R R R

reactionstatus ('ICL')=genestatus('aceiA');

reactionstatus ('MALS')=genestatus('aceB'):

reactionstatus ('ACKr')=genestatus('ackiA'):

reactionstatus ('ADHEr')=genestatus('adhE"'); 0 Iy 0 G
reactionstatus ('ADK1')=genestatus('adk'): n ne ene
reactionstatus ('FUMt2 2')=genestatus('dctld');

reactionstatus ('SUCCt2_2')=genestatus('dctk');

reactionstatus ('SUCCt2b')=genestatus('dculC');

*These reactions have 1sozymes so 1f at least one 1s present the reaction can odcur
reactionstatus ('ACONT')=max (genestatus('acniA'),genestatus('acnB')):

reactionstatus ('FUM')=max (genestatus('fumid'),genestatus('fums'),genestatus('fumcC'))
reactionstatus ('PFK')=max (genestatus('pfkiA'),genestatus ('pfkB')):;

reactionstatus ('PFL')=max (min (genestatus('pflA'),genestatus('pflB 'Multiple Isozymesg:pf_n' )Y)):

reactionstatus ('PYK')=max (genestatus('pvkaA'),genestatus('pvkF')):;

reactionstatus ("TET1l')=max (genestatus('tktd'),genestatus("tktd')); “max,,

reactionstatus ('TKT2')=max (genestatus ('tktdA'),genestatus('tktB')):

*These reactions are carried out by multiple gene products, all have to be on to occur
reactionstatus ('SUCOAS')=min (genestatus('sucC'),genestatus('such')); Multiple Subunits
reactionstatus ('AKGDH')=min (genestatus('suchA'),genestatus('sucB'),gen&sfath

reactionstatus('PDH')=min (genestatus('aceE'),genestatus('aceF'),genestatus " - Y/ 4
reactionstatus('PIt')=min (genestatus('pitiA'),genestatus('pitB')):; mln

@;eactionstat:s ("NADTRHD')=min (genestatus ('pntiA'),gcenestatus('pntd')):

UW-Madison, Chemical & Biological Engineering



E. coli: Aerobic vs. Anaerobic

e Growth in Glucose minimal media

e Measured uptake and secretion rates of
substrates (glucose and oxygen) and
by-products (acetate, ethanol,
succinate, etc.).

e Measured gene expression data on
AffyMetrix arrays.

@ UW-Madison, Chemical & Biological Engineering



E. coli Gene Expression Data (Metabolic Genes)

Covert et al. Nature 2004
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5 C:\Documents and Settings\Jennie Reed\Desktop\GeneExpressionData.gms

GeneE spressionD ata.ams

Fahle ExpressionData(genes,conditions)

aerobic

anaerobic

— 5745.963333
— 6467 .956667
aceE 5633.123333
aceF 4028.5
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atpl
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atpb
atpC
atpD
atpE

atpF
atpG
atpH
atpl

crr

3014.0975

3408.4275

a
cydd

cydB

dcth 262.2005
dcouC 1088.8065




MapD ata2Rxns.gms

§offlisting

Parameters genestatus(genes),reactionstatusij):
reactionstatus(j)=0;
genestatus (genes) =0;

Picks the dataset to use
based on the se

""""""""""""" C o o o o o o e S o o e o S o e ke e K

doop (select_condition, genestatus(genes)=E:

........... . . - - - - -
e Reaction stas o 0 men Gafact ‘comTdition:

reactionstatus (' ICL')=genestatus('aceld');
reactionstatus (' MALS')=genestatus('acebB');
reactionstatus (' ACKr')=genestatus('ackik'):;
reactionstatus (' ADHEr')=genestatus('adhE');

reactionstatus (' FRD') =win(genestatus('frdl') ,genestatus('frdE') ,genestatus (' frdC') ,genestatus('frdD'))
reactionstatus ('NADH11l')=min(genestatus('nuold') ,genestatus (' nuokB') ,genestatus (' nuok') ,genestatus('nuofF') ,g
reactionstatus ('GLCpts' ) =min(genestatus('ptsG') ,genestatus|('ptsH') ,genestatus('ptsl') ,genestatus('crr'));
reactionstatus (' ATP34r' ) =min(genestatus('atpld'),genestatus('atpB') ,genestatus('acpC') ,genestatus('atpd'),g
reactionstatus ('CYTED' )=mini(genestatus ('cydld') ,genestatus('cydB'));

*T¥ e reactions have no genes associated wath them

n

TLinese

set NoGPRI(]J) fEX_ac_e,EX_akg_c,EX_coZ_e,EX_etoh_:,EX_for_e,EX_fum_e,EX_glc_e,EX_h_e,EX_hZo_e,EX_lacD_e,EX_
ACt2r, AKGtZr, ATPM, Biomass, COZ2t,DLACtZ,ETOHtZr,H20t,02t, PYRt2x/;
reactionstatus(NoGPR]=(high_cutoff+low_cut0ff]XZ:

sets Rhigh(j),Rmed(j),Rlowii):
Rhigh(j)=no;Rmed(j)=no;Rlow(]j)=no; - -
doop(j, if [ reactionstatus(j)>high cutoff, Determlnes Wthh
Rhigh(]j)=ves; -
elseif (reactionstatus(j)<low_cutoff), reactlons belong to the

Rlow(]j)=ves;

different subsets (high,

Rmed(j)=yes; ):

E med, low)

display Rhigh, Rmed, Rlow;




GeneE xpression_CoreT extbookModel_Shlomi.gms!

§offlisting
Sets conditions conditions for gene expression datasets Jaerobic,anasrobic/

ackd,acnld,acnB, adhE, adk, acekE, aceF

B

ITI

genes list of genes in the model /acel,aceB,
at pjl‘, :=11'.I_‘|E at I_'ll: ,atp D ,at I_IE ,at I_IF ,at I_‘llﬁ_;- a t.I_lH 1T
crr,cydd,cydB,dctld,dcuC,eno, ftha, fhp, Iocu,ijA,frdE,frcC,frdD

ol ol

|_f
i

fumd, fumB, funC, gapld,gltld,gnd, icdl, 1dhi, 1pdd, maeB, mdh

nuod, nuobB, nuoE, nuoF, nuoG, nuoH, nuo I, nuoJ, nuokK, nuoL, nuolM, nuol

peckd, pfkd, pfkEB, pflA, pflE, pflC, pflD, pgi, pgk, pgl, pogm, pitld, pith

pntd, pntE, ppc, ppsi,pta,ptsG, ptsH, ptsI, pvkd, pyvkF,rpe,rpi

sdhl, sdhB, sdhC, sdhD, sfcl, suchk, sucB, sucC,sucD, tall,tktld, tktB, tpi, zwt/;

Cutoff Expression
Values

Parameter high cutoff /2000/, low cutoff /500/;

*Read in the appropriate S matrix
$include CoreTextbookModel.oms
*Read in gene expression data

$include GeneExpressionData.oms

o b + 5

= } 3
Dine IJ'LL_L’ T Ieacclons }’ _1' Ix:“

ITl
IT
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< T
L

$1nclude MapDataZRxns.ogms

select conditioniconditions) condition to analyze /anaerobic/ Ple Dataset

To run this program you will need a full license to GAMS, since the number of

binary variables exceeds the maximum available in the demo license.



Main File (cont.):

GeneE xpression_CoreT extbookMaodel_Shlomi.gms

UpperLimits (]j) =Vmax;

*CARBON SOURCE: select upper and lower linats for exchange £l
LowerLimits ('EX glc e')=-17.3;

UpperLimits ('EX glc e')=-17.3; Fix U take and
LowerLimits ('EX o2 e')=0; ,’.

UpperLimits ('EX 02 e')=0; Secretion Rates to
LowerLimits('EX ac e')=8; Measured Values

UpperLimits ('EX ac e')=8;

N
b
b

*31low col,pi,o02,hkh, hZo to be taken up bv the
LowerLimits ('EX coZ e')=-Vmax;

LowerLimits ('EX hio e')=-Vwax;

LowerLimits ('EX h e')=-Vmax’

LowerLimits ('EX pi e')=-Vmax’

0

LowerLimits (' ATPH')=7.6;
S(i,'Biomass')=1.3%3(1i, ' 'Biomass'):;

Variables
wvij) f£lux wvalues through reactic

0bi this is the value of tne o DEfINE what is considered non-zero
growth growth rate; USing ep$ilon

b inary Variables x(1).v() s e.g. if flw_( is between_+/ -e_ps:lon than
Parameter epsilon /0.5/; it is considered to be inactive




Main File (cont.):

Solve Shlomi GeneExp using mip maximizing Obj’
Ohj.fx=0bj.1l;

fand the alternate solution with the maximum growth rate
Solve Shlomi GeneExXp using wmip maximizing growth;
maxgrowthi(ji=v.1l(j):

tfind the glternate solution with the maximum growth rate

Solve Shloml GeneExp using mip minimizing growth;
mingrowthiji=v.1l(j):

Solves the problem three times.

1. Find the maximum agreement between fluxes and expression
2. Maximize growth rate keeping agreement the same.

3. Minimize growth rate keeping agreement the same.

@ UW-Madison, Chemical & Biological Engineering



Aerobic Questions

To run answer these questions you will need a full license to GAMS, since the
number of binary variables exceeds the maximum available in the demo
license.

o Use FBA to determine what the maximum and minimum growth rate is
when you constrain the glucose uptake (9.02 mmol/gDW/h), oxygen
uptake (14.93 mmol/gDW/h) and acetate secretion (4.15 mmol/gDW/
h). Make sure you include the extra lines listed below in the FBA code.

— LowerLimits('(ATPM")=7.6;
— S(i,’'Biomass’)=1.3*S(i,'Biomass’)

e Using the same flux measurements and gene expression data
determine what the maximum and minimum growth rate could be
when you constrain fluxes using the Shlomi method.

e Based on this result does the Shlomi method have multiple flux
distributions that are optimal (i.e. match expression patterns)?

@ UW-Madison, Chemical & Biological Engineering



Aerobic Answers

e Use FBA to determine what the maximum and minimum growth
rate is when you constrain the glucose uptake (9.02 mmol/
gDW/h), oxygen uptake (14.93 mmol/gDW/h) and acetate
secretion (4.15 mmol/gDW/h). Make sure you include the extra
lines listed below in the FBA code.

— Max Growth=0.544
— Min Growth=0

e Using the same flux measurements and gene expression data
determine what the maximum and minimum growth rate could
be when you constrain fluxes using the Shlomi method.

— Max Growth=0.517
— Min Growth=0

e Based on this result does the Shlomi method have multiple flux
distributions that are optimal (i.e. match expression patterns)?
Yes

@ UW-Madison, Chemical & Biological Engineering



More Aerobic Questions

e When biomass is minimized what by-products are produced (note that if
biomass is not made the equivalent carbon must be secreted as by-
products)?

e How many reactions are in the three different sets: Rhigh, Rlow, and
Rmed? How many of these can you match the flux patterns to (i.e. what
is the optimal objective value)

e What happens to the number of Rhigh, Rlow, and Rmed reactions and the
when you make the low_cutoff value large (e.g. 1000)?

e What happens to the max and min biomass when you make epsilon
bigger (e.g. 1)? Set the low_cutoff back to 500.

@ UW-Madison, Chemical & Biological Engineering



More Aerobic Questions

e When biomass is minimized what by-products are produced (note that if biomass
is not made the equivalent carbon must be secreted as by-products)?
— Lacate, succinate, formate are now produced and not produced at maximal growth rate
e How many reactions are in the three different sets: Rhigh, Rlow, and Rmed? How
many of these can you match the flux patterns to (i.e. what is the optimal
objective value)?
— Rhigh=30, Rlow=3 and Rmed=44
— Max possible score is 30+3 (Rhigh+Rlow).
— Optimal value is 33
e What happens to the number of Rhigh, Rlow, and Rmed reactions and the when
you make the low_cutoff value large (e.g. 1000)?
— Rhigh=30, Rlow=8 and Rmed=39
— Max possible score is now 38 (Rhigh+Rlow) and optimal value is 37
— PTAr (used to make acetate) has to have flux but it is now in the Rlow set

e What happens to the max and min biomass when you make epsilon bigger (e.g.

1)? Set the low_cutoff back to 500
— Max growth rate=0.483 and Min growth rate =0

@ UW-Madison, Chemical & Biological Engineering



An Oth e r Gene expression Metabolic reconstruction  RMF’s

Approach

Remove reactions from
reconstruction with gene expression
data below threshold

Eliminate reactions
below threshold first.

Reduced model

Add them back in if

Reinsert reactions needed for RMF’s

they are needed to i
meet some known [ ]
function (e.g. growth, |

g Functional, Inconsistency score (IS)
product formation, context-specific

3 flux, e(threshold — expression;)

nutrient degradation) model |

Normalized consistency score (NCS)

((1.02 * max IS) — current IS) / max IS

Becker and Palsson. PLoS Comp
@ UW-Madison, Chemical & Biological Engineering Bio. 4(5):€1000092 (2008)




Minimize Inconsistency Score

minimize: ) c;®|v;|
subjectto: Sev=0
a; <v; <b;
where Ci = {Xcutoff —X;j Where Xcyoff > X;
0 otherwise
for all 1.

Need to map gene expression values to reactions using
GPRs for cases where multiple genes are associated
with a reaction

Implemented in MATLAB (see TIGER toolbox)

Becker and Palsson. PLoS Comp Bio.
UW-Madison, Chemical & Biological Engineering 4(5):e1000092 (2008)
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14.6 * (12- 11.4) = 8.8 0.005 * (12 - 8.2) = 0.02

flux * (threshold — data) flux * (threshold — data)

i i . i i Becker and Palsson. PLoS Comp
UW-Madison, Chemical & Biological Engineering Bio. 4(5):e1000092 (2008)



Recommended Additional

Readinc

e (Gene EXxpression:

— Colijn et al. PLOS Computational Biology. 5(8),
(2009).

e Uses relative expression values to place upper limits on
flux values.

e GeneX has higher expression than GeneY so upperlimit
of RxnX is higher than upperlimit of RxnY.

— Moxley et al. PNAS. 106(16): 6477-6482 (2009).

e Uses changes in gene expression to predict changes in
flux values.

e Flux change depends on expression change and
additional model parameters.

@ UW-Madison, Chemical & Biological Engineering



No Direct Correlation Between Flux Values >

and mMRNA Expression
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@ Moxley et al. PNAS. 106(16): 6477-6482 (2009)
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Another Approach:

Quantitative Prediction of Flux Changes
C v —r—

:g 0 t'hr2gt"

o 10 2
> E /—bw metabolte ‘
é 2 8r interaction density hse’ ]

© hlhne J113 arg: 0/6
% g o mtegrs\.t).n:dct::\fny a.sp J
°2 41 Ctyr: 3/4, phec3/d 1 Requires estimates
8E of 80 | for parameters p1
§ S h'ﬁa cgorn ] d b2
23 of i and p
Qo

£ -2I0se i

g '4-S.€lFZny 1 1 1 1 1 1 1 -

"6 -4 -2 0 2 4 6 &8 ~(d*pl) .
measured delta flux AV — € An/ZR]V A
p2

@ Moxley et al. PNAS. 106(16): 6477-6482 (2009)
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