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Metabolic	
  Modeling	
  to	
  Predict	
  Phenotype	
  from	
  Genotype	
  

What	
  is	
  a	
  metabolic	
  model?	
  
1.)	
  A	
  list	
  of	
  all	
  reac6ons	
  involved	
  in	
  the	
  metabolic	
  pathways	
  
2.)	
  A	
  list	
  of	
  rules	
  associa6ng	
  reac6on	
  ac6vity	
  to	
  gene	
  ac6vity	
  
3.)	
  A	
  biomass	
  reac6on	
  lis6ng	
  essen6al	
  building	
  blocks	
  needed	
  for	
  growth	
  and	
  
division	
   Gene	
  A	
  

Func6on	
  

Gene	
  B	
  

Func6on	
  

Enzyme	
  

Biomass	
  

Amino	
  acids	
  

Nucleo6des	
  

Lipids	
  
Cofactors	
  
Cell	
  walls	
  

Energy	
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Biochemistry	
  Database	
  for	
  Model	
  Reconstruc;on	
  
•  The	
  PlantSEED	
  biochemistry	
  database	
  is	
  constructed	
  by	
  an	
  integra6on	
  of	
  biochemistry	
  from	
  

numerous	
  source,	
  but	
  the	
  bulk	
  of	
  the	
  data	
  is	
  from	
  AraCyc,	
  PMN,	
  Gramene,	
  KEGG	
  

1.)	
  Combine	
  data	
  from	
  all	
  sources	
  in	
  a	
  common	
  format	
  

2.)	
  Merge	
  iden6cal	
  compounds	
  from	
  mul6ple	
  resources	
  based	
  on	
  inchi-­‐key	
  
(structure)	
  or	
  exact	
  name	
  match	
  

3.)	
  Merge	
  reac6ons	
  with	
  iden6cal	
  stoichiometry	
  

4.)	
  Compute	
  charge	
  for	
  each	
  compound	
  from	
  structure	
  of	
  pH7	
  using	
  
MarvinBeans	
  

5.)	
  Compute	
  compound	
  and	
  reac6on	
  delta	
  G	
  using	
  group	
  contribu6on	
  method	
  



Es;ma;ng	
  ∆rG’°	
  with	
  the	
  Group	
  Contribu;on	
  Method	
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• Equa6on	
  for	
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Biochemistry	
  Database	
  for	
  Model	
  Reconstruc;on	
  
•  The	
  PlantSEED	
  biochemistry	
  database	
  is	
  constructed	
  by	
  an	
  integra6on	
  of	
  biochemistry	
  from	
  

numerous	
  source,	
  but	
  the	
  bulk	
  of	
  the	
  data	
  is	
  from	
  AraCyc,	
  PMN,	
  Gramene,	
  KEGG	
  

1.)	
  Combine	
  data	
  from	
  all	
  sources	
  in	
  a	
  common	
  format	
  

2.)	
  Merge	
  iden6cal	
  compounds	
  from	
  mul6ple	
  resources	
  based	
  on	
  inchi-­‐key	
  
(structure)	
  or	
  exact	
  name	
  match	
  

3.)	
  Merge	
  reac6ons	
  with	
  iden6cal	
  stoichiometry	
  

4.)	
  Compute	
  charge	
  for	
  each	
  compound	
  from	
  structure	
  of	
  pH7	
  using	
  
MarvinBeans	
  

5.)	
  Compute	
  compound	
  and	
  reac6on	
  delta	
  G	
  using	
  group	
  contribu6on	
  method	
  

6.)	
  Predict	
  reac6on	
  direc6onality	
  based	
  on	
  delta	
  G	
  

7.)	
  Map	
  reac6ons	
  to	
  exemplar	
  genes	
  and	
  the	
  SEED	
  func6onal	
  annota6on	
  
ontology	
  
8.)	
  Now	
  moving	
  cura6on	
  effort	
  to	
  github:	
  
hgps://github.com/ModelSEED/ModelSEEDDatabase	
  	
  



Results	
  of	
  Biochemistry	
  Merging	
  



We	
  curated	
  a	
  biomass	
  composi6on	
  reac6on	
  for	
  our	
  plant	
  models	
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dATP,	
  dGTP,	
  dCTP,	
  dTTP	
  

ATP+H2O→ADP+Pi	
  

ATP,	
  GTP,	
  CTP,	
  UTP	
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Structural	
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Lipid	
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Nutrients	
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Building	
  Biomass	
  Composi;on	
  Reac;on	
  for	
  Plants	
  

Constructed	
  based	
  on	
  cura6on	
  of	
  literature	
  on	
  biomass	
  composi6on	
  of	
  
leaf	
  cells	
  in	
  plants	
  



Applica6on	
  of	
  Linear	
  Op6miza6on	
  to	
  Biology:	
  
Flux	
  Balance	
  Analysis	
  

Assuming	
  Steady	
  State:	
  	
  

No	
  internal	
  metabolite	
  is	
  
allowed	
  to	
  accumulate	
  	
  

Thus,	
  reac6on	
  rates	
  are	
  constrained	
  
by	
  mass	
  balances	
  

At	
  Steady	
  State:	
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v1	
  =	
  v2	
  =	
  v3	
  =	
  v4	
  =	
  v5	
  	
  

If	
  we	
  measure	
  one	
  reac6on	
  rate,	
  
we	
  can	
  calculate	
  every	
  other	
  

rate	
  



Assuming	
  Steady	
  State:	
  	
  

No	
  internal	
  metabolite	
  is	
  
allowed	
  to	
  accumulate	
  	
  

Thus,	
  reac6on	
  rates	
  are	
  constrained	
  
by	
  mass	
  balances	
  

For	
  example:	
  

v3	
  =	
  v4	
  

At	
  Steady	
  State:	
  	
  

v1	
  =	
  v2	
  

v4+v5	
  =	
  v6	
  

v2	
  =v3+v5+v7	
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Flux	
  Balance	
  Analysis	
  



Flux	
  Balance	
  Analysis	
  

• Now	
  we	
  have	
  an	
  underdetermined	
  system	
  

• There	
  are	
  three	
  completely	
  independent	
  and	
  equally	
  valid	
  solu6ons,	
  
with	
  infinite	
  combina6ons	
  

• How	
  can	
  we	
  tell	
  which	
  one	
  is	
  correct?	
  

• More	
  measurements	
  

• Predict	
  the	
  correct	
  solu6on	
  using	
  an	
  objec6ve	
  func6on	
  (e.g.	
  growth)	
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Gapfilling	
  Annota;ons	
  to	
  Iden;fy	
  Missing	
  Func;ons	
  



A	
   B	
  

C	
  

D	
  1	
  
3	
  

5	
  
4	
  

6	
  

7	
  

The	
  Cell	
  

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

7

6

5

4

3

2

1

v
v
v
v
v
v
v

1 -1 0 0 0 0 0

0 1 -1 0 -1 0 -1

0 0 1 -1 0 0 0

0 0 0 1 1 -1 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

A	
  

B	
  

C	
  

D	
  

1	
   2	
   3	
   5	
  4	
   6	
   7	
  

V	
  

• =
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

0
0
0
0

By	
  product	
  

Biomass	
  Nutrient	
  
?	
  

Gapfilling	
  Annota;ons	
  to	
  Iden;fy	
  Missing	
  Func;ons	
  



Objec;ve:	
  

Subject	
  to:	
  

Mass	
  balance	
  constraints:	
   Compounds	
  in	
  
model	
  

Compounds	
  
not	
  in	
  model	
  

Ncore	
   vcore	
  

vdb	
  
0	
  

Ndb	
  

Ndb	
  0	
  

Use	
  variable	
  constraints:	
  

0>biomassvForcing	
  at	
  least	
  one	
  inac6ve	
  
reac6on	
  to	
  be	
  ac6ve:	
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Penalty	
  for	
  
lumped	
  
reac6ons	
  

Penalty	
  for	
  
thermodynamically	
  
infeasible	
  reac6ons	
  

Penalty	
  for	
  reac6ons	
  
not	
  associated	
  with	
  
SEED	
  roles	
  

Bonus	
  for	
  reac6ons	
  
comple6ng	
  
pathways	
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Gapfilling	
  Annota;ons	
  to	
  Iden;fy	
  Missing	
  Func;ons	
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Gapfilling	
  Annota;ons	
  to	
  Iden;fy	
  Missing	
  Func;ons	
  


