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> From nutrient intake to nutrient utilization

Intermediary metabolism > heat &
1 A
2 I
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> Finding your path in metabolism

et Emgen

2+ 20 “carbon” metabolites involved:

glucose, glucose 6-phosphate, fructose 6-phosphate,
fructose 1,6-bisphosphate, dihydroxyacetone phosphate,
glyceraldehyde 3-phosphate, 1,3-bisphosphoglycerate,
3-phosphoglycerate, 2-phosphoglycerate,
phosphoenolpyruvate, pyruvate, acetyl-CoA, citrate,
isocitrate, a-ketoglutarate, succinyl CoA, succinate,
fumarate, malate, oxaloacetate

+» And also:

(L0 ATR)

+2.0 ATP

+2.0 ATP

| ATP, GTP, NADH, FADH,, H* (proton motive force),
= - O,, CO;
| % And regulations:
R enzymes, hormones, metabolite concentrations, genes
: b s
- m;::l::‘;- 2ATp4—§ B '--------““-‘ﬂﬂ;‘(xlﬂ) -
+2.0 ATP ' 2 i\TP*' ! ! : ! J
‘ +3{ ATP Total Salway (2017) Metabolism at a glance
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> Finding your path in metabolism

No. of H* available for ATP
synthesis

Nutritional Models

ATP molecules
formed or (usad)

(1.0 ATP) —————————~

Modeling Biochemical Aspects of Energy Metabolism in Mammals'

(-1.0 ATP)

Jaap van Milgen?
INRA, Unité Mixte de Recherches sur le Veau et le Porc, 35590 Saint-Gilles, France

J. Nutr. (2002) 132: 3195-3202

+2.0 ATP

% “Metabolic calculator” (stoichiometric matrix):

“» 14 metabolic nodes:
% 6 carbon-containing metabolites (e.g., pyruvate, acetyl-CoA, CO,)
% 8 co-factors (e.g., ATP, NADH, NH3, O,)

. S PRV o PP % 54 “meta-reactions”:

+2.0 ATP

-2H~

(-0.5 ATP)

2 H* 3.0 ATP

«» substrate — nodes
(e.g., leucine + 2 ATP — 3 acetyl-CoA + 2 NADH + FADH, + NH,;)

% nodes — nodes
(e.g., acetyl-CoA + oxaloacetate — a-ketoglutarate + CO, + NADH)

% nodes — product (e.g., NADH + 0.5 O, — 3 ATP)
< Allows the user to construct complete pathways from

+2.0 ATP

o oo _ intermediate meta-reactions
31 ATP Total Salway (2017) Metabolism at a glance . . L
INRAZ < It quantifies how it happens, but not if it happens
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> What a lockdown can do to people ... COVID-19

Coronavirus

D-glucopyranose

GLYCOLYSIS | GLUCONEOGENESIS @ D-glucopyranose 6-phosphate

a-D-glucose 6-phosphate

(G2z2)
3139 FEINL e drats ~N
@D Glucose & L = f-D-fructofurancse 6-phosphate
a-D-Gilucose-6P
G2is)
b Froctose-6P
2712] 2711 Peatose p-D-fructofuranose 1,6-bisphosphate
0 )
Results (76 reactions) [l * £ <
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\
3-phospho-D-glycerate ST e ho= Farty Gk,
O auensmen - s e
2-phospho-D-glycerate
‘ O RHEA 20864 1
\J
phosphoenoipyruvate
pyruvate

|
pyruvate decarboxylation to acetyl GoA |
pyruvate fermentation to acetate and lactate |1

METACYC ' reactome R hea
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> Rhea, a database with chemical and transport reactions

(im] J WR Rhea- Annotated reactions datal X l-l—

< O M (%) https://www.rhea-db.org/rhea/28042 A aQ T8 % ® B & V=
E ) [ex:adenosine / CHEBI:29748 / RHEA:16505 / 4.1.3.40 / inchikey:XLYOFNOQVPJJNP-UHFFFAOYSA-N ... | search |
R heq Examples ~ Advanced search Browse

g Structure search -+ Retrieve/ID mapping G SPARQL © Download @) Help

RHEA:28042 Q¥

CoA NAD* pyruvate acetyl-CoA CO; NADH
o] O
=L - wim b L | I -
i = i o Mot Yé\r C§¥
ﬁ Pade + O@ + M€ - = f“ e g C + &

T U

o
@)

Enzymes

Enzy . - . . .
50 Molecuar Developed by the Swiss Institute of Bioinformatics (SIB)
Reaction More than 17,000 curated reactions

Freely available (retrieve data with SPARQL)

Charge -4

SIB  License & Disclaimer Privacy Nofice @ Rhea is an ELIXIR core data resource
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> SPARQL scripts to extract elements from the Rhea database
ARhea

@ SPARQL & Download @) Help Feedback

Your SPARQL query

Add common prefixes

* PREFIX
PREFIX
PREFIX
PREFIX

W o0 N O B w N

SELECT

B R R R R
noEk wN RO

* WHERE {
?rhea rdfs:subClassOf rh:Reaction ;

#Sparql script to obtain the Rhea (Uniprot) names with the ChebilID

rh: <http://rdf.rhea-db.org/>

rdfs: <http://www.w3.org/2000/01/rdf-schema#>
up: <http://purl.uniprot.org/core/>

ch: <http://purl.obolibrary.org/obo/>

DISTINCT ?ChebiID ?name

rh:id ?RheaReactionID ;
rh:side/rh:con&ains/rh:compound ?Compound .

PCompound (rh:chebi|(rh:reactivePart/rh:chebi)|(rh:underlyingChebi)) ?chebi .

Submit Query

Examples

1. Select all Rhea reactions

2. Select all Rhea reactions annotated with a given Pubmed ID REEL

About

This SPARQL endpoint contains Rhea reactions data (see
statistics), and a snapshot of ChEBI data matching the

A
Rhea release. It is free to access and supports the
SPARAQL 1.1 Standard.
There are 5,383,683 triples in this release (2025_03). The
query timeout is 45 minutes. All triples are available in the
default graph. There are two named graphs: Rhea and
ChEBI.
Documentation
1. Statistics and diagrams
2. Tutorial on using SPARQL with Rhea
v

3. Example queries
4_Release data

3. Select the specific form of RHEA:11628, a reaction that deals with general chemical classes (i.e. select the equivalent reactions involving instances of the chemical classes in

RHEA:11628 k!

INRAZ
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> SPARQL scripts to extract elements from the Rhea database

E iQ h ea e SPARQL @ Download @) Help Feedback
Results
"35924"xsd:siMNg vz hydroperoxide"*sd:sting
"30879"*sd:stNg  ngn g|coholmXsd:sting
nq5a77wXsdsiing  npyoyxsd:string
ng7783"sdsiing  wyaAppHrxsd:string
"58321"%s4:8MNg  (5).2_amino-6-oxohexanoate"*s4:s11MNg
"29985"¥Sd:sING | _glytamate"*sd:sting
n15378"xsd:string --H(+)--xsd:string
"58349sd:sting  myADP(+)xsd:string
"57951"XSU:SNG v _saccharopingmxsdsiing
nq5354"SdSNg  wepajingxsd:string
"30023"Xsd:string  (E)._ginapate"*sd:sting
"16353"sd:slNg "0 _sinapoylcholing™sd:sting
"28938"XsU:sling w44 )mxsd:string
"31011"%8d:slNg »pentanaate*sd:siring
INRAZ
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> SPARQL scripts to extract elements from the Rhea database

Ef?hea

G SPARQL ¢ Download

@) Help

Results

Sparqgl XML Spargl JSON Show query

.-10008r-xsd:string
..10008nxsd:string
.-10008r-xsd:string

n35g24"xsd:string
"30. 879--xsd :string
..15377-rxsd:string

n_xsd:string
" R--xsd :string

" R-rxsd :string

nqnxsd:string
" nxsd:string

" nxsd:string

mwixsd:string
wnxsd:string

wnxsd:string

ﬁoozonxsd:string

..10020nxsd:string
"10020"*sd:string
..10020--xsd:string
..10020--xsd:string
..10020nxsd:string

.-10020--xsd:string

..57783--xsd:string
"58321 wxsd:string
..29985--xsd:string
nq5378"xsd:string
" 5377--xsd:string
n5834gmxsd:string
n57951"xsd:string

nRrxsd:string
" R-rxsd :string
nRrxsd:string
nRrxsd:slring
w_xsd:string
w_xsd:string

w_xsd:string

nqnxsd:string
" nxsd:string
nqnxsd:string
nqnxsd:siring
nqnxsd:string
nqnxsd:string

nqnxsd:string

-mxsd:strinﬁ

wnxsd:string
wxsd:string
mwxsd:string
mwxsd:string

mxsd:string

-mxsd:striny

"1001 Gr-xsd:string
"1001 sruxsd:string
"1001 Gr-xsd:string

"10016"*sd:string
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n15354"xsd:string
" 5378--xsd:string

..30023-rxsd:string
"1 5377--xsd:string

nRrxsd:slring
" R--xsd :string
" R-rxsd :string

w_xsd:string

nqnxsd:string
" wxsd:string
" nxsd:string

nqnxsd:string

mwixsd:string
wixsd:string
wixsd:string

wxsd:string

Feedback



> SPARQL scripts to extract elements from the Rhea database

Metabolite names Reaction elements

(RheaMetabolites.csv; 12,000 lines) (RheaStoichiometry.csv; 80,000 lines)
ChebiID, name ReactionID, ChebiID, Side, nbmol, PI, InOut
"15377","H20" "10012","58413","L","1",, """
"16459", "pentanamide" "10012","153777",",",""1",, """
"28938","NH4 (+) " "i10012","15379","L","1",, """
"31011", "pentanoate" "10012","58682","R","1",,""
"17484","benzyl isothiocyanate" "10012","1le6240","R", "1™, , """
"16017","benzyl thiocyanate" r11816","58225","L","1",,""]
"35924","a hydroperoxide" "11816","57634","R","1",,""
"30879","an alcohol" "le109","30616","L","1",,""
"58413"," (R) -6-hydroxynicotine" "le6109","57634","L","1",, """
"15379","02" "16109","456216","R","1",,""
"58225","alpha-D-glucose 6-phosphate" "1l6109","329606","R","1",, """
[“57634","beta—D—fructose 6—phosphate"] "le109","15378","R", 1", , ""

INRAZ

From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research p. 12
Journées NetBio / Orléans, Novembre 24-25, 2025 / Jaap van Milgen



> A meta-reaction is the outcome reaction of a series of coupled
individual (Rhea) reactions

/- Rhea 11816 \
& @ M R Rhea-reactionknowledgebase x  + R
gl u Cose 6_p h OS p h ate <« C @ 3 https//www.rhea-db.org/rhea/11816 a A 9% ?n s B & o <= (O~ S o
ﬂ "Rhea ex:adenosine / CHEBI:29748 / RHEA: 16505 / 4.1.3.40 / inchikey:XLYOFNOQVPJJNP-UHFFFAC | Search |
Examples ~ Advanced search Browse

Rhea 16109 %p Structure search 4+ Retrieve/ID mapping & SPAROL & Download @) Help Feedback
/
\_ fructose 6-phosphate /) "= ©* ™~
/ Rhea 147&? a-0-glucose B-phosphate B-p-fructose B-phosphate i Dl \

P =
ADP 4 H* < S| ho-glyceroyl phosphate
ructose 1,6-b|sphospha’9 | TP

hea 15901

N
ey ohosphoglycerate )

K uniProtke @ | 51261 proteins
Enzyme class @ EC 5.3.1.9 glucose-6-phosphate isomerase

GO Molecular Function © | GO:0004347 glucose-6-phosphate isomerase activity

N ea 10164 Y
GO Molecular Function 2 GO:0003872 6-phosphofructokinase activity p h O S p h Og che ra tej

+
’k License & Disdlaimer Privacy Policy @ ELIXIR Core Data Resource Glohal Core Biodata Resource

+
/L- License & Disciaimer Privacy Policy ELIXIR Core Data Resource Global Core Biodata Resource
sis @ —> H,0

Rhea 181574 A 4
phosphoenolpyruvat9

—— ADP + H*
W ATP
INRAZ
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> A meta-reaction is the outcome reaction of a series of coupled
individual (Rhea) reactions

glucose 6-phosphate

NADH + H*
ATP — ’_T
ADP + H* <«—
NAD* + P, —— ADP

—> ATP
e
—— ADP + H*
—> ATP

INRAZ

From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research pyruvate p.14

Journées NetBio / Orléans, Novembre 24-25, 2025 / Jaap van Milgen



> Construction of meta-reactions

Meta-reactions, manual construction Reaction elements, from Rhea

(Meta-reactions.csv) (RheaStoichiometry.csv)

Meta-reactionID;Dataset;ReactionID;Flux;Order ReactionID, ChebiID, Side, nbmol, PI, InOut
1;1;36495;1;1 "10012", "58413", "L"' "1"' , mw

2717118167 1; 1\ (Y[R (i.e., glucose 6-phosphate —pyruvate) (ST

2717161097172 is composed of nine Rhea reactions "Lttt
2;1;14729;1;3 wAY ) ’an’nln,,nn
2;1;,18585;-1;14 Reactions 11816 and 16109 "10012","16240","R", "1", , ""
2;1;10300;2;5 IS e L | 411816, 758225, "L", "1™, , "™

271;14801;-2;6 | (EYEIINNCy L VAR NS (" 11816, "57634", "R", "1", , "
2717159017 =2; 7 | BRENE NI Rl d ol M= | " 1 61 09", "30616", "L", "1", , " "
2;1;10164;2;8 (R) and then used (L) "16109","57634", "L", "1", "
\2:1;18157;-2;9/ "16109", "456216", "R, "1, , "
3;1;,19189;1;1 "16109","32966", "R", "1", "
3;1;17017;-1;2 \16109","15378", "R","1", "/
3;1;15045;1;3

INRAZ
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> Processing CSV-files to create a user-interface

RheaStoichiometry.csv

RheaMetabolites.csv

Meta-reactions.csv

UserStoichiometry.csv (user-defined stoichiometry)
UserMetabolites.csv (information about specific metabolites)
UserMetareactions.csv (information about the meta-reactions)

Excel’s PowerQuery
(Extract, Transform, Load)

v

Meta-reactionllﬂ Levelﬂ Meta-reaction o

1 glucose + ATP - glucose 6-phosphate + ADP + H*

1 glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis)

1 pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO,

1 acetyl-CoA + oxaloacetate + NAD* + H,0 - a-ketoglutarate + NADH + H* + CoA + CO, (TCA cycle)

1 a-ketoglutarate + 0.75 ADP +0.75 P; + 2 NAD* + FAD + 1.25 H,0 - oxaloacetate + 0.75 ATP + 2 NADH + 0.25 H* + FADH, + CO, (TCA cycle)
1 glutamate + 0.5 glucose 6-phosphate + 0.5 ADP + 2 NAD* + H,0 - serine + a-ketoglutarate + 0.5 ATP + 2 NADH + 2.5 H*

10 1 serine + THF - glycine + N°>,N"°-methylene THF + H,O (Ser hydroxymethyltransferase)

11 1 serine = pyruvate + NH,* (Ser dehydratase)

o U b WN -

INRAZ
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> Organizing meta-reactions to create a user-interface

Type Beginner Intermediate Advanced
carbohydrates 4 4 6
amino acids, peptides and polyamines 21 30 50
fatty acids and lipids 2 2 20
intermediate metabolites 6 8 13
volatile fatty acids and ketones 2 4 6
1-carbon metabolism 5 5 8
electron transport and ATP metabolism 5 5 8
other 1 1 2
nitrogen metabolism 3 5
other organic metabolites 2 4
nucleotides 17
hormones and neurotransmitters 17
vitamins and co-factors 6

INRAZ
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> Organizing meta-reactions to create a user-interface

Q e * simple for the user

3
>

\ * A—>Binlstep

o

Q\ / * biologically more realistic

A — Bin 2 steps (i.e., A— D and D — B)?
INRAZ
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> A pathway is the outcome reaction of a series of coupled

meta-reactions

cytosol
/—ATP

glucose > glucose 6-phosphate S5
% ATP %‘&4
NADH e A2 F]
A
pyruvate
mitochondrion
> o, v
( \ NADH NADH NADH
acetyl-CoA FADH. — ATP
| ’
oxaloacetate > NabH
co, T l’
aDH, < a-ketoglutarate

& ATP
INRAZ
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> Constructing pathways using the Excel tool

o
© |

amino acids, peptides, and polyamines
fatty acids and lipids

volatile fatty acids and ketones

ather organic metabolites

intermediate metabolites
~———|electron transport and ATP metabolism
1-carbon metabolism

glucose

glucose 6-phosphate

oo )
-, &

pyruvate
/— mitochondrion i
acetyl-CoA NADH
FADH,

oxaloacetate

T— o-ketoglutarate

—)A

T
B
TP

/

No meta-reactions selected yet

- eta V. 0

ta-reaction

meta-reaction | meta-reaction JulEeEE

INRAZ
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> Constructing pathways using the Excel tool

ta-reaction : - — - i
- meta-reaction | meta-reaction ISR
/ cytosol
glucose @ glucose 6-phosphate &:>

l I N g‘ /
pyruvate T
mitochondrion
) NADH |\
acetyl-CoA —
y FADH, ATP
oxaloacetate —

T

o-ketoglutarate
NS 7/

No meta-reactions selected yet
carbohydrates v
fructose
Ealactose
glycogen
lactose
Sucrose

From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research
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> Constructing pathways using the Excel tool

/ cytosol

- meta-reaction | meta-reaction ISR

glucose : glucose 6-phosphate 288

pyruvate T
/— mitochondrion \

‘ NADH |

acetyl-CoA EADH — > ATP
2
oxaloacetate _—l
T— o-ketoglutarate

No meta-reactions selected yet

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction
carbohydrates glucose v
substrate
| product |
From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research p. 22
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> Constructing pathways using the Excel tool

/ cytosol

- meta-reaction | meta-reaction ISR

glucose @ glucose 6-phosphate 298¢
pyruvate T
mitochondrion
) NADH |\
acetyl-CoA —
y FADH, ATP
oxaloacetate _—l
T— o-ketoglutarate
No meta-reactions selected yet
Type Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction

carbohydrates glucose substrate
glucose 6-
| with glucose 6-phosphate — lactose
From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research P. 23
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> Constructing pathways using the Excel tool

/ cytosol

- meta-reaction | meta-reaction ISR

glucose : glucose 6-phosphate 288

pyruvate T
/— mitochondrion \

‘ NADH |

acetyl-CoA EADH — > ATP
2
oxaloacetate _—l
T— o-ketoglutarate

N /

No "Flux" indicated yet

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H*
From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research P. 24
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> Constructing pathways using the Excel tool

/ cytosol
glucose 6-phosphate :47‘:\

© @) WA

pyruvate T
|

/— mitochondrion ‘ \
NADH

acetyl-CoA —— ATP

FADH,
oxaloacetate _—l

o-ketoglutarate

N /

- meta-reaction | meta-reaction JulEeEE

glucose

glucose + ATP ->|glucose 6-phosphate|+ ADP + H* (Q =30 kJ)

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research p. 25
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> Constructing pathways using the Excel tool

l‘ meta-reaction | meta-reaction BNEERT
/ cytosol

glucose glucose 6-phosphate 7‘7;—
pyruvate T
‘ NADH N
acetyl-CoA —>
y FADH, ATP

oxaloacetate _—l

o-ketoglutarate

N /

glucose + ATP - glucose 6-phosphate + ADP + H* (Q =30 kJ)

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis)
From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research p. 26
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> Constructing pathways using the Excel tool T

/ cytosol

o" meta-reaction | meta-reaction JNEER-

glucose 6-phosphate 99
@l Wl
pyruvate T

/— mitochondrion ‘ \
NADH

acetyl-CoA —— ATP

FADH,
oxaloacetate _—l

o-ketoglutarate

N /

glucose

glucose + 2 ADP + 2 P; + 2 NAD* -| 2 pyruvate + 2 ATP + 2 NADH + 2 H* + 2 H,0 (Q =-63 kJ)

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis) 1
From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research p. 27
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> Constructing pathways using the Excel tool Y b

Gfi meta-reaction | meta-reaction BUEER-
/ cytosol

glucose 6-phosphate SPe
pyruvate T

- (é)‘ NADH )

acetyl-CoA —— ATP

FADH,
oxaloacetate _—l

o-ketoglutarate

N /

glucose

glucose + 2 ADP + 2 P; + 2 NAD* -| 2 pyruvate + 2 ATP + 2 NADH + 2 H* + 2 H,0 (Q =-63 kJ)

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis) 1
intermediate metabolites pyruvate substrate  acetyl-CoA pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO>
From the biochemical pieces to the nutritional puzzle: using meta-reactions in teaching and research P. 28
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> Constructing pathways using the Excel tool

/ cytosol
glucose 6-phosphate 7’?:\

pyruvate

- (é)‘ NADH

acetyl-CoA —— ATP

FADH,
oxaloacetate _—l

o-ketoglutarate

N /

ori meta-reaction | meta-reaction EIERE

glucose

glucose + 2 ADP + 2 P; + 2 CoA + 4 NAD* {2 acetyl-CoA + 2 ATP + 4 NADH + 2 H* + 2 H,0 + 2 CO, (Q not available)

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis) 1
intermediate metabolites pyruvate substrate  acetyl-CoA pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO> I 2 l
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> Constructing pathways using the Excel tool

/ cytosol

on[| meta-reaction | meta-reaction JulEeEE

glucose glucose 6-phosphate & A L8
A
pyruvate T
) NADH N
acetyl-CoA —
y FADH, ATP

oxaloacetate _@l

o-ketoglutarate

N /

glucose + 2 oxaloacetate + 2 ADP + 2 P; + 6 NAD* - 2 a-ketoglutarate|+ 2 ATP + 6 NADH + 4 H* + 4 CO, (Q =42 kJ)

Bl Metabolite BlAsa.. B To/From .. B Meta-reaction
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis) 1
intermediate metabolites pyruvate substrate  acetyl-CoA pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO> 2
intermediate metabolites acetyl-CoA substrate  with oxaloacetate - a-ketoglutarate (TCA cycle) acetyl-CoA + oxaloacetate + NAD* + H,O - a-ketoglutarate + NADH + H* + CoA + CO, (TCA cycle) 2
INRAZ
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> Constructing pathways using the Excel tool

glucose

on;| meta-reaction | meta-reaction JulEeEE

/ cytosol

glucose 6-phosphate —_—

A

pyru

/— mitochondrion

oxaloacetate —

O

A

acety

o-ketoglutarate

vate T
|

I-CoA NADH | a1p

FADH,
-

N

+3.5 ADP + 2.5 H,0 + 3.5 P; + 2 FAD + 10 NAD* -> 3.5 ATP +{2 FADH, + 10 NADH}+ 4.5 H* + Q not available)

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction [~ |
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis) 1
intermediate metabolites pyruvate substrate  acetyl-CoA pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO> 2
intermediate metabolites acetyl-CoA substrate  with oxaloacetate - a-ketoglutarate (TCA cycle) acetyl-CoA + oxaloacetate + NAD* + H,O - a-ketoglutarate + NADH + H* + CoA + CO, (TCA cycle) 2
intermediate metabolites o-ketoglutarate substrate  oxaloacetate (TCA cycle) a-ketoglutarate +0.75 ADP +0.75 P; + 2 NAD* + FAD +1.25 H,0 - oxaloacetate +0.75 ATP +2 NADH +0.25 H* + FADH; + CO, (TCA cycle) 2
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> Constructing pathways using the Excel tool

/ cytosol
glucose > glucose 6-phosphate »-——}

NADH e

4
pyruvate @
——— mitochondrion
NADH NAD H

acetyl-CoA —> ATP

FADH,
oxaloacetate _—l

a-ketoglutarate

N -/

on‘| meta-reaction | meta-reaction JulEeEE

glucose + 3 ADP + 3 H,0 + 3 P; + 2 FAD + 10 NAD* - 3 ATP + 2 FADH, + 10 NADH + 5 H* + 6 CO, (Q not available)

Bl Metabolite BlAsa.. B To/From .. Bl Meta-reaction [~ |
carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis) 1
intermediate metabolites pyruvate substrate  acetyl-CoA pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO> 2
intermediate metabolites acetyl-CoA substrate  with oxaloacetate - a-ketoglutarate (TCA cycle) acetyl-CoA + oxaloacetate + NAD* + H,O - a-ketoglutarate + NADH + H* + CoA + CO, (TCA cycle) 2
intermediate metabolites o-ketoglutarate substrate  oxaloacetate (TCA cycle) a-ketoglutarate +0.75 ADP +0.75 P; + 2 NAD* + FAD +1.25 H,0 - oxaloacetate +0.75 ATP +2 NADH +0.25 H* + FADH; + CO, (TCA cycle) 2
electron transport and ATP metabolism NADH substrate  NADH cytosol - NADH mitochondrion 0.25 ATP + 0.25 H,0 - 0.25 ADP + 0.25 P; + 0.25 H* (malate - aspartate shuttle) 2
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> Constructing pathways using the Excel tool

ﬂ Metabolite

carbohydrates glucose
intermediate metabolites glucose 6-phosphate
intermediate metabolites pyruvate
intermediate metabolites acetyl-CoA
intermediate metabolites o-ketoglutarate

electron transport and ATP metabolism NADH
electron transport and ATP metabolism  NADH
electron transport and ATP metabolism FADH,

INRAZ

glucose

glucose +31 ADP +31H*+31P;+60,

/ cytosol

glucose 6-phosphate

A
pyruvate

spe \

T

f mitochondrion

acetyl-CoA

oxaloacetate _—l

o-ketoglutarate

NADH

FADHZ@

-

— ATP

\=
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on| meta-reaction | meta-reaction

ﬂ Asa .. - To/From ... ﬂ Meta-reaction
substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H*
substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis)
substrate  acetyl-CoA pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO>
substrate  with oxaloacetate - a-ketoglutarate (TCA cycle) acetyl-CoA + oxaloacetate + NAD* + H,O - a-ketoglutarate + NADH + H* + CoA + CO, (TCA cycle)
substrate  oxaloacetate (TCA cycle) a-ketoglutarate +0.75 ADP +0.75 P; + 2 NAD* + FAD +1.25 H,0 - oxaloacetate +0.75 ATP +2 NADH +0.25 H* + FADH; + CO, (TCA cycle)
substrate  NADH cytosol - NADH mitochondrion 0.25 ATP + 0.25 H,0 - 0.25 ADP + 0.25 P; + 0.25 H* (malate - aspartate shuttle)
substrate  ATP (oxidative phosphorylation) 2.5 ADP + 2.5 P; + NADH + 3.5 H* + 0.5 O, - 2.5 ATP + NAD* + 3.5 H,0 (oxidative phosphorylation)
substrate  ATP (oxidative phosphorylation) 1.5ADP+ 1.5P;+ 0.5 H* + FADH, + 0.5 O, = 1.5 ATP + FAD + 2.5 H,0 (oxidative phosphorylation)

N N NN PP
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> Constructing pathways using the Excel tool

/ cytosol

on| meta-reaction | meta-reaction

glucose 6-phosphate ass

glucose

A

pyruvate T@

acetyl-CoA NADH —— ATP

FADH,
oxaloacetate _—l

o-ketoglutarate
& JJ

glucose + 6 0, » 6 H,0 + 6 CO,
ﬂ Metabolite ﬂAs a.. nTo/From ﬂ Meta-reaction

f mitochondrion

carbohydrates glucose substrate  glucose 6-phosphate glucose + ATP - glucose 6-phosphate + ADP + H* 1
intermediate metabolites glucose 6-phosphate substrate  pyruvate (glycolysis) glucose 6-phosphate + 3 ADP + 2 P; + 2 NAD* = 2 pyruvate + 3 ATP + 2 NADH + H* + 2 H,0 (glycolysis) 1
intermediate metabolites pyruvate substrate  acetyl-CoA pyruvate + NAD* + CoA - acetyl-CoA + NADH + CO> 2
intermediate metabolites acetyl-CoA substrate  with oxaloacetate - a-ketoglutarate (TCA cycle) acetyl-CoA + oxaloacetate + NAD* + H,O - a-ketoglutarate + NADH + H* + CoA + CO, (TCA cycle) 2
intermediate metabolites o-ketoglutarate substrate  oxaloacetate (TCA cycle) a-ketoglutarate +0.75 ADP +0.75 P; + 2 NAD* + FAD +1.25 H,0 - oxaloacetate +0.75 ATP +2 NADH +0.25 H* + FADH; + CO, (TCA cycle) 2
electron transport and ATP metabolism NADH substrate  NADH cytosol - NADH mitochondrion 0.25 ATP + 0.25 H,0 - 0.25 ADP + 0.25 P; + 0.25 H* (malate - aspartate shuttle) 2
electron transport and ATP metabolism NADH substrate  ATP (oxidative phosphorylation) 2.5 ADP + 2.5 P; + NADH + 3.5 H* + 0.5 O, - 2.5 ATP + NAD* + 3.5 H,0 (oxidative phosphorylation) 10
electron transport and ATP metabolism  FADH; substrate  ATP (oxidative phosphorylation) 1.5ADP+ 1.5P;+ 0.5 H* + FADH, + 0.5 O, = 1.5 ATP + FAD + 2.5 H,0 (oxidative phosphorylation) 2
electron transport and ATP metabolism ATP substrate  e.g., maintenance, peptide synthesis ATP + H,O - ADP + P; + H* 31
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> Whois in control?

4 Fop dehydrogenase
o S Ll

| Toutes Directions isomerase

"

< Autres Directions hexokinase /glucokinase

gl ucose mutase
phosphatase
glycerol 3-P
glycerol < > glucose 6-phosphate <
glycogen
galactose
l ¢ l
serine pyruvate NADPH
(pentose phosphate pathway)
oxaloacetate
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> Whois in control?

glucose > 31 ATP
glucose > glycogen > ? ATP
glucose > glycogen > glucose > ? ATP
I
“~. u s -
ci \v T
glucose > lipid > ? ATP
INRAZ
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> Whois in control?

o &u
glucose > |actose > glucose (+ galactose) —> ? ATP
i AN
Y% & " | 8
i A
propionate —> glucose > |lactose > glucose (+ galactose) —> ? ATP

A JJJ)‘)g
‘3 P,
;}' SR,

7 '> 4 i =

glucose > glutamine glutamine - > ? ATP

glucose l — > ? ATP
INRAZ T lactate < lactate
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> Whois in control?

glucose — intermediate — ATP

Intermediate (in 2 steps) ATP-1 ATP-2 ATP Efficiency
Direct 31 100%
Tripalmitin (adipose tissue and muscle) -0.02 23.59 23.57 76%
Glycogen (liver and muscle) -2 31 29 94%
Glycogen (muscle and muscle) -2 32 30 97%
Lactate (liver and muscle; Cori cycle) 2 25 27 87%
Lactate (muscle and muscle) 2 29 31 100%
Glutamate (intestine and muscle) 22 8 30 97%
Lactose (mother and newborn) -1 31 30 97%
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> Compartmental an

d dynamic aspects of metabolism

INRAZ
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> Compartmental and dynamic aspects of metabolism

-

INRAZ
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> Control and robustness in nutrition and metabolism

Both are well balanced.
What about their energy balance?

energy intake = energy expenditure

INRAZ energy intake = 1.005 x energy expenditure
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> Control and robustness in nutrition and metabolism

Item Energy

Maintenance energy requirement 2580 kcal/d
0.5% imbalance 13 kcal/d
Deposited as lipid 1.3 g/d

Per year 481 g/yr

Between 20 and 60 years of age

19 kg of lipid

/ \
i
i )

expenditure

intake
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> Whois in control? Adipocytes have a life of their own

Membrane mature Adipocyte Aggregate Cultures
(MAAC) © Glasbergen/ glasbergen.com

- M'm Lﬁ%j io—n -.—-:~ o= :-‘(_,- - _ =
— 1 ! | —r gl
F"m;'_'l__,—"_ '\\
" Long-term culture of subcutaneous NG
and visceral adipocytes Y
|
§ Readouts.
« Gene and protein exprassion —
* Imaging S,
* Functional assays L
* Secreled factors Q{
Q |
Praserved pharmacologic Co-Culture Transdifferantiation nto ..p\/ & R Ap\l
responses rcwn-likc adipocyles
Compounds X, Y.or 2 GMSBWGEB)
- -
After two weeks of dieting,

Larry’s fat cells decided to go out for a pizza.

Harms et al. (2019). Mature human white
adipocytes cultured under membranes maintain
identity, function, and can transdifferentiate into
brown-like adipocytes. Cell Reports 27: 213-225
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> Finding your way
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> Finding your way in metabolism?
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Conclusion

* Meta-reactions are useful to teach nutritional biochemistry
* For research, meta-reactions can be used to analyze nutritional balances

 Compartmentalization of metabolism has an impact on “efficiency”

Metabolism is very well controlled, which is dynamic and occurs at multiple levels

Meta-reactions in other domains (e.g., plant science, microbiology) can be
developed

INRAZ
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> Further reading
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