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Bioenergetics



Bioenergetics

CH,OH
O
OH
Light or high potential OH OH
energy compound OH
ATP ADP + P;

'L 'L l\ - /J 'L l
Synthesis Synthesis of Cellular Transport of Generation Heat
of cellular membranes, movements molecules of an electrical

macromolecules phospholipids against potential across
and metabolites concentration membrane
gradient

From D. T. Haynie “Biological Thermodynamics”



Bioenergetics

Glycolysis
Glucose yeewy

.

Glucose-6-phosphate 2 NAD*

2 NADH
2 Glyceraldehyde-3-phosphate

K SNAD* 2 Isocitrate
2NADH 2 a-Ketosgl
o-Ketoglutarate 2 NAD

2 1,3-Bisphosphoglycerate

2 Citrate 2 NADH
¢ Citri d 2 Succinyl-CoA
2 Pyruvate KT 2 Acetyl-CoA I:I::IZCI
[
2NAD* 2 NADH 2 Oxaloacetate 2 Succinate
2 NADH
2 Malate 2F 2 FAD
2 NAD* ~_ 2 Fumarate
2 FADH,

From D.T. Haynie “Biological Thermodynamics”



Bioenergetics

OXidative phosphorylation outer mitochondrial membrane

inner mitochondrial membrane

ATP synthase

electron- -~
transport €
chain
| mnl
INAD"I
02 ADP + P

citric
acid COo,
cycle

acetyl CoA

/ N

pyruvate fatty acids

pyruvate fatty acids

[ !
FOOD MOLECULES FROM CYTOSOL From D. Alberts “Cell Biology Essentials”



Bioenergetics

Glucose

:

Glucose-6-phosphate

/

2 Glyceraldehyde-3-phosphate

_— 2NAD*
~—> 2NADH

Y
2 1,3-Bisphosphoglycerate

A Glucose

!

ATP
2 PYruvate[T G6P <> F6P { T
[

2NAD* 2 NADH FBP <> GAP~>3PG <> 2PG <> PEP

\ Pyruvate

Energy

From D. T. Haynie “Biological Thermodynamics”



Thermodynamics

do you remember AG?



Thermodynamics

AG®

AG’
AG®

What is the difference?



Thermodynamics

AG'>0
A+B «——D+C

Vag—cp > 0 Vap—cp <0



Thermodynamics

ArG'>0
A+ B « >D + C

AG =AG"+R Inx, —Inx,—Inx,)

Activity of C ~ Concentration [C]

If A.G' < O: If A.G' > O:

Vag— cp > 0 Vagp—cp <0



Thermodynamic constraint

with

if AG, 20, v, (reaction rate i) <0
if AG <0, v, (reaction ratei) =20

A.G. =|A G|+ RTi n, ln(xj )\

A.G” = standard Gibbs free energy change of reaction at 298K, pH 7, and zero
ionic strength

n;; = stoichiometric coefficient of metabolite j in reaction i

m = humber of metabolites in the metabolic model

X; = activity of metabolite j




Thermodynamics based Flux
Balance Analysis

heading in the right direction



Flux Balance Analysis

@ =0

Ne—0

Va Va V3
Constraints A Optimization A
1)Sv=0 maximize Z
2) aj< vi< b,

ﬁ

> Vi e > v,

I #

>V,

_—— -V

Allowable _ _
solution space Optimal solution

Vs Vo Vo

Unconstrained
solution space

Orth, Jeffrey D., Ines Thiele, and Bernhard @. Palsson. "What is flux balance analysis?." Nature biotechnology 28.3 (2010): 245-248.



Flux Balance Analysis

Orth, Jeffrey D., Ines Thiele, and Bernhard @. Palsson. "What is flux balance analysis?." Nature biotechnology 28.3 (2010): 245-248.



Thermodynamics based Flux Balance Analysis

 Directionality of the fluxes
is physiology
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Separating reversible reactions

Reversible Reaction:

A+B — C+D
“VMax S VReversible < VMax
Separated Reactions:
A+B e C+D
0< Ve SV, AG: <0ifv:>0
A+B G C+D

0< Vg <V AG; <0ifvg>0



Thermodynamics based Flux Balance Analysis

L ® — @
® ﬁ@)
@ — O
Reaction 2 is forward

& AG, <0

TFA adds
AGS + RT1 B <0 concentration of metabolites as variables,
¢ 2 T i A~ and extra constraints on directionalities,

o

A 5 hence on possible physiologies
S InAd>InB +—
RT



In B

Thermodynamic constraints

®
0= ®
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B<InB<B

C<InC<C

®

1

A<InA<A

®



In B

Thermodynamic constraints

o
1

(a)
In4A<InS —

®
®©
AG
RT

In C



In B

A
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Thermodynamic constraints
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RT

In4A<InS —
InB>InE +




Thermodynamic constraints
, ' ® , InB
@ ©
@, ®
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InA<InS a
n n BT

InB >1 E+AG§
n n BT

’ In A

InC >1 L+AG§
n n BT

In C



In B
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Thermodynamic constraints

A
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Thermodvnamic constrai
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l A>AGZ+1 C
n pr 110
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Thermodvnamic constraints
, 3 ® N In B
® ®
@ ®
//
1A>AQ+IB
n RT n
1A>AQ+1C
n RT n

In A

In C



Thermodynamic constrai
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1 A>A 2+ 1nB
n RT n

l A>AGZ+1 C
n pr 110

In C
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Metabolomics data

In C

In B

In A

o i #
I i
LI [

—

Experimentally observed range of In A



Bi-directional reactions

@ — ©
@ — @ U’ 6 Reaction without known directionality
@ — O

Thermodynamic feasibility: AGe <0
6
A.G. =A.G. +RTInC —RTInB (®+—©

AG, >0



Bi-directional reactions
@ = O,
@*CD H
@ — O

A.G, =A,G,+RTInC —RTInB

6 v v
@ 1,Fwi|V1,BW
- Z1,Fwi €1,BW




How to formulate the problem?

Mixed integer linear programing

Variables: v; reaction fluxes Mass balance

z; binary variables (either one or zero)

A reaction will yield therefore: AG <0

] @ U1, Frw!|V1,BW
f—

Z1,FW,E1,BW

AG; >0

Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.



How to formulate the problem?

Mixed integer linear programing

Variables: v; reaction fluxes Mass balance

z; binary variables (either one or zero)

A reaction will yield therefore: AG <0

] @ U1, Frw!|V1,BW
f—

Z1,FW,E1,BW

AG; >0
Constraints:
S =0 Stoichiometry
Zipw t Zipw < 1 Either or backward or none
0 < Virw, ViBw < Vimax Bound on the reaction rate
Virw — Zi FwVimax < 0 Binds the flux to the binary variable

Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.



How to formulate the problem?

Mixed integer linear programing

| o Thermodynamics
Variables: In(x;) log of the metabolite activity
A,G;" Free energy of the reaction
Constraints:
In(2x; min) < In(x) < In(x; max) Bounds on the metabolite activities
m
A.G; — RT Z nijIn(x;) = A.G;° Constraints on the A,.G;’ variables
j=1 and the log metabolite activities

Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.



How to formulate the problem?

Mixed integer linear programing

Variables: v; reaction fluxes Mass balance

z; binary variables (either one or zero)

m

ATGL’ = ATGL'IO + RTZ Tlij ln(x]) <0

j=1 ] @ V1,rw!|V1,BW
il

Z1,FW,E1,BW

m
AT'GL’ = ArGiIO -+ RTZ nij ln(x]) > (

Constraints: J=1
S =0 Stoichiometry
Zipw t Zipw < 1 Either or backward or none
0 < Virw, ViBw < Vimax Bound on the reaction rate
Virw — ZirwVimax < 0 Binds the flux to the binary variable

Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.



How to formulate the problem?

Mass balance Thermodynamics

Variables: v; reaction fluxes In(x;) log of the metabolite activity

z; binary variables (either one or zero) A,.G;" Free energy of the reaction
Sv=0
Constraints:
Zi,FW ~+ Zi,BW < 1 ln(xi'min) < ln(xl-) < ln(xi,max)
0 < Vi rw, Vipw < Vimax
<0 S
Vi — Zi rw Vi < 0
LEW — “LFW ¥1,max A.G] — RTZ ng; In(x;) = A.G;
Virw — ZiawVimax <= 0 j=1
¥ /

~
A,G, —M+Mz;py <0
ArG: — M + MZi,BW >0

M is a large constant selected such that: M > max(ArGi')

Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.



How to formulate the problem?

Mass balance Thermodynamics
Variables: v; reaction fluxes In(x;) log of the metabolite activity
z; binary variables (either one or zero) A,.G;" Free energy of the reaction
St =0
Constraints:
Zirw + Zipw < 1 In(%; min) < In(x;) < In(x; max)

0 < Virw, ViBw < Vimax

m
Virw — Zi FwVi <0 °
I,FW LFWYimax ArGi’ — RTZ nij ln(xj) = A’I"Gi,
Vi rw — Zi,pwVimax < 0 J=1
— —
Y

ATG’ — M + MZi,FW < 0

i

ATGL’ — M + MZi,BW = 0

Objective function:

min/max(objective)

Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.



Variability analysis A,.G

DHORTS(r)
TRPAS2(r)
CBMK
URIDK2r(r)
CO2t(r)
02t
MTHFD
TRDR
NH3t
ACONT
MTHFC
PPM(r)
PGMT(r)
PGAMT(r)
PGM(r)
PGK(r)
GAPD
ATPM
A5PISO
TPI

RPI(r)
IPPMIb(r)
IPPMIa(r)

[RREEIRRR R R R RS SRR TN
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T
-25
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20 -15 -10 -5
A.G (kcal/mol)

O -

/

L

IPMD
MDH
PGCD
PEPT_EC
ALARi
AGMHE
RPE
DAPE
GLUR(r)
AIRC3(r)
IMPC(r)
ALAR
FUM
THRAr(r)
PGI
MTRI
MTHFR2
Kt2r
S7PI
SUCOAS(r)
HCO3E
NADTRHD
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tHt bhEEEEEEEEEEAAA

|

T
-25
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20 -15 -10 -5
A.G (kcal/mol)

O =




Variability analysis In(x;)

cbasp
dhor-S
trp-L
indole
nh4
pyr
cbp
dump
adp
co?
dudp
atp
nadh
nad
02
93p
methf
trdrd
mlthf
trdox
icit
cit
10fthf
2pg

105

| | | | | |
104 103 102 101 10 10
Compound activity (mM)

102

9lp
gamlp
rip

3pg
96p
gambép
r5p
hle]
13dpg
pi
aradp
dhap
rudp-D
3cZhmp
3c4mop
3c3hmp
mal-L
2ippm
3php
oaa
12dgr_EC
cdpea
cmp
pe_EC
ckdo

1
105 104 103 102 10!

03 102 101 10 10 !
Compound activity (mM)




Experimental error?

Mass balance Thermodynamics

Variables: v; reaction fluxes In(x;) log of the metabolite activity

z; binary variables (either one or zero) A,.G;" Free energy of the reaction
Sv=0
Constraints:
Zirw + Zipw < 1 ln(xi'min) < In(x;) < ln(xl-,max)
0 < Vi rw) Visw = Vimax
<0 S
V;: el A Vs S o
L,FW LFWVYimax A’rGl, _ RTZTlU ln(x]) — A’rGl,
Virw — ZiawVimax <= 0 j=1
— _/
-~
S . A.G; — M+ Mz; <0
Objective function: T LEW

ATGL’ — M+ MZi,BW = 0
min/max(objective)

Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.



Experimental error?

Mass balance Thermodynamics

Variables: v; reaction fluxes In(x;) log of the metabolite activity
z; binary variables (either one or zero) A,.G;" Free energy of the reaction

. A4,G; Standard free energy of the
Sv=20 reaction
Constraints:

Zirpw + Zipw < 1 ln(xi'min) <In(x;) < ln(xi,max)

Io Io
0< vi,FW» vi,BW < vi,max A Gl min — < A G <A Gl max

Virw — ZiFwVimax < 0

ATG{ — RTZ nij ln(x]) = AT-GL-IO
Virw — Zi BwVimax < 0 =

S—

’
~

AG —M+Mz;py <0
Objective function: rHi Zi,FW

ATGL’ — M+ MZi,BW = 0
min/max(objective)

A Gl min/max = A Gl estimate T ATG'IO

iLerror
Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 92 (2007), 1792-1805.




Thermodynamic information

can we look up the free energy?



Thermodynamic information

Experimental information about
the free energy of reactions

NIST

Enzyme Thermodynamics of Enzyme-Catalyzed Reactions

Thermodynamics of Enzyme-Catalyzed Reactions

NIST Standard Reference Database 74

Biochemical Science Division, National Institute of Standards and Technology Gaithersburg, MD 20899 U.5.A.

In citing this work please use:
Goldberg RN, Tewari YB, Bhat TN, "Thermodynamics of Enzyme-Catalyzed Reactions -a Database for Quantitative Biochemistry”, Bioinformatics 2004;20(16):2874-2877.

Information is available on the following topics:

Thermod Background

How to Use This Database (Help)

Enzvme Catalyzed Reactions: Search using predefined values I?
Enzvme Catalvzed Reactions: Search with user defined values |7
Enzvme Catalvzed Reactions: Show distinct values 17

Enzyme Catalyzed Reactions: Show all values 12

References: Search references 17

Abbreviations

Downloads

Prior Version:Search prior version




Experimental A.G’

eStandard state for new method: pH 7, 298K, zero ionic strength

0.30 0.40
e 2 0.35 -
€ 0.25 A c
= £0.30
5 0207 $0.25 -
« 0.15 - = 0.20 1
§0.10 - Chind
3 50.10 -
£0.05 1 £0.05 -
0.00 - 0.00 -
6 7/ 3 28 298 313
. pH ., o Temperature (K) P
. 28 Y
eOnly A.G~ observations measured eOnly A.G~ observations
within 1 pH unit of pH 7 were accepted measured within 15 K of 298

K were accepted

«The most prevalent condition for the A.G ~ observations in the training
set is pH 7 and 298 K

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.



Experimental A.G’

0.20

0.18 -
0.16 -
0.14 -
0.12 -
0.10 -
0.08 -
0.06 -

Fraction of reactions

0.04 -
0.02 -

0.00

-50 -25 25

0
AG" (kcal/mol)

e Most of the A.G'~ values less than 10 kcal/mol in magnitude

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.

50



Thermodynamic information

AG "~ data for biochemical reactions

|ldentifying every entry in the NIST database that matches an E. coli reaction and the
selected conditions: 298 10 Kand pH 7 1 results in:

=
2 100% -
S
g 80% -
P
- < 60% A
c
2 3
£ 2 40% -
“—
o
= 20% -
3 5.6%
& 0% - Experimentally
measured

Goldberg, R. N., Y. B. Tewari and T. N. Bhat. Bioinformatics. 20 (2004), 2874-7.



Group contribution method
estimating Gibbs



Group contribution method

In the original group contribution method, the estimated A.G ~ of a molecular is
equal to the sum of the estimated energies for the molecular substructures that
make up the molecule

10

Group AG,,,, Count

[-COO] -72.0 2
[-OH]... -32.0 1
[-CH=]ing 9.6 3
[-O-] -22.5 1
[>C=] 5.0 1
[>CH-1;10 -2.2 2
[-CH,-] 1.7 1
[>C=l1ing 8.2 1
[=CH,] 18.4 1
Origin -23.6 1
Chorismate: -181.4 = 5 kcal/mol

Mavrovouniotis, M.L. Biotechnology and Bioengineering. 36 (1990), 1070-1082.



Linear regression

Compound 2

Compound 3 Q—Qi

Group 1

O

A¢G" = 10 kcal /mol
A¢G" = 50 kcal /mol

A¢G" = 30 kcal /mol

Group2 Group3

B A



Linear regression

Compound 1 O_H A¢G" = 10 kcal /mol

A¢G" = 50 kcal /mol

Compound 2

Compound 3 Q—Qi

Groupl Group2 Group3

A¢G" = 30 kcal /mol

©C m A
Af Gé‘ol,est 1 1 1 AgrlG
AfGéoz,est — (O 2 O) AngG
20 1/ \BgysG

Af Géoz,est



Linear regression

Groupl Group2 Group3

©C m A
Af Géol,est 1 1 1 AgrlG
Af Gé‘oz,est — (O 2 O) AQTZG
Agr3G

Minimize the difference between estimated and measured values:

z(Af Gi,,oexp _ Af Gi’,oest)

l



Linear regression
Groupl Group2 Group3

© | A

Af G(,Jol,est 1 1 1 Ag’rlG

AfG(';OZ’eSt — (O 2 O) AngG

Ar G(’Joz,est 2 0 1/ \AgrsG
ArGyy =X - Ay, G”

Minimize the difference between estimated and measured values:

Can be solved analytically as:
Ang'° = (XTX)‘lXAfG;"xp



Linear regression

Compound 1 O'—A ArG' = 10 keal /mol
Compound 2 .—. AfG" = 50 kcal /mol

Compound 3 O—O—A AsG" = 30 keal /mol

A6 = (XTX) T XALGL,

-1
1 0 2y/1 1 1 1 1 1\ /10

Ang'° ={{1 2 0)J{0 2 O 0 2 0|50
1 0 1/\2 0 1 2 0 1/ \30

525\ O
A, G°=| 225 |
—65.0/ A



Linear regression

Compound 1 O'—A ArG' = 10 keal /mol
Compound 2 .—. AfG" = 50 kcal /mol

Compound 3 O—O—A AsG" = 30 keal /mol

A6 = (XTX) T XALGL,

-1
1 0 2y/1 1 1 1 1 1\ /10

Ang'° ={{1 2 0)J{0 2 O 0 2 0|50
1 0 1/\2 0 1 2 0 1/ \30

525\ O 10
AQTGIO =| 225 N = AestG’0 =145
—65.0 A 40



Linear regression

[4,67-(Ax] " (xac)

matrix containing the number of each group involved in each compound and reaction in the
training set

vector of observed A,G~ and A,G~ values in the training set

vector of group contribution energies for the method

Standard error for the fitting: 1.90 kcal/mol

400 1 : ——
2 3504 I 0.9 - ; v
E 300 1 0.8 A : o«
g e | zor{ /
© T - = 061
o) ' /]
& 200 1 il nf)rn?al . T 051 y
“ 150 § Alllimgdistribution | © 04{ /)
N 1 / o 034 /
S 100 / :
g =t Ll 1] 4L
T 4 a1 0 _4]
§ O \H\H\\m_uufuuuuu HH’-“]J-MMM O-G "'"'"‘ﬁm,m/m/lw: T T T T T Ly
75 50 25 00 25 50 75 5 4 3 2 4 0 1 2 3 4 5
Observed AG'° - estimated AG’ ° Observed AG'° - estimated AG’ °

(kcal/mol) (kcal/mol)



Uncertainty from the linear regression

e Covariance matrix from the fitting was used to estimate the uncertainty in

A, G values
| SE,, I: \/(\ISEMLRzl(l )i i

e matrix indicating the number of each group involved in each compound and reaction in the
training set

e scalar equal to the standard deviation of the residuals from the least squares fitting

e uncertainty in group contribution energy value i

'Ang, " values used to determine the uncertainty in the AG* and A.G'°
estimates:

N,
| SE - |= le (x.,SE,, )z

eUncertainty inthe AG~ and A.G~ estimates

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.



Molecular substructures (Mavrovouniotis)

Group name New A, G~ SE, f Group name  New A, G~ SE, f
kcal/mol kcal/mol kcal/mol kcal/mol
-SH -0.740 0.636 260 >N- (two 12.4 1.10 18
S- 8.77 0.740 190  fusedrings)
0.p0, 954 0.159 sgp  >NH(ring)  6.18 0.532 108
-0-PO,> -205 0.440 149 >NH™ 155 1.17 3
-0-PO, - 208 0.122 490 >N- (ring) 22.1 0.617 777
_0-PO,*(ring)  -190 0.957 11 ~NH -21.7 1.52 6
-0-PO,*-O- 1234 0.438 48 TNHY -22.7 1.34 9
_COOPOSZ-_ _298 0239 97 =N- (r|ng) 4.17 0.572 41
-O-PO32' 754 0.159 380 =N*< (ring) 13.5 0.672 721
“NH,* -6.25 0.196 236 =N -32.1 4.34 4
“NH 2.04 0331 223 -OH -41.5 0.126 1117
2 . .
N 544 114 9 -0- (ring) -36.6 0.902 195
>NH2+ 5.95 0.900 5 'O' '232 0408 39

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.



Molecular substructures (Mavrovouniotis)

Group name  NewA,G ™ SE, f Group name New A,G ™ SE, f
kcal/mol kcal/mol kcal/mol kcal/mol

>C=0 -28.4 0.180 734 =CH- 12.8 0.242 198

>C=0 (ring) -30.1 0.292 88 >C= 15.7 0.394 135

-CH=0 -304 0.164 204 =CH, 6.87 0.312 110

-COO* -83.1 0.111 455 =CH 60.7 4.74 1

-0-CO- -75.3 0.422 26 =C- 41.6 2.32 3

-O-CO- (ring) -71.0 0.787 18 >CH- (two fused 2.60 0.779 30

rings)

-CH3 -3.65 0.109 332 >C= (aromatic 6.95 0.313 66

>CH2 1.62 0.0880 916  'ng)

SCH2 (ring)  3.18 0.247 781 >C=(dbl-sglring) 32.1 2.14 3

>CH- 5.08 0.153 981 >C= (non- 117 0.362 cg

>CH- (ring)  4.84 0.216 409 4romatic ring)

>C< 7.12 0.298 148 —CH- (non- 8.46 0.293 755

>C< (ring) 7.17 0.420 153  aromatic ring)

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.



Molecular substructures (Mavrovouniotis)

Group name New A, G~ SE, f
kcal/mol kcal/mol

>C= (two fused non-aromatic rings) 16.7 0.891 10

>C= (two fused rings: aromatic/ non-aromatic) 6.77 0.607 9

=CH- (aromatic ring) 4.93 0.142 64

>C= (two fused aromatic rings) -0.0245 0.927 4

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.



Group contribution method

e Use of the group contribution method developed by Mavrovouniotis for
biochemical reactions allows for the estimation of A,G for the majority of the E.
coli reactions at 298K, pH 7, and zero ionic strength.

100% -
30% - 86.8%

o

60% -
40% -
20% -

0% -

S5.6%

Mavrovouniotis

group
contribution
Henry, C. S., Jankowski, M. D., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal., 90 (2006), 1453-1461.

Experimentally
measured

Percent of model reactions with
known A,G



Group contribution method 1.1

eThe uncertainty associated with each group energy value is known in the

upgraded method allowing for a better quantification of the uncertainty in the
estimates

Group AG_Count  Uncertainty
[-COO] -82.2 2 0.3
[-OH]... 42.2 1 0.4
[-CH=]1ing 4.6 3 0.5
[-O-] -24.9 1 0.9
[>C=] 14.5 1 0.7
[>CH-],1ng 5.5 2 0.6
[-CH,] 0.9 1 0.1
[>C=]ng 9.7 1 1.0

‘ [=CH,] 4.8 1 1.1 \

Chorismate: -176.8 = 2.3 kcal/mol

Number of groups 2
Uncertainty, .. = Z (n.g )

. ! AgGi
i

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.



Group contribution method

Phosphofructokinase

|
" HO OH R
Fructose 6-phophate ‘ ATP
l —N
Fl 1| '1:1' 0 1 1/_/ NH,
l /\Q_/ -0 - i g ~‘::./\QA \
L S N

Fructose 1,6-b|sphophate



Group contribution method

Phosphofructokinase

Group A C .
rou
® A ONS T p
0—P—0 oH 'f-'__,, H; /\Q’”\/\(
In \\: F O—P 0
¥ HO OH
Fructose 6-phophate ATP
—N
I T 0 [%IIH
i . /\QA \
| A
HS % ”VH
ADP

Fructose 1,6-bisphophate

Gibbs Energy of Reaction:

AGr = - AGg,grpA - AGg,grpB + AGg’grpC



Group contribution method 1.1

e Expanded and Upgraded group contribution for the estimation of A.G~ for an

even larger portion of the model reactions (891 of 931 reactions)

100% -
30% - 86.8%

95.7%

0

60% -

known A,G
N
3
S~
|

20% -
0% -

S5.6%

Percent of model reactions with

. Mavrovouniotis Upgraded
Experimentally
measured sroup sroup
contribution contribution

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. 95 (2008), 1487-1499.



Estimated AG distribution in E. coli

300 100%
250
— O) 0,
2 g 80%
9 3
200 | B =
g g 60%
- 5
150 | %=
5 -
@ @1 40%
'®)
100 _L ™D
S S
> &0
Z 2 [0)
50 | ot 20%
0 — 0%
-45 -30 -15 0 15 30

AG  (kcal/mol)

Henry, C. S., Jankowski, M. D., Broadbelt, L. J., and Vassily Hatzimanikatis. Biophysical Journal. (2006), 1453-1461.



Comparison of Estimated A.G~ to AG~ from the Literature

ade ' & glyc-R | '
indole | succ | '
hxan :I glu-L = :
trp-L L asp-L = \
acald L xyl-D = ,
etoh ., xylu-D a i
urea . . rib-D - '
adn - akg L | 1
phe-L | 0aa = '
hdca - ! mal-L = !
ile-L L | : man L] :
leu-L & , fru . .
cys-L o : acon-T = .
val-L ] ] sbt-D L | ]
but L ' amp & '
ppa L ! mana L !
for L ' icit L '
ac = . cit = .
ala-L = . actp = .
gly = : pep - .
tyr-L . i g3p - i
glyald = ' glyc3p o 1
dha @ : 2pg = '
glx o ' 3pg - :
pyr = : malt ol :
glyc . \ sucr & \
gin-L = . rip - .
asn-L = ' r5p - '
glyclt = ' manlp S '
ser-L ¥ ' man6p - '
thr-L L ! tagbp-D - !
lac-L L ! adp b '
taur a . tagdp-D| .
fumL _ _ _ _ 8 . atp ®_____ _ _ _ _ _ .
| | | | | | | | | | | | | | | | | |
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B AG  from literature € Estimated AG Compound AG ™ (kcal/mol)



ALLTAH
ACACT1r
DHORTS(r)
TGBPA
GLYCDx
MDH
PGCD
ADSL1r
ASPK
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DDPGALA
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CITL
DRPA
PUNP5
PUNP6
PGM(r)
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TYRTA

-20 -15 -10
B AG from literature

Comparison of Estimated A.G™
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Correction to the free energy

from ideal to real



AfG’° in solution with ionic strength

Excess free energy due interaction with ions

MGl (1) = ByGJ° (1 = 0) — [BARGECD)

Huckel, E., and P. Debye. "Zur Theorie der
Elektrolyte. |. Gefrierpunktserniedrigung und
verwandte Erscheinungen." Phys. Zeitschrift 24
v (1923): 185.




A¢G"™ with solution ionic strength

Debye-Huckel equation for the activity of ions:

Az} = Nui VT In10

R ideal gas constant Ny j number of hydrogen of compound j

T temperature I ionic strength of the solution

Zj charge of compound j a; distance of the closest approach of ions to compound j
Where the Debye-Hlickel parameters A, B can be Water
calculated as a function of temperature:

i e : -1/2 71/2 : -1/2 11/2 §-1

Temp in °C Ain mol L B in mol L/« A Cl_ =
0 0,4883 0,3241
15 0,5002 0,3267 aj
20 0,5046 0,3276 5+
25 0,5092 0,3286
30 0,5141 0,3297 Cl™ Q
40 0,5241 0,3318 5
50 0,5351 0,3341
60 0,5471 0,3366
80 0,5739 0,3420 Huckel, E., and P. Debye. "Zur Theorie der Elektrolyte. |. Gefrierpunktserniedrigung

und verwandte Erscheinungen." Phys. Zeitschrift 24 (1923): 185.



ArG™ with pH # 7

ArG°(pH) = AsG;°(pH = 7) + Ny jRT In 10 pH

R ideal gas constant
T temperature
N; number of hydrogen of compound j



Other factors effecting A,.G'°

23084 Biophysical Journal Volume 109 December 2015 23942405

The Influence of Crowding Conditions on the Thermodynamic Feasibility of
Metabolic Pathways

Liliana Angeles-Martinez' and Constantinos Theodoropoulos'*”
'School of Chemical Engineering and Analytical Science, University of Manchester, Manchester, UK

ABSTRACT Intracellular reactions are carmried outin a crowded medium where the macromolecules occupy ~40% of the total vol-
ume. This decrease in the available volume affects the activity of the reactants. Scaled particle theory is used for the estimation of
the activity coefficients of the metabolites, and thereby for the assessment of the impact of the presence of background molecules,
ontheestimation of the Gibbs free energy change (A,G) of the reactions. The lactic acid pathway and the central carbon metabolism
of Actinobacilus succinogenes for the production of succinic acid from glycerol have been used as illustrative case studies.
Results suggest the importance of maintaining intracellular crowded regions to favor the feasibility of a pathway that in other circum-
stances would be infeasible. Moreover, the crowding conditions may change the directionality of reactions and can modify
the feasible range of fluxes estimated for a metabolic system compared with those obtained at standard biological conditions.
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