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A.1 Metabolite species standard Gibbs energy of formation

A.1.1 Measurement of apparent equilibrium constants

The standard Gibbs energy of formation of a metabolite species can, in principal, be calculated by measuring the
change required to inorganically synthesize it from its elements in standard state. This is difficult or impossible
for large complicated organic metabolites. Alternatively, if a reactant occurs in a reaction where only one reactant
standard Gibbs energy of formation is unknown, it is possible to back-calculate this unknown indirectly by measuring
the apparent equilibrium constant for the reaction. Consider the biochemical reaction catalyzed by glucose-6-
phosphate isomerase, PGI.

F6P 
 G6P (4)

This is an isomerisation between the reactants fructose-6-phosphate, F6P, and glucose-6-phosphate, G6P. At physi-
ological pH, fructose-6-phosphate is distributed between two forms, F6P−2 and F6P−1, that differ by one hydrogen
ion

F6P−1 
 F6P−2 +H+

Likewise, glucose-6-phosphate is distributed between two charged forms, G6P−2 and G6P−1. The apparent equi-
librium constant for biochemical reaction 4 is given by

K ′ =
[G6P ]eq

[F6P ]eq

=

[
G6P−1

]
+
[
G6P−2

]

[F6P−1] + [F6P−2]

which is a function of temperature, pressure, pH, ionic strength and the pKa of both weak acids. The apparent
equilibrium constant of a reaction, K ′, is related to the standard transformed reaction Gibbs energy by

−RT ln (K ′) = ∆rG
′0 (5)

Therefore, each time an apparent equilibrium constant is measured, one unknown reactant standard transformed
Gibbs energy of formation can be back calculated. This back calculation process is discussed in detail by Alberty
[29, 30]. Any error in the measurement of the apparent equilibrium constant is ameliorated in the estimation of
reactant standard Gibbs energy of formation by virtue of the logarithmic function in Eq. 5.

A.1.2 Group contribution methodology

There are many reactants for which experimentally derived metabolite species standard Gibbs energies of formation
are not available. However, it is possible to estimate standard metabolite species Gibbs energy of formation using
a group contribution approach [31, 32]. Briefly, this method considers the thermodynamic properties of each
metabolite species as the sum of the properties of its constituent structural subgroups. The standard Gibbs energy of
formation of various structural subgroups are estimated by linear regression from experimentally known metabolite
species structures, and their standard Gibbs energies of formation. To estimate the standard Gibbs energy of
formation for an unknown metabolite species, the contributions of each of its structural subgroups are summed
along with an origin term. Henry et al.[19, 20] have successfully used this approach to computationally estimate
standard Gibbs energy of formation for the majority of metabolite species in E. coli. The data input to the algorithm
which estimates the standard Gibbs energy of formation is structure files which hold information about the atoms,
bonds, connectivity and coordinates of substrate and product molecules [31].

A difficult task in estimating the group contribution of a metabolite species standard Gibbs energy of formation,
is the uncertainty due to non-additivity of subgroup contributions. A group contribution is said to be additive
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if the magnitude of the contribution is doubled when the number of such a group in a metabolite species is dou-
bled. Individually, the uncertainty associated with estimation of a particular subgroup standard Gibbs energy of
formation is typically small relative to metabolite species standard Gibbs energy of formation. However, for com-
plex metabolites with many subgroups, the combined uncertainty in metabolite species standard Gibbs energy of
formation can be significant. Jankowski et al. [31] have recently reported a significant improvement to the group
contribution methodology, that has reduced the uncertainty and has provided better estimates of metabolite species
standard Gibbs energy of formation. They explicitly propagate the uncertainty in subgroup estimates, and provide
a standard error, SE∆f G0

est,i
, for each estimated metabolite species standard Gibbs energy of formation, ∆fG

0
est,i,

e.g., Supplementary Table 3.
We take into account the uncertainty in estimated metabolite species standard Gibbs energy of formation when

making quantitative assignment of reaction directionality, by estimating minimum and maximum reaction standard
Gibbs energy using

∆rG
0
min,k ≡ inf{ST

k · (∆fG0
est ± SE∆f G0

est
)}

∆rG
0
max,k ≡ sup{ST

k · (∆fG0
est ± SE∆f G0

est
)}

where inf denotes the infimum and sup denotes the supremum. Group contribution estimates of metabolite species
standard Gibbs energy of formation are based on a reference temperature of 298.15K [31]. Standard enthalpy
of formation is not available for the majority of E. coli metabolite species, and therefore standard Gibbs energy
of formation cannot be adjusted to 310.15K as described in Section A.5. However, the charge and number of
hydrogen atoms in each metabolite species are known. Therefore, we can compute estimates for metabolite species
standard transformed Gibbs energy of formation, ∆fG

′0
est, at in vivo ionic strength and pH. See Section A.3 and

A.4, respectively. Similarly, we can estimate minimum and maximum reaction standard Gibbs energy, ∆rG
′0
min &

∆rG
′0
max. The group contribution approach represents a valuable complementary approach to the estimation of

metabolite species standard transformed Gibbs energy of formation, when such data is not available due to a dearth
of experimentally measured equilibrium constants. This is the case for the majority of metabolite species in the E.
coli genome scale model. Jankowski et al [31] continue to expand the number of different structural groups within
the scope of the group contribution method, so we can expect the number of metabolite species without group
contribution estimates to continue to shrink.

A.2 Reactant standard transformed Gibbs energy of formation

Chemical potential is a thermodynamic potential introduced by J. Willard Gibbs [62], and can be intuitively thought
of as a measure of “the tendency of a substance to change its location, chemical composition or state of aggregation”
[63]. In a chemical reaction, a difference in chemical potential between substrates and products represents a driving
force for spontaneous change of location, chemical composition or state of aggregation. This is discussed further in
Section 2.1. First we discuss chemical potential, from which change in chemical potential can be derived.

Since it is not possible to measure an absolute value for the chemical potential of a metabolite species [64], we
follow established nomenclature [65] and use the (molar) Gibbs energy of formation of a metabolite species, ∆fGj .
The chemical potential of a metabolite species is an intensive quantity, meaning that it does not depend on the
absolute number of molecules of that metabolite in a system. In contrast, the Gibbs energy of a metabolite species
is an extensive quantity which is given by the product of metabolite species chemical potential and the number of
metabolite species. The molar Gibbs energy of a metabolite species is an intensive property since it is the Gibbs
energy per mole of metabolite species. Depending on the strictness of convention, one may observe molar Gibbs
energy and the chemical potential being used interchangeably.

A.3 In vivo ionic strength

In water, many metabolite species dissociate into anions− and cations+. However, a charged metabolite species in
solution does not behave ideally, even at very low concentrations in the physiological range of ionic strength [41].
This is mainly due to attraction of metabolite species with opposite charges, which has the effect of shielding the
repulsion between metabolite species of like charge, see Chapt. 26 [66]. At non-zero ionic strength, metabolite
species molar Gibbs energy of formation, ∆fGj , is given by

∆fGj = ∆fG
o
j +RT ln (aj) (6)
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Figure 5: The dimensionless activity coefficient, γ, as a function of ionic strength, I, for metabolite species with
different absolute charge, |z|. All else being equal, the activity coefficient is the same for a given positive or negative
charge of the same magnitude, since z2 appears in the function giving ionic strength. The activity coefficient of a
metabolite species with a charge of either +4 or -4 may differ markedly from 1. This is significant for a number of
reactants, such as for D-Fructose-1-6-bisphosphate, NADPH or ATP. e.g. at 0.25 M , & 310.15K, the reactant D-
Fructose-1-6-bisphosphate, is distributed between three dissociated forms, FDP 4−, FDP 3−and FDP 2−. However,
the mole fraction of FDP 4−is greater than 0.99 with an activity coefficient of 4.8 × 10−3. This means that a
micromolar cytoplasmic concentration of FDP 4− actually corresponds to a nanomolar activity.
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where R is the gas constant, T is temperature, and aj is metabolite species activity [41]. The activity of a
metabolite species is related to its concentration by aj = γjxj , where the activity coefficient, γj , represents the
non-ideal electrolyte behavior. Given the electric charge of a metabolite species, zj , one can reasonably approximate
the in vivo activity coefficient using the extended Debye-Hückel equation [41] relating charge, zj , and ionic strength,
I, to the activity coefficient

ln (γj) = −
Az2

j I
1
2

1 +BI
1
2

(7)

where A and B are empirically fitted parameters, which approximate experimentally measured activity coefficients
2. The ionic strength, I, of a solution is defined by

I ≡ 1
2

m∑

j=1

z2
jxj

where zj is the charge, and xj is the concentration of metabolite species j. The in vivo ionic strength is thus a
function of all charged metabolite concentrations, which are largely unknown [48].

Estimation of activity coefficient using extended Debye-Hückel equation is considered to be valid in the ionic
strength range 0-0.35M [29]. By estimating the activity coefficient for each metabolite species, this term may then
be absorbed into Eq. 6 for metabolite species Gibbs energy of formation

∆fGj = ∆fG
o
j +RT ln aj (8)

= ∆fG
o
j +RT ln (γjxj)

= ∆fG
o
j +RT ln γj +RT lnxj

≡ ∆fG
0
j +RT lnxj

We shall still refer to ∆fG
0
j as a metabolite species standard Gibbs energy of formation but the slight change in

superscript, from o to 0, is used to remind the reader that it is now a function of ionic strength. By absorbing
the activity coefficient into the standard term we retain the convenience of dealing with experimentally measured
concentrations and not activities [29]. Obviously, it would be of significant benefit to have experimental data on
typical values of the actual in vivo ionic strength. Unless otherwise specified, we assume an ionic strength of 0.25
M .

A.4 In vivo pH

The second law of thermodynamics dictates that net spontaneous change must be in the direction of a drop
in thermodynamic potential. When modeling the thermodynamics of any system, the set of variables that are
held constant dictate the appropriate thermodynamic potential [41]. At constant temperature and pressure, the
appropriate thermodynamic potential is Gibbs energy. In biochemical thermodynamics, we must also consider
that the buffering capacity of intracellular proteins acts as a bath which maintains a constant pH. At constant
temperature, pressure and pH, the appropriate thermodynamic potential is the transformed Gibbs energy [29]. The
adjective refers to the Legendre transformation which is used to account for the fact that pH is a specified constant.
This transformation can be made directly to the standard Gibbs energy of formation, giving rise to the definition
of the standard transformed Gibbs energy of a metabolite species

4fG
′0
j ≡ 4fG

0
j −Nj(H)∆fG(H+) (9)

where Nj(H) is the number of hydrogen atoms in metabolite species j and ∆fG(H+) is the hydrogen ion Gibbs
energy of formation. It is important to realise that hydrogen ion Gibbs energy of formation is a function of ionic
strength and temperature, just like any other metabolite species, see Eq. 7 and Eq. 8. For a comprehensive
treatment of Legendre transforms in biochemical thermodynamics, see Alberty [67, 29, 30].

2B = 1.6L−
1
2mol−

1
2 . A is a function of temperature and pressure, at 298.15K and atmospheric pressure, then A =

0.510651L−
1
2mol−

1
2 .
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A.5 In vivo temperature

The enthalpy, H, is a thermodynamic potential defined by a Legendre transformation of the internal energy

H ≡ U + PV (10)

Only at constant pressure, the differential of enthalpy provides the appropriate criterion for spontaneous change.
Metabolite species standard Gibbs energy of formation may be estimated as a function of temperature, 4fG

o
j(T ),

using

4fG
o
j(T ) =

(
T

298.15K

)
4fG

o
j(T = 298.15K) + (1− T

298.15K
)4fH

o
j (T = 298.15K) (11)

where 4fG
o
j(T = 298.15K) and 4fH

o
j (T = 298.15K) are metabolite species standard Gibbs energy of formation

and metabolite species standard enthalpy of formation, respectively, measured at 298.15K [29]. Metabolite species
standard enthalpy of formation may be obtained from calorimetric experiments [29] and it also may be a function
of temperature but we assume here that this variation is small going from 298.15K → 310.15K.

Additional effects of temperature on Gibbs energy of formation arise due to the temperature dependence of the
parameter A in the extended Debye-Hückle equation 7 used for predicting metabolite species activity coefficient.
This is particularly important when estimating the activity of hydrogen ions at a specified pH. The effect of
temperature on hydrogen ion activity appears as an adjustment to the hydrogen ion Gibbs energy of formation.
This temperature effect on hydrogen ion Gibbs energy of formation will then be multiplied by the number of
hydrogen atoms in each metabolite species when making a Legendre transformation for constant pH, as in Eq. 9.

A.6 Combined equation for ionic strength, pH and temperature adjustment

Amalgamation of all the adjustments to metabolite species standard Gibbs energy of formation, 4fG
o
j , for specified

temperature (Eq. 11), specified ionic strength (Eq. 8), and specified pH (Eq. 9) gives a metabolite species standard
transformed Gibbs energy of formation as

∆fG
′0
j =

(
T

298.15

)
4fG

o
j + (1− T

298.15
)4fH

o
j −

RTAz2
j I

1
2

1 +BI
1
2
−Nj(H)∆fG(H+)

This equation highlights that the metabolite species standard transformed Gibbs energy of formation depends on
properties that are specific to that metabolite species.

A.7 Concentrations of water and dissolved gases

In the treatment of biochemical reactions, as in this study, it is typical to assume an activity of water equal to one
[68]. In addition, we use the dissolved oxygen (reactant) concentration range, 0.1 − 8.6 × 10−6 M . In aqueous
phase the reactant carbon dioxide is distributed between a number of metabolite species, some involving water
[CO2] = [CO2(aq)] + [CO2−

3 ] + [HCO−3 ] + [H2CO3]. We assumed a carbon dioxide (reactant) concentration of
[CO2] = 1 mM [20]. The details follow the special thermodynamic treatment of carbon dioxide as described by
Alberty, (Section 8.7 in [29]).

A.8 Qualitative assignment of reaction directionality

During reconstruction of a biochemical network, qualitative assignment of reaction directionality is made on a
reaction-by-reaction basis using various forms of evidence from biochemical characterization experiments of specific
enzymes [2]. If, at physiological concentrations of substrates and products, a reaction is experimentally observed
to favor the production of products then it may be classified as irreversible in a forward direction. If biochemical
characterization is not available, a qualitative assignment of reaction irreversibility can be made if a reaction is
co-factor coupled, such as to the hydrolysis of ATP, since ATP driven reactions tend to be effectively irreversible.
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Reaction E.C. /

Gene

Eq. & qualitative

direction

∆rG
′0
low ∆rG

′0
high ∆rG

′
min ∆rG

′
max

D-Erythrose-4-phosphate

dehydrogenase*

1.2.1.72 e4p + h2o + nad 
 4per +

2 h + nadh

-66.4 -51.1 -105.6 -11.9

galactokinase 2.7.1.6 atp + gal 
 adp + gal1p + h -49.0 -49.0 -88.2 -9.8

γ-glutamyl γ-aminobutyric

acid dehydrogenase

puuC ggbutal + h2o + nadp 


gg4abut + 2 h + nadph

-71.8 -43.5 -111.0 -4.3

glutathione oxidoreductase 1.8.1.7 gthox + h + nadph 
 2 gthrd

+ nadp

-914.0 -914.0 -982.9 -884.9

IMP cyclohydrolase*
3.5.4.10

h2o + imp 
 fprica -60.1 -26.4 -79.7 -6.7

phosphoribosylpyrophosphate

synthetase
2.7.6.1

atp + r5p 
amp + h + prpp -43.3 -43.3 -82.5 -4.1

phosphate reversible transport

via symport periplasm

pitA or

pitB

h[p] + pi[p] 
 h + pi 8.5 8.5 6.7 26.3

glycogen phosphorylase

(GLCP)

2.4.1.1 glycogen + pi → g1p 693.0 794.0 685.3 825.5

glycogen phosphorylase

(GLCP2)

2.4.1.1 bglycogen + pi → g1p 693.0 794.0 685.3 825.5

2-C-methyl-D-erythritol-2-4-

cyclodiphosphate

synthase*

4.6.1.12
2p4c2me → 2mecdp + cmp 63.8 167.2 14.5 176.7

methionine

adenosyltransferase*

2.5.1.6 atp + h2o + met-L → amet

+ pi + ppi

114.6 176.1 63.5 203.5

phosphoribosylaminoimidazole

synthase*
6.3.3.1

atp + fpram → adp + air +

2 h + pi

84.7 156.2 33.7 183.5

Table 2: Reactions, as given in the iAF1260 reconstruction, with quantitatively assigned reaction directions that are
more constrained, or reversed, in comparison with qualitative assignments. The * denotes reactions that, contrary
to quantitative assignment, are essential in the forward direction, for aerobic growth on glucose minimal medium.
The key to reactant abbreviations is given in Table 3. The bold reactant abbreviations denote the use of group
contribution estimates where data back calculated from equilibrium constants was not available. Where appropriate,
the low and high standard transformed reaction Gibbs energy, ∆rG

′0
low and ∆rG

′0
high, account for a one standard

deviation uncertainty in reactant group contribution estimates. The minimum and maximum transformed reaction
Gibbs energy, ∆rG

′
min and ∆rG

′
max, also assume a 0.01−20mM physiological reactant concentration range, except:

[CO2] = 10−4 M , [H2O] = 1 M , and [O2] = 8.2× 10−8 − 8.2× 10−6 M . Data given for a temperature of 310.15 K,
ionic strength of 0.25 M , and pH of 7.7. See Supplementary Table 3 for metabolite legend.

A.9 Quantitative tightening of qualitatively assigned reaction directionality: recon-
ciliation with experimental literature

A.9.1 Qualitatively reversible yet quantitatively forward

Erythrose 4 phosphate dehydrogenase (E.C. 1.2.1.72) D-Erythrose-4-phosphate dehydrogenase catalyzes
the first step in the biosynthesis of essential coenzyme pyridoxal 5’-phosphate (active vitamin B6), from the pentose
phosphate precursor, D-erythrose-4-phosphate [69]

D-Erythrose-4-phosphate+NAD++H2O
 4-Phosphoerythronate+2h+NADH

In silico, the forward oxidation reaction direction is essential for growth on glucose minimal medium. Biochemical
characterisation experiments established that, at pH 7, the oxidation of 1 mM D-Erythrose-4-phosphate and
reduction of 1 mM NAD+ proceeded to completion, upon addition of D-Erythrose-4-phosphate dehydrogenase
as measured by NADPH production [70]. This suggests that indeed the D-Erythrose-4-phosphate dehydrogenase
reaction is strongly thermodynamically favorable, supporting the quantitative assignment.
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Abbr Metabolite ±SE∆f G0
est

2mecdp 2-C-methyl-D-erythritol-2-4-cyclodiphosphate 18.4

2p4c2me 2-phospho-4-cytidine-5-diphospho-2-C-methyl-D-erythritol 17.3

4per 4-Phospho-D-erythronate 3.8

air 5-amino-1-5-phospho-D-ribosyl-imidazole 16.4

amet S-Adenosyl-L-methionine 30.8

bglycogen branching-glycogen 50.5

cmp Cytidine-5’-monophosphate 16.0

e4p D-Erythrose-4-phosphate 3.9

fpram 2-Formamido-N1-5-phospho-D-ribosyl-acetamidine 19.4

fprica 5-Formamido-1-5-phospho-D-ribosyl-imidazole-4-carboxamide 16.9

g1p D-Glucose-1-phosphate -

gal1p alpha-D-Galactose-1-phosphate -

gal D-Galactose -

gg4abut gamma-glutamyl-gamma-aminobutyric-acid 7.1

ggbutal gamma-glutamyl-gamma-butyraldehyde 7.1

glycogen glycogen 50.5

gthox Oxidized-glutathione -

gthrd Reduced-glutathione -

imp Inosine monophosphate -

met-L L-Methionine -

nad Nicotinamide-adenine-dinucleotide -

nadh Nicotinamide-adenine-dinucleotide–reduced -

nadp Nicotinamide-adenine-dinucleotide-phosphate -

nadph Nicotinamide-adenine-dinucleotide-phosphate–reduced -

nmn Nicotinamide ribonucleotide -

pi Phosphate -

ppi Diphosphate -

prpp 5-Phospho-alpha-D-ribose-1-diphosphate -

r5p alpha-D-Ribose-5-phosphate -

Table 3: Reactants involved in reactions with quantitatively assigned directions that are more constrained, or
reversed, as compared with qualitatively assigned direction (Reactions given in Supplementary Table 2). The
reactants where group contribution estimates were used are indicated with the associated standard error in standard
Gibbs energy of formation, SE∆f G0

est
, [31].
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Galactokinase (E.C. 2.7.1.6) Galactokinase is a phosphotransferase that catalyzes the phosphorylation of D-
galactose to D-galactose-1-phosphate . At a pH of 7 and temperature of 298 K the apparent equilibrium constant
was experimentally measured to be 25±9 [71]. The corresponding standard Gibbs energy change in these conditions,
−7.9± 5.4 kJ mol−1, is considerably greater than the −49 kJ mol−1 standard transformed reaction Gibbs energy
back calculated from experimentally measures equilibrium constants, at a temperature of 310.15 K, ionic strength
of 0.25 M , and pH of 7.7. The standard transformed reaction Gibbs energy was calculated using the following
reactant standard transformed Gibbs energy of formation: ATP = -2188.79, D-Galactose = -336.02, ADP = -
1326.02 and alpha-D-Galactose-1-phosphate = -1247.75 , H = 0 (kJ mol−1). These standard transformed reactant
Gibbs energies do not account for the 10 mM concentration of Magnesium ions in the solution when the equilibrium
constant of galactokinase was measured. Since ATP is know to bind magnesium ions, a further investigation of this
reaction is warranted at constant 10 mM magnesium concentration [29].

γ-glutamyl γ-aminobutyric acid dehydrogenase (puuC) γ-glutamyl γ-aminobutyric acid dehydrogenase
catalyzes a key step in the recently discovered putrescine utilization pathway in E. coli [72]. Putrescine is an organic
polyamine that used as essential cofactor in bacterial ribosomes and is a precursor for spermidine and spermine
which are also essential cofactors of ribosomes. Putrescine is also produced by the breakdown of amino acids in
living and dead organisms [72]. E. coli can catabolise putrescine as the sole nitrogen source in minimal medium,
and physiologically this function is used in conditions of nutrient starvation where other more preferable sources of
nitrogen are not present. The carbon backbone of putrescine also enters the tricarboxylic acid cycle as succinate.
To our knowledge, the equilibrium constant of the γ-glutamyl γ-aminobutyric acid dehydrogenase reaction has not
been measured. However, in the unbranched putrescine utilization pathway, the distal reaction, gamma glutamyl
putrescine oxidase, is both qualitatively and quantitatively assigned to be irreversible in the forward direction.
Therefore the quantitative assignment is consistent with the physiological use of this reaction as an alternate source
of nitrogen and carbon.

Glutathione oxidoreductase (E.C. 1.8.1.7) Glutathione oxidoreductase (synonym glutathione reductase),
is a member of a flavoproteins family that transfers electrons from a pyridine nucleotide to a specific disulfide
containing substrate, in order to maintain the sulfhydryl redox potential in the cytoplasm. Specifically, glutathione
oxidoreductase catalyzes the transfer of an electron from NADPH to glutathione disulphide (synonym oxidised
glutathione) [73]. In iAF1260, the stoichiometry of this reaction is given as

glutathione(oxidized)+h+NADPH
 2× glutathione(reduced)+NADP

With this stoichiometry, at 310.15 K, ionic strength 0.25 M , and pH of 7.7, the standard transformed Gibbs energy
of the reaction is −914.0 kJ mol−1. Although this reaction is experimentally observed to be thermodynamically
favourable in the forward direction, this standard transformed Gibbs energy seems excessively large in magnitude.
Since Tewari and Goldberg [74] estimated that the apparent equilibrium constant of the reaction is ' 0.013, giving
a standard transformed Gibbs energy of 11.33 kJ mol−1 at 311.15 K, ionic strength 0.25 M , and pH of 7. The
large discrepancy between experimental and back-calculated value seems to originate from the large difference in
standard transformed Gibbs energy of formation between oxidised and reduced gluthathione (p413 of [30]).

Inosine monophosphate cyclohydrolase (E.C. 3.5.4.10) Inosine monophosphate (IMP) is a precursor in the
purine nucleotide de novo synthesis pathway, which can either be converted into AMP or GMP. These nucleoside
monophosphates are then phosphorylated to produce ATP and GTP. IMP cyclohydrolase catalyzes the cyclization
of 5-formamido-1-(5-phospho-D-ribosyl)imidazole-4-carboxamide, eliminating water, to form the imidazole ring of
IMP. In iAF1260, this qualitatively reversible reaction was written with IMP as the substrate. With this conven-
tion, and using group contribution estimates of reactant standard transformed Gibbs energy, this reaction seems
thermodynamically irreversible in the direction written. However, experimentally it was observed that the reverse
reaction, synthesis of IMP, is highly favored [75]. At 298 K and pH 7.5, the unidirectional rate constants for the
catalytic step were, slower than the observational time for the forward direction kf < 1 s−1, and much fast for
the reverse direction, 40s−1, suggesting that the overall reaction is more favorable in the reverse direction, i.e.,
the production of IMP [75]. Group contribution estimates are derived by estimating a standard Gibbs energy of
formation for each of the structural subgroups in a metabolite species. IMP presents a challenge to this method
since non-additive effects between subgroups can be expected to be increased in due to the imidazole ring, which is
not present in 5-formamido-1-(5-phospho-D-ribosyl)imidazole-4-carboxamide, see Figure 6.
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Figure 6: 5-formamido-1-(5-phospho-D-ribosyl)imidazole-4-carboxamide (left) and Inosine monophosphate with the
imidazole ring (right) [76].

Phosphoribosylpyrophosphate synthetase (E.C. 2.7.6.1) The biosynthesis of 5-Phospho-alpha-D-ribose-
1-diphosphate from alpha-D-Ribose-5-phosphate and ATP is the point at which carbons are drained from the
oxidative pentose cycle and utilized for biosynthesis of macromolecular precursors [77]. Thus, this is the first step
of a biosynthesis leading to pyrimidine, purine and pyridine as well as histidine. The experimentally measured
apparent equilibrium constant was 28.6 [78], at 310 K, pH 7.5 and 5 mM MgCl2. This corresponds to a standard
transformed Gibbs energy of −8.64 kJ mol−1, which is significantly different than the estimate of −43.3 kJ mol−1 at
a temperature of 310.15 K, ionic strength of 0.25 M , and pH of 7.7. The 5-Phospho-alpha-D-ribose-1-diphosphate
standard Gibbs energy of formation was estimated using the group contribution method, its structure is illustrated
in Figure 7.

Figure 7: 5-Phospho-alpha-D-ribose-1-diphosphate [76].

A.9.2 Qualitatively reversible yet quantitatively reverse

Phosphate ’reversible’ transport via symport periplasm (pitA or pitB) There are two transport mech-
anisms in E. coli for uptake of inorganic phosphate[79]. When periplasmic inorganic phosphate, pi[p], is plentiful,
E. coli transports it into the cell by a low-affinity, high velocity transport system. The pitA or pitB genes [80, 81]
encode this transport system, termed ’Phosphate reversible transport via symport periplasm’ in iAF1260. The
stoichiometry of this proton symport reaction is assumed to be

h[p]+pi[p]
 h+pi

and the reaction is assigned to be reversible. At a temperature of 310.15 K, pH of 7.7, and ionic strength of 0.25 M ,
which are assumed to be identical for both cytoplasm and periplasm, the standard transformed reaction Gibbs energy
is 8.5 kJ mol−1. The standard transformed Gibbs energy of the reactants are, h[p] = 8.68, pi[p] = −1062.17, h = 0,
pi = −1045 kJ mol−1.

The 90 mV electrical potential difference between the cytoplasm and periplasm [53] is responsible for the differ-
ences in standard transformed reactant Gibbs energy for these charged metabolites. Various regulatory mechanisms
maintain a 8− 10 mM cytoplasmic phosphate concentration in various growth conditions [82, 83]. Quantitatively,
it seems as if the current 1:1 proton:phosphate stoichiometry is insufficient to facilitate the transport of inorganic
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phosphate into the cell, except when periplasmic inorganic phosphate is present at a high concentration, & 0.26 M .
However, it is known that when the concentration of periplasmic inorganic phosphate is lower than 20 mM , a
different high-affinity, low velocity transport system, encoded by pstA/pstB, is induced [84]. Therefore, we predict
that either there is a third transport mechanism for uptake of inorganic phosphate, or the proton:phosphate sto-
ichiometry of the low-affinity, high velocity pitA or pitB transporter is 2:1. The latter stoichiometry would give
rise to a transformed reactant Gibbs energy of ∼ −2 kJmol−1 at a periplasmic inorganic phosphate concentration
of 20 mM . However, the caveat is that quantiative prediction of stoichiometry for transport reactions might be
altered when non-identical pH and ionic strength for cytoplasm and periplasm are considered.

A.9.3 Qualitatively forward yet quantitatively reverse

Glycogen phosphorylase (E.C. 2.4.1.1) Glycogen is a polysaccharide dendrimer consisting of 12-14 glucose
linked in a chain by α − 1, 4 bonds, chains linked together by α − 1, 6 branch bonds, see Figure 8. Glycogen
phosphorylase, encoded by glgP, is responsible for glyocogenolysis. During extended periods of substrate deprivation,
it cleaves α−1, 4 bonds releasing one glucose-6-phosphate leaves a chain of the glycogen dendrimer one unit shorter
[85]. In iAF1260 this process is represented by the irreversible reaction (GCLP) with the stoichiometry

glycogen+pi→ D-Glucose1-phosphate

where glycogen represents a single unit in a linear chain of glucose linked by α − 1, 4 bonds. Implicit in this
representation is the fact that in the real reaction the glycogen dendrimer is one unit shorter. In most species,
glycogen phosphorylase, cannot cleave a chain with less than 5 glucose units [83]. There is some evidence that this
is also the case in E.coli [85], therefore the reaction abbreviated GLCP2 involving branched glycogen (bglycogen)
seems superfluous.

The equilibrium constant of the glycogenolysis reaction cannot be measured by conventional means since sub-
strate glycogen is indistinguishable from product glycogen [83]. Therefore, it is necessary to measured the reverse
reaction, since one can quantify the formation of inorganic phosphate. At pH 7 and 298 K the apparent equilibrium
constant for the reaction is 0.28 [83]. This corresponds to a standard transformed Gibbs energy of 3.15 kJ mol−1.
This is markedly different from the quantitative estimate, which uses a group contribution estimate for glycogen.
Because the glycogen dendrimer has a variable structure it cannot be accurately represented by a single structure
file, complicating group contribution estimation. It has been observed in vivo that the glycogen phosphorylase reac-
tion (GLCP) proceeds towards the production of D-Glucose 1-phosphate due to the high concentration of inorganic
phosphate, 8− 10 mM , versus D-Glucose 1-phosphate, 170 µM [83]. Therefore, the qualitatively assigned forward
direction is correct.

2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (E.C. 4.6.1.12) Isoprenoids are a large group of
organic lipids, which are are all assembled from the universal precursors dimethylallyl diphosphate and isopentenyl
diphosphate [86]. To synthesize these precursors, E. coli uses an alternate pathway to the mammalian mevalonate
pathway, and 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase catalyzes a step in this alternate pathway.
The pathway begins with 1-deoxy-D-xylulose 5-phosphate which is assembled from pyruvate and D-glyceraldehyde
3-phosphate. When isotopically labeled 1-deoxy-D-xylulose was incubated with a recombinant strain engineered
for hyperexpression of genes in the non mevalonate pathway, upto and including ispF, coding for 2C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase, the 13C nuclear magnetic resonance spectrum of the cell extract was
dominated by the known signals of 2C-methyl-D-erythritol 2,4-cyclodiphosphate [86]. While, to our knowledge, the
equilibrium constant of the 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase reaction has not been measured,
the aforementioned study indicates that this reaction is correctly qualitatively assigned to be forward, rather than the
quantitative assignment of reverse. The substrates and products of the 2C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase reaction are significantly structurally distinct which perhaps is a reason for the discrepancy between the
quantitative assignment and qualitative assignment of reaction directionality, see Figure 9.

Methionine adenosyltransferase (E.C. 2.5.1.6) Methylation has a myriad of functions in E. coli including
regulation of gene expression, protein function, and RNA metabolism. Methionine adenosyltransferase catalyzes
the synthesis of the most widely uses methy donor, S-adenosylmethionine. The reaction occurs in a two-step reac-
tion, in which the complete tripolyphosphate chain is cleaved from ATP as S-adenosylmethionine is formed, and
the tripolyphosphate is further hydrolyzed to pyrophosphate (PPi) and orthophosphate (Pi) [87]. At 298.15 K
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Figure 8: Glycogen

and pH 8, the experimentally measured apparent equilibrium constant was approximately 1× 104 [88], which cor-
responds to a standard transformed Gibbs energy of −23 kJ mol−1 . This conflicts with the positive estimated
reaction standard transformed Gibbs energy. At 298.15 K and pH 8, the Gibbs energy profile for the methion-
ine adenosyltransferase reaction was constructed assuming in vivo concentrations of ATP (2.6 mM), methionine
(0.1 mM), S-adenosylmethionine (0.08mM), pyrophosphate (0.5 mM), and orthophosphate (9 mM) [88]. The
overall transformed Gibbs energy was −42 kJ mol−1 supporting the qualitative assignment of a forward direction
for the methionine adenosyltransferase reaction [88].

Phosphoribosylaminoimidazole synthase (E.C. 6.3.3.1) This enzyme catalyzes an intermediate step in de
novo purine synthesis, the conversion of 2-Formamido-N1-5-phospho-D-ribosyl-acetamidine (fpram) to 5-amino-
1-5-phospho-D-ribosyl-imidazole (air), driven by ATP hydrolysis. At 20 µM ATP & 5 µM 2-Formamido-N1-5-
phospho-D-ribosyl-acetamidine, the reaction was experimentally observed to be effectively irreversible in the forward
direction [89]. The conversion of 2-Formamido-N1-5-phospho-D-ribosyl-acetamidine to 5-amino-1-5-phospho-D-
ribosyl-imidazole, as the name suggests, requires a significant structural rearrangement to form the imidazole ring.
Perhaps this is responsible for the erroneous quantitative assignment in this case.
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2C-methyl-D-erythritol 2,4-cyclodiphosphate

2-phospho-4-(cytidine 5'-diphospho)

-2-C-methyl-D-erythritol

cytidine 5'-

monophosphate 

Figure 9: The reaction catalyzed by 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, (E.C. 4.6.1.12) [76].
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Supplementary Figures

−100 −80 −60 −40 −20 0 20 40 60
phosphoglycerate dehydrogenase                 3pg + nad  −> 3php + h + nadh 

Glycerol dehydrogenase                                       glyc + nad  −> dha + h + nadh 

acetyl CoA synthetase                              ac + atp + coa  −> accoa + amp + ppi

acetyl CoAacetoacetyl CoA transferase                acac + accoa  −> aacoa + ac 

hypoxanthine phosphoribosyltransferase  b        hxan + prpp  −> imp + ppi

NAD transhydrogenase                                         nad + nadph  −> nadh + nadp 

succinate dehydrogenase irreversible                       q8 + succ  −> fum + q8h2 

adenine phosphoribosyltransferase                          ade + prpp  −> amp + ppi 

phosphoserine transaminase                            3php + glu−L  −> akg + pser−L 

glutamine synthetase                   atp + glu−L + nh4  −> adp + gln−L + h + pi

pyruvate formate lyase                                                    coa + pyr  −> accoa + for 

Methylmalonyl CoA mutase                                                 succoa  −> mmcoa−R 

FMN reductase                                               fmn + h + nadph  −> fmnh2 + nadp 

FMN reductase                                                    fmn + h + nadh  −> fmnh2 + nad 

phosphoenolpyruvate carboxykinase              atp + oaa  −> adp + co2 + pep 

Formate hydrogen lyase                                                            co2 + h2  −> for + h 

L aspartase                                                                                   asp−L  −> fum + nh4

asparagine synthetase              asp−L + atp + nh4  −> amp + asn−L + h + ppi

Isocitrate lyase                                                                                   icit  −> glx + succ 

malic enzyme NAD                                          mal−L + nad  −> co2 + nadh + pyr 

malic enzyme NADP                                  mal−L + nadp  −> co2 + nadph + pyr

phosphoenolpyruvate synthase    atp + h2o + pyr  −> amp + 2 h + pep + pi

pyruvate dehydrogenase                   coa + nad + pyr  −> accoa + co2 + nadh 

ribokinase                                                                    atp + rib−D  −> adp + h + r5p 

phosphofructokinase                                                   atp + f6p  −> adp + fdp + h 

glutamate synthase NADPH     akg + gln−L + h + nadph  −> 2 glu−L + nadp 

3 ketoacyl CoA thiolase                                                      aacoa + coa  −> 2 accoa 

hexokinase D fructoseATP                                            atp + fru  −> adp + f6p + h 

glycerate kinase                                                      atp + glyc−R  −> 2pg + adp + h 

nicotinamide nucleotide adenylyltransferase   atp + h + nmn  −> nad + ppi

NAD kinase                                                                  atp + nad  −> adp + h + nadp 

adenosine kinase                                                        adn + atp  −> adp + amp + h 

insosine kinase                                                                atp + ins  −> adp + h + imp 

FMN adenylyltransferase                                             atp + fmn + h  −> fad + ppi 

pyruvate kinase                                                             adp + h + pep  −> atp + pyr 

Hydroxypyruvate reductase NADPH     h + hpyr + nadph  −> glyc−R + nadp 

Glycolate oxidase                                                              glyclt + q8  −> glx + q8h2 

Hydroxypyruvate reductase NADH             h + hpyr + nadh  −> glyc−R + nad 

hexokinase D glucoseATP                                    atp + glc−D  −> adp + g6p + h 

Citrate lyase                                                                                            cit  −> ac + oaa 

hexokinase D mannoseATP                              atp + man  −> adp + h + man6p 

glycerate kinase                                                     atp + glyc−R  −> 3pg + adp + h 

2 Oxogluterate dehydrogenase    akg + coa + nad  −> co2 + nadh + succoa 

phosphoserine phosphatase L serine                    h2o + pser−L  −> pi + ser−L 

AMP nucleosidase                                                              amp + h2o  −> ade + r5p 

adenosine hydrolase                                                      adn + h2o  −> ade + rib−D 

Glycolate dehydrogenase NADP                  glx + h + nadph  −> glyclt + nadp 

Glycolate dehydrogenase NAD                          glx + h + nadh  −> glyclt + nad 

5 nucleotidase dAMP                                                   damp + h2o  −> dad−2 + pi 
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Figure 10: Non transport reactions in iAF1260 which were qualitatively assigned to be forward, yet are quanti-
tatively assigned to be reversible using standard transformed reactant Gibbs energy of formation back calculated
from experimentally measured equilibrium constants [30]. Reactions are ordered by ascending maximum trans-
formed reaction Gibbs energy, ∆rG

′
max. The reactions towards the bottom are increasingly dependent on higher

concentrations of substrates, compared to products, in order to remain quantitatively thermodynamically favorable
in the forward direction. We assume a temperature of 310.15 K, ionic strength of 0.25 M , and pH of 7.7 and a phys-
iological range of reactant concentration, 0.01− 20 mM , for all reactants, except [CO2] = 10−4 M , [H2O] = 1 M ,
and [O2] = 1× 10−8 − 8.2× 10−6 M .
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Hydrogenase Demethylmenaquinone8                                           2dmmq8 + h2 + 2 h  −> 2dmmql8 + 2 h[p] 

cytochrome oxidase bd menaquinol8                                          2 h + mql8 + 0.5 o2  −> h2o + 2 h[p] + mqn8 
Formate Dehydrogenase menaquinone8                                        for[p] + 2 h + mqn8  −> co2 + h[p] + mql8 
Hydrogenase menaquinone8                                                                             h2 + 2 h + mqn8  −> 2 h[p] + mql8 
NADH dehydrogenase demethylmenaquinone8        2dmmq8 + 4 h + nadh  −> 2dmmql8 + 3 h[p] + nad 
NADH dehydrogenase menaquinone8                                          4 h + mqn8 + nadh  −> 3 h[p] + mql8 + nad 
fatty acid CoA ligase decanoate transport                  atp + coa + dca[p] + h[p]  −> amp + dcacoa + h + ppi  

fatty acid CoA ligase dodecanoate transport               atp + coa + ddca[p] + h[p]  −> amp + ddcacoa + ppi  

fatty acid CoA ligase hexadecanoate transport     atp + coa + h[p] + hdca[p]  −> amp + h + pmtcoa + ppi  

fatty acid CoA ligase octadecenoate transport    atp + coa + h[p] + ocdcea[p]  −> amp + h + odeco + ppi 

Nitrate reductase Menaquinol8                                              2 h + mql8 + no3  −> h2o + 2 h[p] + mqn8 + no2 
fatty acid CoA ligase hexanoate transport                    atp + coa + h[p] + hxa[p]  −> amp + h + hxcoa + ppi  

fatty acid CoA ligase octanoate transport                               atp + coa + h[p] + octa[p]  −> amp + h + occoa +  

fatty acid CoA ligase tetradecanoate transport       a tp + coa + h[p] + ttdca[p]  −> amp + h + ppi + tdcoa 

fatty acid CoA ligase hexadecenoate transport     atp + coa + h[p] + hdcea[p]  −> amp + h + hdcoa + ppi  

murein polymerizing transglycosylase                                2 uaagmda  −> 2 h + murein5p5p[p] + 2 udcpdp 
fatty acid CoA ligase octadecanoate transport     atp + coa + h[p] + ocdca[p]  −> amp + h + ppi + tdecoa 

fatty acid CoA ligase tetradecenoate transport  atp + coa + h[p] + ttdcea[p]  −> amp + h + ppi + udcpdp
murein polymerizing transglycosylase                        murein5p5p[p] + uaagmda  −> h + murein5p5p5p[p] 

Cyanate transport via proton symport                                                                             cynt[p] + h[p]  −> cynt + h 
ferroxamine minus Fe3 secretion                                                          feoxam−un + h[p]  −> feoxam−un[p] + h 

L galactonate transport via proton symport                                                 galctn−L[p] + h[p]  −> galctn−L + h 
D galactonate transport via proton symport                                              galctn−D[p] + h[p]  −> galctn−D + h 
D Malate transport via proton symport                                                           2 h[p] + mal−D[p]  −> 2 h + mal−D 
GlcNAc anhMurNAc transport in via proton symport                                      anhgm[p] + h[p]  −> anhgm + h 
L arginine transport out via proton antiport                                                            arg−L + h[p]  −> arg−L[p] + h 

LysineCadaverine antiporter                                                    15dap + h[p] + lys−L[p]  −> 15dap[p] + h + lys−LL 

Citrate transport via succinate antiport                                                                      cit[p] + succ  −> cit + succ[p] 
GlcNAc anhMurNAc tripeptide transport                                                  anhgm3p[p] + h[p]  −> anhgm3p + h 
GlcNAc anhMurNAc tetrapeptide transport                                             anhgm4p[p] + h[p]  −> anhgm4p + h 
iron Fe2 transport out via proton antiport                                                                          fe2 + h[p]  −> fe2[p] + h 
Indole transport via proton symport irreversible                                                  h + indole  −> h[p] + indole[p] 
NMN permease                                                                                                                                           nmn[p]  −> nmn 
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Figure 11: Overview (top left) and zoom (right) of transport reactions which are qualitatively forward, quantita-
tively reverse, yet required to operate in a forward direction to avoid net shuttling of protons into the periplasmic
compartment. Without these reactions qualitatively set to forward, the increased reflux of periplasm protons
through the ATP synthase reaction would generate excess ATP, thereby obviating the requirement for oxidative
phosphorylation and artificially raising the growth rate. The abbreviatied reaction equations are given for non
trivial reactions. The suffix [p] denotes a periplasmic reactant and the remainder of reactants are cytoplasmic. The
fatty acid ligase reactions occur less in the periplasm than in the cytoplasmic side of the periplasmic membrane.
Representing such spatial details will become more significant when non-identical pH and ioni strength is assumed
for cytoplasmic and periplasmic ’compartments’.
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histidinol phosphate transaminase*                          glu−L + imacp  <−> akg + hisp 
quinol monooxygenase menaquinol 8        mql8 + 2 o2  <−> 2 h + mqn8 + 2 o2s 
pyrroline 5 carboxylate reductase*          pyr5c + 2 h + nadph  <−> nadp + pro−L 
ureidoglycolate dehydrogenase                       nad + urdglyc  <−> h + nadh + oxur 
acetylglutamate kinase*                                                     acglu + atp  −> acg5p + adp 
3 hydroxyacyl CoA dehydrogenase               3hbcoa + nad  <−> aacoa + h + nadh 
histidinol phosphatase*                                                             h2o + hisp  −> histd + pi 
1 pyrroline 5 carboxylate dehydrogen pyr5c + 2 h2o + nad −> glu−L + h + nadh 
Phosphate acetyltransferase                                                pi + ppcoa  −> coa + ppap 
aldose 1 epimerase                                                                             gal−bD[p]  −> gal[p] 
tetrahydrodipicolinate succinylase*            h2o + succoa + thdp  −> coa + sl2a6o 
3 isopropylmalate dehydrogenase*          3c2hmp + nad  −> 3c4mop + h + nadh 
glutamate 5 kinase                                                              atp + glu−L  −> adp + glu5p 
Valine pyruvate aminotransferase                               3mob + ala−L  −> pyr + val−L 
acetate CoA ligase ADP forming                    atp + coa + ppa  −> adp + pi + ppcoa 
quinol monooxygenase Ubiquinol 8                     2 o2 + q8h2  −> 2 h + 2 o2s + q8 
leucine transaminase irreversible*                             4mop + glu−L  −> akg + leu−L 
L threonine dehydrogenase                                 nad + thr−L  −> 2aobut + h + nadh 
GlcNAc anhMurNAc transport in                              anhgm[p] + h[p]  −> anhgm + h 
L arginine transport out via proton antiport    arg−L + h[p]  −> arg−L[p] + h 
LysineCadaverine antiporter     15dap + h[p] + lys−L[p]  −> 15dap[p] + h + lys−L 
2 Acyl sn glycero 3 phosphatidate n C160 transporter via facilitated di!usion   
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2 Acyl sn glycero 3 phosphoglycerol n C180 transporter via facilitated di!usion   
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2 Acyl sn glycero 3 phosphatidate n C140 transporter via facilitated di!usion   
2 Acyl sn glycero 3 phosphatidate n C141 transporter via facilitated di!usion   
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2 Acyl sn glycero 3 phosphatidate n C181 transporter via facilitated di!usion   
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GlcNAc anhMurNAc tripeptide transport in via proton symport   
GlcNAc anhMurNAc tetrapeptide transport in via proton symport  
Nicotinic acid uptake  
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Figure 12: Qualitatively forward reactions that were quantitatively assigned to be reverse in the genome scale
E. coli model, iAF1260. All reactions either have a positive physiological standard transformed reaction Gibbs
energy, 0 < ∆rG

′m, or are below the lower cutoff for cumulative probability of forward physiological standard
transformed reaction Gibbs energy, 0.3 ≥ P (∆rG

′m < 0). Consider the ’nicotinic acid uptake’ reaction, which is
not coupled to any other thermodynamically favorable reaction in iAF1260. Nicotinic acid is a precursor of the
essential coenzymes NAD and NADP. At pH 7, nicotinic acid has a charge of -2, therefore translocation from
periplasm to cytoplasm, and accumulation within the cell is predicted to require an energy-dependent process, as
has been observed experimentally [90]. The abbreviated reaction Equations are given for non trivial reactions. The
suffix [p] denotes a periplasmic reactant and the remainder of reactants are cytoplasmic. It is possible that in
vivo reactant concentration may drive any of these reactions in a forward direction. The forward direction of the
7 reactions denoted ∗ are essential for biomass production in glucose minimal medium and were qualitatively set
accordingly.
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