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ABSTRACT Genome-scale metabolic models are an invaluable tool for analyzing metabolic systems as they provide a more
complete picture of the processes ofmetabolism.Wehave constructed a genome-scalemetabolicmodel ofEscherichia coli based
on the iJR904model developed by thePalsson Laboratory at theUniversity of California at SanDiego.Group contributionmethods
were utilized to estimate the standardGibbs free energy change of every reaction in the constructedmodel. Reactions in themodel
were classified based on the activity of the reactions during optimal growth on glucose in aerobic media. The most thermo-
dynamically unfavorable reactions involved in the production of biomass in E. coli were identified as ATP phosphoribosyltrans-
ferase,ATPsynthase,methylene-tetra-hydrofolatedehydrogenase, and tryptophanase.Theeffect of aknockoutof these reactions
on the production of biomass and the production of individual biomass precursors was analyzed. Changes in the distribution of
fluxes in the cell after knockout of these unfavorable reactionswere also studied. Themethodologies and results discussed can be
used to facilitate the refinement of the feasible ranges for cellular parameters such as species concentrations and reaction rate
constants.

INTRODUCTION

Thermodynamic analysis of reaction systems provides ameans

of characterizing and describing the equilibrium state of the re-

actions in the system. Metabolic pathways are open systems,

and they cannot exist in a state of thermodynamic equilibrium.

However, thermodynamic analysis is invaluable in establishing

the limits of activity of metabolic systems, and these limits are

important for constraints-based modeling (1,2) and for under-

standing the design and evolution of metabolism.

The most prevalent constraints-based modeling technique,

flux balance analysis (FBA), is based on the quasi-steady-state

assumption that the net accumulation of every metabolite in a

cell is zero (3), and the mass balance equations of each metab-

olite are used to formulate a set of linear constraints. Metabolic

systems typically involve far more reactions than metabolites

making these systems underdetermined, and as a result, these

mass balance constraints are insufficient to uniquely determine

the flux through all of the reactions in the metabolic network.

Despite this limitation, FBAcan beused to test the feasibility of

possible flux distributions, and it has been utilized extensively

to interpret NMR data for estimating intracellular fluxes (4), to

provide a reference state for metabolic control analysis (5), to

analyze metabolite production and growth rates in cell cultures

(6,7), and to predict the effect of gene knockouts (8–10).

One method for improving the quality and accuracy of

flux quantification through FBA is to provide tighter con-

straints on the flux solution space (1,11). Thermodynamic

analysis provides ameans of accomplishing this goal. Currently

thermodynamic analysis has found only limited application

in the study of metabolic networks. Beard and Qian have

conducted studies on the topic of eliminating internal flux

cycles (2,12,13). These are sets of reactions for which the

overall reaction is zero, such as A/B/C/A. According to
the first law of thermodynamics, the overall thermodynamic

driving force through this cycle must be zero, meaning no net-

flux is possible through this cycle. These cycles are often

referred to as type-3 extreme pathways (14). Through the intro-

duction of the appropriate constraints, flux distributions from

FBA will no longer involve any flux through type-3 extreme

pathways. This analysis only requires that the stoichiometry of

the system be known, but no quantitative information on the

relative thermodynamic feasibility of the individual reactions

and pathways in themetabolic chemistry is provided.Using the

limited amount of experimental thermodynamic data currently

available, Beard and colleagues also performed a study on

the central carbon pathways of the hepatocyte cell, and they

quantified the levels of metabolite concentrations and reaction

fluxes using thermodynamic constraints (15).

Here we have applied thermodynamic analysis to study

Escherichia coli metabolism described by the iJR904
genome-scale metabolic model of E. coli (16). We employed

the group contribution method of Mavrovouniotis (17,18) to

estimate the thermodynamic feasibility of the reactions in E.
coli metabolism. We utilized FBA to determine the thermo-

dynamically unfavorable reactions that are essential for opti-

mal growth yield, andwe performed knockout studies of these

reactions to determine the role these reactions play in cell

growth and in the production of individual biomass pre-

cursors.We also studied the shift in the flux distribution when

the activity of a thermodynamically unfavorable reaction was

removed. The Methods and Results presented in this article

are directly applicable to improving predictions of the effects

of gene knockouts, refining the estimation of cellular param-

eters such as species concentrations or reaction rate constants,
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and analyzing a proposed pathway for thermodynamic

infeasibilities.

METHODS

Definition of DrG9m for the assessment of
thermodynamic feasibility

The most commonmeasure used for assessing the thermodynamic feasibility

of reactions is the Gibbs free energy change of reaction, DrG
9; which can be

calculated using Eq. 1,

DrG
9 ¼ +

m

i¼1

niDfG
9�
i 1RT ln

�Ym
i¼1

x
ni
i

�
; (1)

whereDfG
9�
i is the standardGibbs free energy of formation of compound i,R is

the universal gas constant, T is the temperature assumed to be 298 K, m is the

number of compounds involved in the reaction, xi is the activity of compound i,

and ni is the stoichiometric coefficient of compound i in the reaction (ni is

negative for reactants and positive for products). Although the activities ofmost

compounds in biological systems are unknown, the mean activity in the cell

is on the order of 1 mM (19). Therefore, using DrG
9� for the assessment of the

thermodynamic feasibility of metabolic reactions is not ideal, since this

assumes the activity of every metabolite is 1 M. We propose that a better

measure of the thermodynamic feasibility of reactions in biological systems is

the standard Gibbs free energy change of reaction based on a 1 mM reference

state,DrG
9m; calculated by setting every xi value in Eq. 1 equal to 1 mM. For a

reaction with the same number of reactants and products (+
i
ni ¼ 0), not in-

cluding hydrogen orwater,DrG
9� is equal toDrG

9m: If+
i
ni is not equal to zero,

DrG
9� andDrG

9m can be substantially different. For example, for a reactionwith

one product molecule and two reactant molecules, such as threonine aldolase,

glycine1 acetaldehyde4threonine; (2)

with an estimated DrG
9�; DrG

9�
est; of �1.9 kcal/mol, the DrG

9m
est value is

2.2 kcal/mol or 4.1 kcal/mol greater than DrG
9�
est: Based on DrG

9�
est; this

reaction is thermodynamically favorable, but based on DrG
9m
est; the reaction is

mildly unfavorable. A second example is methylthioadenosine nucleosidase,

5-methylthioadenosine1H2O/5-methylthio-D-ribose

1 adenine; (3)

which has one reactant and two products. The reaction is unfavorable at 1 M

activities, with a DrG
9�
est of 2.3 kcal/mol, although it is favorable at 1 mM

activities with aDrG
9m
est of�1.7 kcal/mol. Depending on the value of+

i
ni; the

difference between DrG
9� and DrG

9m can be generalized as shown in Fig. 1.

Group contribution theory and estimation of DrG
9�

Although experimental measurements of DfG
9� are unavailable for most

compounds in E. coli metabolism, the group contribution methodology of

Mavrovouniotis (17,18) provides a means by which the DfG
9� of most

metabolites can be estimated providing the estimatedDfG
9�; orDfG

9�
est:Group

contribution methods consider a single compound as being made up of

smaller structural subgroups. The Gibbs free energy changes associated with

the set of structural subgroups, DgrG
9�; commonly found in metabolites, are

available in the literature along with special corrections for complex bio-

chemical cofactors such as coA and NAD1/NADH (17,18). To estimate

DfG
9� of the entire compound, the contributions of each of the subgroups to

this property are summed along with an origin term

DfG
9�
est ¼ DgrG

9�
0 1 +

Ngr

i¼1

niDgrG
9�
i ; (4)

where DgrG
9�
0 is an origin term common to all compounds, Ngr is the number

of subgroups, ni is the number of instances of subgroup i in the compound,

and DgrG
9�
i is the contribution of subgroup i to DfG

9�
est (17). All DfG

9�
est values

calculated using the group contribution methodology of Mavrovouniotis are

based upon the standard condition of a solution with pH equal to 7 and with

zero ionic strength.

For any reaction taking place in aqueous media, reactants will dissociate

into several ionic forms (15,20). For example, ATP will dissociate and inter-

convert between the ionic forms: ATP4�, HATP3�, and H2ATP
2�. In the

cellular environment, the total amount of ATP present is the sum of all of

these dissociated forms. In the fitting of thermodynamic energies of forma-

tion in the group contribution method of Mavrovouniotis, the total amount of

ATP is represented by the single most common charged form found in a pH

7 solution, ATP4� (17,18). Thus, the reaction for the hydrolysis of ATP into

ADP and phosphate will be written as

ATP
4� 1H2O4ADP

3� 1 Pi
2� 1H

1
: (5)

The form of the reactants used in the group contribution method of

Mavrovouniotis and in this work is the most common ionic form for a

species in a solution at a pH of 7 such as the cytosol of an E. coli cell (21).

Using the group contribution methodology, we were able to determine

DfG
9�
est for 531 (85.9%) of the 618 compounds in the genome-scale iJR904

metabolic model of E. coli, which allowed the calculation of DrG
9m
est for 770

(82.6%) of the 932 reactions in the model. Values of DfG
9�
est could not be

determined for 87 compounds because these molecules contain substruc-

tures for which no energy value has been provided by Mavrovouniotis.

Construction of the iHJ873 E. coli model

To obtain a metabolic model of E. coli for which DrG
9m
est of every reaction

could be calculated, the reactions in the iJR904 model containing com-

pounds for which DfG
9�
est could not be calculated were lumped into single

reactions and these compounds were eliminated. For example, in the fol-

lowing series of reactions,

A/B1C;

B1D/E; (6)

if DfG
9�
est of compound B is unknown, we add the reactions involving B such

that B is eliminated creating the lumped reaction of

A1D/C1E: (7)

After this lumping, the two reactions shown in Eq. 6 are removed from the

model and replaced by the reaction shown in Eq. 7 and metabolite B is not

explicitly accounted for in the network. Based on this lumping, we formu-

lated the modified model, iHJ873, which contains 518 metabolites and 873

reactions that were fully characterized thermodynamically. Details of the

FIGURE 1 Effect of transformation of DrG
9� into DrG

9m: The difference

between DrG
9� and DrG

9m is shown for different reaction molecularities. The

difference betweenDrG
9� andDrG

9m depends only on the difference between

the number of reactant molecules and the number of product molecules.
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reactions and compounds removed from iJR904 and the lumped reactions

added to create iHJ873 are provided in the Supplementary Material.

Classification of iHJ873 model reactions

We performed flux variability analysis (FVA) (22) to determine the reactions

involved in the maximum production of biomass from glucose in E. coli

under aerobic conditions. Details of all flux analysis performed are listed in

the Appendix. Under optimal growth conditions, reactions in E. coli may be

classified as essential (requiring a nonzero flux for optimal growth to occur),

substitutable (capable of carrying zero or nonzero flux at optimal growth), or

blocked (do not carry any flux at optimal growth). In the iHJ873model, 250

(28.6%) reactions are essential, 51 (5.8%) reactions are substitutable, and 572

(65.5%) reactions are blocked. The total number of essential and substitutable

reactions (301),which represents the total set of all reactions that participate in

every alternative solution that produces optimal growth, agrees well with the

average number of essential and substitutable reactions (294) reported for

optimal growth phenotypes of E. coli utilizing a variety of nutrient sources

(23). FVA also provides the direction of flux through the essential and sub-

stitutable reactions, allowing the reactants and products of all of these reac-

tions to be redefined according to the direction of flux required for optimal

growth (every flux will be positive). If a reaction can be active in both direc-

tions at optimal growth, the reactants and products and, consequently the

reference directionality of the reactions, are defined according to their con-

ventional nomenclature (16,24,25). CalculatingDrG
9m
est using this definition of

reactants and products in the reaction means that a positive DrG
9m
est value is

indicative of a reaction that is thermodynamically unfavorable in the direction

of flux required for optimal growth to occur at 1 mM activity conditions.

RESULTS

Distribution of DrG
9m
est values for reactions

in iHJ873

The distributions of DrG
9m
est values for the essential and sub-

stitutable reactions in iHJ873, shown in histogram form in

Fig. 2, A and B, indicate that 80.4% of the reactions have a

DrG
9m
est that is less than or equal to zero. However, there is

uncertainty in DfG
9�
est; Uf,est, based on the group contribution

methodology. The valueUf,est is given as;64 kcal/mol (18),

and the standard error is used for the uncertainty in DrG
9m
est;

Ur,est, which is calculated as the Euclidean norm of the

uncertainty for DfG
9�
est of each compound involved in the

reaction (blue error bars in Fig. 2, C and D) (26):

Ur;est ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
+
m

i¼1

n
2

iU
2

f;est

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
+
m

i¼1

16n
2

i

s
: (8)

As indicated in Eqs. 1 and 8, DrG
9m
est as well as the associated

ranges of uncertainty depend on reaction molecularity (Fig.

2, C and D).
The reactions in iHJ873 can be categorized thermody-

namically based on their DrG
9m
est value and the associated

Ur,est. In category (i), DrG
9m
est 6Ur;est,0; 321 (36.8%) of all

FIGURE 2 Thermodynamic feasibil-

ity of the reactions in iHJ873. Histo-
grams of DrG

9m
est values for the essential

(A) and substitutable (B) reactions. The

values of DrG
9m
est for the essential (C)

and substitutable (D) reactions. The

blue error bars indicate the uncertainty

of DrG
9m
est calculated, given a 4 kcal/mol

uncertainty in DfG
9�
est provided in the

literature (17). The red error bars indi-

cate the range of values that DrG
9m
est

could take considering the uncertainty

and concentrations in the cell ranging

from 20 mM to 10�2 mM. The solid

arrows in C mark the reactions for

which DrG
9m
est � Ur,est . 0. These

reactions must be unfavorable at the

reference conditions.
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of the reactions, and 90 (29.9%) of the essential and sub-

stitutable reactions in iHJ873 are in this category. In category
(ii), DrG

9m
est # 0 and DrG

9m
est1Ur;est $ 0; and this category

contains 429 (49.1%) of all of the reactions and 152 (50.5%)

of the required and substitutable reactions. In category (iii),
DrG

9m
est . 0 and DrG

9m
est � Ur;est # 0; this category consists of

114 (13.1%) of all reactions and 54 (17.9%) of the sub-

stitutable reactions. In category (iv), DrG
9m
est 6Ur;est . 0 and

five (0.6%) of all of the reactions and four (1.3%) of the

essential and substitutable reactions are in this category.

There are four different reactions that generate biomass in

iHJ873, and these reactions are not part of any category,

since the DrG
9m
est of these reactions cannot be calculated.

The DrG
9m
est values for the reactions in categories (ii) and

(iii) are relatively close to zero, indicating that these reactions
are close to equilibrium at reference conditions. Only the five

reactions in category (iv) must be unfavorable at the stan-

dard conditions and millimolar metabolite activities. If we

examine the distribution of the DrG
9�
est values instead, we find

that 232, 496, 138, and 3 of all of the reactions are in cat-

egories (i), (ii), (iii), and (iv), respectively. The smaller portion

of reactions in the extreme categories (i) and (iv) indicates
that the distribution of DrG

9�
est values is narrower than the

distribution of DrG
9m
est values.

The values of DrG
9 can deviate from DrG

9m depending on

how different the metabolite activities are from the reference

value of 1 mM. Metabolite activities can range approxi-

mately between 10�2 mM and 20 mM (19). Based on these

considerations, the maximum and minimum values for

DrG
9
est were calculated using the equations

DrG
9
est;max ¼ +

m

i¼1

niDfG
9�
est;i 1RT +

Products

i¼1

ni lnðxmaxÞ

1RT +
Reactants

i¼1

ni lnðxminÞ1Ur;est; (9)

DrG
9
est;min ¼ +

m

i¼1

niDfG
9�
est;i 1RT +

Products

i¼1

ni lnðxminÞ

1RT +
Reactants

i¼1

ni lnðxmaxÞ � Ur;est; (10)

where Ur,est is the uncertainty in DrG
9m
est (Eq. 8), xmin is the

minimalmetabolite activity assumed to be 10�2mM, and xmax

is the maximum metabolite activity assumed to be 20 mM

(19). Although metabolite activities can be lower than 10�2

mM, a decrease in the lower limit on metabolite activity will

result in an increase in all DrG
9
est;max and a decrease in all

DrG
9
est;min (Fig. 2). Of the five reactions in category (iv), which

have the highest DrG
9m
est values, metabolite activity profiles

exist that can reduce DrG
9
est and thus make these reactions

thermodynamically feasible. These cases are indicated in Fig.

2Cwith arrows on the right side of the corresponding graphs.

The large fraction of essential and substitutable reac-

tions in categories (ii) and (iii) with DrG
9m
est values within the

margin of error of the zero axis indicates that most reactions

involved in growth are energetically balanced, and only

small concentration gradients are required to make these

reactions thermodynamically feasible. The large fraction of

reactions with associated DrG
9m
est values that are near zero is

advantageous to the cell, because this prevents reactant and

product concentrations from rising to toxic levels or falling

to levels that would limit reaction rates.

ATP synthase and transport reactions

The standard conditions of pH 7 solution and zero ionic

strength upon which all DrG
9m
est values are based was applied

to both the extracellular and intracellular environment when

calculating DrG
9m
est for reactions involving the transport

of metabolites across the cellular membrane. As a result,

DrG
9m
est for these reactions is based on the assumption that

the electrochemical potential, Dc, and pH gradient, DpH
(pHintracellular – pHextracellular), across the cell membrane is

zero. For example, the ATP synthase reaction in E. coli is
typically written in the form of

4H
1
extracellular 1 Pi1ADP/ATP1H2O1 3H

1
cytosolic: (11)

The DrG
9m
est for the portion of this reaction that takes place

inside the cell, DrG
9m
est; intracellular;

H
1
cytosolic 1 Pi1ADP/ATP1H2O; (12)

can be found using Eq. 1. For ATP synthase, DrG
9m
est; intracellular

is 12 kcal/mol, which agrees well with the experimentally

measured DrG
9m
intracellular of 10.4 kcal/mol (27).

The energy contribution of the transmembrane transport

portion of the ATP synthase reaction, DrG
9
transport;

4H
1
extracellular/4H

1
cytosolic; (13)

is the sum of the driving force of the DpH across the mem-

brane for the transport of H1 into the cell, DDpHG; and the

energy associated with the transport of an ion across the

membrane, DDcGest;

DrG
9
est; transport ¼ DDcG1DDpHG: (14)

At the standard conditions (pH 7, meaning DpH¼ 0 and zero

ionic-strength in intracellular and extracellular compart-

ments meaning Dc ¼ 0), DrG
9
transport for ATP synthase is

0.0 kcal/mol.

The overall DrG
9m
est of a reaction energetically coupled to

the transport of an ion across the cell membrane such as ATP

synthase is

DrG
9m
est ¼ DrG

9m
est; transport 1DrG

9m
est; intracellular: (15)

The value of DrG
9m
est for the ATP synthase reaction (Eq. 11) at

the standard conditions is 12 kcal/mol.

However, under physiological conditions DpH, Dc and

DrG
9
transport are not zero. The value DDcGest depends upon

Dc, which in turn depends on DpH according to the equa-

tions (28)
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DDcGðkcal=molÞ ¼ nFDc; (16)

DcðmVÞ ¼ 33:33DpH � 143:33

ðbased on a fit of experimental dataÞ; (17)

where n is the net charge transported from outside the cell

into the cell, and F is the Faraday constant in kcal/mV mol.

The value DDpHG depends only on DpH according to the

equation (28)

DDpHGðkcal=molÞ ¼ �2:3 hRTDpH; (18)

where h is the number of protons transported across the

membrane. At an extracellular pH of 6, DrG
9
est; transport of ATP

synthase is �15.6 kcal/mol, making the total DrG
9m
est of ATP

synthase�3.6 kcal/mol. The value ofDrG
9m
est for the ATP syn-

thase reaction only becomes positive when the DpH is lower

than �0.51, meaning the extracellular pH is higher than the

intracellular pH and above the optimal pH for E. coli growth.

Identification and characterization of
unfavorable reactions

Only five of the 873 reactions in the iHJ873 model have a

DrG
9m
est that is greater than Ur,est, which indicates that every

possible value of DrG
9m
est; given the uncertainty in the esti-

mate, must be positive and these reactions are unfavorable at

standard conditions and 1 mM activities. These five reactions

are listed in Table 1. Four of these five unfavorable reactions

are classified as essential for optimal growth to occur. These

four reactions are

1. ATP phosphoribosyltransferase:

ATP1 5-phospho-a-D-ribose-1-diphosphate/

diphosphate1 1-ð5-phosphoribosylÞ-ATP: (19)

2. ATP synthase (without accounting for membrane

potential, as discussed earlier; see Eq. 11).

3. Methylenetetrahydrofolate dehydrogenase:

5; 10-methylenetetrahydrofolate1NADP1H
14

5; 10-methenyltetrahydrofolate1NADPH: (20)

4. Tryptophanase:
indole1 ammonium1 pyruvate4H2O1 tryptophan:

(21)

We simulated knockouts of each unfavorable reaction while

maximizing the yield of each of the biomass precursors and

the yield of biomass to study the effects of single-knockouts

and simultaneous knockouts on the cell growth (seeMethods).

Although ATP synthase is typically an energetically favor-

able reaction due to the energy contribution of the pH gradient

and electrochemical potential across the cell membrane, ATP

synthase is also included in the knockout studies to investigate

the response of the system in case ATP synthase becomes

unfavorable due to the failure of the proton gradient coupling

and transmembrane potential.

ATP phosphoribosyltransferase knockout

Only the precursor histidine is affected by the knockout of

ATP phosphoribosyltransferase, and the production of his-

tidine is not possible without the activity of this reaction,

making histidine the limiting component preventing any

growth without ATP phosphoribosyltransferase (Fig. 3 A).
Experimental evidence confirms that ATP phosphoribosyl-

transferase is essential for the production of histidine, and

mutant strains lacking this enzyme cannot grow without a

histidine supplement (29). Experimental evidence also con-

firms that this reaction is thermodynamically unfavorable

(29). The value DrG
9m
est can range between 0.2 and 16.2 kcal/

mol given the margin of uncertainty in the group contribution

methodology. If the metabolite activities in the cell range

between 20mMand 10�2mM, thenDrG
9
est of this reaction can

range between�0.81 kcal/mol and 17.2 kcal/mol. Therefore,

the reactant to product activity gradients required to drive this

unfavorable reaction are achievable within the range of the

physiological intracellular activities.

As the first step in the histidine metabolism pathway, ATP

phosphoribosyltransferase is an important point of control

for the production of histidine. A mechanism even exists in

the cell for feedback inhibition of ATP phosphoribosyltrans-

ferase by histidine (30). The unfavorable thermodynamics

of this reaction provides another mechanism for product-

inhibition of this enzyme as a means of limiting the flux

that enters the histidine metabolism pathway.

ATP synthase knockout

The knockout of ATP synthase affects the optimal production

of 49 of the 53 biomass precursors in the iHJ873 model (Fig.

3 B). The production of the energy in the form of ATP during

aerobic metabolism depends heavily upon the ATP synthase

reaction, and without ATP synthase, the energy requirements

for optimal growth are not satisfied. Although a lack of ATP

synthase does not completely prevent cell growth, the cell can

TABLE 1 Unfavorable reactions

Name Pathway DrG
9m
est kcal=mol Classification

Tryptophanase Tyrosine, tryptophan, and phenylalanine metabolism 13 Essential

ATP synthase Oxidative phosphorylation 12 Essential

Methylene-tetra-hydrofolate dehydrogenase Folate metabolism 9.9 Essential

ATP phosphoribosyltransferase Histidine metabolism 8.2 Essential

2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase Cofactor and prosthetic group biosynthesis 22 Blocked

Thermodynamic Analysis of E. coli 1457
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only grow at 39.2% of the optimal yield, and experimental

evidence confirms this effect of ATP synthase on growth (31).

Methylene-tetra-hydrofolate dehydrogenase knockout

Although all biomass precursors can still be produced in-

dividually in sufficient quantity for optimal growth to occur

with the knockout of methylenetetrahydrofolate dehydrogen-

ase, this knockout does reduce the production of 14 biomass

precursors by an average of 8.6% (Fig. 3 C). As a result, no
precursors can be produced simultaneously in sufficient

quantities for optimal growth to occur without this reaction,

and growth yield is reduced to 97.3% of the optimum.

Methylene-tetra-hydrofolate dehydrogenase is a key step in

the folate-dependent one-carbon metabolism pathway. The

one-carbon pool from folate cannot be synthesized without

this reaction, and without this reaction, other sources of C1 in

metabolism must be utilized. According to the literature, this

reaction is thermodynamically unfavorable with a DrG
9m of

1.17 kcal/mol (32), which is within the margin of uncertainty

of the group contribution DrG
9m
est estimate of 9.94 kcal/mol.

Given the range of physiological intracellular metabolite

activities, DrG
9 can deviate from DrG

9m of 1.17 kcal/mol and

range between�7.8 kcal/mol and 10.2 kcal/mol. The typical

NADP/NADPH ratio found in E. coli is 6, and this ratio alone
is already sufficient to reduce DrG

9m of this reaction by 1.06

kcal/mol to a DrG
9 of 0.11 kcal/mol.

Tryptophanase knockout

Only the maximum yield of the precursor tryptophan is

affected by the knockout of tryptophanase (Fig. 3D), and it is
only reduced by 3.8%. Knockout out of tryptophanase has

a nearly negligible effect on growth, reducing the yield by

0.03%. According to experimental evidence found in the

literature, the DrG
9�
est for this reaction is �4.98 kcal/mol (33),

which transforms into a DrG
9m
est value of 3.21 kcal/mol for this

three-reactant, one-product reaction, confirming that this re-

action is thermodynamically unfavorable under mM activity

conditions. Although the estimate of DrG
9m
est from group

contribution theory, 13 kcal/mol, for this reaction is high

relative to experimental values, the difference between the

estimate and the experimental data, 9.8 kcal/mol, still falls

near the standard uncertainty of this reaction, 8.9 kcal/mol.

Four-reaction knockout

To determine the cumulative effect on biomass production of

knocking out multiple unfavorable reactions simultaneously,

we performed knockout simulations in which the activities

of all of the unfavorable reactions were removed in every

possible combination (Fig. 4, I). The effect of the cumulative

knockouts on energy production was also examined (Fig.

4, II). In the simultaneous knockout of ATP synthase and

tryptophanase, the growth yield is the same as the lower

growth yield from the single knockouts of the same reactions.

In this case, the knockout is not additive and the reactions play

independent roles in the production of biomass. However, in

the simultaneous knockout of ATP synthase and methylene-

tetra-hydrofolate dehydrogenase, the growth yield is lower

than the yield achieved from either of the single knockouts of

these reactions. The effect of the double knockout of these

reactions is additive, demonstrating that the contribution of

these reactions to growth is linked.

Effect of unfavorable reaction knockouts on
reaction classification

Unlike ATP phosphoribosyltransferase, the activities of the un-

favorable reactions ATP synthase, methylene-tetra-hydrofolate

FIGURE 3 Impact of unfavorable reactions on the yield of biomass pre-

cursors. The maximum yields of the individual biomass precursors and of

biomass relative to the corresponding maximum yields in the wild-type cells

for different reaction knockouts: (A) ATP phosphoribosyltransferase, (B)
ATP synthase, (C) methylene-tetra-hydrofolate dehydrogenase, and (D) tryp-

tophanase. The bold lines in the plot show the relative precursor yield re-

quired for optimal growth to occur.
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dehydrogenase, and tryptophanase are not essential for cell

growth to occur. These reactions have a wide range of effects

on the metabolism of the cell, indicated by the widespread

effect on the production of the biomass precursors. To study

the effect a knockout of these reactions has on the distribution

of fluxes in E. coli, FVA was utilized to determine how the

reactions that are essential for optimal growth change when

the activity of these reactions is knocked out. Table 2

summarizes the results of this study.

The wild-type and ATP synthase knockout share 231

essential reactions in common. There are 19 reactions that

are essential in the wild-type and nonessential in the ATP

synthase knockout. Fourteen of these reactions become sub-

stitutable in the ATP synthase knockout. These reactions

are primarily clustered in the citrate cycle, glycolysis, and

oxidative phosphorylation pathways. The remaining five of

the 19 nonessential reactions in ATP synthase knockout,

including ATP synthase, are blocked in the ATP synthase

knockout. These reactions are found in the folate metabolism

and pentose phosphate pathways.

Three reactions that are essential in the ATP synthase

knockout are blocked in the wild-type. Two of these reactions

are involved in producing threonine while consuming one

ATP, and the third reaction is an acetate transporter. Overall,

the knockout of ATP synthase results in a deactivation of

portions of the pentose phosphate pathways, citrate cycle, and

glycolysis.

The wild-type and methylene-tetra-hydrofolate dehydro-

genase knockout share 243 essential reactions in common.

Six of the reactions that are essential in the methylene-tetra-

hydrofolate dehydrogenase knockout are blocked in the wild-

type. These reactions are involved in a variety of small-carbon

metabolism pathways. Many of these reactions produce

formate to compensate for the loss of the formate metabolism

reactions with the knockout of methylene-tetra-hydrofolate

dehydrogenase. Five reactions, in addition to methylene-

tetra-hydrofolate dehydrogenase, that are essential in the

wild-type are blocked in the methylene-tetra-hydrofolate

dehydrogenase knockout. These reactions are involved in the

alternate carbon metabolism, arginine and proline metabo-

lism, and folate metabolism pathways. These reactions are

associated with the decomposition of some small-carbon

compounds and the production of formate and tetrahydrofo-

late. Overall, knockout of methylene-tetra-hydrofolate dehy-

drogenase results in the deactivation of the folate metabolism

pathway and the activation of alternative pathways for the

production of folate and other small carbon compounds.

Comparing the essential reactions in the wild-type at opti-

mal growth to the tryptophanase knockout at optimal growth,

every essential reaction in the tryptophanase knockout is

also essential in the wild-type knockout. Other than trypto-

phanase, only the reaction tryptophan synthase from the

aromatic amino acid metabolism pathways is essential in the

wild-type and not essential in the tryptophanase knockout.

This reaction becomes substitutable in the tryptophanase

knockout.

DISCUSSION AND CONCLUSIONS

The group contribution methodology of Mavrovouniotis is

demonstrated to be an effective means of estimating the free

energy change of biochemical reactions. This methodology

was utilized to calculate DrG
9m
est for 82.6% of the reactions in

the iJR904 genome-scale metabolic model of E. coli devel-
oped by Palsson and co-workers. The iJR904 model was

modified to eliminate the 85 compounds for which no group

contribution estimation of DfG
9�
est was possible to create the

iHJ873 model, and DrG
9m
est was determined for all of the

reactions in iHJ873.
The DrG

9m
est is an invaluable measure of the thermodynamic

feasibility of the reactions in the metabolic pathways of the

cell under physiological conditions. Four-hundred-and-

twenty-nine (49.1%) of all of the reactions and 152 (50.5%)

of the reactions that are essential or substitutable for optimal

growth to occur have a negative DrG
9m
est such that DrG

9m
est 1

FIGURE 4 Impact of simultaneous knockouts of unfavorable reactions on

growth and growth-limiting precursors. The maximum yields of biomass (I)

and energy (II) for the combinations of simultaneous knockouts of the un-

favorable reactions: A, ATP phosphoribosyltransferase, B, ATP synthase, C,
methylene-tetra-hydrofolate dehydrogenase, and D, tryptophanase. The

maximum yields of biomass (I) are scaled by the maximum yield of biomass

in the wild-type. The maximum yields of energy (II) are scaled by the amount

of energy required for optimal growth. Not all combinations including

knockout of ATP phosphoribosyltransferase (A) are shown because zero

growth is possible without ATP phosphoribosyltransferase and energy is not

affected by knockout of ATP phosphoribosyltransferase.

TABLE 2 Minimal reaction sets for optimal growth in knockout

and wild-type metabolism

Phenotype

Growth yield

(gm biomass/

mmol glucose)

No. of

essential

reactions

No. of

substitutable

reactions

Wild-type 0.0923 250 51

ATP synthase KO 0.0362 234 118

Methylene-tetra-hydrofolate

dehydrogenase KO

0.0897 249 37

Tryptophanase KO 0.0923 248 54
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Ur,est . 0. The majority of the reactions in the cell are ther-

modynamically favorable, with a DrG
9m
est that is relatively

close to zero under standard conditions and 1 mMmetabolite

activities. This result indicates that the cellular system is ener-

getically buffered from largeperturbations and aminimal ther-

modynamic driving force is utilized to drive reactions.

Only four reactions essential for optimal growth yield have

a positive DrG
9m
est such that DrG

9m
est 6Ur;est.0; indicating that

these reactions must be unfavorable at standard conditions

and 1 mMmetabolite activity levels. These four reactions are

ATP phosphoribosyltransferase in the histidine metabolism

pathway, ATP synthase in the oxidative phosphorylation

pathway, methylene-tetra-hydrofolate dehydrogenase in the

folatemetabolism pathway, and tryptophanase in the aromatic

amino-acid metabolism pathway. Experimental data exists

that confirms that ATP phosphoribosyltransferase, ATP syn-

thase, methylene-tetra-hydrofolate dehydrogenase, and tryp-

tophanase are unfavorable at standard conditions and mM

activities. These unfavorable reactions represent crucial ther-

modynamic bottlenecks in the production of growth, con-

straining the activities of metabolites involved in these

reactions so that sufficient activity gradient may be provided

to drive the reactions.

The fact that out of the 250 reactions essential for growth,

only four reactions have DrG
9m
est values that are sufficiently

large that they must be unfavorable at the reference condi-

tions, indicates that the reactions involved in metabolism in

E. coli are thermodynamically optimized to a great extent. It is

important to note, however, that DrG
9m
est values discussed in

this article are estimates and not experimentally measured

values, and in some cases, like tryptophanase, the estimates

can differ from the experimental values. This emphasizes the

importance of accounting for the uncertainty in the group con-

tribution estimates before utilizing this data for any analysis.

Although the group energy values upon which DrG
9m
est are

based were obtained from a fitting of experimentally mea-

sured DrG
9� values, this experimental dataset consists of far

fewer reactions than are involved in the genome-scale model

of E. coli.
The thermodynamic data obtained from this methodology

is essential for the determination of the thermodynamically

feasible activity ranges for the metabolites involved in the

active reactions in E. coli metabolism, as discussed in the

literature (15,34). Such feasible ranges would be very useful

for narrowing the constraints utilized in constraints-based

models as well as the operating conditions explored in MCA

and kinetic modeling (5,35,36). The DrG
9m
est may also be used

to formulate additional thermodynamic constraints for met-

abolic flux analysis (MFA) to ensure that flux distributions

generated are thermodynamically feasible. Addition of ther-

modynamic constraints would aid in improving the predic-

tions by metabolic models of the effect of gene knockout or

other perturbations to the cellular metabolism. The error anal-

ysis discussed here will form an integral part of such thermo-

dynamic constraints.

APPENDIX: DETAILS OF FLUX ANALYSIS

Metabolic flux analysis (MFA) defines the limits on the metabolic capa-

bilities of a model organism under steady-state flux conditions (3). Steady-

state flux conditions are described by constraining the net production of

every metabolite in the system, given by the product of the stoichiometric

matrix and flux vector, to 0, as shown in Eq. 22,

N � n ¼ 0; (22)

where N is an m3 r matrix of the stoichiometric coefficients for the r

reactions and m metabolites in the model, and v is an r31 vector of the

steady-state fluxes through the r reactions in the model. A metabolic flux

analysis was performed on the iHJ873 model to determine the flux dis-

tributions that optimize various objective functions such as maximum yield

on growth, maximum yield on biomass precursors, and maximum and min-

imum flux through every reaction in the system.

MFA studies were performed under a specific set of constraints on the

metabolites the cell could uptake from or excrete to the cell surroundings. The

ability ofE. coli to growoptimally under aerobic conditionswas studied using

glucose as a primary carbon source. The uptake of glucose and oxygen from

the environment into the cell was restricted to 10 and 20mmol/g per dw per h,

respectively (7). The uptake and excretion of sulfate, phosphate, and am-

monium, CO2, water, and hydrogen ion were left unrestricted and the ATP

maintenance requirement was fixed at 7.6 mmol/g per dw per h (21,37,38).

Under these conditions, the optimal growth on glucose was found to be 0.923

g biomass/g per dw per h, with a yield of 0.0923 gram biomass per mmol of

glucose uptake (0.512 g biomass/g glucose). This optimal growth yield agrees

well with the optimal growth yields for E. coli under similar conditions

reported in the literature from MFA and experiments (38).

Flux variability analysis was used to classify the behavior of the reactions

in the model using the methods described in the literature (22). There are 17

internal flux loops, or type-3 extreme pathways (14), in the iJR904 model,

and 13 of these internal flux loops also exist in the iHJ873. No flux should

move through these internal flux loops in the FVA flux distributions,

because no thermodynamic driving force can exist for such flux. To prevent

any flux from moving through these internal flux loops, one reaction from

each internal flux loop is blocked in the FVA (13 blocked reactions total). A

list of the reactions that must be blocked is found in the iJR904 literature (23)

and in the Supplementary Material.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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