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Content:

1. Reconstruction approach 

2. Basic assumptions
3. Reconstruction content

4. Properties of the ‘E-matrix’
a. Protein and reaction distribution per subsystem

b. Proteins without gene annotation
c. rRNA operon

d. Sparsity of S

5. Formulae used for constraints 
In this work, we present the first comprehensive, genome-scale, manually curated reconstruction of the transcriptional and translational machinery of E. coli, the ‘E-matrix’. The information incorporated in this reconstruction was based on almost 50 years legacy literature, and multiple databases. Hence, the reconstruction reflects the current status of knowledge of these important cellular processes in E. coli, since only E. coli specific information was incorporated into the network.

1. Reconstruction approach 

The reconstruction process of any biological network depends heavily on the quality of the genome annotation and the amount of experimental data available for an organism [3]. The transcriptional and translational machinery of E. coli was selected for reconstruction, as E. coli is one of the most extensively studied organisms [4]. We aimed to create a high-resolution reconstruction that would accurately account for the cellular processes necessary to produce functional gene products of this machinery (Figure A-a). 
The manual reconstruction of the transcriptional and translational machinery of E. coli was performed in an algorithmic manner (Figure A-c). First, the identification of its key components in the genome annotation resulted in an initial component list. Then, the functional roles of these key components were identified and translated into stoichiometrically accurate reactions using textbooks, reviews, and primary literature (Figure A-b). This step led to the identification of components missing in the initial component list, which were subsequently added to the network. In the end, this reconstruction approach led to the identification of 228 proteins and 109 RNA species, which were directly involved in one or more subsystems (Figure A-a, Table S1 for the Proteins, a complete list can be found in Table S10). The synthesis reactions for every network component were created using template reactions. These template reactions were carefully formulated and derived from primary and review literature. While they combine linear steps (e.g., elongation of nascent mRNA during transcription), they separate key reactions and known rate limiting steps (e.g., separation of transcription initiation and elongation). This formulation enabled the incorporation of different sets of constraints but also reduced the network size by combining linear reactions. Hence, this step-wise representation captures key event in cellular processes and can be directly used to understand their pathway/reaction mechanism at a high resolution. [image: image25.png]Network Components
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Template reactions. Once the main factors involved in the various processes, or subsystems, were identified the reactions carried out by one or an ensemble of these components were defined based on up-to-date literature (Table S15-S17). For a majority of the network reactions, we used the fact that the reactions were very similar for every gene or gene product. For example, transcription initiation and elongation involves RNA polymerase and transcriptional factors, such as NusA and NusB, for all genes. Subsequently, algorithmic reaction formulation could be done using template reactions for a majority of network reactions (Table S14). The generation of reactions was done using the scripting language, Perl (http://www.perl.com/). 

The basis for the reconstruction is the genome sequence, m56 
 ADDIN EN.CITE 
[5]
, the most current gene coordinates from 
 ADDIN EN.CITE 
[6]
, and the transcription unit (TU) definition provided by EcoCyc (version 10.6, [1]). This information, in addition to the other data resources (Figure S1b), were used to i) calculate formulae and charge for each mRNA and protein specie; ii) create gene-specific reactions from template reactions; and iii) enable the transcription of operons rather than genes. The transcriptional and translational reactions were formulated for all gene product involved in the machinery. In addition, genes that were part of such operons but not directly involved in the network functions were also included. For example, only one of four operon genes is necessary for the function of the machinery but all three other co-transcribed genes have to be transcribed and translated. 
As an example of how the different information sources and the generic reactions were be used to reconstruct the network, consider TU00021:
Transcription unit TU00021 consists of the genes b3260 and b3261 (EcoCyc [1], Table S9). The genome positions and sense of b3260 (3,408,302 - 3,409,267) and of b3261 (3,409,293 - 3,409,589) can be obtained from the genome annotation 
 ADDIN EN.CITE 
[6]
. Based on EcoCyc, the promoter site of TU00021 binds sigma 70. Using the genome sequence m56 
 ADDIN EN.CITE 
[5]
, the necessary amount of each NTP for synthesizing the polycistronic mRNA (TU00021_mRNA) were determined. Subsequently, the transcription reactions for TU00021 can be formulated using the template reactions: 
	tscr_ini_TU00021
	Transcription initiation of TU00021 (dusBp)
	1 RNAP_70 + 1 TU00021_DNA_act + 5 atp + 4 ctp + 4 gtp + 3 utp <==> 1 RpoD_mono_inact + 15 ppi + 1 transcr_ini_TU00021_cplx

	tscr_elo_TU00021_ini_rho_dep
	Formation complex for elongation of TU00021 (RHO DEPENDENT TERMINATION)
	1 GreA_mono + 1 GreB_mono + 1 Mfd_mono + 1 NusA_mono + 1 NusG_mono + 1 Rho_hexa + 1 RpoZ_mono + 1 transcr_ini_TU00021_cplx <==> 1 transcr_elo_TU00021_cplx

	tscr_elo_term_TU00021_rho_dep
	Transcription elongation and RHO DEPENDENT termination of TU00021 (dusBp)
	338 atp + 309 ctp + 337 gtp + 3 h2o + 1 transcr_elo_TU00021_cplx + 291 utp --> 1 GreA_mono_inact + 1 GreB_mono_inact + 1 Mfd_mono_inact + 1 NusA_mono_inact + 1 NusG_mono_inact + 1 Rho_hexa_inact + 1 RpoZ_mono_inact + 1 TU00021_DNA_neu + 1 TU00021_mRNA + 3 adp + 3 h + 1 hRNAP_inact + 3 pi + 1272 ppi


Similarly all other synthesis reactions for TU00021 and its gene products can be formulated.

Network features

The resulting network has properties distinct from metabolic networks and currently available transcriptional models:

· The ‘E-matrix’ accounts for all known gene products necessary to produce the active components (RNA, proteins) of the machinery. 

· Sequence-dependent synthesis reactions were carefully formulated incorporating known reaction stoichiometry. Protein-substrate complexes were explicitly included in each network reaction. The chemical formula, charge, and molecular weight were calculated for each component assuming a pH of 7.2.

· Metallo-ions and cofactors were incorporated into proteins and modification of stable RNA and proteins were considered.

· The transcription reactions are transcription unit dependent rather than gene dependent, which accurately represents the functional genomic organization of bacterial genomes.

· The underlying formalism of template reactions can be readily extended for other gene product such as metabolic enzymes or transcription factors.

In summary, the ‘E-matrix’ reconstruction was based on E. coli-specific information derived from i) over 500 primary and review publications; ii) three databases: EcoCyc [1], CyberCell [7], and tRNA DB [8]; the revised genome annotation 
 ADDIN EN.CITE 
[6]
; and iv) the genome sequence (m56,
 ADDIN EN.CITE 
[5]
), which enabled the formulation of sequence specific reactions for every network component (Figure A-c). The entire network content is available at http://bigg.ucsd.edu/E-matrix.

Iterative network reconstruction and QC/QA. 
A comprehensive, iterative quality control/ quality assurance procedure (QC/QA) ensured that the resulting network has similar properties and capabilities as E. coli. This QC/QA procedure included the mass- and charge balancing of most network reactions (see next section), gap analysis, and testing for the production of every network component and its intermediate form. Hence, this reconstruction follows the quality control standards developed for metabolic network reconstructions [3].

After an initial reaction list was created, as described above, a network gap analysis was performed. This procedure was an iterative process, as for metabolic network reconstructions [3], during, which further components and reactions were added (Figure A-c). Multiple iterations helped ensure completeness of the network within the pre-defined scope. Furthermore, flux balance analysis (FBA, [9,10]) was carried out to verify that every network component could be produced and consumed. Hence, a demand function for every network component was independently added to the network and maximized using linear programming. These quality control steps ensured that the final network was comprehensive and functional.

Only one network gap remained, which is the ribonuclease PH (RNase_PH) whose gene was found to be a pseudogene in E. coli MG1655 genome 
 ADDIN EN.CITE 
[6]
. Experimental studies characterized this gene product but in different E. coli strains 
 ADDIN EN.CITE 
[11-13]
. 

Mass and charge balancing

For each network component the chemical formula, charge state at pH 7.2, and molecular weight were calculated. Almost all (99.5%) of the reactions in the ‘E-matrix’ are mass- and charge-balanced (for unbalanced reactions refer to Table S7 and S8). The remaining reactions were left unbalanced for two reasons: i) unknown electron acceptor, e.g., in the iron-sulfur-cluster biogenesis; or ii) alternate precursors with different formulae, e.g., transcription product from different overlapping transcription units, which were combined in subsequent reactions to reduce the overall number of network reactions. 

2. Basic model assumptions 

A number of assumptions were made to reduce the overall number of network reactions and to extrapolate the detailed knowledge for some well studied gene products to the entire network. As a consequence, some known essential genes may not be essential in the ‘E-matrix’ since they were included in all corresponding network reactions, while in vivo the reaction may occur even in absence of the gene products.

a. Transcription

In general there are different sets of transcription elongation factors depending on specific (pausing) sites in the DNA template, thus, the actual set of involved transcription factors might differ slightly between ORFs. We defined three different sets of transcription factors: i) stable RNA encoding ORF, ii) ORF with annotated/verified Rho-dependent transcription termination, and iii) all remaining ORF. The detailed composition of these three sets can be found in Table S15, listing the corresponding template reactions. Information about sigma factors for every gene was obtained from EcoCyc. If no information was available, sigma 70 was assumed to be needed for transcription.
In general, the model does not account for abortive products during transcription initiation, pausing sites, errors in transcription, folding, etc. It also does not account for arrested RNAP that can either resume or abort the transcription; however, both factors necessary for these actions (greA, greB) were included in the transcription reactions.
b. Cleavage of RNA
Polycistronic mRNAs were cleaved prior to translation. This modal assumption allows different translation frequencies/level for the gene products in polycistronic mRNAs [14]. The cleavage of polycistronic mRNAs was always performed by RNase III. RNase P has also been reported to be responsible for cleavage of polycistronic mRNAs [15]. However, in order to reduce the number of total network reactions only RNase III was considered for cleavage in the reconstruction 
 ADDIN EN.CITE 
[15,16]
. In vivo, the cleavage of polycistronic mRNA may destabilize the mRNA products, although stabilization has been observed in some cases [4].
Furthermore, reactions for transcription units with overlapping codons (stop-start codon juxtaposition) were cleaved as well, whereby a full length transcript was created for the upstream (5’) gene and a shorter transcript for the downstream gene (3’). However, the translation on the shorter transcript used the full-length sequence such that the protein sequence of the gene product is complete. For more details about stop-start codon juxtaposition refer to the following studies: 
 ADDIN EN.CITE 
[14,17-20]
 and the review from Normark et al. [21]. The different frequencies of translation and half life time of cleavage products could be represented by constraints on flux rates. Decay of cleavage products occurs independent of cleavage of polycistronic mRNA. Cleavage products end with a 3' mono-phosphate group, which may affect the overall half-life time of cleavage products. 

The processing of rRNA occurs prior to ribosome formation. Some of the posttranslational modifications as well as cleavage of rRNA require the association to ribosomal proteins. Furthermore, these factors have been shown to be involved in ribosome maturation based on 30S binding to these factors 
 ADDIN EN.CITE 
[22,23]
. In the model, these factors are only involved in ribosome maturation and not in rRNA cleavage/ modification, which takes place before ribosomal assembly.
c. Translation

In many cases the transcription unit (operon) structure provides a translational coupling of the gene, where the translation of the downstream gene is dependent on the translation of the upstream gene [21]. One reason for this is that the coding region of the 1st gene may contain the Shine-Dalgarno Sequence necessary for the translation of the second gene. Such dependency was not modeled with the ‘E-matrix’.

d. Protein Maturation

CyberCell [7] lists the sequence for matured proteins, which may have the N’-terminal methionine or even signal sequences removed . Although the origin of these sequences is often not clear (experimental determination or computational prediction), the data were incorporated into the ‘E-matrix’ after sequence comparison. The removal of signal sequences is enzyme independent in the model and no action, e.g., protein export, is associated with the removal since these two functions were outside the defined scope of the ‘E-matrix’.

e. mRNA degradation

The mRNA degradation in the ‘E-matrix’ is carried out solely by the degradosome. The model degradosome consists only of components that have been found to be necessary/ essential for its action (Eno, Pnp, RNase_E, RhlB ) but not accessory factors (such as DnaK, GroEL, PPK, PAP, S1) 
 ADDIN EN.CITE 
[24-27]
. No degradation of stable RNA was modeled, since tRNAs and rRNAs are known to be highly stable under normal growth conditions and are believed to be insensitive to the decay processes that lead to the fast turnover of short half-lived mRNAs 


[28-30] ADDIN EN.CITE .

Functions of different RNase identified in E. coli that were not included in the ‘E-matrix’ either because they are outside the scope of the reconstruction or their function is not well established: 

· RNase I is responsible for stable RNA decay, especially 23S rRNA 


[31,32] ADDIN EN.CITE .
· RNase M is mutated form of RNase I [33].
· RNase LS was not included because little is presently known about its precise function, although it is believed to be involved in mRNA decay [34].
· RNase T is responsible for tRNA turnover [35].
· RNase R: Cheng et al. [36]showed that RNAse R is important in mRNA decay. It seems that this RNase acts on mRNAs with high secondary structures (REP elements) and that it can replace PNPase action. However, PNPase, together with other degradosome proteins, can digest mRNAs with (complex) secondary structures. It has been found that RNase R amount increase with stress conditions [37]. PNPase/RNase R both need a longer sequence before structural elements to dock on and to do degrade. Hence, it is thought that those RNA fragments get a poly(A) tail by PAP I and PAP II. It seems that RNase II has a rather protective function than degradative. Furthermore, one ribonuclease of RNase II, RNase R, PNPase can be deleted. The double deletion of RNase II and RNase R was found to be viable but double deletions of PNPase/RNaseII or PNPase/RNase R were lethal. RNase R also degraded stable RNA (whereby tRNA is poor substrate, but defectuous tRNA was a good substrate [36]). Deutscher et al. [38] said that the function of RNase II and RNase R will have to be re-evaluated. Hence, the reconstruction does not account for RNase R action. PNPase, together with the other degradosome proteins, seems to be sufficient under normal growth conditions.

f. Other assumptions

· All protein complex formation reactions were defined to be reversible.
· The charge and composition of each compound in the reconstruction is based on the sequence not accounting for unknown posttranslational modification, possible water molecules associated with compound or changes in charge/composition due to protein/RNA folding.
· Polyadenylation of mRNA was not included since its effect is not sufficiently established. While poly(A)-tail on some mRNAs lead to a prolonged half-life time (protective cap), it seems to be a degradation sign on other mRNAs 
 ADDIN EN.CITE 
[4,36,39-41]

3. Reconstruction content 
The reconstructed network consists of 27 subsystems or pathways describing the transcriptional and translational reactions for each gene product as well as posttranslational modification reactions needed for their functionality (Table S1 and S12). A schematic representation of the network content is depicted in Figure A-a. 
a. Systems boundaries. 
The scope of the reconstruction was defined to be the transcriptional and translational reactions for all components involved in these processes including the reactions needed to obtain an active form of these components (i.e., tRNA modifications). Hence, amino acids or tri-phosphate nucleotides were provided to or removed from the network by exchange reactions. A total of 76 exchange reactions were included in the reconstruction (Table S12).
b. Transcription units (TU)
The E. coli genome is organized in operons, or TUs. The ‘E-matrix’ accounts for this property by requiring transcription to occur in terms of TUs rather than genes. A total of 303 genes, involved in transcriptional and translational machinery, were encoded by 249 TU, while 12 further genes had no TU assignment in EcoCyc [1] (Table S9 and S10). A total of 423 gene products were synthesized, but only 303 of these gene products are directly involved in the ‘E-matrix’. Due to the TU organization of the network, 120 gene products were synthesized although they were not within the scope of the ‘E-matrix’ (i.e., metabolic or regulatory gene products). These 120 gene products were not connected to the other network components since their function was either out of scope or unknown, but corresponding demand functions were included. 
c. Cleavage of polycistronic mRNA and translation

In the network, genes were transcribed as TUs under the involvement of numerous factors (see Table S1). After transcription, the polycistronic mRNA is [4] SHAPE  \* MERGEFORMAT 
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cleaved by the action of RNase III prior to translation. In vivo, the translation rate depends on various factors, such as binding affinity of the ribosome to the Shine-Dalgarno sequence, tertiary structures, and mRNA degradation rates, resulting in variable transcription efficiency under different conditions, e.g., environmental stresses  (see section e). 
In addition to the production of proteins, each tRNA and rRNA was transcribed, cleaved, and modified based on available information. In contrast to the current formulation of metabolic networks [3], proteins are part of the network reactions in the ‘E-matrix’.
As a consequence of this, the reaction substrates and proteins form a complex that is converted to the reaction products from, which the proteins are liberated in a subsequent reaction. This level of mechanistic detail explains the large number of network components, which are similar to the number of network reactions (Table S15 – S18). 

d. ‘Alternate transcripts’ and Overlapping ORFs 

The intergenic regions between ORFs in an operon have varying lengths in E. coli. The longest intergenic region included in ‘E-matrix’ is up to 28 nucleotides long (b4167-b4168). Thus, these long intergenic regions within an operon have two energy costs associated: i) synthesis cost and ii) degradation cost. Another feature that had to be considered during the reconstruction was the presence of overlapping ORFs, which have been reported and studied by numerous groups 
 ADDIN EN.CITE 
[14,17-20]
. In this case, the transcription occurred as polycistronic mRNA, but the second (or overlapping) gene was assumed to be cleaved after the stop codon of the upstream gene (see section 2 for more details). Again, since the translation occurs in vivo on the polycistronic mRNA, the overlapping does not affect the functionality of the second gene product but may affect the half-life time of its mRNA.
e. Ribosomal binding to mRNA.
The translation initiation of an mRNA occurs relatively frequently, depending on the binding strength to the Shine-Dalgarno sequence and other factors, leading to multiple ribosomes per mRNA. It has been found that the minimum distance between two ribosomes has to be 17 amino acids [42]. This variation in mRNA occupancy is modeled by a translation reactions per mRNA with i) one ribosome per mRNA, ii) maximal possible number of ribosomes per mRNA, and iii) half of the maximal possible ribosome number per mRNA. Thus, for each mRNA there are three sets of translation reactions differing in the number of ribosomes per mRNA and polypeptide products. This simplification reduced the number of possible combinations as well as allowing adjustments of the translational rate based on translation initiation, if such data were available.

f. Protein Maturation. 
Polypeptides released from the translation termination complex have a formyl-methionyl group bound to the N-terminus. While the formyl-group is removed for all polypeptides by the peptide deformylase (def, b3287), the methionyl-group is removed only from some polypeptides depending on the amino acids that follow. This latter information was obtained from CyberCell [7]. 

g. Metallo-ions.
Many of E. coli’s proteins need metallo-ions for correct folding and/or  function. This information was obtained from primary crystallization literature together with the structures deposited in the Protein Database (PDB, [43]). In some cases, additional experimental studies were available, which tested the protein function with different metallo-ions. In those cases, if a favored cation was not identified, Mg2+ was assumed. Furthermore, some of the metallo-ions, mainly cations, are only involved in the reaction mechanism but are not directly covalently bound to the protein, and thus leave the protein after termination of the reaction. These metallo-ions were not incorporated in the proteins and hence were not part of their elementary formulae. Wilson et al. proposed that the metallo-ions are incorporated into the proteins prior to the protein folding [44], which was implemented in the reconstruction.

h. Protein Folding. 
The folding of nascent polypeptides is achieved via three distinct pathways: i) spontaneous folding; ii) through the DnaKJ-GrpE system; and iii) through GroEL/ES chaperones 
 ADDIN EN.CITE 
[45-47]
. Two recently published large-scale datasets 
 ADDIN EN.CITE 
[48,49]
  were used for the assigning  the folding pathway to the individual polypeptides. If no information was available, spontaneous protein folding was assumed. The template protein folding reactions were derived from various primary and review literature and their references can be found in Table S15 - S17.
i. Iron-sulfur-cluster biogenesis. 
A number of features were included in the reconstruction such as metallo-ion binding of tRNA, rRNA, and proteins. Some of E. coli’s proteins have [4Fe-4S]2+-clusters incorporated, which often function as iron- or oxygen-sensor or are involved in oxidation-reduction reactions [50]. These iron-sulfur clusters are formed outside of the target protein and the [4Fe-4S]2+ cluster is transferred to the corresponding proteins by an IscU dimer (b2529) 
 ADDIN EN.CITE 
[51-57]
. Following extensive perusal of the primary literature regarding iron-sulfur-cluster biogenesis, a mechanism was used for this reconstruction, which summarized the current consensus rather than copying a specific proposed mechanism (see below and Table S18). There does not seem to be a general consensus on the biogenesis of the iron-sulfur-cluster in the scientific community. 
In the current reconstruction, two of the biogenesis reactions are not balanced because the formation of [2Fe-2S]2+ and [4Fe-4S]2+ requires an electron acceptor. Kato et al. [57] proposed glutathione as electron acceptor, however, glutathione may involve a proton transfer, which would require an additional acceptor. In short, since an appropriate electron transfer mechanism could not be found, the two reactions had to remain unbalanced. The two chaperones, HscA (b2526) and HscB (b2527), were not included in the reconstruction since their functions in the iron-sulfur-cluster biogenesis has not been completely elucidated 
 ADDIN EN.CITE 
[58-62]
. 

Other players:

It seems to be clear that cysteine provides the sulfur for the cluster via IscS; however, the Fe2+ source is not clear since iron is toxic to the cells, so that its cytoplasmic, soluble concentration is low [63]. In addition, E. coli has a number of iron-binding proteins, which remove free iron. YggX (b2962) is another protein that has been shown to be able to bind iron 
 ADDIN EN.CITE 
[64,65]
; however, a recent report did not manifest the ability of YggX to bind iron [66]. Another candidate is CyaY (b3807), a frataxin homolog and tetramer in solution, which can bind 6 to 26 Fe3+ ions when there is an excess of intracellular iron 
 ADDIN EN.CITE 
[67,68]
. The deletion of cyaY does not have any apparent effect on biogenesis of iron-sulfur cluster in E. coli [69] and in yeast [70], but Salmonella enterica strains lacking the cyaY show defects in Fe-S cluster metabolism in vivo [71]. Since the function of cyaY has not been completely elucidated, we did not include this gene product into the reconstruction. 

 

Three mechanism for iron-sulfur cluster formation have been proposed [72].

1) Iron binds to IscU, then the sulfur is transfered from IscS to IscU (based on observation of a stable iron-IscU complex in the case of T. maritima IscU [56]). However, there is no experimental evidence that the addition of sulfur atoms to an iron-loaded IscU gives rise to a cluster. For reasons probably related to structural differences between IscU proteins [53], IscU from E. coli and A. vinelandii do not bind iron 
 ADDIN EN.CITE 
[55,73,74]
.

2) Sulfur binding occurs first, and is followed by iron binding. This is supported by the finding that sulfur transferred from IscS to IscU through transpersulfuration reactions is effective 
 ADDIN EN.CITE 
[74,75]
. However, there is no evidence for iron-sulfur cluster formation upon the addition of iron to sulfur-containing forms of IscU either [56]. Further work is needed to show that this mechanism is possible.

3) The frataxin homolog CyaY binds Fe3+ and forms a complex with IscS, which is bound to IscU. A cysteine molecule persulfates IscS with release of alanine. Using a second cysteine as electron donor for Fe3+ reduction, Fe2+ is transferred to IscS. And IscU eventually contains the [2Fe-2S] cluster [72].

More details can be found in the reviews in Layer et al [72] and Mansy et al. [52].

 

Young et al [54] studied the iron-sulfur cluster formation under physiologically relevant conditions. They found that IscU is the preferred scaffold protein when iron, L-cysteine, and IscS are present. When L-cysteine is not present in incubation solution, IscA acts as an iron chaperon, which binds ‘free’ iron. The iron binding in IscA appears to prevent the formation of inaccessible ferric hydroxide under aerobic conditions, subsequent addition of L-cysteine mobilizes the iron center in IscA and transfers the iron for the iron-sulfur cluster assembly in IscU even under aerobic conditions. 

Reasons against the CyaY model (3): Li et al. found that deletion of CyaY did not affect cellular iron content and growth behavior [69]. This is in agreement with an IscU deletion being lethal since IscA is delivering iron but does not function as cluster assembly scaffold protein. However, CyaY may act au lieu of IscA. The iron binding capacity/affinity differs between the references. While [72] listed a number of references showing a high iron binding capacity for CyaY, [54] cited references, which claim poor binding affinities for CyaY. However, this model does not contradict the models rejected by [72].

 

j. Template reactions for tRNA and rRNA processing. 
The tRNA and rRNA modification reactions were created sequentially, allowing the representation of each modification reaction within the network (Table S16 and S17). The tRNA modification positions were obtained from a tRNA database [8]. Each tRNA sequence obtained from the genome sequence and its genome coordinates was aligned to the tRNAs listed in the tRNA database, since different nomenclature was used in the databases. For three E. coli tRNA, namely ProK (b3545), ProL (b2189), and ProM (b3799), no entries were available in the tRNA database and no reports of identified modifications could be found. S. typhi modifications were used for these three tRNAs (tRNA database entries RP1700, RP1701, and RP1702). The positions for rRNA modifications were obtained from the RNA modification database 
 ADDIN EN.CITE 
[76-78]
.

The formula for each modified nucleotide (tRNA and rRNA) was calculated based on its structure found in [4], RNA modification databases 
 ADDIN EN.CITE 
[76-78]
, and primary literature (see Table S16 and S17 for details). The modification reactions were obtained based on primary literature. In some cases, a consensus mechanism could not be derived from the literature, thus, the most popular mechanism was chosen for the reconstruction. 
k. Codon usage and tRNA assignment. 
The anticodon and codons for each of the 86 tRNA species was obtained from EcoCyc [1] and the Riley annotation 
 ADDIN EN.CITE 
[6]
. Since some of the tRNAs can read more than one codon or have overlapping functions with other tRNAs due to the wobble position, template tRNA were created for those cases. For example, tRNAgltT, tRNAgltU, tRNAgltV, and tRNAgltW have an UUC anticodon and can translate the codons GAA and GAG. Instead of having this variation on level of the translation reactions, which would lead to a combinatorial explosion of the number of network reactions, a generic tRNAglt1 specie was used for the translation reactions. Additionally, four reactions were created by converting each tRNAglt species into tRNAglt1 (irreversibly). This simplification enabled a dramatic reduction in the number of network reactions, while conserving the intrinsic property of redundant codon reading (Table S11).
l. Sink reactions. 
Sink reactions were created for proteins with unknown genes and some metabolic compounds whose biosynthetic pathways are unknown, i.e., pre-Q0 needed for the tRNA modification queonosine (Table S12). The reconstruction contains a total of 35 sink reactions.

m. Demand functions. 
For every network component that is needed for the transcription and translation of other genes, i.e., metabolic genes, a demand function was created. These 302 network components represent the transcription and translation machinery of E. coli (Table S12).
4. Properties of the ‘E-matrix’
a. Protein and reaction distribution per subsystem
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There are a total of 303 components (RNA and proteins) involved in various processes of the ‘E-matrix’ machinery (Table S1 and S10). 228 of these components are proteins, consisting of one or more subunits. The pie chart in Figure B shows the percentage of these protein components involved in 13 of the 27 subsystems. As expected, the translational reactions occupy a third of these protein components. Another third is involved in the modification of stable RNA (33%). Furthermore, 14 protein components (6%) are involved in the posttranslational modification of network proteins, i.e., translation elongation factor Tu (EF-Tu), and ribosomal proteins (Table S1).
b. rRNA operons

Application of the steady state mass conservation assumption requires that input fluxes of every component are balanced by output fluxes. Consequently, only those reactions whose substrates and products can be balanced within the network can carry a non-zero flux. In the ‘E-matrix’ there is one reaction, the transcription of the rRNA operon rrnD (b3272-b3278), which is stoichiometrically unbalanced (Figure C). In contrast to the other rRNA operons, the transcription of this operon produces two 5S rRNA (rrfD,b3272 and rrfF, b3274), while only one 23S rRNA and one 16S rRNA is produced. However, ribosomes contain only one copy of each rRNA type. In terms of mass conservation, the transcription of this operon is infeasible since both of the 5S rRNAs cannot be incorporated into one ribosome, and accumulation of rrfD is not allowed by the steady-state assumption. Since this operon also encodes for three tRNA molecules, namely ileU (b3277), alaU (b3276), and thrV (b3273), we created a sink reaction for rrfD 5S rRNA. The operon structure for the rrfD 5S rRNA has been experimentally determined and sequenced by Duester and Holmes [79].
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c. Sparsity of S
Stoichiometric matrices of metabolic reconstructions are known to be very sparse since there are typically only two to four compounds participating in a network reaction out of hundreds of network compounds [80]. The metabolic reconstruction of E. coli [81], with [image: image28.wmf]Proteins per subsystem
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761 metabolites and 1075 reactions, has only 0.55% non-zero elements. The ‘E-matrix’ is different since a component appeared on average in 16 reactions (median=2, range= 1-6886) and each network reaction contained on average 14 components (median=9, range=1-53). This higher number of participating components per reaction was due to the fact that most network reactions are lumped reactions (summing up a linear chain of reactions into a single, overall reaction). The resulting number of nonzero elements in the stoichiometric matrix of ‘E-matrix’ was 0.11%. Additionally, the matrix has a ‘linear structure’ (Figure D-a) with only few components participating in multiple reactions or even subsystems (also, compare to Figure D-b). This means that most of the components were only used ‘locally’ being passed from one reaction to the next. The by far the largest subsystem was translation due to the alternate ribosome occupation per mRNA. This subsystem also has the components with highest connectivity, such as the elongation factor G (EF-G) and the ribosome release factor (RRF).
5. Formulae used to calculate reaction constraints 
a. General information 
Avogadro number, NA: 
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Conversion from doubling time, 
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Cell mass, mc, was taken from Table 2 in Neidhardt [82] (see also below), which lists: 
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We used the data for the listed doubling times to calculate the cell mass at 
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 (R2 = 0.9976). The cell mass values used in this study are listed in the following table:
	TD (min)
	µ (1/h)
	mc 
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	100
	0.42
	148

	60
	0.69
	258

	40
	1.04
	433

	30
	1.39
	641

	24
	1.73
	865

	90
	0.46
	162
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[image: image9.wmf]D

T

gDW

mol

×

m

to 
[image: image10.wmf]D

T

cell

ribosomes

×

:

[image: image11.wmf]D

D

N

D

m

D

T

cell

molecules

z

T

cell

z

molecules

T

cell

z

mol

T

gDW

mol

A

c

×

×

×

=

×

×

×

×

-

-

=

=

2

15

6

23

15

6

10

022

.

6

10

10

10

022

.

6

10

10

m


, where z is the cell mass 
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c. Adjusting the in vivo ribosome number per cell per doubling time 

	Doubling time (min)
	30
	100
	60
	40
	24

	Ribosome number (per cell) [82] 
	45100
	6800
	13500
	26300
	72000

	Produced ribosome number
	31985.82
	4822.695
	9574.468
	18652.48
	51063.83


The produced ribosome number accounts for the fact that an average cell population has an cell age of 0.41 (defined so that 50% of the cells in the population are younger and 50% are older [82]). Hence, the number of produced ribosomes was scaled by 1/1.41. The resulting number of ribosomes for a given growth rate were in agreement with the maximal rRNA elongation rate observed in E. coli cells [82].

d. Stable RNA transcription rates:

The stable transcription initiation rate, irrn, is given in Neidhardt (Table 3 in [82]) in initiations/min/gene. We have to account for the number of each stable RNA gene due to gene dosage effect (see below). Furthermore, the initiation rate has to be extended to the number of initiations per doubling time. It thus follows:
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, where y is the doubling time in minutes, irrn is the initiation rate at rrn genes in initiations/min/gene (from Table 3 in [82]):

	Doubling time (min)
	30
	90
	100
	60
	40
	24

	irrn (initiations/min/gene)
	39
	5
	4
	10
	23
	58


Information for the different rRNA operons used for the calculation of the transcription rates (The basic gene information was obtained from Riley et al. 


[6] ADDIN EN.CITE ):

	Transcription unit (Promoter)
	Gene names
	Gene alias
	Strand
	Coordinates (in base pairs)
	Genes/ cell 

	
	
	
	
	
	TD = 30 min
	TD = 90 min
	TD = 100 min
	TD = 60 min
	TD = 40 min
	TD = 24 min

	TU0-1181 (P1)
	b3851 - b3855
	rrsA-ileT-alaT-rrlA-rrF
	forward
	4,033,554 - 4,038,659
	4.49
	2.07
	1.92
	2.37
	3.24
	6.17

	TU0-1182 (P1)
	b3968 - b3971
	rrsB-gltT-rrlB-rrfB
	forward
	4,164,682 - 4,169,779
	4.24
	2.01
	1.87
	2.29
	3.10
	5.77

	TU0-1186 (P1)
	b4007 - b4010
	 rrsE-gltV-rrlE-rrfE
	forward
	4,206,170 - 4,211,182
	4.17
	1.99
	1.85
	2.27
	3.06
	5.64

	TU0-1189 (P1); TU0-1190 (P2)
	b0201 - b0205
	rrsH-ileV-alaV-rrlH-rrfH
	forward
	223,771 - 228,875
	3.15
	1.72
	1.62
	1.93
	2.45
	4.00

	TU0-1187 (P1); TU0-1188 (P2)
	b2588 - b2591
	rrsG-gltW-rrlG-rrfG
	complement
	2,727,638 - 2,724,210
	2.81
	1.62
	1.54
	1.80
	2.25
	3.49

	TU0-1191 (P1); TU0-1192 (P2)
	b3272 - b3278
	rrsD-ileU-alaU-rrlD-rrfD-thrV-rrfF
	complement
	3,425,243 - 3,421,564
	3.79
	1.90
	1.77
	2.15
	2.84
	5.02

	TU0-1183 (P1); TU0-1184 (P2)
	b3756 - b3759
	rrsC-gltU-rrlC-rrfC
	forward
	3,939,831 – 3,944,842
	4.67
	2.12
	1.95
	2.42
	3.35
	6.48


e. Conversion of microarray data and mRNA half life times into constraints of mRNA degradation reactions

The microarray data were preprocessed to convert the log2 value for ever gene into molecules per cell. Therefore, the relative signal, si, was calculated and multiplied by the total number of mRNA per cell at the corresponding doubling time. In the case of 30 minutes doubling time, the total number was mRNA molecules was reported to be 4600 [83]. 
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where y is the doubling time in minutes, z is the cell mass
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Information for half-life time (
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) and microarray data (si) were taken from supplemental data from Bon et al. [83].

f. Exchange constraints 

Neidhardt et al reported the amino acid and nucleotide triphosphate composition for an E. coli cell at 40 minutes doubling time [84]. Furthermore, these values are generally incorporated into the biomass function in the metabolic network of E. coli 
 ADDIN EN.CITE 
[2,81]
. These values were taken to calculate the fractional distribution of the metabolites and then scaled by the protein and RNA concentration at a given doubling time:

	Metabolite
	mmol/gDW (from [84])
	sum
	Fraction of each metabolite
	Uptake rate per doubling time (µmol/gDW TD)

	TD (min)
	
	
	
	90
	30
	100
	60
	40
	24

	atp
	0.165
	0.63
	-26.19
	-10.86
	-16.55
	-10.87
	-12.31
	-14.36
	-19.61

	ctp
	0.126
	
	-0.20
	-0.08
	-0.13
	-0.08
	-0.09
	-0.11
	-0.15

	gtp
	0.203
	
	-32.22
	-13.36
	-20.37
	-13.38
	-15.14
	-17.67
	-24.12

	utp
	0.136
	
	-0.22
	-0.09
	-0.14
	-0.09
	-0.10
	-0.12
	-0.16

	ala-L
	0.488
	5.081
	-0.10
	-0.58
	-0.47
	-0.60
	-0.54
	-0.48
	-0.46

	arg-L
	0.281
	
	-0.06
	-0.34
	-0.27
	-0.35
	-0.31
	-0.28
	-0.27

	asn-L
	0.229
	
	-0.05
	-0.27
	-0.22
	-0.28
	-0.25
	-0.22
	-0.22

	asp-L
	0.229
	
	-0.05
	-0.27
	-0.22
	-0.28
	-0.25
	-0.22
	-0.22

	cys-L
	0.087
	
	-0.02
	-0.10
	-0.08
	-0.11
	-0.10
	-0.09
	-0.08

	gln-L
	0.25
	
	-0.05
	-0.30
	-0.24
	-0.31
	-0.28
	-0.25
	-0.24

	glu-L
	0.25
	
	-0.05
	-0.30
	-0.24
	-0.31
	-0.28
	-0.25
	-0.24

	gly
	0.582
	
	-0.11
	-0.69
	-0.56
	-0.72
	-0.64
	-0.57
	-0.55

	his-L
	0.09
	
	-0.02
	-0.11
	-0.09
	-0.11
	-0.10
	-0.09
	-0.09

	ile-L
	0.276
	
	-0.05
	-0.33
	-0.27
	-0.34
	-0.30
	-0.27
	-0.26

	leu-L
	0.428
	
	-0.08
	-0.51
	-0.41
	-0.53
	-0.47
	-0.42
	-0.40

	lys-L
	0.326
	
	-0.06
	-0.39
	-0.31
	-0.40
	-0.36
	-0.32
	-0.31

	met-L
	0.146
	
	-0.03
	-0.17
	-0.14
	-0.18
	-0.16
	-0.14
	-0.14

	phe-L
	0.176
	
	-0.03
	-0.21
	-0.17
	-0.22
	-0.19
	-0.17
	-0.17

	pro-L
	0.21
	
	-0.04
	-0.25
	-0.20
	-0.26
	-0.23
	-0.21
	-0.20

	ser-L
	0.205
	
	-0.04
	-0.24
	-0.20
	-0.25
	-0.23
	-0.20
	-0.19

	thr-L
	0.241
	
	-0.05
	-0.29
	-0.23
	-0.30
	-0.27
	-0.24
	-0.23

	trp-L
	0.054
	
	-0.01
	-0.06
	-0.05
	-0.07
	-0.06
	-0.05
	-0.05

	tyr-L
	0.131
	
	-0.03
	-0.16
	-0.13
	-0.16
	-0.14
	-0.13
	-0.12

	val-L
	0.402
	
	-0.08
	-0.48
	-0.39
	-0.50
	-0.44
	-0.39
	-0.38


The following equations were used:

The number of 
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Conversion from 
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Where z is the cell mass
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 and x is the number of nucleotide residues per cell.

For every nucleotide triphosphate species the corresponding fraction was multiplied by the RNA factor for each doubling time:

	doubling time (min)
	protein (aa residues per cell)
	protein (µmol aa /gDW)
	RNA (nt per cell)
	RNA (µmol nt /gDW)
	µg DW mass/10^9 cell

	100
	5.60E+08
	6.28E+03
	37000000
	415.13
	148

	60
	8.70E+08
	5.60E+03
	73000000
	469.84
	258

	40
	1.30E+09
	4.99E+03
	143000000
	548.40
	433

	30
	1.89E+09
	4.90E+03
	244000000
	632.09
	641

	24
	2.50E+09
	4.80E+03
	390000000
	748.68
	865

	90
	5.94E+08
	6.07E+03
	40609460
	414.58
	162.65
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Figure D-a: Representation of the ‘E-matrix’. The blue dots represent non-zero entries in the ‘E-matrix’, which consists of 11991 components (y axis) and 13694 reactions (x axis). Figure D-b: Representation of the iAF1260, the most recent reconstruction of E. coli’s metabolism � ADDIN EN.CITE <EndNote><Cite><Author>Feist</Author><Year>2007</Year><RecNum>3806</RecNum><record><rec-number>3806</rec-number><foreign-keys><key app="EN" db-id="att2daeaxavwvnepdrtxar0o0sfsafxwsrte">3806</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Feist, A. M.</author><author>Henry, C. S.</author><author>Reed, J. L.</author><author>Krummenacker, M.</author><author>Joyce, A. R.</author><author>Karp, P. D.</author><author>Broadbelt, L. J.</author><author>Hatzimanikatis, V.</author><author>Palsson, B. O.</author></authors></contributors><auth-address>Department of Bioengineering, University of California San Diego, La Jolla, CA, USA.</auth-address><titles><title><style face="normal" font="default" size="100%">A genome-scale metabolic reconstruction for </style><style face="italic" font="default" size="100%">Escherichia coli </style><style face="normal" font="default" size="100%">K-12 MG1655 that accounts for 1260 ORFs and thermodynamic information</style></title><secondary-title>Mol Syst Biol</secondary-title><alt-title>Molecular Systems Biology</alt-title></titles><periodical><abbr-1>Mol Syst Biol</abbr-1></periodical><alt-periodical><full-title>Molecular Systems Biology</full-title></alt-periodical><volume>3</volume><number>121</number><dates><year>2007</year><pub-dates><date>Jun 26</date></pub-dates></dates><isbn>1744-4292 (Electronic)</isbn><accession-num>17593909</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=17593909</url><url>http://dx.doi.org/10.1038/msb4100155</url><url>http://www.nature.com/msb/journal/v3/n1/suppinfo/msb4100155_S1.html </url></related-urls></urls><language>eng</language></record></Cite></EndNote>�[2]�. The blue dots represent non-zero entries in the ‘E-matrix’, which consists of 1668 components (y axis) and 2382 reactions (x axis).
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Figure C: Schematic representation of the stoichiometrically unbalanced rrnD operon (b3272-b3278). Taken from EcoCyc � ADDIN EN.CITE <EndNote><Cite><Author>Karp</Author><Year>2004</Year><RecNum>3342</RecNum><record><rec-number>3342</rec-number><foreign-keys><key app="EN" db-id="att2daeaxavwvnepdrtxar0o0sfsafxwsrte">3342</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Karp, P. D.</author><author>Arnaud, M.</author><author>Collado-Vides, J.</author><author>Ingraham, J.</author><author>Paulsen, I. T.</author><author>Saier, M.H.</author></authors></contributors><titles><title><style face="normal" font="default" size="100%">The </style><style face="italic" font="default" size="100%">E. coli </style><style face="normal" font="default" size="100%">EcoCyc Database: No Longer Just a Metabolic Pathway Database.</style></title><secondary-title>ASM News</secondary-title></titles><periodical><full-title>ASM News</full-title></periodical><pages>25-30</pages><volume>70</volume><number>1</number><dates><year>2004</year></dates><urls></urls></record></Cite></EndNote>�[1]�
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Figure B: Protein composition of network subsystems. A total of 228 proteins are involved in various processes included in the ‘E-matrix’ matrix. The pie chart displays the distributions of proteins in the different subsystems.
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Figure A: Reconstruction content and approach. a: Schematic overview of the content of the ‘E-matrix’. I: Transcription; II: mRNA degradation; III: translation; IV: protein maturation; V: protein folding; VI: metallo-ion binding; VII: protein complex formation; VIII: ribosome assembly; IX: RNA processing; X: rRNA modification; XI: tRNA modification; XII: tRNA charging (see Table S2 for a complete list). b (left panel): The pentagram shows the main five data sources incorporated in the ‘E-matrix’ reconstruction. b (right panel): The ‘E-matrix’ network was reconstructed algorithmically fashion in analogy to the process developed for metabolic network reconstruction.
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