Text S1

Constraint-based modeling of carbon fixation and the energetics of

external electron transfer in Geobacter metallireducens

Supplementary Text

Genome-wide Reconstruction Process

One feature of G. metallireducens that distinguishes its metabolic network from those of other bacteria is the
high instance of isozymes. Comparatively, the G. metallireducens GS-15 network contains 409 instances of
isozymes with a total metabolic reconstruction size containing 987 genes whereas that for E. coli K-12
MG1655 [1] is 346 instances for 1366 included genes. This level of redundancy indicates that G.
metallireducens is well equipped to deal potential loss of function in a given gene function, but also may point
to the fact that the gene functions in G. metallireducens are less characterized than that of E. coli.

There are a number of noteworthy pathways that are not yet represented in silico in a network reconstruction
which were included in iIAF987:

a)

Carbon-fixation pathways — The genome annotation for G. metallireducens includes the content which
enables autotrophic growth with formate or an external electron donor. The pathways which are
encoded in the G. metallireducens genome and reconstructed in iIAF987 are the reductive citric acid
(TCA) cycle [2] and the dicarboxylate—hydroxybutyrate cycle [3]. Key enzymes which enable the
function of these pathways had been identified [4]. Key enzymes for the reductive TCA cycle include
the 2-oxoglutarate synthase (abbreviated OORZ2r in the reconstruction) and ATP-citrate lyase (ACITL)
which enable the citric acid cycle to run in reverse. For the dicarboxylate—hydroxybutyrate cycle, the
key enzyme is 4-hydroxybutyryl-CoA dehydratase. Figure 2 depicts the two carbon fixation cycles
included in the iIAF987 reconstruction.

Aromatic degradation via a membrane-bound benzoyl-CoA reductase — Benzoyl CoA reductase is the
key enzyme for the degradation of 8 aromatic substrates for G. metallireducens. This enzyme catalyzes
the ferredoxin dependent endergonic reduction of beznyol CoA to Cyclohexa-1,5-diene-1-carbonyl-
CoA. The mechanism for activation of this endergonic reaction was previously thought to be ATP driven
(Sun et al, 2009). However, recent experimental results indicate that this is not ATP dependent and
rather likely to be driven by membrane potential [5]. Thus, a proton translocating reaction was added to
the reconstruction for this step in metabolism. The proton translocation stoichiometry was determined
by a thermodynamic analysis, similar to the ones adopted for the other ETS reactions. The AE, for this
redox couple was calculated to be -340 mV. Based on the theoretical proton per electron stoichiometry
[6], at least 3 protons are required to be translocated per electron to drive this reaction. A total of two
electrons are transferred in the reaction, hence the reaction was appropriately modified and included as
follows:

bzcoa + fdxr-4:2 + 6 h[e] 2 ch15deccoa + fdxo-4:2 + 4h[c]

Anaerobic menaquinone biosynthesis — The alternative pathway for menaquinone biosyntheisis, the
futalosine pathway [7] [8] has been identified in the genome and was included in the iIAF987.

Iron-sulfur clusters and molybdenum cofactors — Iron-sulfur clusters are essential cofactors for the
function of many metalloproteins and several iron-sulfur cluster-binding proteins (e.g., nitrite reductase)
are encoded in the G. metallireducens GS-15 genome [9]. Similarly, molybdenum is an important
cofactor for the function of proteins [10]. As such, these pathways were included in the reconstruction of
G. metallireducens GS-15 iAF987 and also the recently reconstructed E. coli K-12 MG1655
reconstruction concurrently.

LPS biosynthesis — Some Gram-negative bacteria contain 2,3-diaminino linkages for acyl-chains in
their LPS molecules [11]. The genes encoding for this variant were determined to be present in the G.
metallireducens genome (G. metallireducenset_2351 (gnnA) and G. metallireducenset_2352 (gnnB)),
thus they were reconstructed into the network.



When comparing the iAF987 reconstruction to other reconstructions, the ModelSEED reconstruction was found
to have 114 unique genes that were not present in the /AF987 reconstruction. Of these, 86 genes were
involved in macromolecular synthesis, DNA replication, and protein modifications that are beyond the scope of
a metabolic network, and 8 of them did not have a specific reaction association in the ModelSEED (i.e., generic
terms such as aminopeptidase, amidohydrolase). Of the remaining 20 genes, only two (Gmet_0988 and
Gmet_2683) were added to the reconstruction as isozymes for existing reactions; the other 18 assignments
conflicted with our functional annotation of the genome and thus were not included. The specific references
that were used to determine the content for these novel pathways included in the iAF987 reconstruction, as
well as those which were used for the any other content in the network are included in Dataset S2.

To determine the unique reactions contained in the iAF987 reconstruction, it was compared to the following
organisms and the respective reconstruction from the UCSD Systems Biology Research Group database. Most
of the content is also accessible via the BiGG database (http://bigg.ucsd.edu, [12]): Escherichia coli [13,14],
Saccharomyces cerevisiae [15,16], Methanosarcina barkeri [17], Helicobacter pylori [18], Staphylococcus
aureus [19], Yersinia pestis [20], Klebsiella pneumoniae [21], Mycobacterium tuberculosis [22], Mitochondria
[23], Human Recon 1 [24], Pseudomonas putida [25], and Thermotoga maritima [26].

The reconstruction presented here, iIAF987, is a G. metallireducens-specific reconstruction. The name of the
reconstruction was retained from a complementary study [27] as the same “base reconstruction” was utilized.
The critical differences in the presented reconstruction and the co-culture model from the complementary study
[27] are as follows:

1. The cost for extracellular electron transfer in the presented reconstruction and model for the entire
electron transport system (ETS), the most common mode of growth for the organism, is not contained
in the combined aforementioned co-culture model. This content is necessary for accurate modeling of
single species behavior.

2. The presented reconstruction has an updated organism-specific GAM and NGAM based on pure
culture experiments and modeling using G. metallireducens.

3. The aforementioned study only contains an integrated model, not a single species reconstruction. No
analysis of G. metallireducens is given in that work.

4. Critical aspects and new content related to carbon dioxide fixation and electron flow are unique to this
manuscript and represent a key finding.

Hence, both the aforementioned paper [27] and the G. metallireducens modeling presented in this study are in
fact complementary to each other, by providing a detailed characterization of the metabolic physiology and
energetics while in a co-culture, as well as single-species, growth via Fe(lll) respiration or fumarate reduction.

Analysis of Transcriptomic Data using iAF987

Transcriptomics data from acetate to benzene was generated and analyzed with the iIAF987 model. Of the 130
differentially expressed genes, 77 genes were up-regulated and 53 were down-regulated. The MADE algorithm
predicted that during this shift, the expression of 885 genes in iAF987 do not change significantly and 102
genes are differentially expressed. Of the 102 differentially expressed genes, the MADE algorithm predicted
the up-regulation of 70 genes and down-regulation of 32 genes. The model-based prediction of change in
expression disagreed with the in vitro transcriptomic data for only 28 of the 987 genes leading to 97% overall
agreement (Table S1). Of the 28 genes where model predictions are conflicted with experimental data, 7
genes are conflicted for upregulation and 21 for downregulation. Specifically, the experimental data showed
upregulation of 77 genes, whereas model indicated the upregulation of only 70 genes. Similarly, while the data
indicates the downregulation of 53 genes, the model indicated the downregulation of only 32 genes. Among
the genes differentially expressed during the shift, the genes encoding for benzoyl-CoA reductase were up-
regulated over 100-fold during benzoate growth. It was determined that this key enzyme that links the
degradation of aromatic substrates to central metabolism is not ATP driven as previously thought [28], but is
likely membrane bound and proton translocating [5]. Thus, a proton translocating reaction was added to the
reconstruction for this step in metabolism. A translocation stoichiometry of 3 protons per electron was
determined to be the likely extent of coupling through a thermodynamic analysis (see below).



Electron Transport System Reconstruction

The electron transport system of G. metallireducens can generally be divided into three parts. First, the
electrons in the form of reducing equivalents derived during oxidation of the electron donor by the TCA cycle
are transferred to the menaquinone pool at the inner membrane. Subsequently, the electrons from the
menaquinone pool are transferred to the cytochromes at the inner-membrane. Geobacter then utilizes a series
of periplasmic cytochromes to transfer these electrons to the outer-membrane cytochromes onto the terminal
extracellular electron acceptor. In the case of the dcuB strain, where the terminal electron acceptor is fumarate,
the electrons from the menaquinone pool are diverted towards fumarate reduction.

To reconstruct the electron transport system of G. metallireducens, all the key steps involving electron transfer
to the terminal electron acceptor in these three phases were subject to a thermodynamic analysis. Specifically,
the feasibility of proton translocation and the theoretical maximum proton translocation stoichiometry was
determined using the equations described in [[6,29].

Transfer of reducing equivalents to menaquinone pool

NADH Dehydrogenase (reaction abbreviation, NADH17pp): There are two different potential NADH
dehydrogenase complexes encoded in the G. metallireducens GS-15 genome (i.e., Nuo1 and Nuo2). Both of
these complexes were assigned a functionality of translocating a net 3 protons out of the cell per 2 electrons
tansfered from NADH to menaquinone. No organism-specific characterization of these enzymes has been
performed. Therefore, the net 3 protons pumped out of the cell across the inner membrane per 2 electrons
transferred was assumed via homology to other bacterial NADH dehydorgenases, such as that for Escherichia
coli K12-MG1655 [30].

Fumarate Reductase (reaction abbreviation, FRD2rpp): Oxidation of succinate to fumarate in the TCA cycle
plays a critical role in transferring electrons to the menaquinone pool. In Geobacter sp., this metabolic step is
catalyzed by a bifunctional fumarate reductase/succinate dehydrogenase (FrdCAB) enzyme. While the redox
coupling for fumarate reduction using menaquinol is energetically favourable, the oxidation of succinate using
menaquinone is endergonic. This is primarily due to the fact that succinate/fumarate redox couple is more
electropositive than the electron acceptor menaquinone. It has also been proposed that this apparent
energetic cost for succinate oxidation could provide an explanation to the decreased growth rates observed for
G. sulfurreducens while respiring on Fe(lll) compared to fumarate reduction [31]. Moreover, initial studies in B.
subtilis indicated the possibility of a transmembrane proton potential acting as the driving force for such a
reaction [32]. The previous Geobacter models do not account for this based on biochemical evidence in
organisms such as Wolinella succinogenes or Rhodothermus marinus.

However, more recent evidence indicates that succinate dehydrogenase catalyzed by the bifunctional FrdCAB
does operate in a reverse redox loop in D. vulgaris [33]. This study shows that succinate oxidation by
menaquinol requires the dissipation of membrane potential as a driving force. Furthermore, they attribute this
coupling nature to the absence of the ‘uncoupling’ residue in FrdCAB of W. succinogenes. The presence of this
residue is shown to dissipate the proton potential generated by fumarate reductase. Geobacter species also
lack this residue. Hence we propose that the fumarate reductase of Geobacter species is also electrogenic.
This implies that Geobacter species have an additional energy conserving step while respiring on fumarate.
We evaluated this hypothesis by simulating fumarate respiration of the dcuB strain of G. metallireducens using
the genome-scale model. The earlier version of the G. metallireducens model (iJS787) and the model (IAF987)
without electrogenic fumarate reductase were unable to produce a feasible solution when constrained with
experimentally measured acetate and fumarate uptake rates (see Table 3). However, the electrogenic
fumarate reductase enabled the model to reproduce the experimental observations. Based on this evidence
from the model and the biochemical evidence from D. vulgaris, we propose the incorporation of an electrogenic
fumarate reductase in the Geobacter models.



Electron transfer from menaquinone pool to cytochromes across the membrane

The reaction CYTMQORS3pp denotes the transfer of electrons from the menaquinone pool to the cytochromes
at the inner membrane. To evaluate the energetics of this reaction, the feasibility of proton translocation and
the theoretical maximum proton translocation stoichiometry were determined [6]. Assuming the midpoint
potentials for the cytochromes involved range from 136-155mV, the AE, was calculated to range between 210-
229 mV. Consequently the maximum proton translocation stoichiometry was estimated to be between 1.5 to
1.75 per electron. Similar to the NADH dehydrogenase reaction, the stoichiometry of this reaction was modified
to a net 3 protons translocated per 2 electrons transferred from the menaquinone pool to the cytochromes at
the inner membrane.

Reactions PPCCYTCpp and OMCPPCOpp represent the transfer of electrons through the periplasmic
cytochromes to the outer-membrane cytochromes of G. metallireducens. The reaction PPCCYTCpp denotes
the electron transfer between periplasmic cytochromes (for eg. MacA and PpcA) where the electrons that were
derived at the inner-membrane from the menaquinone pool are passed on to the periplasmic cytochromes. The
reaction OMCPPCOpp represents the subsequent transfer of these electrons to the higher-potential outer-
membrane cytochromes that are involved in Fe(lll) reduction.

Reduction of Extracellular Fe(lll)

It has been shown that Geobacter species reduce Fe(lll) at its outer-membrane by transferring electrons from
the outer-membrane cytochromes [34]. Hence, the reaction FERCYT has been included to represent electrons
being transferred from reduced high-potential outer-membrane cytochromes to Fe(lll)

ATPS10rpp (ATP synthase): The number of protons pumped across the cytoplasmic membrane per 3 ATP
generated by the ATP synthase reaction was modified using growth yields obtained in a closely related species
(P. carbinolicus) on ethanol and hydrogen [35]. Based on the yield data, a stoichiometry of 10 protons per 3
ATP was assigned to the ATP synthase reaction.

Dicarboxylate exchanger (dcuB) for modeling fumarate reduction in the dcuB strain

The reaction SUCFUMtpp (succinate/fumarate antiporter) represents the dicarboxylate exchanger dcuB where
fumarate and succinate are exchanged in a stoichiometric ratio of 1:1. For every mole of fumarate transported
into the cell from the periplasm, one mole of succinate is exported out of the cell into the periplasm. This
reaction is the terminal reaction during fumarate reduction by the dcuB strain [31].

Functional Testing

Initial functional testing of the G. metallireducens network iAF987 was performed using a core biomass
objective function, a well-known media condition which supports growth, and gap filling aided by the SMILEY
algorithm [36]. The core biomass objective function was initially used to determine if the network could
generate the necessary biomass components to replicate when growing on ferric citrate medium with acetate
as an electron donor and carbon source. After the initial reconstruction phase of generating a 3-compartment
curated G. metallireducens reconstruction, 9 of the 68 metabolites in the core BOF could not be generated.
Therefore, the reconstruction was reviewed and further curated to investigate these deficiencies. Using
inference based on pathway function, as well as the SMILEY computational algorithm [36] which predicts
reactions which fills gaps in a metabolic network, reaction content was added to the network so that it could
produce the necessary biomass components. For each biomass component which initially could not be
generated, one reaction addition resolved production in each case. Specifically, of the nine metabolites, two of
the compounds were metal ions necessary and transport reactions for these were added for a cation metal
transporter gene. Six of the nine non-produced metabolites were cofactors or vitamins and the SMILEY
algorithm aided in the identification of reactions which enabled production in two cases. The last component
was a murein structure metabolite and a byproduct form its synthesis required reuptake for the reaction to be
utilized in simulation, therefore a transporter was added in this case. This process was repeated using the wild-
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type BOF (after the core biomass component gaps were filled) and 5 out of the 102 metabolites could not be
generated. The addition of two different transporters to the network resolved these non-production issues.
These transporter reactions uptake byproducts from the synthesis of five wild-type biomass components in the
periplasm (murein and membrane lipid compounds). In total, 6 out of the 10 total reactions that were added to
the network to fill gaps for the generation of biomass components were transport reactions. This result points
to the poor characterization of transport genes, proteins, and specificity in microbial physiology. The complete
list of biomass components that could not be generated initially and the reactions that were added to the
network as a result of these deficiencies are given in Dataset S3.

Growth simulations using the reconstructed network, the wild-type BOF, and FBA were used to validate that
the G. metallireducens reconstruction could simulate growth under 19 known growth conditions. It was
previously identified that G. metallireducens could grow on 19 different carbon sources / electron donors while
respiring on Fe(lll) [37]. Using an estimated uptake rate similar to those determined in growth screens (see
Table 3), it was confirmed that the simulations reproduced the ability of the G. metallireducens network to
produce biomass for each of these conditions. This finding demonstrates that the network has sufficient
coverage to examine G. metallireducens in all currently known growth conditions [37]. Further, the previous
reconstruction can only be used to examine growth of G. metallireducens under 9 of these 19 known
substrates. Extending this analysis further, we computed the additional growth substrates that have not been
previously shown as sole carbon sources and electron donors and these are given in Table 1. After this
functional testing, we turned our attention to modeling growth of G. metallireducens under various growth
conditions.

Analysis of growth on additional substrates for the dcuB and wild type strains

In addition to analyzing the capabilities of G. metallireducens GS-15 under optimal growth conditions with
acetate as the electron donor [38], growth capabilities were also analyzed when utilizing different electron
donors. Comparison of in silico performance to experimental measurements revealed suboptimal performance
of the dcuB strain grown with ethanol and butanol as electron donors (Table S2). This is in contrast to what
was predicted when acetate was the electron donor. Simulations revealed that although the predicted optimal
in silico acceptor to donor ratio was approximately the same as the experimental values (within the measured
ratio including standard deviation), the resulting growth rates seen experimentally were much lower. This result
indicates that there is more energy is being utilized for non-growth related activities when grown on ethanol
and butanol, as compared to acetate. Furthermore, the standard deviations of the experimental measurements
under these conditions are larger as butanol and ethanol were more difficult to measure accurately (likely due
to their volatility).
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