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Abstract

An integrative computational, in silico, model of C1 metabolism is developed from molecular
pathway systems identified from a recent, comprehensive systematic bioinformatics review of C1
metabolism. C1 metabolism is essential for all organisms to provide one-carbon units for methyla-
tion and other types of modifications, as well as for nucleic acid, amino acid, and other biomole-
cule syntheses. C1 metabolism consists of three important molecular pathway systems: 1) me-
thionine biosynthesis, 2) methylation cycle, and 3) formaldehyde detoxification. Each of the three
molecular pathway systems is individually modeled using the CytoSolve® Collaboratory™, a prov-
en and scalable computational systems biology platform for in silico modeling of complex molecu-
lar pathway systems. The individual models predict the temporal behavior of formaldehyde, for-
mate, sarcosine, glutathione (GSH), and many other key biomolecules involved in C1 metabolism,
which may be hard to measure experimentally. The individual models are then coupled and inte-
grated dynamically using CytoSolve to produce, to the authors’ knowledge, the first comprehen-
sive computational model of C1 metabolism. In silico modeling of the individual and integrated C1
metabolism models enables the identification of the most sensitive parameters involved in the
detoxification of formaldehyde. This integrative model of C1 metabolism, giving its systems-based
nature, can likely serve as a platform for: 1) generalized research and study of C1 metabolism, 2)
hypothesis generation that motivates focused and specific in vitro and in vivo testing in perhaps a
more efficient manner, 3) expanding a systems biology understanding of plant bio-molecular sys-
tems by integrating other known molecular pathway systems associated with C1 metabolism, and
4) exploring and testing the potential effects of exogenous inputs on the C1 metabolism system.
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1. Introduction

C1 metabolism is one of the most important biological processes in living systems responsible for providing
one-carbon units for proteins, nucleic acids, methylated compounds, and other biomolecules. The C1 metabol-
ism system is mostly found in plants, bacteria, fungi, and mammals [1] [2]. A wide variety of important biomo-
lecules are synthesized in C1 metabolism such as methionine, formylmethionine-tRNA, pantothenate, thymidy-
late, adenosine, and serine. More importantly, the C1 metabolism process provides the one-carbon units essen-
tial for DNA methylation, which controls plant growth and development, with a particular involvement in regu-
lation of gene expression and DNA replication [3].

This research presents, to the authors’ knowledge, the first computational, in silico, model of C1 metabolism.
The significance of this model, giving its systems-based nature, is that it can likely serve as a platform for: 1)
generalized research and study of C1 metabolism, 2) hypothesis generation that directs more focused and spe-
cific in vitro and in vivo testing, in a more efficient manner, 3) expanding a systems biology understanding of
plant bio-molecular systems by integrating other known molecular pathway systems associated with C1 meta-
bolism, and 4) exploring and testing the potential effects of exogenous inputs on the C1 metabolism system.

This model is based on an earlier systematic review of literature [4] that resulted in the identification of three
critical molecular pathway systems of C1 metabolism: 1) methionine biosynthesis, 2) activated methyl cycle,
and 3) formaldehyde detoxification. Two major insights emerged from this earlier systematic review. The first
major insight is that while C1 metabolism normally proceeds from serine to methionine where a carbon group is
donated to a biomolecule in a methylation reaction, in photosynthetic tissues, however, C1 metabolism appears
to proceed in reverse, synthesizing serine and oxidizing formate. The second major insight is that formaldehyde
detoxification pathway can be blocked by a modification to s-formylglutathione hydrolase, which may cause the
accumulation of formaldehyde if there is no alternative detoxification path. This earlier work provides the foun-
dation for enabling the development of a predictive and integrative computational model, in silico model, of C1
metabolism based on the extant literature.

In this paper, the CytoSolve® Collaboratory™, a proven and scalable computational systems biology ap-
proach [5], is employed to convert the diagrammatic representations of the three molecular pathway systems of
C1 metabolism, identified from the earlier systematic review [4], into three individual molecular pathway mod-
els. The three molecular pathway models are then coupled dynamically using CytoSolve to produce an integra-
tive computational model of C1 metabolism.

The CytoSolve platform performs such integration by abstracting complex cellular functions as a plurality of
molecular pathways, each of which can be treated as individual molecular pathway models, as shown in Figure
1, spanning multiple spatial and temporal scales, across compartments, cell types and biological domains [5] [6].
This approach allows for an inherent scalability to build models of complex biological phenomena, not afforded
by other known methods, since CytoSolve obviates the need to create one large monolithic model [6], which can
be neither modularly scaled nor maintained, giving the dynamic nature of biological research.

The resulting integrative model of C1 metabolism provides an in silico method to gain systems-level under-
standing of complex cellular functions not possible through conventional in vitro and in vivo approaches. The
C1 metabolism modeling, for example, predicts the temporal behavior of formaldehyde, formate, sarcosine, glu-
tathione (GSH), as well as many other key biomolecules involved in C1 metabolism, which may be hard to
measure experimentally.

1.1. C1 Metabolism

C1 metabolism is essential for all organisms to provide one-carbon units for methylation and other types of
modifications, as well as for nucleic acid, amino acid, and other biomolecule syntheses. In particular, C1 meta-
bolism process provides the one-carbon units essential for DNA methylation, which controls plant growth and
development, with a particular involvement in regulation of gene expression and DNA replication [3].

DNA methylation in plants, similar to that in animals, affects the ability of specific proteins to bind to the
DNA and chromatin based transcription complex formation, and also related to histone modifications. Methyla-
tion in plants is species-, tissue-, organelle- and age-specific. In plants, DNA is highly methylated; containing 5-
methylcytosine (m5C) and N 6-methyladenine (m6A) [3].

C1 metabolism in plants, however, differs in fundamental ways from that in bacteria, fungi, and mammals. In
plants, one carbon transfer is very critical for plant specific metabolic pathways such as photorespiration, mito-
chondrial formate metabolism, glyoxylate metabolism, and the methylation cycle.
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Figure 1. CytoSolve provides a framework for integrating systems of systems of molecular pathway models [5] [6].

Perturbations to C1 metabolism, therefore, may likely affect the control mechanisms of DNA methylation,
which itself is modulated by phytohormones and changes on seed germination, flowering and under the influ-
ence of various pathogens (viral, bacterial, fungal). At the enzymatic level, the common enzymes that plants
share with other organisms have been shown to have different roles in plants. Formaldehyde dehydrogenase and
s-formylglutathione hydrolase, for example, are known to metabolize endogenous formaldehyde and not ex-
ogenous formaldehyde from the environment [2].

C1 metabolism is a complex system of molecular pathway systems. The three major molecular pathway sys-
tems of C1 metabolism, aforementioned, are summarized from the previous systematic literature review to pro-
vide the reader a background to appreciate the in silico modeling efforts herein.

1.2. Methionine Biosynthesis

One of the three systems of C1 metabolism is methionine biosynthesis. Methionine biosynthesis is comprised of
set of reactions that are folate-dependent as shown in Figure 2 [4]. The starting point for methionine synthesis is
the addition of either serine [7] or the formate molecule [8] to tetrahydrofolate (THF), followed by several in-
terconversions that lead to methionine biosynthesis [9]. Formate can also get oxidized to carbon dioxide (CO,)
or dimerize to yield glyoxylate [10]. The last step in this set of molecular pathways is the synthesis of methio-
nine. Reaction between homocysteine and a THF derivative catalyzed by methionine synthase leads to the for-
mation of methionine in either the cytosol or chloroplast [11].

The major vehicles of one carbon unit transfer are various complexes of THF present mostly in cytosol [12]-
[147, as well as the mitochondria and chloroplast [15]. The synthesis of THF spans the chloroplast, cytosol, and
mitochondrion. The precursor of THF, dihydropterin, is synthesized in cytosol whereas p-aminobenzoic acid is
synthesized in chloroplast. They are translocated into the mitrochondrion for completion of THF synthesis [16]

[17].
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Figure 2. Methionine biosynthesis. Interconversion of folate derivatives (in blue) results in methionine biosynthesis. Ab-
breviations: formylmethionine tRNA (FMet-tRNA); formylglycinamide ribonucleotide (FGAR); formamidoimidazolecar-
boxamide ribonucleotide (FAICAR); dihydrofolate (DHF) [4].

1.3. Activated Methyl Cycle

Another important system of C1 metabolism is the activated methyl cycle, as shown in Figure 3. Of the total
methionine synthesized from the methionine biosynthesis pathway, 20% is utilized for protein synthesis [18].
The remaining methionine may be the used in theactivated methyl cycle.

Methionine in the activated methyl cycle is converted to S-adenosylmethionine (SAM) in the cytosol [11]
[19]-[21] and can be translocated to chloroplast for methylation [11]. Methyltransferase enzymes bind to SAM,
which binds to enzymes [22] to form a complex. This SAM-bound enzymes subsequently transfers the methyl
group to methylate DNA, RNA, proteins, and other biomolecules to complete the methylation process. Loss of
methyl group from SAM yields s-adenosylhomo-cysteine which dissociates into adenosine and homocysteine
[23]. Homocysteine is then converted back to methionine [23] and recycled.

1.4. Formaldehyde Detoxification

Within C1 metabolism, formaldehyde detoxification as shown in Figure 4, is a critical system for modulating
formaldehyde levels. Formaldehyde is a toxic compound produced during plant C1 metabolism. The detoxifica-
tion of formaldehyde therefore is essential to normal cellular function in plants.

The main sources of formaldehyde in plants are 5, 10-methylene-THF, methanol, and sarcosine [24] [25]. The
detoxification of formaldehyde results in either formate or a THF derivative [4]. Formate can either be further
oxidized to CO, [26] or utilized as a carbon source in C1 metabolism.

In this process, formaldehyde may bind to either to glutathione (to form hydroxylmethylglutathione (HM-
glutathione)) [27] or to a THF derivative. Conversion of HM-glutathioneto formate involves its catalysis by for-
maldehyde dehydrogenase (FALDH) to formylglutathione (formyl-GSH). In the final steps, formylglutathione is
converted to formate and glutathione which is catalyzed by s-formylglutathione hydrolase [28]-[31].

2. Methods

Computational systems biology approaches can provide insights to understand complex molecular phenomena.
In this research, the CytoSolve technology and methodology are applied to develop an integrative and predictive
computational model of C1 metabolism. The CytoSolve technology and approach involves a six-step process to
produce such an integrative model [6]. The steps are as follows:

1. Conduct and archive search results of scientific literature from disparate data sources including PubMed,
Google Scholar, and multiple online databases;

2. ldentify molecular pathway diagrams from the extant literature, while annotating, archiving, and managing
the sourced literature for subsequent review and access;

3. Review the identified molecular pathway diagrams to construct a cogent systems architecture that provides
a blueprint for future in silico modeling the of the molecular system of interest;
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Figure 3. Activated methyl cycle. A one-carbon molecule is passed from methionine to a methyl
group acceptor catalyzed by methyltransferase enzyme. Abbreviations: s-adenosylmethionine
(SAM); s-methylmethionine (SMM); s-adenosylhomocysteine (SAH) [4].
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Figure 4. Formaldehyde detoxification. Formaldehyde is detoxified into formate through a series
of intermediaries including: s-hydroxymethylglutathione (HM-GSH), formylglutathione (formyl-
GSH) [4].

4. Identify critical modelling parameters such as rate constants and initial conditions, to enable the conversion
of the diagrammatic molecular pathway representations to predictive mathematical models;

5. Create and simulate component (individual) molecular pathway models; and,

6. Integrate and couple the component models to create a dynamic, scalable and predictive model of the bio-
logical phenomena of interest.

In this effort, since Steps (1-2) were completed in the earlier work [4], the in silico modeling process of this
research begins with Step 3.

2.1. CytoSolve Background

CytoSolve, developed in earlier work by Ayyadurai and Dewey (2011) [5], provides a scalable computational
systems biology platform for the dynamic integration of complex and large-scale molecular pathway models [5]
[6] [32]. CytoSolve was selected for use in this research since, it allows for complex and scalable integration of
multiple molecular pathway models.

CytoSolve aggregates existing peer-reviewed scientific literature and mines this literature to extract molecular
pathways of biological processes. Mathematical models derived from these pathways are integrated to create a
validated and integrative model. This method provides a computational architecture, as shown in Figure 5, for
coupling individual molecular pathway models dynamically without the need to create a monolithic model.

This approach provides a scalable methodology for integration of systems of systems of molecular pathway
models. Other computational approaches are not scalable as they have not considered the intractability that

1448
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Figure 5. The CytoSolve software architecture framework for integrating systems of systems of
molecular pathway models [5].

emerges from maintaining a single large monolithic model, wherein each model, within a system of molecular
pathway model may require constant updates and changes, given the dynamic nature of biological research [6].

2.2. S ystems Architecture of C1 Metabolism

In silico modeling benefits greatly through a high level architecture, which provides a blueprint on how the ele-
mental pathway systems integrate as well as an understanding of how such systems may interact with related
systems. This effort results in the development of a systems architecture map. This systems architecture map
provides a cogent approach not only to produce an integrative model, but also to appreciate how other related
systems, in future research, can be integrated to expand more complex understanding of the phenomena of in-
terest.

2.3. In Silico Modeling of Individual Molecular Pathway Systems

The CytoSolve platform enables the development of three in silico molecular pathway models: 1) methionine
biosynthesis, 2) activated methyl cycle, and 3) formaldehyde detoxification. For each individual pathway, rele-
vant literature is identified, reviewed and prioritized. Key reactions in the individual pathways are identified
from the relevant literature along with appropriate kinetic information, as well as the biomolecular species and
their concentration information.

In the Supplementary Materials, are provided the sources of the kinetic information used in deriving the indi-
vidual molecular pathway models. Tables S1-S3 of the Supplementary Material contain the kinetic information
for methionine biosynthesis, activated methyl cycle, and formaldehyde detoxification models, respectively. The
Supplementary Materials also provides the literature references from which the kinetics are obtained for devel-
oping the in silico models.

2.4. Integration of Molecular Pathway Systems to Produce a Dynamic Integrative Model

The three validated molecular pathway models of methionine biosynthesis, activated methyl cycle and formal-
dehyde detoxification are integrated in the CytoSolve platform to create an integrative and comprehensive in si-
lico model of C1 metabolism. This integration is modular and dynamic, meaning the individual models remain
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in their native formats, and intelligent computational engine afforded by CytoSolve provides a mechanism to
dynamically integrate the individual models, based on identification of common biomolecular species across a
plurality of a system of models. For example, in one case, the two molecular species: homocysteine and methio-
nine are common species across the two molecular pathway systems of methionine biosynthesis and active me-
thyl cycle models. In another example, 5,10-methylene THF and formate are the common molecular species
across the molecular pathway systems of methionine biosynthesis and formaldehyde detoxification pathways.

2.5. Simulation and Verification

The integrative model resulting from the coupling of the three molecular pathway systems of C1 metabolism can
be used for executing simulations through CytoSolve, which performs mass balance and simultaneously couples
and solves the systems of systems of differential equations to estimate the rate curves for each biomolecular
species within the C1 metabolism system to estimate the concentration profiles of biomolecules in C1 metabol-
ism. All simulations were executed for a simulation time period of 800,000 seconds (~9 days). These simula-
tions provide the insights for conducting in silico modeling and testing of biological phenomena to support in
vitro and in vivo research.

3. Results

There are six sets of results, which emerge from the research herein. The first set of results, in section 3.1, is a
high-level systems architecture of C1 metabolism. The next three sets of results are the simulation output from
executing each of the individual in silico models of methionine biosynthesis, active methyl cycle and formalde-
hyde detoxification, in sections 3.2, 3.3 and 3.4, respectively. The fifth set of results is the simulation output
from the integrative model of C1 metabolism, which offers insights based on the coupling of the three models.
Finally, the sixth set of results is the sensitivity analysis to provide a detailed understanding of which parameters
are critical in the modeling of C1 metabolism.

3.1. Systems Architecture of C1 Metabolism

The systems architecture map of C1 metabolism is shown in Figure 6. This figure is the schematic illustration of
how the three major molecular systems of methionine biosynthesis, activated methyl cycle and formaldehyde
detoxification illustrated in Figures 2-4, respectively, interconnect and interface with one another.

The schematic illustration in Figure 6 shows that each molecular pathway system of C1 metabolism interacts
with the other two. Methionine biosynthesis, shown in Figure 2, communicates with formaldehyde detoxifica-
tion, shown in Figure 4, via the common molecular specie of THF and 5,10-methylene-THF. Methionine bio-
synthesis communicates with activated methyl cycle, shown in Figure 3, via the common molecular specie of
methionine and homocysteine. The activated methyl cycle communicates with formaldehyde detoxification via
the common molecular species of sarcosine.

In addition to the core elements of C1 metabolism illustrated in Figure 6, Figure 7 illustrates, based on the
current literature review, other molecular pathway systems that may likely interact with C1 metabolism. These
systems include: THF biosynthesis, oxidative stress metabolism, catalase activity, shikimic acid metabolism,
adenosine metabolism, glyphosate metabolism, formate biosynthesis, and serine biosynthesis.

/ C1 Metabolism \
=

- )

Figure 6. Systems architecture of C1 metabolism. This figure provides the schematic
illustration of how methionine biosynthesis, activated methyl cycle and formaldehyde
detoxification interconnect in the C1 metabolism.
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Figure 7. Systems architecture for C1 metabolism interrelations with other plant pathways.

The key biomolecular species of interest in the methionine biosynthesis model are methionine and formalde-
hyde. The methionine biosynthesis model was simulated for a simulation time period of 800,000 seconds (~9
days). There are three important results that emerged from this simulation.

First, the model predicts that methionine concentrations reach saturation levels of 1000 nM, near instanta-
neously relative to the simulation time of period of 800,000 seconds (~9 days), as shown in Figure 8(a). The in-
dividual model of methionine biosynthesis only considers the reaction of formation of methionine and not its
consumption in downstream pathways; therefore, the methionine concentrations reacha plateau and achieve a
steady state. The steady state value 1000 nM of methionine resultsfromthe complete conversion of homocysteing,
which is reported to have 1000 nM in physiological conditions [33]. The results indicate that all of the homo-
cysteine is converted to methionine in the methionine biosynthesis model.

The second result is concerning formaldehyde formation in the methionine biosynthesis model as shown in
Figure 8(b). Formaldehyde is produced from 5, 10-methylene THF [13] [34] in the methionine biosynthesis
model. A steady state concentration of 0.06 nM of formaldehyde is achieved near instantaneously in methionine
biosynthesis model.

The third result is concerning formate concentrations in the methionine biosynthesis model as shown in Fig-
ure 8(c). Formate is produced from formylglutathione (formyl-GSH) and consumed in the methionine biosyn-
thesis model [28] [35]. Formate rapidly increases as it synthesized from formylglutathione and is converted to
CO, and water in the methionine biosynthesis model which explains the near instantaneous rise in formate con-
centrations followed by decrease in its concentrations with time. Since the formate concentrations are obtained
from the mass balance of formate, the reduction in formate concentrations over time indicates that the conver-
sion of formate to CO, is dominant relative to the formation of formate from formylglutathione.

3.2. Activated Methyl Cycle Simulation Results

There is one important result that emerges from this simulation as shown in Figure 9. One of the key reactions
in activated methyl cycle is the transfer of methyl group from glycine to an acceptor such as sarcosine [36] [37].
Since sarcosine is an important mediator in the transfer of methyl group, observing its temporal change in simu-
lation provides us critical insights into the state of the activated methyl cycle. The activated methyl cycle model
was simulated for a simulation time period of 800,000 seconds (~9 days).

The model predicts that the sarcosine concentrations reach steady state levels of 2000 nM near instantaneous-
ly. This is likely since sarcosine is synthesized and not consumed in activated methyl cycle model. Even though
glycine is present in excess amounts [33], sarcosine concentration does not increase with time as there is a li-
mited amount of methyl-group transfer from s-adenosylhomocysteine, which is required for sarcosine produc-

tion.
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Figure 8. (a) Simulation results of methionine concentration from methionine biosynthesis model; (b) Simulation results of
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Figure 9. Simulation results of sarcosine concentration from activated methyl cycle model.
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3.3. Formaldehyde Detoxification Simulation Results

Formaldehyde (HCHO), which is synthesized in the methionine biosynthesis cycle, enters the formaldehyde de-
toxification model where it is eventually converted to CO, and water (H,O) [38]. The sources of formaldehyde
synthesis include 5, 10-methylene-THF, methanol and sarcosine [24] [39] [40]. Detoxification of formaldehyde
is glutathione (GSH) dependent [41]. GSH-formaldehyde adduct undergoes series of inter-conversions catalyzed
by FALDH resulting in formate [28] [42]. Formate is then converted to CO, and water by formate dehydroge-
nase.

The formaldehyde detoxification model was simulated for a simulation time period of 800,000 seconds (~9
days). Two biomolecular species are of particular interest in this simulation: formaldehyde and glutathione.

As shown in Figure 10, formaldehyde starts initially at a low, non-zero level, and decays, detoxified, within
~120,000 seconds (~1.5 days) to zero. These results indicate that during normal plant metabolism, formaldehyde
is efficiently cleared in the formaldehyde detoxification pathway.

Since glutathione (GSH), an important antioxidant, is necessary for clearance of formaldehyde in the formal-
dehyde detoxification pathway, simulation results of glutathione’s temporal dynamics are generated. The simu-
lation results, in Figure 11, indicate that during normal plant metabolism, glutathione levels are stable and static
and maintain a steady state level of 5 mM.
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Figure 10. Simulation results of formaldehyde concentration from formaldehyde detoxification model.
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Figure 11. Simulation results of glutathione (GSH) concentration from formaldehyde detoxification model.
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3.4. C1 Metabolism Model Simulation Results

The individual models representing methionine biosynthesis, activated methyl cycle and formaldehyde detoxifi-
cation arecoupled using CytoSolve to produce an integrative model of C1 metabolism. The earlier results in
Sections 3.2, 3.3 and 3.4 are based on simulations of individual models. The results in this section are from si-
mulations executed on the integrative C1 metabolism model. In the integrated model, the interconnections be-
tween individual models can provide insights into how the biomolecular species in one individual model affect
the biomolecular species in the other individual model. As before, the simulation time period is maintained at
800,000 seconds (~9 days).

There are three important results that emerge from this integrative simulation: 1) formaldehyde is detoxified
completely in C1 metabolism (Section 3.5.1), 2) sarcosine is completely depleted in C1 metabolism (Section
3.5.2), and 3) glutathione is maintained at steady state levels in C1 metabolism (Section 3.5.3).

3.4.1. Formaldehyde Is Detoxified in C1 Metabolism
First result is, as shown in Figure 12, formaldehyde concentration is completely eliminated during C1 metabol-
ism. This result is consistent with the results obtained for the individual formaldehyde detoxification model in
Figure 10. The integrative model of C1 metabolism, unlike the individual model of formaldehyde detoxification,
reveals that the initial quantity of formaldehyde is higher. This variation is likely due to the fact that there are
more sources of formaldehyde synthesis in the C1 metabolism model compared to the individual formaldehyde
detoxification model.

One other variation is that the clearance time for formaldehyde appears to be ~200,000 seconds (~2 days) in
the integrative model versus ~120,000 (~1.5 days) in the individual formaldehyde detoxification model. This is
again likely due to the higher amount of initial formaldehyde present.

3.4.2. Sarcosine Is Depleted in C1 Metabolism

The second result is, as shown in Figure 13, sarcosine concentrations decrease with time and reach zero. This
result differs from the results obtained for the individual activated methyl cycle model in Figure 9. This varia-
tion is likely due to the complete conversion of sarcosine in the integrative C1 metabolism model, which canoc-
cur since sarcosine, unlike in the individual activated methyl cycle model, is utilized for synthesis of formalde-
hyde. In the individual activated methyl cycle model, there are no reactions that force the consumption of sarco-
sine.
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Figure 12. Simulation results of formaldehyde concentration from integrative

C1 metabolism model.
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Figure 13. Simulation results of sarcosine concentration from integrative
C1 metabolism model.

3.4.3. Glutathione Is Maintained at Steady State Levels in C1 Metabolism

The third result is, as shown in Figure 14, glutathione concentrations are maintained at a steady state level of
5,000,000 nM. This result is the same as in the individual formaldehyde detoxification model shown in Figure 11.
This consistent steady state value between individual formaldehyde detoxification model and integrative C1
metabolism model is likely because there is minimal consumption of glutathione (GSH) in the integrative model
of C1 metabolism as well as in the formaldehyde detoxification model. Moreover, any glutathione that is con-
sumed is likely recycled back from the GSH-formaldehyde adduct, which is hydrolyzed by for mylglutathione
hydrolase [28], thus maintaining a consistent steady state level.

3.5. Parameter Sensitivity Analysis on C1 Metabolism Model

The results from the in silico modeling of C1 metabolism have provided insights on key biomolecular species,
such as formaldehyde, formate, sarcosine and glutathione. These simulation results are highly dependent on the
integrity of the literature reviewed and in particular on the kinetic rate constants used in the modeling. Parameter
sensitivity analysis provides a method to appreciate the relative significance of critical parameters.

Given the importance of formaldehyde synthesis and clearance in C1 metabolism, parameter sensitivity anal-
ysis was performed on the following three critical parameters:

1. KFTD—Rate constant for conversion of 5,10-methylene-THF to formaldehyde;

2. VCAT—RAate of formaldehyde production from methanol,

3. KGSH-HCHO—Binding rate constant of glutathione (GSH) and formaldehyde (HCHO).

Three sets of results emerge from the sensitivity analysis. First, KFTD, is varied from 1.4 to 5.6 s * and the
resulting formaldehyde concentrations are simulated and observed for the integrated model of C1 metabolism in
Figure 15. The results indicate that, formaldehyde concentrations are not sensitive to KFTD in the integrative C1
metabolism model.

VCAT is varied from 22 to 100 nM/s, and the resulting formaldehyde concentrations are simulated and ob-
served for the integrated model of C1 metabolism in Figure 16. The results indicate that, formaldehyde concen-
trations are not sensitive to VCAT in the integrative C1 metabolism model.

Third, KGSH-HCHO is varied from 0.000864 to 0.00864 nM*:s*, and the resulting formaldehyde concentra-
tions are simulated and observed for the integrated model of C1 metabolism in Figure 17. The results indicate
that, as KGSH-HCHO s increased, the formaldehyde concentration is decreased over time. Therefore, from a
parameter sensitivity standpoint, unlike kFTD and VCAT, formaldehyde concentrations are highly sensitive to
variations in kGSH-HCHO in the integrative C1 metabolism model. Although the parameter value varies across
one order of magnitude, formaldehyde is completely detoxified in all cases.



S. Kothandaram et al.

5,000,000

4,000,000

3,000,000

GSH (nM)

2,000,000

1,000,000

0

400,000 600,000

Time (s)

200,000 800,000

Figure 14. Simulation results of glutathione (GSH) concentration from integrative C1

metabolism model.

kFTD, st
6E-07 1 —_—14
—224
5E-07 4 2.8 (Model)
= —3.36
Z 4e07 - | ——448
) “‘\ 5.6
3 |
ES {
& 3E-07 4
e {
© i
£ |
5 2E-07 4 |
(TR |1
1E-07 4 |
0E+00 — T v 4
0 200,000 400,000 600,000 800,000
Time (s)

Figure 15. Parameter sensitivity analysis of KFTD in the C1 metabolism model.

0.0000006 - VCAT, nM s
—22
0.0000005 - ——33 (Model)
I 42
£0.0000004 1 —s0
Py —66
3 ——100
£0.0000003 1
©
=
go.ooooooz ]
[T
0.0000001 -
0 . ; v .
0 200,000 400,000 600,000 800,000

Time (s)

Figure 16. Formaldehyde concentration simulation results for integrated C1 metabol-

ism model.



S. Kothandaram et al.

0.000006 - kGSH-HCHO, nM1 st
——0.00864 (Model)
0.000005 -
——0.0066848
s
< 0.000004 + 0.0052296
[
2
o
[ —0.0023192
g 0.000002 -
e 0.000864
0.000001 -
0 l& : . : .
0 200,000 400,000 600,000 800,000
Time (s)

Figure 17. Formaldehyde concentration simulation results for integrated C1 metabol-
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4. Discussion and Conclusions

This work provides, to the authors’ knowledge, the first in silico, predictive and computational model of C1 me-
tabolism. A global systems architecture map was developed, from an earlier systematic review, to provide a
high-level understanding of the interrelationships of the three molecular systems of C1 metabolism: methionine
biosynthesis, activated methyl cycle and formaldehyde detoxification. In addition, another systems architecture
map was also developed to provide understanding of related molecular systems that may affect and be affected
by C1 metabolism.

The systems architecture was then used within the CytoSolve Collaboratory to integrate the three molecular
systems of C1 metabolism to produce an integrative model. Simulations were executed on the individual models
as well as the integrative C1 metabolism model. The individual models predict temporal behavior of key bio-
molecules in C1 metabolism such as formaldehyde, formate, sarcosine and glutathione. The integrative C1 me-
tabolism model provides new insights and predictions of formaldehyde, sarcosine and glutathione, and affords a
vehicle for hypothesis testing difficult to perform in vitro and in vivo.

The integrative model of C1 metabolism predicts that in normal plants, formaldehyde is evanescently pro-
duced and detoxified rapidly between ~1.5 and ~2 days. Glutathione levels are minimally affected and maintain
a steady state of 5,000,000 nM. Finally, sarcosine is fully consumed during C1 metabolism.

Parameter sensitivity analysis reveals that variations in kGSH-HCHO, binding rate constant of glutathione
(GSH) and formaldehyde (HCHO), affect formaldehyde concentration in normal plants. Even an order of mag-
nitude variation in this parameter, however, still results in complete formaldehyde detoxification. In summary,
formaldehyde is fully detoxified, though with some temporal variations, regardless of the values of kGSH-
HCHO tested.

5. Future Directions

The systems architecture map in Figure 7 provides a blueprint for further research on the integrative model of
C1 metabolism model discussed herein. Clearly, there are many other neighboring biological processes that in-
teract with C1 metabolism, such as THF biosynthesis, oxidative stress metabolism, catalase activity, shikimic
acid metabolism, adenosine metabolism, glyphosate metabolism, formate biosynthesis, and serine biosynthesis,
for example.

The in silico model of C1 metabolism, now resident in the CytoSolve Collaboratory, offers a scalable and
transparent research platform not only to study C1 metabolism, but also to expand and explore how other mole-
cular systems may affect and be affected by C1 metabolism. The authors believe that oxidative stress, for exam-
ple, is one such important molecular system that, in the near term, should be investigated, modeled and inte-
grated within the C1 metabolism model. Empirical data have suggested that oxidative stress may have some sig-
nificant effects on species such as formaldehyde and glutathione. However, such exploration is difficult through
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current in vivo and in vitro approaches. The systems architecture of C1 metabolism may, however, now provide
an efficient in silico mechanism to explore the molecular systems integration problem of oxidative stress sys-
tems with C1 metabolism to understand the effects of oxidative stress on formaldehyde and glutathione levels.

The mathematical models developed in this study are based on the known literature reviewed by the authors.
Giving scientific publishing is a dynamic process, and the CytoSolve Collaboratory provides a method to incor-
porate any new, updated and missing literature to enhance the model in a transparent and collaborative manner.
This means that the C1 metabolism model shared in this research can be constantly updated to maintain its rele-
vancy and usefulness based on new information. The approach presented herein, beyond expansion and under-
standing of C1 metabolism, may likely provide a new paradigm for scientific research through systems biology
approaches, where transparency and collaboration, accessible in a computational research framework, become a
critical element of scientific inquiry.
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Supplementary Materials

Table S1. List of parameters used in in silico models of methionine biosynthesis.

P;g:ﬁg; ; Description Reference
KAICAR Michaelis Menten constant of AICAR transformylase converting AICAR to FAICAR [S1]
kDHFR Rate constant of dihydrofolate reductase converting DHF to THF [S2]
KDHFR Michaelis Menten constant for dihydrofolate reductase converting DHF to THF [S2]
KETCD Michaelis Mer)ten constant _for 5-formimino-THF cyclodeaminase s3]

converting 5-formimino-THF to 5,10-methenyl-THF
kFTCL Rate constant of 5-formyl THF cycloligase converting 5-formyl THF to 5,10-methenyl THF [S4]
KFTS Michaelis Menten constant for formyl-THF synthetase converting formate to 10-formyl-THF [S5]
KGDC Michaelis Menten constant for glycine decarboxylase converting THF to 5,10-methylene THF [S6]
kGF Second order conversion rate of glyoxylate to formate [S7]
KGET Michaelis M_enten constant for glutamate formi_mi_notransferase s8]
converting formiminoglutamate to 5-formimino-THF
KGSYN Michaelis Menten constant for glyoxylate synthetase converting formate to glyoxylate [S9]
KGTF Michaelis Menten constant for GAR transformylase converting GAR to FGAR [S10]
KKHMT N aerting a-KIVA 10 THF and ketopantoate Is11)
kMHF_GAR Rate constant for GAR transformylase converting 10-formyl-THF to THF [S10]
KMTC Michaelis Mente_n constant for 5,10-methylene THF [s12]
cyclohydrolase converting 5,10-methenyl-THF to 10-formyl-THF
KMTD Michaelis Me_nten constant for 5,10-methylene [s12]
THF dehydrogenase converting 5,10-methylene-THF to 5,10-methenyl-THF
kMTR Rate constant for methylene THF reductase converting 5,10-methylene-THF to 5-methyl-THF [S13]
KMTR THF reducta'\sAeICcr:;e\ll::rmgné?oc-(r)r:]esttlfgltegoer-'rpﬁtlr)t/cl)eg-emethyI-THF [S13]
KMTS Michaelis Menten constant for methionine synthase converting homocysteine to methionine [S14]
kSHM Rate constant for serine hydroxymethyltransferase converting 5,10-methenyl-THF to 5-formyl-THF [S15]
KSHM Michaelis Ment_en constant for serine hydroxymethyl [S15]
transferase converting 5,10-methenyl-THF to 5-formyl-THF

kSHMT Rate constant for serine hydroxymethyltransferase converting serine to glycine [S16]
KSHMT Michaelis Menten constant for serine hydroxymethyltransferase converting serine to glycine [S16]
KTFA Rate constant for the association of THF and Formaldehyde to 5,10-methylene-THF [S17]
kTFD Rate constant for the dissociation of 5,10-methylene-THF to THF and Formaldehyde [S17]
KTS Michaelis Menten for thymidylate synthase induced synthesis of thymidylate from 5,10-methenyl-THF [S18]
VAICAR Vmax of AICAR transformylase converting AICAR to FAICAR [S1]
VFTCD Vmax for 5-formimino-THF cyclodeaminase converting 5-formimino-THF to 5,10-methenyl-THF [S3]
VFTS Vmax for formyl-THF synthetase converting formate to 10-formyl-THF [S5]
VGDC Vmax for glycine decarboxylase converting THF to 5,10-methylene THF [S6]
VGFT Vmax for glutamate formiminotransferase converting formiminoglutamate to 5-formimino-THF [S8]
VGSYN Vmax for glyoxylate synthetase converting formate to glyoxylate [S9]
VGTF Vmax for GAR transformylase converting GAR to FGAR [S10]
VKHMT Vmax for ketopantoate hydroxymethyltransferase converting a-KIVA to THF and ketopantoate [S34]
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Table S2. List of parameters used in in silico model of activated methyl cycle.

Kinetic

P ———— Description Reference
KSAM Michaelis Menten constant for s-adenosyl methionine synthase converting methionine to SAM [S19]
VSAM Vmax for s-adenosyl methionine synthase converting methionine to SAM [S19]
VMTG Vmax for glycine methyltransferase converting glycine to sarcosine [S20]
KMTA Michaelis Menten constant for glycine methyltransferase converting SAM to SAH [S21]
KMTG Michaelis Menten constant for glycine methyltransferase converting glycine to sarcosine [S21]
KSAH Michaelis Menten constant for the dissociation of SAH [522]

to adenosine and homocysteine induced by s-adenosyl homocysteine hydrolase
VSAH Vmax for the dissociation of SAH to adenosine and [522]
homocysteine induced by s-adenosyl homocysteine hydrolase
KHMT Rate constant for the association of SMM and homocysteine [S23]
to methionine induced by homocysteine methyltransferase
KHMT Michaelis Menten constant for the association of SMM and [523]
homocysteine to methionine induced by homocysteine methyltransferase
KMMT Michaelis Menten constant for Methionine methyltransferase converting Methionine to SMM [S24]
VMMT Vmax for methionine methyltransferase converting methionine to SMM [S24]

VADOK Vmax for adenosine kinase converting adenosine to AMP [S25]

KADOK Michaelis Menten constant for adenosine kinase converting adenosine to AMP [S25]

VADEK Vmax for adenylate kinase converting ADP to AMP and ATP [S26]

KADEK Michaelis Menten constant for adenylate kinase converting ADP to AMP and ATP [S26]
KSAM Michaelis Menten constant for S-adenosyl methionine synthase converting methionine to SAM [S19]
VSAM Vmax for S-adenosyl methionine synthase converting methionine to SAM [S19]
VMTG Vmax for Glycine methyltransferase converting glycine to sarcosine [S20]
KMTA Michaelis Menten constant for glycine methyltransferase converting SAM to SAH [S21]
KMTG Michaelis Menten constant for glycine methyltransferase converting glycine to sarcosine [S21]
KSAH Michaelis Menten constant for the dissociation of [522]

SAH to adenosine and homocysteine induced by s-adenosyl homocysteine hydrolase
VSAH Vmax for the dissociation of SAH to adenosine [S22]
and homocysteine induced by s-adenosyl homocysteine hydrolase
KHMT Rate constant for the association of SMM and (23]
homocysteine to methionine induced by homocysteine methyltransferase
KHMT Michaelis Menten constant for the association of SMM [523]
and homocysteine to methionine induced by homocysteine methyltransferase
KMMT Michaelis Menten constant for methionine methyltransferase converting methionine to SMM [S24]
Table S3. List of parameters used in in silico model of formaldehyde detoxification.

NI Description Reference

Parameter
kTFD Rate constant for the dissociation of 5,10-methylene-THF to THF and formaldehyde [S17]
KTFA Rate constant for the association of THF and formaldehyde to 5,10-methylene-THF [S17]
VCAT Vmax for catalase converting methanol to formaldehyde [S27]
KCAT Michaelis Menten constant for catalase converting cethanol to formaldehyde [S28]
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Continued

kSOX Rate constant for sarcosine oxidase converting sarcosine to glycine and formaldehyde [S29]
KSOX Michaelis Menten constant for sarcosine oxidase converting sarcosine to glycine and formaldehyde [S29]
kGSHdissF Rate constant for the dissociation of HM-GSH to GSH and formaldehyde [S30]
kGSHbindF Rate constant for the association of GSH and formaldehyde to HM-GSH [S30]
VFALDH Vmax for FALDH induced GSH formaldehyde adduct formation [S31]
KFALDHN Michaelis Menten constant for FALDH converting NAD to NADH [S31]
KFALDH Michaelis Menten constant for FALDH induced GSH formaldehyde adduct formation [S31]
VFGH Vmax for FGH converting formyl-GSH to formate [S32]
KFGH Michaelis Menten constant for FGH converting formyl-GSH to formate [S32]
kFDH Rate constant for FDH induced conversion of formate to H,O and CO, [S33]
KFDH Michaelis Menten constant for FDH induced conversion of formate to H,O and CO, [S33]
kTFD Rate constant for the dissociation of 5,10-methylene-THF to THF and formaldehyde [S17]
KTFA Rate constant for the association of THF and Formaldehyde to 5,10-methylene-THF [S17]
VCAT Vmax for catalase converting methanol to formaldehyde [S27]
KCAT Michaelis Menten constant for catalase converting cethanol to formaldehyde [S28]
kSOX Rate constant for sarcosine oxidase converting sarcosine to glycine and formaldehyde [S29]
KSOX Michaelis Menten constant for sarcosine oxidase converting sarcosine to glycine and formaldehyde [S29]
kGSHdissF Rate constant for the dissociation of HM-GSH to GSH and formaldehyde [S30]
kGSHbindF Rate constant for the association of GSH and formaldehyde to HM-GSH [S30]
VFALDH Vmax for FALDH induced GSH formaldehyde adduct formation [S31]
KFALDHN Michaelis Menten constant for FALDH converting NAD to NADH [S31]
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