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TECHNIQUES FOR PREDICTING PHENOTYPE FROM GENOTYPE BASED ON
A WHOLE CELL COMPUTATIONAL MODEL

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit of Provisional Appln. 61/672,855, filed July 18, 2012,
the entire contents of which are hereby incorporated by reference as if fully set forth herein,
under 35 U.S.C. §119(e). This application also claims benefit of Provisional Appln.
61/783,826, filed March 14, 2013, the entire contents of which are hereby incorporated by
reference as if fully set forth herein, under 35 U.S.C. §119¢(e).

STATEMENT OF GOVERNMENTAL INTEREST
[0002] This invention was made with government support under contracts LM011510 and
0OD006413 awarded by the National Institutes of Health. The government has certain rights

in the invention.

BACKGROUND OF THE INVENTION
[0003] Computer models that can account for the integrated function of every gene in a cell
have the potential to revolutionize biology and medicine, as they increasingly contribute to
how we understand, discover and design biological systems. For example, it would be very
useful to predict the effects of adding, removing or substituting one or more genes to a base
organism, without having to actually engineer the modified organism. Models of biological
processes have been increasing in complexity and scope. However, previous models have not
been able to include more than about 35% of the genome.
[0004] The approaches to modeling cellular physiology, based on ordinary differential
equations (ODEs) (Atlas et al., 2008; Browning et al., 2004; Castellanos et al., 2004;
Castellanos et al., 2007; Domach et al., 1984; Tomita et al., 1999), were limited by the
difficulty in obtaining the necessary model parameters. Subsequently, alternative approaches
were developed that require fewer parameters, including Boolean network modeling
(Davidson et al., 2002) and constraint-based modeling (Orth et al., 2010; Thiele et al., 2009).

However, the underlying assumptions of these methods do not apply to all cellular processes
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and conditions, and building a whole-cell model entirely based on either method is therefore

impractical.
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SUMMARY OF THE INVENTION
[0005] Techniques are provided for predicting phenotype from genotype based on a whole
cell computational model.
[0006] In a first set of embodiments, a method comprises retrieving on a processor cell
state data that indicates chromosome data that represents over 40% of genes in a single cell
of an organism, and which also indicates populations of gene products in multiple functional
compartments. The functional compartments include at least an external conditions
compartment, a membrane compartment, a cytosol compartment, and a DNA interactions
compartment. The method includes executing on a processor multiple sub-models that each
simulate, for a same time duration called a time step, a different cell process selected from a
group of cell processes comprising at least transcription, translation, ribosome assembly,
protein translocation, and metabolism. The method also includes updating on a processor
values for the cell state data based on results from executing the plurality of sub-models; and,
repeating, for multiple time steps, the steps of executing the plurality of sub-models and
updating the values for the cell state data. The process further includes storing, on a
computer-readable medium, values of the cell state data after the plurality of time steps.
[0007] In some embodiments, the chromosome data represents all genes in a single cell of
an organism. In some embodiments, the method also includes determining a first cell
phenotype, such as cell mass doubling time or cell division time, based on the values of the
cell state data after the plurality of time steps. In some of these embodiments, the method
also includes determining whether the first cell phenotype matches a target phenotype; and, if
so, then genetically modifying an actual cell of the organism to correspond to the
chromosome data.
[0008] In various embodiments, the sub-models include a variety of types of models,
including models based on ordinary differential equations, Boolean networks models,
constraint-based modeling, and flux mass balance models.
[0009] In other sets of embodiments, an apparatus, a system, or a computer-readable
medium is configured to cause an apparatus to perform one or more steps of the above

methods.
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[0010] Still other aspects, features, and advantages of the invention are readily apparent
from the following detailed description, simply by illustrating a number of particular
embodiments and implementations, including the best mode contemplated for carrying out
the invention. The invention is also capable of other and different embodiments, and its
several details can be modified in various obvious respects, all without departing from the
spirit and scope of the invention. Accordingly, the drawings and description are to be

regarded as illustrative in nature, and not as restrictive.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The present invention is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference numerals
refer to similar elements and in which:
[0012] FIG. 1 is a block diagram that illustrates example processes in a cell to be modeled,
according to an embodiment;
[0013] FIG. 2 is a block diagram that illustrates useful compartments, according to some
embodiments;
[0014] FIG. 3 is a block diagram that illustrates example simulations using cell state
variables and sub-models, according to an embodiment;
[0015] FIG. 4 is a flowchart that illustrates an example method for forming a whole-cell
model, according to an embodiment;
[0016] FIG. 5A through FIG. 5C are flowcharts that illustrate an example use of whole-
cell model simulation, according to an embodiment;
[0017] FIG. 6A through FIG. 6C are bock diagrams that illustrate example fields and
arrays and initial values for representing chromosome data in the Chromosome state variable
class, according to an embodiment;
[0018] FiG. 7 is a block diagram that ilfustrates example fields in the Transcript state
variable class, according to an embodiment;
[0019] FIG. 8A is a block diagram that illustrates example stages of RNA maturation and
change tracked in the RNA state variable class, according to an embodiment;
[0020] FIG. 8B is a block diagram that illustrates example fields in the RNA state variable
class, according to an embodiment;
[0021] FiG. 8C is a table that lists example interactions between different cell sub-maodels
and the RINA state variable class, according to an embodiment;
[0022] FIG. 9 is a block diagram that illustrates example fields in the Polypeptide state

variable class, according to an embodiment;
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[0023] FIG. 10A is a block diagram that illustrates example stages of protein monorer
maturation and change tracked in the Protein Monomer state variable class, according to an
embodiment;

[0024] FIG. 10B is a block diagram that illustrates example fields in the Protein Monomer
state variable class, according to an embodiment;

[0025] FiG. 10C is a table that list example interactions between different cell sub-models
and the Protein Monomer state variable class, according to an embodiment;

[0026] FIG. 11A is a block diagram that illustrates example fields in the Protein Complex
state variable class, according to an embodiment;

[0027] FIG. 11B is a table that list example interactions between different cell sub-models
and the Protein Complex state variable class, according to an embodiment;

[0028] FIG. 12 is a block diagram that iltustrates example fields in the RNA Polymerase
state variable class, according to an embodiment;

[0029] FiG. 13 is a block diagram that illustrates example fields in the Ribosome state
variable class, according to an embodiment;

[0030] FIG. 14 is a block diagram that illustrates example fields in the Cytokinesis state
variable class, according to an embodiment;

[0031] FIG. 15 is a block diagram that illustrates example fields in the Metabolic Reaction
state variable class, according to an embodiment;

[0032] FIG. 16 is a block diagram that illustrates example fields in the Metabolite state
variable class, according to an embodiment;

[0033] FIG. 17A is a block diagram that illustrates example cell geometry with a cell
division septum region, according to an embodiment;

[0034] FiG. 178 is a block diagram that illustrates example fields in the Geomelry state
variable class, according to an embodiment;

[0035] FIG. 18 is a block diagram that iltustrates example fields in the Host state variable
class, according to an embodiment;

[0036] Fi(. 19 is a block diagram that tllustrates example fields in the Mass state variable

class, according to an embodiment;
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[0037] FIG. 20 is a block diagram that dlustrates example fields in the Stimulus state
variable class, according to an embodiment;

[0038] FIG. 21 is a block diagram that iltastrates example fields in the Time state variable
class, according to an embodiment;

[0039] FIG. 22A is a block diagram that illustrates features of DNA condensation,
according to an embodiment;

[0040] FIG. 22B is a flowchart that illustrates an example DNA Condensation sub-model,
according to an embodiment;

[0041] FIG. 23A is a flowchart that illustrates an example DNA Segregation sub-model,
according to an embodiment;

[0042] FIG. 23B is a list showing the relationship of the DNA Segregation sub-model to
cell state variables, according to an embodiment

[0043] FIG. 24A is a flowchart that illustrates an example DNA Damage sub-model,
according to an embodiment;

[0044] FIG. 24B is a list of instructions that illustrates an example DNA Damage sub-
model for M. genitalium, according to an embodiment;

[0045] FIG. 25A is a flowchart that illustrates an example DNA Repair sub-model,
according to an embodiment;

[0046] FIG. 25B is a list of instructions that illustrates an example DNA Repair sub-model
for M. genitalium, according to an embodiment;

[0047] FIG. 26A is block diagram that illustrates different regions for defining helicity on
a replicating chromosome, according to an embodiment;

[0048] FIG. 26B through FIG. 26D are graphs that illustrate the effect of superhelical
density on the activity of certain DNA binding proteins, according to an embodiment;
[0049] FIG. 26E and FIG. 26F are flow charts that illustrate an example method for a
DNA Supercoiling sub-model, according to an embodiment;

[0050] FIG. 26G is a list of parameter values set for the DNA Supercoiling sub-model,

according to an embodiment;
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[0051] FIG. 27A through FIG. 27C are a block diagram that illustrates the progress of
DNA replication and components of replication machinery in a cell, modeled according to an
embodiment;

[0052] FIG. 27D through FIG. 27F are flowcharts that illustrate an example method for a
DNA Replication sub-model, according to an embodiment;

[0053] FIG. 27G is a list of parameter values set for the DNA Replication sub-model,
according to an embodiment;

[0054] FIG. 27H is a list of cell state variables and other sub-models interacting with the
DNA Replication sub-model, according to an embodiment;

[0055] FIG. 271 through FIG. 27K are lists of instructions that illustrate an example DNA
Replication sub-model, according to an embodiment;

[0056] FIG. 28A is a list of parameters and values for an example DNA Replication
Initiation sub-model, according to an embodiment;

[0057] FIG. 28B and FIG. 28C are block diagrams that illustrate binding state
cooperativity for an example DNA Replication Initiation sub-model, according to an
embodiment;

[0058] FIG. 28D is a list of cell state variables and other sub-models interacting with the
DNA Replication Initiation sub-model, according to an embodiment;

[0059] FIG. 29A is a flowchart that illustrates an example method for a Transcriptional
Regulation sub-model, according to an embodiment;

[0060] FIG. 29B is a list of instructions that illustrates an example Transcriptional
Regulation sub-model, according to an embodiment;

[0061] FIG. 30A and FIG. 30B are flowcharts that illustrate an example method for a
Transcription sub-model, according to an embodiment;

[0062] FIG. 30C is a list of cell state variables and other sub-models interacting with the
Transcription sub-model, according to an embodiment;

[0063] FIG. 30D is a list of parameters and values for a Transcription sub-model,

according to an embodiment;
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[0064] FIG. 31A is a flowchart that illustrates an example method for a RNA Processing
sub-model, according to an embodiment;

[0065] FIG. 31B is a list of instructions that illustrates an example RNA Processing sub-
model, according to an embodiment;

[0066] FIG. 32A is a flowchart that illustrates an example method for a RNA Modification
sub-model, according to an embodiment;

[0067] FIG. 32B is a list of instructions that illustrates an example RNA Modification sub-
model, according to an embodiment;

[0068] FIG. 33A is a flowchart that illustrates an example method for an RNA
Aminoacylation sub-model, according to an embodiment;

[0069] FIG. 33B is a list of parameters for an RNA Aminoacylation sub-model, according
to an embodiment;

[0070] FIG. 34A is a flowchart that illustrates an example method for an RNA Decay sub-
model, according to an embodiment;

[0071] FIG. 34B is a list of cell state variables and other sub-models interacting with the
RNA Decay sub-model, according to an embodiment;

[0072] FIG. 34C is a list of parameters and values for an RNA Decay sub-model,
according to an embodiment;

[0073] FIG. 35A and FIG. 35B are flowcharts that illustrate an example method for a
Translation sub-model, according to an embodiment;

[0074] FIG. 35C is a list of cell state variables and other sub-models interacting with the
Translation sub-model, according to an embodiment;

[0075] FIG. 35D is a list of parameters and values for a Translation sub-model, according
to an embodiment;

[0076] FIG. 35E is a list of instructions that illustrates an example method for initializing
ribosomes for a Translation sub-model, according to an embodiment;

[0077] FIG. 36A is a flowchart that illustrates an example method for a Protein Processing

I sub-model, according to an embodiment;
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[0078] FIG. 36B is a list of instructions that illustrates an example Protein Processing I
sub-model, according to an embodiment;

[0079] FIG. 37A is a flowchart that illustrates an example method for a Protein
Translocation sub-model, according to an embodiment;

[0080] FIG. 37B is a list of instructions that illustrates an example Protein Translocation
sub-model, according to an embodiment;

[0081] FIG. 38A is a flowchart that illustrates an example method for a Protein Processing
IT sub-model, according to an embodiment;

[0082] FIG. 38B is a list of instructions that illustrates an example Protein Processing Il
sub-model, according to an embodiment;

[0083] FIG. 39A is a flowchart that illustrates an example method for a Protein Folding
sub-model, according to an embodiment;

[0084] FIG. 39B is a list of instructions that illustrates an example Protein Folding sub-
model, according to an embodiment;

[0085] FIG. 40A is a flowchart that illustrates an example method for a Protein
Modification sub-model, according to an embodiment;

[0086] FIG. 40B is a list of instructions that illustrates an example Protein Modification
sub-model, according to an embodiment;

[0087] FIG. 41A is a flowchart that illustrates an example method for a Protein
Complexation sub-model, according to an embodiment;

[0088] FIG. 41B is a list of instructions that illustrates an example Protein Complexation
sub-model, according to an embodiment;

[0089] FIG. 42A is a flowchart that illustrates an example method for a Ribosome
Assembly sub-model, according to an embodiment;

[0090] FIG. 42B is a list of instructions that illustrates an example Ribosome Assembly
sub-model, according to an embodiment;

[0091] FIG. 43A is a flowchart that illustrates an example method for a Organelle

Assembly sub-model, according to an embodiment;
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[0092] FIG. 43B is a block diagram of hierarchical protein organization of a Terminal
Organelle, according to an embodiment;

[0093] FIG. 43C is a list of instructions that illustrates an example Terminal Organelle
Assembly sub-model, according to an embodiment;

[0094] FIG. 44A is a flowchart that illustrates an example method for a Protein Activation
sub-model, according to an embodiment;

[0095] FIG. 44B is a list of instructions that illustrates an example Protein Activation sub-
model, according to an embodiment;

[0096] FIG. 45A through FIG. 45D are flowcharts that illustrate an example method for a
Protein Decay sub-model, according to an embodiment;

[0097] FIG. 45E through FIG. 45G are lists of instructions that illustrate an example
Protein Decay sub-model, according to an embodiment;

[0098] FIG. 46 is a list of parameters and values for an FtsZ polymerization sub-model
useful for modeling cell division, according to an embodiment;

[0099] FIG. 47A and FIG. 47B are block diagrams that illustrate a metabolic network of
M. genitalium, according to an embodiment;

[0100] FIG. 47C and FIG. 47D are block diagrams that illustrate an integrated flux balance
analysis for M. genitalium, according to an embodiment;

[0101] FIG. 47E and FIG. 47F are lists of instructions that illustrate an example
Metabolism sub-model, according to an embodiment;

[0102] FIG. 48A is a list of parameters and values for a Cytokinesis sub-model useful for
modeling cell division, according to an embodiment;

[0103] FIG. 48B is a block diagram that illustrates an example cycle of filament bending
during cytokinesis in the Cytokinesis sub-model, according to an embodiment;

[0104] FIG. 48C is a list of state variables and sub-models that interact with the
Cytokinesis sub-model, according to an embodiment;

[0105] FIG. 49 is a list of instructions that illustrates an example Host Interaction sub-

model, according to an embodiment;
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[0106] FIG. 50 is a graph that shows example comparisons between measured and
predicted growth rates for wild-type and 12 single-gene disrupted strains, according to an

embodiment; and

[0107] FIG. 51 is a block diagram that illustrates a computer system 5100 upon which an

embodiment of the invention may be implemented.
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DETAILED DESCRIPTION
[0108] Techniques are described for a producing and using a whole cell computational
model capable of predicting phenotype from genotype. In the following description, for the
purposes of explanation, numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be apparent, however, to one skilled
in the art that the present invention may be practiced without these specific details. In other
instances, well-known structures and devices are shown in block diagram form in order to
avoid unnecessarily obscuring the present invention.
[0109] As used herein, a whole-cell model is a processor-based method that generates
populations of gene products in multiple functional compartments in each of multiple time
steps from over 40% of genes in all chromosomes of a cell, preferably over 50% of the
genes, more preferably over 90% of the genes, and, in some embodiments, from every gene
in all chromosomes. Such models are used to predict the evolution of an individual cell with
a particular genotype through cell division, or the variability among a population of cells
with the same genotype, or a range of genotypes, including a tissue constructed from a
population of such cells, for time scales in a range from one time step to a duration
corresponding to many thousands of cell mass doublings and cell divisions.
[0110] Some embodiments of the invention are described below in the context of modeling
Mycoplasma genitalium (herein after “M. genitalium”), a human urogenital prokaryotic cell
parasite whose genome contains 525 genes. However, the invention is not limited to this
context. In other embodiments, a whole-cell model is formed and used for other prokaryotic
cells (cells without a nucleus in which genetic material is free in the cytoplasm) as well as
eukaryotic cells (that carry out more internal chemical mechanisms and so utilize a nuclear
membrane to separate DNA processes), using one or more techniques described herein. In
still other embodiments, a population of cells, of all the same or of multiple different cell
types, is simulated by rerunning the whole-cell model multiple times, either in parallel at
each time step, or separately. Such population simulations may be used, in various

embodiments, to determine variability within the population or interactions between cells for
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cells of the same tissue or of the same organism, or for cell populations of mixed organisms,

or some combination.
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1.Definitions
[0111] The terms used herein have the meanings in the following table.

Table 1. DEFINITIONS

allele One of two or more forms of a gene or a genetic locus (generally a

group of genes) on at least two chromosomes

ADP Adenosine Di-Phosphate: a molecule that results from hydrolysis of

ATP to release energy

ATP Adenosine Tri-Phosphate: a molecule used by cells to store energy

BER base excision repair

cell compartment | A portion of cell in which a particular set of processes are performed
and populated by molecules that serve as reactants and products of

those processes.

chromosome A single piece of coiled DNA containing many genes, regulatory
elements and other nucleotide sequences also containing DNA-bound

proteins, which serve to package the DNA and control its functions

DDR direct damage reversal

DNA Deoxyribonucleic acid (DNA) is a usually double-stranded long
molecule composed of repeating chemical units known as
“nucleotides” or “bases.” There are four bases: adenine, thymine,
cytosine, and guanine, represented by the letters A, T, C and G,
respectively. Adenine on one strand of DNA always binds to thymine
on the other strand of DNA, and guanine on one strand always binds to
cytosine on the other strand; such bonds are called base pairs. Any
order of A, T, C and G is allowed on one strand, and that order
determines the complementary order on the other strand. When
occurring in chromosomes, the actual order encodes other shorter
molecules, such as proteins, used to build and control all living

organisms and thus determines the function of that portion of the DNA
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molecule.

DNA-binding

Proteins that are composed of DNA-binding domains that have a

proteins specific or general affinity for either single or double stranded DNA.
DNA-binding proteins include transcription factors which modulate the
process of transcription, various polymerases, nucleases which cleave
DNA molecules, and histones which are involved in chromosome
packaging and transcription in the cell nucleus.

DSBR double-strand break repair

FBA tlux-balance analysis

GAM growth-associated maintenance energy

GpP Guanocsine diphosphate, a molecule that results from hvdrolysis of GTP

pRosp 3 ¥

to release energy.

Gene A segment of DNA involved in producing a functional RNA or

polypeptide chain. Specifically, a gene includes, without limitation,
regions preceding and following the coding region, such as the
promoter and 3'-untranslated region, respectively, as well as
intervening sequences (introns) between individual coding segments

(exons).

gene product

RNA or protein coded for in a gene

Genome The entirety of an organism’s hereditary information, encoded either in
DNA or, for many types of viruses, in RNA. The genome includes both
the genes and the non-coding sequences of the DNA/RNA.

genotype The genetic composition of an individual organism.

GG global genomic

GTP {ruanosine-3'-iriphosphate, a molecule used by cells to store energy.

HR homologous recombination

logh L.og of distribution coefficient that is the ratio of the sum of the

concentrations of all forms of the compound (ionized plus un-ionized)
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in each of the two phases.

fogh Logarithim of the ratio of the concentrations of an un-ionized solute in
two solvents: a measure of lipophilicity.

marker A gene or unique DNA sequence with a known location on a
chromosome that can be used to determine the chromosome location of
an arbitrary sequenced portion of DNA.

MOMA minimization of metabolic adjustment

mRNA messenger RNA

NER nucleotide excision repair

NF-xB nuclear factor kappa-light-chain-enhancer of activated B cells

nucleic acid

A molecule comprising a sequence of one or more repeating chemical
units known as “nucleotides” or “bases” of “base pairs” (bp). There are
four bases in deoxyribonucleic acid (DNA): adenine, thymine, cytosine,
and guanine, represented by the letters A, T, C and G, respectively. In
ribonucleic acid (RNA) the base uracil (U) replaces the base thymine

(T).

ODE ordinary differential equation

(PppGpp guanosine pentaphosphate or tetraphosphate

phenotype An individual organism’s observable characteristics or traits, such as its
morphology, development, biochemical or physiological properties,
phenology, behavior, and products of behavior.

pi Isoclectric point that indicates the pH at which a particular molecule or
surface carries no net electiical charge.

protein A generic term referring to molecules made up of a chain of amino

acids and including native protein, fragments, peptides, or analogs of a
polypeptide sequence. Synonym used herein includes “polypeptide.”
Hence, native protein, fragments, and analogs are species of a

polypeptide genus.
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R/M restriction/modification

RNA Ribonucleic acid (RNA) comprises a single stranded chain of
nucleotides in which uracil (U) replaces thymine (T).

rRNA ribosomal RNA

sample Includes any biological specimen obtained from a subject.

sequencing Determining the order, or sequence, of bases on one strand of DNA or
RNA.

SMC stractural maintenance of chromosome protein

SNP Single-nucleotide polymorphism, a DNA sequence variation occurring
when a single nucleotide in the genome (or other shared sequence)
differs between members of a biological species or paired
chromosomes in an individual. The vast majority of polymorphic sites
are bi-allelic, meaning that no more than two possible distinct alleles
can be observed at these sites. As used herein, a O indicates one
nucleotide at the position of the SNP and a 1 indicates a different
nucleotide.

SP-4 Spiroplasma mediurn #4

sRNA small non-coding RNA

SRP signal recognition particle

SSB single-stranded binding protein

subject An organism that is an object of a method or material, including
mammals, e.g., humans, dogs, cows, horses, kangaroos, pigs, sheep,
goats, cats, mice, rabbits, rats, and transgenic non-human animals as
well as plants and protists. Synonyms used herein include “patient” and
“animal.”

TLR toll-like receptor

treating Taking steps to obtain beneficial or desired results, including clinical

results, such as alleviating or ameliorating one or more symptoms of a




WO 2014/015196 PCT/US2013/051167
19

disease; diminishing the extent of disease; delaying or slowing disease
progression; ameliorating and palliating or stabilizing a metric

(statistic) of disease. “Treatment” refers to the steps taken.

tRNA transfer RNA
TSS transcription start site
Uy ultraviolet

whole-cell model | A computational process that generates populations of gene products in

(also, whole cell multiple functional compartments in each of multiple time steps from
computational over 40% of genes in all chromosomes of a cell, preferably over 50%
model) of the genes, more preferably over 90% of the genes, and when

possible every gene in all chromosomes.

1. Overview

[0112] A useful goal is to predict the complex phenotypes of individual cells in terms of
individual molecules and their interactions. The primary challenges to building a unified,
whole-cell model of a single cell are threetold: (1) complexity, processes relevant to celular
behavior are diverse and span a wide range of length and time scales, (2) hieterogeneiry,
cetlular networks have heterogeneous mathematical structures and are typically investigated
asing heterogeneous experimental methods, and (3) sparsity, little guantitative data
rigorously describing single cell physiology i1s available. The flexibility of a hybrid model
best allowed navigating these challenges.

[0113] Biological systems are herein viewed as modular at certain time scales.
Consequently the cell is modeled herein by (1) dividing cellular processes into separate sub-
models corresponding to separate functional processes, (2) independently running each sub-
model on a short time scale, and (3) integrating longer time scales by using de-conflicted
sub-model outputs at the end of one time step as input to one or more sub-models for the next
time step. The sub-models span six areas of cell biology: (1) transport and metabolism, (2)

DNA replication and maintenance, (3) RNA synthesis and maturation, (4) protein synthesis
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and maturation and (6) interaction, if any. In some embodiments, the protein synthesis and
maturation sub-models include an additional area for cell-type specific functions, such as
cell-specific organelle functions. For example, M. genitalium performs certain functions in an
attachment organelle for adhering to the urogenital membrane wall of its human host. Other
cells have other organelles such as Golgi bodies and endoplasmic reticulum. In various
embodiments, the sub-models include a variety of types of models, including models based
on ordinary differential equations, Boolean networks models, constraint-based modeling, and
flux mass balance models.

[0114] It is a challenge to identify appropriate sub-models for each process and to determine
the appropriate time scale and sub-model inputs and outputs for a whole-cell model. FIG. 1 is
a block diagram that illustrates example processes in a cell to be modeled, according to an
embodiment. FIG. 1 depicts 28 sub-models grouped by category as metabolic 140, RNA 120,
protein 130, and DNA 110—in the context of a single cell. Sub-models are connected
through common metabolites, RNA, protein, and the chromosome which are depicted as
solid filled arrows. It was discovered that much of the cell phenotype, including growth and
cell division is described with these 28 sub models listed in Table 2. These sub-models are
described in more detail below with reference to FIGs. 22 to 48. In some embodiments,
some sub-models are excluded. For example, if cell division is not modeled, sub-models
directed to replication and cell division are omitted. In other embodiments, other sub-models
are added, such as sub-models for producing other organelles.

Table 2. List of sub-models for whole-cell model.

number | Area of biology Sub-model name processes
1 DNA Condensation Chromosome folding
2 DNA Segregation Replicated

chromosomes moving to
opposite poles in cell

3 DNA Damage Change in DNA base
due to external factors
4 DNA Repair Remediate wrong,

foreign or damaged
DNA bases
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DNA

Supercoiling

Effect of enzymes that
over coil DNA

DNA

Replication

Generating a copy of a
chromosome

DNA

Replication Initiation

Establishing conditions
to initiate replication

RNA

Transcriptional Reg

Controlling rate of
transcription of one or
more genes

RNA

Transcription

Generating an mRNA
coded by DNA

10

RNA

RNA Processing

Cleavage of completed
mRNA to remove
introns

11

RNA

RNA Modification

Modifications of tRNA
to reduce use of
redundant codons

12

RNA

Aminoacylation

Binding an amino acid
to a tRNA

13

RNA

RNA Decay

Breaking an RNA
molecule into its
constituent bases

14

protein

Translation

Growing a polypeptide
to form a protein coded
by mRNA

15

protein

Processing [

N-terminal
formylmethionine
deformylation and N-
terminal methionine
cleavage

16

protein

Translocation

Moving proteins to and
through membrane

17

protein

Processing 11

Lipoprotein
diacylglyceryl adduction
and lipoprotein and
secreted protein signal
peptide cleavage for
protein in a membrane

18

protein

Folding

Chaperone mediated
folding of protein to
functional form

19

protein

Protein Modification

Covalent bonding with
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small molecules to
complete mature protein

20

protein

Complexation

Assembling a gene
coded protein with a
different gene coded
protein or RNA
molecule not covered by
another sub-model

21

protein

Ribosome Assembly

Assembling a ribosome
from proteins and RNA
molecules

22

protein

Organelle Assembly

Assembling proteins and
complexes specific to a
special organelle, such
as terminal organelle of
M.genitalium.

23

protein

Protein Activation

Causing a protein to be
active for performing a
function based on
external conditions
falling in a particular
range

24

protein

Protein Decay

Breaking a protein down
into separate amino
acids

25

protein

FtsZ Polymerization

Assembling proteins and
complexes (such as
FtsZ) specific to cell
division

26

transport/metabolism

Metabolism

Importing extracellular
nutrients and converting
them into

macromolecule building
blocks

27

transport/metabolism

Cytokinesis

Pinching of the cell
membrane in a certain
location until the
membrane is separated
and division is complete

28

host interaction

Host Interaction

Determining external
conditions caused by
host, if any, in response
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to proteins and
complexes produced in
or secreted through the
cell membrane

[0115] It was also recognized that the above processes act in groups that involve different
portions of the cell, herein called compartments. A cell compartment is a portion of cell in
which a particular set of processes are performed and populated by molecules that serve as
reactants and products of those processes. The compartment might correspond to one or more
locations in a cell, such as the membrane. It was found that useful whole-cell modeling could
be performed with four or more compartments representing, at least, external conditions, cell
membrane, cytosol and DNA interactions. Additional compartments are included in some
embodiments, such as one or more compartments for special organelles and a nucleus
membrane compartment for cells with a nucleus. In some embodiments, there are sub-
compartments, such as sub-compartments for organelle membranes in the special organelle
compartment or a compartment for lipoprotein interactions within the cell membrane
compartment. FIG. 2 is a block diagram that illustrates useful compartments 200, according
to some embodiments. The compartments 200 include a DNA interactions compartment 210,
a cytosol compartment 220, a cell membrane compartment 230 and an external conditions
compartment 240. Also depicted are a compartment 250 for a nucleus membrane a
compartment 260 for special organelles, and sub-compartment 262 for organelle membranes
in the organelle compartment 260 and sub-compartment 232 for lipoprotein interactions in
cell membrane compartment 230.

[0116] A whole-cell model includes the gene products of a large fraction, if not all, of the
genome. As used herein, the term whole-cell model means a computational process that
generates populations of gene products in multiple functional compartments in each of
multiple time steps from over 40% of genes in all chromosomes of a cell, preferably over
50% of the genes, more preferably over 90% of the genes, and when possible every gene in
all chromosomes. In the example embodiment, the entire genome of a simple one-celled

organism, M. genitalium, is included in the whole cell mode.
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[0117] Thus, in some embodiments, a method includes determining sub-models for each
compartment including: transcription regulation, transcription and RNA maturation in the
DNA interactions compartment; translation, protein maturation, protein translocation and
ribosome assembly in the cytosol compartment; and metabolism in the cell membrane
compartment.

[0118] Once the compartments and sub-models have been selected, the inputs to each sub-
model and the outputs of each sub-model are determined. Variable inputs used by more than
one sub model and outputs of each model are collected as state variables. The values of the
state variables describe the phenotype of the cell at a particular time. Constants used by the
sub-models are considered model parameters, but values of those constants often have to be
reconciled among multiple sub-models. The 28 models use the populations and
configurations of various gene products and metabolites that have been usefully assembled
into 16 multidimensional state variables. The multidimensional state variables are listed in
Table 3. These multidimensional cell state variables are described in more detail below with
reference to FIGs. 22 to 48.

Table 3. Multidimensional cell state variables.

number | State variable name Description

1 Chromosome For each gene: location, start coordinate, length,
direction, type, for tRNA genes codon and amino acid,
essential, expression shock, half life of each RNA
transcript, sequence, G/C content, weight of each
transcript, pI of each transcript, half-life RNA, decay rate
RNA, synthesis rate RNA, polymerase binding
probability RNA, homologs, database ref, transcription
unit, reactions involving gene product.

2 Transcript Transcription units: constituent genes. DnaA boxes.
Restriction/modification (R/M) sites. Short tandem
repeats, coordinate, direction, sequence and length,
progress of the RNA polymerase along the transcription
unit, whether aborted at this location, calculated dry
weight.

3 RNA For each RNA species: copy count, weights,
compositions, lengths, and localizations, decay rates,
modified and unmodified copy numbers, cleaved and
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uncleaved copy counts.

Polypeptide

Which mRNA are bound to ribosomes, how far
translation has proceeded at current time step, partial
polypeptides sequences tagged with proteolysis tag for
degradation, length, tRNA sequence, and amino acid
sequence of every monomer and the length, molecular
weight, tRNA sequence, and amino acid sequence of
every possible proteolysis tag.

Protein Monomers

For each gene coded protein monomer species: copy
count, DNA-bound copy count, result of successful
translation. Localization, signal sequence, N-terminal
methionine cleavage, prosthetic groups, chaperone,
topology, catalysis, DNA footprint (instability, stability,
aliphatic index, GRAVY, extinction coefficient and
absorption of gene), folded or unfolded, modified or
unmodified, nascent or processed. Processing enzyme
copy count, cytosolic- and membrane- and organelle
cytosol- and organelle membrane-localized copy counts.

Protein Complex

For each protein complex species: copy count, DNA-
bound copy number, complex subunit composition,
molecular weights, amino acid composition, half-lives,
and localization, minimum expression of each complex
for each process with a minimum, folded and unfolded
copy counts, and modified and unmodified copy counts.

RNA polymerase

Copy count, chromosome location of DNA-bound copy,
expected probabilities of a polymerase being in four
conditions (free, non-specific bound, specific bound,
actively transcribing), fold changes to the base binding
probabilities.

Ribosome

Copy count. For each copy: (1) the status — actively
translating or stalled, (2) the mRNA (or tmRNA if

stalled) species bound to and translating, and (3) the
position, in codons from the start codon.

Cytokinesis protein

Number of edges and status of each edge (bent or not
bent) in a protein complex associated with cell division,
such as a FtsZ ring.

10

Metabolic reaction
(rxn)

Records the calculated flux of each metabolic reaction.

11

Metabolite

Represents both the extracellular and cellular copy
numbers of each metabolite (including ATP, ADP, H20,
H+).

12

Geometry

Diameter of cell midline (progress of cytosis), length of
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cylinder-shaped cell, width, volume (assuming constant
density), surface area, septum length.

13 Host Boolean variables indicating membrane signaling protein
expression, host inflammatory response activation.
14 Mass Cell mass and mass of each component: water mass,

chromosome mass, RNA mass, protein monomer and
complex masses, transcript mass, polypeptide mass,
metabolites mass, mass of bi-lipid membrane (based on
mass of other components and density).

15 Stimulus Temperature in °C, six types of radiation in Wm-2, Gy
s—1, or m—2 s—1 sr—1, and three Boolean-valued stress
conditions.

16 Time Time elapsed from the start of the simulation in seconds

as a single-integer variable.

[0119] Simulations are randomly initialized to the beginning of the cell cycle. Next, for
each time step, the sub-models retrieve the current values of the cell state variables, calculate
separate contributions to the temporal evolution of the cell state variables, and update the
values of the cell state variables. This is repeated thousands of times over the course of each
simulation. FIG. 3 is a block diagram that illustrates example simulations using cell state
variables and sub-models, according to an embodiment. Values of 16 multidimensional cell
state variables 310 at one time are used as input to the 28 cell process sub-models 320. Cell
functions and variables are grouped into 5 physiologic categories: DNA, RNA, protein,
metabolite, and other. Lines between the variables and sub-models indicate the cell variables
predicted by each sub-model. The number in parentheses next to each sub-model indicates
the number of genes involved in the sub-model processes in the example organism, M.
genitalium. The sub-models are executed (in random order in some embodiments to fairly
apportion limited resources) to model corresponding processes for the same time duration
(called the time step) to produce a phenotype made up of new values of the cell state
variables at a later time. That phenotype is compared to a simulation end condition 330, such
as the cell dividing (occurs when a septum diameter output by cytokinesis sub-model equals
zero), or a certain number of rounds of executing the sub-models. If the condition is satisfied,

the simulation ends. Otherwise the values of the cell state variables output by the sub-models
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are used as input to the sub-models for another round of execution to advance the cell state
another time step. In other embodiments, a whole-cell model includes more or fewer
multidimensional cell state variables or sub-models or some combination.

[0120] An advantage of the whole-cell model approach, in particular because of the focus
on the individual cell, is that uncertain values for any variables or parameters can be
determined in order to produce molecular closure and temporal closure. Molecular closure
means that the populations of gene products are limited by the availability of the molecules
that make them up. When all molecular resources are consumed, no new gene products or
derivative complexes can be generated, until the resident gene products are broken down into
their constituent molecules for reuse or new molecules are imported through the cell
membrane. Because energy, required for many reactions involving gene products, is provided
by certain molecular species (e.g., Adenosine Tri-Phosphate, ATP), the molecular closure for
the changes between such species (e.g., between ATP and Adenosine Di-Phosphate, ADP)
also provides for energy closure. Temporal closure means that if the cell is modeled through
to cell division, the state the daughter cell population should be within acceptable variations
of the original state of the parent cell population.

[0121] FIG. 4 is a flowchart that illustrates an example method for forming a whole-cell
model, according to an embodiment. Although steps are depicted in FIG. 4, and in
subsequent flowcharts, as integral steps in a particular order for purposes of illustration, in
other embodiments, one or more steps, or portions thereof, are performed in a different order,
or overlapping in time, in series or in parallel, or are omitted, or one or more additional steps
are added, or the method is changed in some combination of ways.

[0122] In step 401, compartments are selected for a cell type. The compartments include at
least the DNA interactions compartment, cytosol compartment, cell membrane compartment;
and external conditions compartment. In other embodiments, other compartments, such as
those depicted in FIG. 2 are also included. For modeling M. genitalium, the special organelle
compartment is a so-called terminal organelle used for attaching to the urogenital passage of
a host organism. In some embodiments, the determination of compartments includes

performing a comprehensive search of the available literature on the subject. In many cases,
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direct information about an organism compartment is not available. In such cases information
about a closely related organism is used. For example, for instances in which the knowledge
base of M. genitalium is lacking, information about Escherichia coli (E. coli) was
substituted. In some cases other Mycoplasmas are used; in other cases, F. coli was used; and
in yet other cases organisms were not limited to Mycoplasmas or E. coli.

[0123] In step 403, sub-models are determined for modeling the processes in each
compartment including, at least: transcription regulation, transcription and RNA maturation
in the DNA interactions compartment; translation, protein maturation, and ribosome
assembly in the cytosol compartment; and, protein translocation and metabolism in the cell
membrane compartment. In other embodiments, more sub-models are included for
simulating other processes in various compartments, such as one or more of the sub-models
listed above in Table 2, or others not listed there. In some embodiments, the determination of
processes or the determination of existing sub-models for those processes includes
performing a comprehensive search of the available literature on the subject. In many cases,
direct information about an organism genome and processes is not available. In such cases
information about a closely related gene is used, such as information about homologs in
other organisms. As before, in some cases other Mycoplasmas are used, in other cases, E.
coli was used, and in yet other cases organisms were not limited to Mycoplasmas or E. coli.
[0124] In step 405, variable inputs and outputs are determined for each sub-model (such as
chromosome and copy counts of molecules in compartment and cell mass) and parameters
(such as reaction rate statistics, percentage of cell mass associated with an important
molecule). In some embodiments, the determination of parameter values for those processes
includes performing a comprehensive search of the available literature on the subject.

[0125] In step 407, cell states variables are determined based on sub-model inputs and
outputs. Because each cell state variable is multidimensional, each is stored in a data
structure that includes one or more Boolean, scalar or array fields, or some combination. The
cell state data structure is generated to store each multidimensional attribute of cell state and
to indicate cell state methods to initialize, update, retrieve or derive values for every attribute

of the cell state. As is well known, object-oriented programming structures provide a
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computational mechanism for storing multidimensional variable values and methods for
manipulation of those values, such as to initialize, update, retrieve or derive values. Objects
of object-oriented programming are instances that can inherit methods and attributes, such as
parameter values, from an object-oriented class. Thus, in some embodiments, one or more of
the cell state variable data structures are objects of a cell state variable class.

[0126] In step 409, for each sub-model, methods are generated to utilize cell state data
structures as input or output or both, and to set parameter values. In object oriented
programming, methods are implemented as a method class. Thus, in some embodiments, step
409 includes generating or update a cell process sub-model class for each sub-model so that
the class utilizes values stored in cell state variable objects.

[0127] In step 411, a time scale for which input and output state variables for each sub-
model are well mixed in every compartment where the sub-model’s processes occur is
determined. In step 413 steady state conditions are determined for at least some sub-model.
Steady state conditions are those values of the cell state variables utilized by the sub-model
that cause the model to output cell state variable values that are substantively the same as the
input cell state variable values. Steady state values are useful for comparison with
observations to ensure that sub-model parameters are properly set.

[0128] In step 421 it is determined whether there is a another sub-model for which to
perform steps 405 through 413. If so, control passes back to step 405. If not, control passes to
step 431. In step 431 a time step for simulation of the cell is determined based on the well
mixed time scale. The time step should be short enough to resolve the evolution of most cell
state variables over time, but not so short that many extraneous time steps are taken to model
even the fastest processes. To keep the time step from being too long, the time step it is
selected to be shorter than the time for at least some sub-model processes to complete. To
keep the time step from being too short, the time step it is taken to be about the same as the
fastest well mixed time scale. In the example embodiment, the time step is selected to be 1

second.
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[0129] As aresult of method 400, data structures are constructed to store knowledge base
for much or most of the genome (40% to 100%) including sub-models for separate processes
and state variables in multiple compartments of the single cell.

[0130] Some differences between the whole-cell model algorithm and numerical ordinary
differential equation (ODE)} integration methods are: (1) the whole-cell model “equations”
are grouped inte multiple sub-models, (2) the whole-cell model “variables™ are grouped into
a plurality of multidimensional cell state variables, (3) the values of the cell state variables
should be allocated among and within the sub-models at each time step to satisfy the
assumption that the sub-models can execute independently, and (4) the discrete nature of

many of the variables due to the focus on single cells.

2. Application of whole-cell model to cellular engineering

[0131] FIG. 5A through FIG. 5C are flowcharts that illustrate an example use of whole-cell
model simulation, according to an embodiment. FIG. 5A is directed either to training the
whole-cell model based on observations, or to engineering a cell that exhibits a desired
phenotype, e.g., the production of a certain product, such as an enzyme for digesting oil, or
behavior, such as growth under conditions of abnormally high temperatures. In step 501 it is
determined what behavior or product is desired in an organism and what known subject
organism is suitable as a starting organism because that subject organism phenotype is close
enough to the desired phenotype. In some embodiments directed to training or calibrating the
whole-cell model, the desired phenotype is the actual phenotype of a subject organism.
[0132] Instep 511, a whole-cell model of the subject organism is constructed, or retrieved
if already constructed. Such a model can be constructed as described above with reference to
FIG. 4. In some embodiments, the sub-models included in step 511 have not been optimized
for use in a particular organism. During step 513, the values of parameters of the sub-models,
such as kinetic rates, are aligned so as not to be contradictory with parameter values used in
other sub-models or so as to produce concentrations and proportions of gene products in a

normal range under normal conditions. In some embodiments, the parameter values are set to
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provide molecular closure. In some embodiments, this optimization has already occurred in
step 511, and step 513 is omitted.

[0133] In step 515, initial conditions variance control is determined. el theory states that
all cells are created from old cells, or, more mathematically, that on the time scale of a single
generation, mother and daughter cells are statistically similar, This principle was used to
relate the initial and final cel state distributions of the whole-cell model, providing temporal
closure and a rigorous way to define the initial cell state distribution in terms of the dynamic
model. The total cell mass variance om, and initial copy counts 7» of all RNA and 7p of all
protein species, are used to control initial conditions variance.

[0134] A method that calculates the expectation value of each cell state variable was
developed based on the whole-cell model of step 511, This method 15 depicted in FIG. 5B.
FI1G. 5C shows how to use the method of FI(G. 5B to apply the principal of statistical
equivalence of mother and daughter cells. First, the juputs of FIG. 5B were determined
initially with om, 7r and 7p all set equal to zero. Second, as shown in FI(. 5B, the
distribution of each cell state variable was approximated by a standard, well-behaved
statistical distribution, and set the mean of each distribution to its calculated value. For
example, it was assumed that the copy number of each RNA and protein species is
multinomially distributed, and that the total cell mass is normally distributed. Third, also
shown in FIG. 5B, the variance of the distribution of each celi state variable was
parameterized and initially set the variance of each distribution to zero. These distributions
were sampled and used to set the nitial vahue of each state variable. Fifth, as shown in FIG.
5C, a population of wild type cells was simulated using this cell state initialization procedure
and the variance of the final distribution of each cell state variable calculated, Sixth, as
shown in FIG. 5C, the initial variance of each state variable was set to its calculated final
variance. Finally, steps five and six were repeated until convergence of the values of the
variance control parameters.

[0135] In step 523, the elapsed time is set, e.g., initially the elapsed time set to zero, the
time of the initial conditions set in step 521; but, subsequently, the elapsed time is

incremented by one time step. In an illustrated embodiment, the time step is 1 second. In step
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525, the external conditions are set, so that time varying external conditions can be
simulated, such as rising temperatures or falling levels of metabolites.

[0136] In step 530 shared resources, such as metabolites, are divided among the processes
competing for those resources. For example, in the illustrated embodiment, step 530 includes
steps 531 through 539. In some embodiments, the shared resources are not evenly distributed
but can be differentially concentrated in one compartment compared to another. Such
embodiments include step 531 to determine the next compartment with shared resource to
divide. In some embodiments, in which processes in all compartments compete for the
same resources, step 531 is omitted. In step 533, the next resource and amount available
(e.g., in cell or compartment) is determined. In step 535, the next process that uses the shared
resource is determined. In order to prevent one or a few processes form always getting the
resources, the process is determined at random. Note that one sub-model may include
multiple processes; but the sub-model is configured to apportion the amount of the shared
resource allotted to the sub-model among the processes included in the sub-model. Because
the sub-models run independently, process 530 divides the resources among multiple sub-
models before any sub-model is invoked.

[0137] In step 537, the demand for the resource by the sub-model is determined. For
example, one sub-model may not require a particular resource at all, another requires only
one copy of the resource, and another may require multiple copies of the resource, e.g for
large reactions or a large number of small reactions included in one sub-model. Steps 535
and 537 are repeated until all sub-models have been considered, steps 533 through 537 are
repeated until all resources have been considered, and steps 531 through 537 are repeated
until all compartments have been considered. When the demand for every shared resource is
known for all compartments, control passes to step 539.

[0138] In step 539, each shared resource is divided among the sub-models based on the
relative demand by those sub-models, i.e., proportional to the demand. Thus a first sub-model
that demands twice as many ATP molecules as a second sub-model will receive twice as

many as the second sub-model.



WO 2014/015196 PCT/US2013/051167
33

[0139] In step 550 the evolution of values for each cell state variable is determined. For
example, step 530 includes steps 551 through step 555. In step 551 the next sub-model to be
executed is determined. In some embodiments, the next sub-model is chosen at random so
that a second sub-model that depends on an unshared output of a first sub-model will, at least
on occasion, be executed after the first sub-model and not have to wait until the next time
step.

[0140] In step 553, the next sub-model is executed by retrieving the values of any unshared
cell state variables and retrieving the divided part of any shared cell state variable. In step
555, the contributions (negative or positive) to the values of the cell state variables by
executing the process are combined with the values already in those cell state variables an the
values of those cell state variables updated. In some embodiments, the effects are not
additive; step 555 includes any switching, saturation, or multiplicative effects of each
contribution to the value of the cell state variable.

[0141] After all sub-models have been executed, control passes to step 571 to determine if
simulation end conditions have been satisfied. If not, control passes back to step 523 and
following to increment the elapsed time by the time step, divide the shared resources and
execute all the sub-models.

[0142] If simulation end conditions have been satisfied, then in step 573 it is determined if
the simulated phenotype is the desired phenotype. For example, does the simulation indicate
that the genotype used in step 511 produces an organism with the desired behavior or
product? If so, then an organism should be genetically engineered with the genotype used in
step 511. If not, then the genotype should be adjusted in step 575 and the model run again
with the new genotype by returning control to step 511.

[0143] Any method may be used to genetically engineer the organism. Introducing genes
into microorganisms or cell culture lines is foundational to the biotechnology industry,
enabling the production of proteins, biofuels, and biochemical. This process known as
genetic engineering is often accomplished by inserting genes into a larger piece of DNA,
such as a plasmid, that then gets transferred to a host cell. Genetic engineering alters the

genetic makeup of an organism using techniques that remove heritable material or that
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introduce DNA prepared outside the organism either directly into the host or into a cell that is
then fused or hybridized with the host. Genetic perturbations include the introduction of a
plasmid or virus containing heterologous genes, knock-outs and knock-ins of chromosomal
genes, and modifications of functional and regulatory elements encoded in DNA (e.g.,
promoters, transcription-factor binding sites, ribosomal binding sites, regions of secondary
structure in the transcribed RNA, termination sites). Alternatively, an entire chromosome
can be synthesized and transplanted into a competent recipient host.

[0144] The molecular biology methods and techniques are generally performed according
to conventional methods well known in the art and as described in various general and more
specific references that are cited and discussed throughout the present specification unless
otherwise indicated. See, e.g., Sambrook et al., Molecular Cloning: A Laboratory Manual,
2d ed., Cold Spring Harbor Laboratory Press: Cold Spring Harbor, N.Y. (1989); Ausubel et
al., Current Protocols in Molecular Biology, Greene Publishing Associates (1992, and
Supplements to 2002); Harlow and Lan, Antibodies: A Laboratory Manual, Cold Spring
Harbor Laboratory Press: Cold Spring Harbor, N.Y. (1990); Principles of Neural Science, 4th
ed., Eric R. Kandel, James H. Schwart, Thomas M. Jessell, editors, McGraw-Hill/Appleton
& Lange: New York, N.Y. (2000).

[0145] Expressing newly-introduced genes often has unintended and negative
consequences for a host cell, diverting resources away from critical processes. The precise
behaviors that occur are complex and difficult to anticipate. Application of whole-cell
modeling can address these problems. Whole-cell modeling incorporates known molecular
biology into a quantitative framework for running computational simulations. These
simulations are capable of predicting the multifactorial effects of the addition or removal of
one or more genes in a cell. Additional genes can be modeled either by defining additional
genes on one of the existing chromosomes, including possibly extending the sequence of the
existing chromosome, or by modeling extrachromosomal plasmids analogously to genomic
DNA. Genes can be removed from the model either functionally by eliminating their RNA
and protein expression, or structurally by removing the gene's transcription start and stop

sites and possibly altering the chromosome sequences.
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[0146] In step 581, it is determined whether the actual phenotype of an organism, such as
the genetically engineered organism, matches the simulated phenotype. If so, then the
process is done. If not, then the model is flawed and should be adjusted in step 583, and run
again with the adjustments by returning control to step 511.

[0147] In some embodiments, the model is trained by comparisons between simulated
phenotypes and observed phenotypes, as described in more detail below with reference to an
example whole-cell model for M. genitalium. In such embodiments, there is considered to be
no desired phenotype different from the simulated phenotype, and step 573 is omitted.
Control passes from step 571 on the yes branch directly to step 581. If the simulated
phenotype matches the actual phenotype, then the model training is done. If not, the model is

adjusted in step 583, and control passes back to step 511.

3. Cell state variable classes

[0148] In this section the attributes and methods of the cell state variable classes are
presented. For brevity, a state variable class is often referred to as a state class in the
following. Although data structures and fields are depicted in many of the diagrams in this
section as integral blocks in a particular order for purposes of illustration, in other
embodiments, one or more data structures or messages or fields, or portions thereof, are
arranged in a different order, in the same or different number of data structures or databases
in one or more hosts or messages, or are omitted, or one or more additional fields are

included, or the data structures and messages are changed in some combination of ways.

3.1 Chromosome state variable

[0149] Chromosomes encode the structure and function of every RNA and protein, and
thereby control cellular behavior, Due to their cnitical function and large size, cells dedicate
considerable resources to chromosome replication, maintenance, and compaction. This state
represents the polymerization, winding, modification, protein occupancy, and (dejcatenation
status of the chromosome(s). This state represents the polymerization, winding, modification,

and protein occupancy of each nucleotide of each strand of each copy of the organism
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chromosorne, and the (dejcatenation statas of the two sister chromosomes following
replication.

[0150] FIG. 6A through FIG. 6B are bock diagrams that illustrate example fields and arrays
for representing chromosome data in the Chromosome state variable class, according to an
embodiment. Many of the properties associated with these fields are described in more detail
below with reference to the sub-models. FIG. 6A depicts example fields according to one
embodiment. Chromosome ID field 601 holds data that indicates an identifier (ID) for a
particular chromosome. In some embodiments, the subject organism has only one
chromosome and chromosome ID field 601 is omitted. Chromosome length field 602 holds
data that indicates length of the chromosome in nucleotides (bases). OriC position field 603
holds data that indicates a position along the chromosome where replication commences;
TerC position field 604 holds data that indicates a position along the chromosome where
replication is completed Chromosome sequence field 605 holds data that indicates the
sequence of nucleotides of the forward strand. For brevity going forward, the expression that
a field “indicates” means that the field “holds data that indicates.”

[0151] The regions accessible for protein binding field 606 indicates the position ranges in
bases where the chromosome can be accessed for binding with proteins of sufficient affinity.
The locations of DNA-bound proteins field 607 indicates the position in bases where a
protein is actually bound and the species of the bound protein. The DNA footprints of
proteins field 608 indicates the DNA footprints of the bound protein species. The DnaA
complex at OriC field 610 indicates whether that complex is currently bound to the
chromosome at that location, signaling that replication can begin. The polymerized regions
field indicates the range of bases that have been polymerized (copied by the growing
complementary strand during replication). The superhelicity field 612 indicates the change in
linking number from relaxed coiling for the chromosome or a replicating portion of the
chromosome.

[0152] The strand breaks 613 field indicates locations of strand break, such as introduced
when fragments are formed during replicating of a lagging strand or during chromosome

damage. The unbound bases field 614 and damaged bases field 615 indicate types of
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chromosome configurations that invoke chromosome repair. Segregation status field 616
indicates whether replicated chromosomes have separated and moved to opposite poles of the
cell.

[0153] The chromosome includes many genes, transcribed in groups of one or more genes
called transcription units. In various embodiments, properties of each gene or transcription
unit are also included in this state class. For example each gene is described by a field 620
with multiple component fields, which is repeated for each gene or transcription unit, as
indicated be ellipsis below field 720. Gene ID field 621 indicates a unique identifier for a
gene, such as gene nomenclature name or MG number. Gene start coordinate field 622
indicates the location on the chromosome where the gene begins, the direction field 623 the
direction of the gene from that location, and the length field 624 the number of bases in the
gene. The transcription unit ID field 625 indicates the transcription unit to which the gene
belongs with a unique identifier for the transcription unit. The essentiality field 626 indicates,
e.g., with a Boolean value, whether expression of the gene is essential for the cell. The type
field 627 indicates the type of RNA produced from the gene (mRNA, rRNA, sRNA, tRNA)
and the promoter field 628 indicates the location and base sequence of the promoter where
the RNA polymerase binds to the DNA.

[0154] In some embodiments, the chromosome state variable class includes a number of
wild variations field 631 that indicates how many variations of this gene are found in nature
and the sequence of wild type field 632 or single nucleotide polymorphisms (SNPs) field
633 indicates the bases in the wild variation. The G/C content field 634 indicates the percent
of the bases that are either guanine or cytosine, indicative of increased probability for
recombination.

[0155] In support of transcription, the Chromosome state variable class includes a
polymerase ID field 635 indicates uniquely one of the polymerases produced and the
polymerase binding probability field 636 indicates the probability that polymerase will bind
to the promoter for the current gene. The weight of the transcript produced, the rate at which
the transcript is synthesized, the half life of the transcript, and the decay rate of the transcript

are indicated by the contents of field 641, field 642, field 643 and field 644.
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[0156] The product of this gene, either RNA or protein from mRNA is then involved in one
or more reactions modeled by the sub-models. So in the illustrated embodiment, the
Chromosome state variable class 600 includes field 634 to indicate the reactions involving
the products of this gene. If the gene is for tRNA, the associated codon and amino acid are
indicated by field 646. The tendency of the gene to be expressed under shock conditions,
such as temperature shock, chemical shock, or radiation shock, e.g., at four ultraviolet
wavelengths, is indicated by the contents of field 647.

[0157] Homologs field 651 holds data that indicates genes in other organisms with very
similar sequences, which can be used in some embodiments to determine the properties of
the gene in the subject organism. The database references field 652 indicates what databases
were the sources of the values placed in one or more fields for this gene. Other fields for the
gene, if any, are indicated by ellipsis.

[0158] The methods of the Chromosome state class include: a method 691 to retrieve
values from an object of the class; a method 692 to update values in one or more fields; and a
method 693 to initialize values in one or more fields. The illustrated embodiment includes
one or more methods 694 to derive a value in one field from values in one or more other
fields (such as a method to dissociate DnaA from the chromosome after initiation of
replication). Other methods for the chromosome state variable class are indicated by ellipses
below method 694.

[0159] FIG. 6B sumumarizes the mathematical representation of several properties of
chromosome(s) including the size and type of multiple atiributes, according to another
embodiment. Mathematically, several properties are each represented by a tensor for base
(nucleotide) ¢ on strand j of chromosome &, The index § varies from | to L indicating the
length of the chromosome in bases. The index j varies from 1 up to 2 strands; and the index &
varies from 1 up to the number of chromosomes (2 for replication of an organism with a
single chromosoroe, such as M. genifalivm). Properties of bound metabolites, proteins or
protein compiexes include a fourth dimension with index / to indicate the bound species.
Colomn 671 indicates the name of the physical property. Column 672 indicates a

mathematical notation symbol for the property. Column 673 indicates the size of the array
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specifying the property at each base of the chromosome and column 674 indicates the type o
value that fills the array, either Boolean (True or False) or integer or real.
[0160] Each property except winding, base and sugar-phosphate modification, protein
occupancy and catenation, is represented as a 3-dimensional Boolean tensor. Winding {w in
the mathematical notation) is represented as a 3-dimensional real tensor which indicates the
linking number density of each nucleotide. Base and sugar modification { w’ and i’ ,
respectively, in the mathematical notation) are represented as 4-dimensional tensors which
indicate the chemical identity / = {1..M } of a species bound to each nucleotide, where M is
the number of distinct metabolite species represented by the Metabolite state. Protein
monormer and protein complex occupancy (5™ and 57, respectively in this notation) are
represented as 4-dimensional tensors which indicate the identity, [ = { I.Bm} and = { L.BC}
Im C
respectively, of the protein bound at each nuclectide, where B and B are the numbers of
distinct protein monomer and cornplex species represented by the Protein Monomer and
Protein Complex states. (De)catenation (s} is represented as a Boolean scalar. The other
properties represented by 3-D Boolean tensors include polyraerization (p), gap site
modification (mg), abasic site modification (ma), intra-strand cross link modification ("),
strand break modification ('), and Holliday junction modification (mh). The total size is
within the data structures easily maintained by modern computational equiprent.
[0161] The Metabolite state describes the identity of each modified base and sugar-
phosphate. The Protein Monomer and Protein Coraplex states represent the total DNA-bound
copy count of each protein monomer and macromolecular complex. For computational
efficiency, the RNA Polymerase state redundantly represents the chromosomal location of
each bound RNA polymerase. The mass of the chromosome(s), including all modifications
and all DNA-bound proteins, is included in the cell mass calculated by the Mass state.
[0162] Ten processes access and modify the Chromosome state variable class. The
Replication Inittation sub-model models DoaA DNA-binding and formation of the oniC
DnaA complex which promotes replication initiation. The Replication sub-model models

bidirectional DNA polymerization from the ori(, continuously on the leading strand and
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discontinuously on the lagging strand, and Okarzal: fragment ligation. The Chromosome Seg-
regation sub-model models sister chromosome decatenation following successtul
chromosome replication. The Cytokinesis sub-model models cell division following
successful decatenation. The Chromosome Condensation and DNA Supercoiling sub-models
model SMC-and supercotling-mediated chromosome compaction. The DNA Damage sub-
mode] models stochastic and radiation- and chemically-induced DNA damage. The DNA
Repair sub-model models three DNA repair pathways—base excision repair, nucleotide
excision repair, and homologous recombination. The DNA Repair sub-model also models
methylation and restriction of Munl (M{3184) restriction/modification sites. Finally, the
Transcriptional Regulation and Transcription sab-models model the binding of transcription
factors and RN A polymerases to promoters and the synthesis of RNA.

[0163] Initial conditions are determined as follows and illustrated in FIG. 6C by the values
679 listed on the right side of the setting equations, and the symbol 672 on the left side.
First, the chromosome state variable is initialized with un-replicated, supercoiled, and fully
menthylated chromosome(s), as indicated in FIG. 6C. Here ovs indicates the observed steady
state superhelicity and h is the equilibrium helical repeat length. Second, the Protein
Monomer and Protein Cormplex states initialize the total copy count of each protein species.
The Chromosome Condensation, DNA Supercotling, Replication Initiation, Transcriptional
Reguiation, and Transcription processes initialize the protein occupancy of the chromosome.
[0164] The values of some properties are obtained by fitting using training data. For
example, the affinity of RNA polymerase for each promoter can be fit to provide the gene
products required by the 28 modeled processes to reproduce the observed mass doubling
tirae.

[0165] Based on the literature, the reconstructed example M. genitalium chromosome
contains 525 genes based on the Comprehensive Microbial Resource (CMR) genomic
annotation organized into 335 transcription vnits based on the M. pneunioniae operon
organization experimentally defined and the M. genitaliinn promoters computationally
predicted. The recoustructed genome also contains 17 transcriptional regulatory elements

based on 15 studies and databases. 2,283 DnaA binding sites were computationally identified
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based on the consensus binding motif reported. Munl restriction/moditication (R/M) sites
were computationally identified based on the reported Munl binding motif, and 19 short
tandem repeats were identified. Additionally, the location of the replication origin and the
predicted DnaA box sites were reconstructed based on studies. Finally, the reconstructed
steady-state superhelicity is based on the observed equilibrium helical repeat length of
plasmid DNA and the observed superhelicity of £. coli DNA.

[0166] The binding motif and footprint of each DNA-binding protein was reconstracted
from several experimental studies and the databases 3D-Footprint, NDB, and ProNIT. DNA-
bound protein displacement reactions were assembled describing which proteins each protein
species is able to displace from the chromosome. Functionally, displacement of DNA-bound
proteins enables proteins to access the chromosome and fulfill their chromosomal replication
or maintenance role. The affinity of RNA polymerase for each promoter was first
reconstructed from the observed RNA composition of £, coli, the expression of each 3.
genttalivm mRNA reported, the half-life of each F. coli mRNA reported, the observed amino
acid composition of M. gafllisepticum, and the Mycoplasma genetic code, Subsequently, the
affinity of RNA polymerase for each provooter was {it to match the additional data used to
train the 28 modeled cellular processes.

[0167] In the example embodiment for M. genitafium, there is one chromosome, h = 10.3,
oy = -0.06, L = 580076, M =722, B = 482 and B" = 201. The chemical composition of M.
genitaliiom and the objective of the flux-balance analysis yoetabolic model were fit to match
the mass and dNMP composition of the M. genitalinm chromosome. The affinity of RNA
polymerase for each promoter was fit to provide the gene products required by the 28
modeled processes to reproduce the observed nine-hour mass doubling tirne of M.
genitafium. The oniC DnaA DNA-binding cooperativity was fit to match expectations for the
duration of the replication initiation cell cycle phase. The expression and activity of DNA
gyrase and topoisomerse | were balanced to match the observed steady state superhelical

density.
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3.2 Transcript state variable

[0168] During Transcription, an RNA polymerase binds to a gene promoter and facilitates
the synthesis of an RNA transcript. This state stores all of the information that pertains to
nascent RNA transcripts and aids in the time evolution of Transcription. Transcription
proceeds at a maxirmal rate of about 50 nucleotides per second, Therefore, it may take several
time steps to synthesize a transcript, and the progress of the RNA polymerase along the
transcription unit must be stored. This state stores the transcription unit to which each RNA
polymerase is bound, including which chromosome it is bound to and the progress of the
RNA pelymerase along the transcription unit.

[0169] Furthermore, an RNA polymerase may stall in the transcription process or be
knocked off of a gene by another protein. In these cases, an incomplete transcript may result,
and will be targeted for degradation by the RNA Decay process. Therefore, the Transcript
state variable also holds the sequence of each aborted transcript, such that the nucleotides can
correctly be accounted for upon degradation.

[0170] Multiple RNA polymerases may be bound to a given transcription unit, and this
state can calculate the total number of polymerases on each anit. The Transcript state also
calculates the dry weight of the nascent transcripts.

[0171] FIG. 7 is a block diagram that illostrates example fields in the Transcript state
variable class 700, according to an embodiment. A copy count field 701 indicates how many
transcription units populate the chromosome. An ID field 703 uniguely identifies a particular
transcription unit. The length, start coordinate, direction of transcription and nucleotide
sequence are indicated in fields 703,704,705 and 706, respectively. The genes included in the
transcription unit are lsted in field 711, the location of DnaA boxes are indicated in field
712, the location of R/M sites are indicated in field 713, and the locations of short tandem
repeats are indicated in field 714. The current location of an RNA polymerase along the
transcription unit, in number of nuclectides from the start coordinate, is given in field 721.
The abort status field 722 indicates whether the polymerase is progressing normally or has

stalled, e.g., with a Boolean value. Other fields for a particular transcription unit are indicated
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by ellipses to the vight of field 722. Fields 702 through 722, and any foHowing fields, are
repeated for the next transcription unit, as indicated by ellipsis below field 721.

[0172] The methods 790 of the transcript state class include: a method 791 to retrieve
values from an object of the class; a method 792 to update values in one or more fields; and a
method 793 to initialize values in one or more fields. The illustrated embodiment includes
one or more methods 794 to derive a value in one field from values in one or more other
fields, such as calculating the dry weight of nascent transcripts, Other methods for the
chromosome state variable class are indicated by ellipses below method 794. For brevity,
similar methods for the remaining state variables are represented by a single method field.
[0173] The Transcript state class retrieves the existence of an aborted sequence from the
RNA polymerase state class. Upon RNA polymerase displacement, the Transcript state class
updates the Transcript state in the Chromosome state class. It also records the start sites and
directions of transcription units in the Chromosome state class. The Transcription sub-model
class uses all of the fixed properties and time evolving properties housed in the Transcript
state class.

[0174] In addition, there are multiple fixed properties (essentially parameters of several
sab-models) relating to the gene templates of transcripts that are useful for transeription and
advantageously stored in the Transcript state. Thus, as depicted in FIG. 7, for each
transcription unit, the 5” coordinate of the gene on the genome is stored. This is the template
for the 1st nucleotide in a growing transcript. In addition to this, the direction in which the
template s read, towards or away from the origin, is stored. The sequence and length of each
transcription unit is also stored.

[0175] An RNA polymerase may be initialized in the actively transcribing state, For all
such polymerases, the growing transcript is accounted for in the Transcript state class.

3.3 RNA state variable

[0176] Transcription leads to the production of nascent RNA that, once mature, may be
used in various cell functions. The mRNAs serve as a template for protein synthesis, iRNAs

are a part of the ribosome structure, tRINAs carry amino acids to growing polypeptides, and
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sRNAs act as regulators. The tmRNAs come into action when ribosomes stall on an mRNA
during translation, helping recycle the stalled ribosome and adding a proteolysis tag to the
wcomplete polypeptide. FIG. 8A 15 a block diagram that tllustrates example stages of RNA
maturation and change tracked in the RNA state variable class, according to an embodiment.
Different nascent RNAs 761 resulting from transcription undergo various steps towards
maturation, including cleavage from polycistronic (franscription unit) to single RNA forms
such as intergenic RNA segments and processed RNA forms 765, including tRNA, mmRNA,
sRNA, tRNA and tmRNA. Further processes of methylation and thiolation produce mature
RNA 767 of the same types. Maturation is carried out by the RNA Processing and RNA
Modification process classes.

[0177] Subseqguent changes include aminoacylation to bind amino acids to tRNA,
producing amincacylated tRNA 771, binding with other gene products, such as ribosomes, to
produce bound RNA 773, and damage to prodoce damaged RNA 775, Thus, an RNA can
also transition between various non-functional and functional forms. RNAs may exist with
proteins in a macromelecular complex, and when the complex is marked for decay by the
Protein Decay process class, its RNA subunits are marked as damaged in the Protein
Monomer state class. Damaged RNAs are degraded by the RNA Decay process class.
Further, a mature RNA may be freely foating in the cytoplasm or bound to another molecule
in the cell. For example, an mRNA may be bound to a ribosome. This is accounted for in the
Bound RNA form. The count of RNA in each of these immature/mature and functional/oon-
functional forms is stored in the RNA state variable class.

[0178] Thus, this state class holds information about RNAs such as their weights,
compositions, lengths, and localizations. It also holds important parameters for the
maturation pathway of RNA, such as a number of matrices that map one form of RNA to
another, and the gene composition of transcription units. Other parameters such as expected
RINA half-lives and RNA weight fractions are included in this class, and are used to
determine the RNA Polymerase-DNA binding parameters associated with gene expression.
[0179] FIG. 8B is a block diagram that illustrates example fields in the RNA state variable

class 800, according to an embodiment. Field 801 indicates a number of RNA species with
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snigue nucleotide sequences populating the cell. For each RNA species there is a field 810
with mulitiple component fields. Other fields 810 are indicated by ellipsis below field 810.
State class methods 890 are also included in the class §00.

[0180] Each RNA species field §10 includes an RNA species 1D field 811, uniguely
identifying the species, e.g., by an alphanumeric code or name or name of gene of which the
RINA 18 a product. The length of the RNA in number of nucleotides and the nucleotide
sequence are indicated in fields 813 and 813, In some embodiments, the RNA is identified by
its sequence in field 815; and, field 811 is omitted. In the ilhustrated embodiment, the RNA
composition during several stages is tracked by fields §21, 831 and 841, among others
indicated by ellipsis, for unmodified (pascent) RNA, cleaved {processed) RNA composition,
and modified (mature) RNA composition, and for fields implied by ellipsis, amincacylated or
bound or damaged RNA compositions, or some combination. For each stage of RNA
maturation and change, the compartment localization, if any, is indicated in fields 823, 833
and 843, among others, respectively; the copy count is indicated in fields 8235, 835, 8435,
among others, respectively; the molecular weight is indicated in fields 827, 837, 847, among
others, respectively; and whether marked for decay and decay rate or half-life is indicated in
fields 829, 839, 849, among others, respectively.

[0181] Other properties are calculated by methods 890 of this state class, The RNA decay
rates are calculated frovo the experimentally measured halt-lives. The actual decay rates and
RINA expression values used in the model are fit from the experimentally measured values
such that the cell will double its mass and successfully divide by the end of the cell cycle.
[0182] FIG. 8C is a table that lists example interactions between different cell processes
and the fields in the RNA state variable class,

[0183] 'The system is initialized with a set of RNAs. The determination of which RNAs are
expressed and at what guantities is determined randomly based on expected RNA expression

and expected total RNA mass traction.
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3.4 Polypeptide state variable

[0184] The Polypeptide state variable class keeps track of the progress of translation. In
some embodiments, binding of free ribosomes to mature mRNAs is determined by mRNA
availability. Once bound, a polypeptide is synthesized at a rate of up to 16 amino acids per
second. Therefore, polypeptides may take multiple time steps to be completed as a protein
monomer. The Polypeptide state class holds information about which mRNAs are ribosome
bound, as well as ribosomal progress of translating a transcript across time steps. For reasons
such as limited resources, a ribosome may stall resulting in an incomplete polypeptide. In
such cases, a proteolysis tag (a short peptide added to the end of a nascent polypeptide) may
be synthesized to mark the ribosome for release and mark the aborted polypeptide for
degradation. This state also houses the progress of proteolysis tag synthesis and the amino
acid sequences of the incomplete polypeptides that are to be degraded.

[0185] The Polypeptide state class serves as a “support system” for translation, providing it
with information that is required to translate polypeptides. The state holds fixed information
such as the length, tRNA sequence, and amino acid sequence of every protein monomer for
the cell, and the length, molecular weight, tRNA sequence, and amino acid sequence of every
possible proteolysis tag for the cell.

[0186] FIG. 9 is a block diagram that illustrates example fields in the Polypeptide state
variable class 900, according to an erobodirent. A polypeptide field 910 1s utilized tor every
ribosome bound to an mRNA, whether the ribosome is actively translating or not. Thus, field
501 indicates the copy count for bound ribosomes. This s redundant with information
included in the Ribosome state variable; thus, field 901 is omitted in some embodiments.
[0187] The ribosome field 911 uniquely identifies a particular ribosorae. The associated
mRNA species that the ribosome is bound to is indicated in field 913, such as with a unique
species or copy identifier. The length is indicated in field 915. The corresponding tRNA
sequence and amino acid sequence are explicitly stored in fields 917 and 919, respectively,
Progress is indicated by the current translated length in field 921, and polypeptide weight in
field 923. A unique identitier for a proteolysis tag species or copy, if any, is indicated in field

925, A non-null value in field 925 indicates the translation has stalled or aborted and the
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corresponding polypeptide 1s marked for degradation. Stmilar sets of fields for other
polypeptides being formed by ribosomes are indicated by ellipsis below field 910.

[0188] Information about the proteolysis tags available for marking an aborted or stalled
polypeptide are provided in following fields. For example a unique identifier for the
proteclysis species or copy is indicated in fields 931a and 931b, among others indicted by
ellipsis, collectively referenced as field 931, for nmuultiple species or copies. Similarly, the
proteolysis tag length 1s indicated in fields 933a and 933b, arong others indicted by ellipsis,
collectively referenced as field 933, for multiple species or copies. The tRNA and amino acid
sequences for the proteclysis are indicated in fields 9353 and 935b, among others indicted by
ellipsis, collectively referenced as field 935 for the tRNA sequences, and o fields 937a and
937b, among others indicted by ellipsis, collectively referenced as field 937 for the amino
acid sequences. The proteolysis tag weight i1s indicated in fields 939a and 939b, armnong others
indicted by ellipsis, collectively referenced as field 939, for multiple species or copies.
[0189] The Polypeptide state variable class includes methods 990.

[0190] The Translation process class reads all of the fixed parameters describing
polypeptides and proteolysis tags. It both reads and updates the time evolving parameters
describing polypeptides and proteolysis tags. The Protein Decay process class reads the
sequence and length of each aborted polypeptide.

[0191] In an example simalation the state is initialized so that ribosomes are already boand
to mRNAs and in the process of elongating a polypeptide. Each growing polypeptide is
accounted for in the Polypeptide state class, No proteolysis tags exist at the start of the

example simulation.

3.5 Protein Monomers state variable

[0192] Protein Monomers are the direct result of successful translation events. Upon
translation, a monomer undergoes vartous steps towards maturation including deformylation,
translocation, folding, and phosphorylation. As a result, a monomer can exist in many forms.
FIG. 10A is a block diagram that illustrates example stages of protein monomer maturation

and change tracked in the Protein Monomer state variable class, according to an embodiment.
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As diagrammed in FIG. 10A protein monomers are found in nascent form 1081 after
translation, processed (I} form 1082 after deformylation or methionine cleavage, translocated
wnto or through the cell membrane 1083, processed (1) to remain in the merobrane 1084 or
through the membrane as signal sequences 1084, folded 1086, and mature 1087 after
phosphorylation, lipoate ligation or glutamate ligation as the protein monomer moves
through the maturation pipeline. Mature protein monomers can be combined with other
macromeolecules to form protein complexes 1089, as described in more detail next.

[0193] in addition to maturation, various processes can render a monomer non-functional,
resulting in the misfolded 10883, inactivated 1088b, or damaged 1088¢ forms. Further, a
mature monomer may be freely floating in the cytoplasm or bound to another molecule in the
cell to generate a bound form 1088d. For example, a translation factor may be bound to an
mBRNA, or a topoisomerase may be bound to a chromosome. The counts of monomers 1o
each of the maturation phases, functional forms, and non-functional forms are stored in the
Protein Monomer state variable class.

[0194] A purpose of the Protein Monomer state variable class is to hold the counts and
attributes of the monomeric species in the system. This state class holds important
wformation describing protein mouomers such as their molecular weights, amino acids
compaosition, length (in amino acids), and half-lives. A subset of monomers is transiocated to
different compartments, such as the membrane or terminal organelle. The Protein Monomer
state class contains information about where each mounoroer localizes. The Protein Monomer
state class also houses information that is important for the fitting and initialization of the
model. Some essential functions require a certain abundance of particular proteins. For
example, the Cell Division sub-model may require at least some threshold abundance of the
division protein FtsZ for cell division to ever be possible. The systern is then fit such that in
an unperturbed state, at least this threshold amount of FtsZ is produced. This state stoves the
minimum expression of each monomer. The current version of this model involves a
stochastic generation of the 1nitial protein abundances in the cell. The initial abundance of

certain monomers is more rigid than others for the maintenance of a stable system that can
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grow and divide. The Protein Monomer state class stores the degree of variation allowed in
the initial abundances of each monomer.

[0195] FIG. 10B is a block diagram that illustrates exarople fields in the Protein Monomer
state variable class 1000, according to an embodiment. The number of protein monomer
species, each species with a different amino acid chain, is indicated in field 1001, For each
species a protein monomer species field 1010 includes multiple component fields. Similar
ticlds 1010 for other species are indicated by the ellipsis below field 1010, One or more class
methods 1090 are also included in the class 1000,

[0196] The component fields of field 1010 include the following. Field 1011 indicates a
siique wdentifier for the monomer species. The length, amino acid sequence and weight of
the monomer are indicated in fields 1013, 1015 and 1017, respectively. Fields 1021, 1023,
1025 and 1027 indicate the catalysis reactions, prosthetic groups, chaperones that assist 1o
folding the monowmer, if any, and toplogy In addition, fields 1013, 1015, and 1017 indicate
the reactions catalyzed by each monomer (or parent complex), the prosthetic groups required
by each monomer, chaperones that assist in folding the monomer, and each monomer’s
topology. Catalysis may be defined in this instance as the reaction catalyzed by the protein
monomer (or parent complex). Prosthetic groups include the metal ion cofactors that provide
metal ion chemistry critical for chemical catalysis. Topology can be defined as the 3D-
dimensional structure (e.g. domains). The DNA footprint of the monorser 15 1ndicated in field
1031. The processing enzyme that advances the nascent monomer o a processed monomer is
indicated in tield 1033. The count for the processing enzyme is indicated in field 1035, The
counts for the various forms in the various compartments are indicated in the next fields.
[0197] The total count, nascent count, processed count, folded count, and matare count in
the cytosol compartment are indicated in fields 1041, 1043, 1045, 1047 and 1049,
respectively. The same breakdown counts for the membrane compartment are indicated in
fields 1051, 1053, 1035, 1057 and 1059, respectively. The same breakdown counts for the
organelle compartment are indicated in fields 1061, 1063, 10635, 1067 and 1009, respectively.
The counts of misfolded, inactivated, damaged and bound monomers across all

compartments are indicated in fields 1071, 1073, 1075 and 1077, respectively.
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[0198] A purpose of the Protein Monomer state variable class is to hold the counts and
attributes of the monomeric species in the system. This state class holds important
wformation describing protein mouomers such as their molecular weights, amino acids
compaosition, length (in amino acids), and half-lives. A subset of monomers is transiocated to
different compartments, such as the membrane or terminal organelle. The Protein Monomer
state class contains information about where each monoraer localizes. The Protein Monomer
state class also houses information that is important for the fitting and initialization of the
model. Some essential functions require a certain abundance of particular proteins. For
example, the Cell Division sub-model may require at least some threshold abundance of the
division protein FtsZ for cell division to ever be possible. The system is then fit such that in
an unperturbed state, at least this threshold amount of Fts¥Z is produced. This state stoves the
minimum expression of each monomer. The current version of this model involves a
stochastic generation of the 1nitial protein abundances in the cell. The initial abundance of
certain monomers is more rigid than others for the maintenance of a stable system that can
grow and divide. The Protein Monomer state class stores the degree of variation allowed in
the initial abundances of each monomer.

[0199] FIG. 8C is a table that lists example interactions between different cell sub-models
and the Protein Mounomer state variable class, according to an embodiment,

[0200] The system is initialized with a set of proteins. The determination of which proteins
are expressed and at what counts is determined randomly based on expected protein

expression and expected total protein mass fraction.

3.6 Protein Complex state variable

[0201] Protein complexes are used by almost all of the sub-models in the systern to perform
their respective functions. A protein complex could be as small as transketolase, a dimer, or
as large as pyruvate dehydrogenase that has 192 monomeric subunits. In organisms other
than M. genifalivm, a protein complex could be larger than 192 monomeric subunits.
complex may contain a mixture of protein and RNA subunits (e.g. ribosome), metabolites

(e.g. DnaA protein bound to ATP), or ions {e.g. oxidized form of the protein thioredoxin}. A
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complex can also exist in various locations within a cell including in the cytoplasm,
membrane, special organelle, or bound to the chromosome. The Protein Complex state class
holds information about complex composition, as well as the counts of each complex in the
cell, except for complexes, such as ribosomes and RNA polymerase that are specifically
handled in other state variable classes.

[0202] 'The Protein Complex state class also holds values for fixed parameters used by
multiple sub-models, including the complex subunit composition, molecular weights, amino
acid composition, balf-lives, and localization. Some functicns essential to cell survival
require a certain threshold abundance of particular protein complexes, and so the Protein
Complex state class also holds the minirourn expression of each complex.

[0203] FiG. 11A is a block diagram that illustrates example fields in the Protein Complex
state variable class 1100, according to an embodiment. Field 1101 indicates a nurber of
protein complex species that populate the cell. For each species a protein complex species
field 1116 holds data for several component fields, including a complex species identifier
{3, molecular weight, half-life, number of subunits and subunit identifier in field 1111,
ficld 1113, field 1113, field 1131 and field 1133, The species copy counts in various
compartments are indicated in cytosolic count field 1121, membrane count field 1123,
organelle count field 1125, among others indicated by ellipsis to the right of field 1125,
Other fields included in some embodiments are indicated by ellipsis to the right of field 1133,
Additional fields 1119 for other species are indicated by ellipsis below field 1110, One or
more class methods 1190 are also included in the protein complex state class 1100,

[0204] FIG. 11B is a table that lists example interactions between different cell sub-models

and the Protein Cornplex state variable class, according to an erabodiraent.

3.7 RNA Polymerase state variable

[0205] RNA polymerases are protein complexes that bind to gene promoters on the
chromosomes and mediate the synthesis of RNA transcripts. This state class helps keep track
of the conditions and chromosomal locations of RNA polymerases in the cell. In the

tllustrated embodiment, the condition of the RNA is tracked among four conditions: free (not
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bound to DNA); non-specifically bound (bound to DNA but not to a specific gene promoter
and not transcribing); specifically bound {bound to a specific gene promoter); and, actively
transcribing (moving along a gene adding RNA bases to produce an RNA wolecule).

[0206] As the simulation progresses, the RNA Polymerase state class stores the condition
of each RNA polymerase in the simulated cell. Transition between the conditions may
involve RNA polymerase association and dissociation from the cell’s chromosome(s). This
state class holds the precise positions on the chromosome(s) where polymerases are bound.
The RNA Polymerase state class also handles basic accounting. For example, upon an RNA
polymerase decay event, a free polymerase is decremented. Further, this class records the
premature release of RNA polymerases from the chromosoroe(s) and passes information
about the aborted transcript to the Transcript state class. Further, the Transcription sub-
model requires the RNA Polymerase-promoter binding probability for each transcription
unit. These probabilities may vary during the cell cycle due to the effects of other processes
in the system, such as modeled by Transcriptional Regulation or BDNA Supercoiling sub-
models. The told changes to the base binding probabilities incurred by these other processes
is stored in the RNA Polymerase state class. This state class can also calculate the total
number of RNA polymerases in each condition

[0207] FIG. 12 is a block diagram that iltustrates example fields in the RNA Polymerase
state variable class 1200, according to an embodiment. The number of KNA Polymerase
molecules i the cell is indicated in field 1201, Details about each copy are indicated in tield
1210 which is repeated for each copy as indicated by ellipsis below field 1210. Class
methods 1290 are included in the RNA Polymerase state class 1200.

[0208] Field 1210 includes component field 1211 that identifies a particular copy, and field
1213 that indicates a location on the chromosome where the RNA polymerase is bound. Also
included are values for some parameters, such as the probability that an unfolded RNA
polymerase is free, bound, specifically bound or actively transcribing, as indicated in field
1221, field 1223, field 1225 and field 1227, respectively. Different probabilities may apply if
the RNA polymerase is folded. The probability that a folded RNA polymerase is free, bound,
specifically bound or actively transcribing, is indicated in field 1231, field 1233, field 1235
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and field 1237, respectively. In some embodiments, the probability that unfolded RNA is
free, bound, specifically bound or actively transcribing, is also included in other fields
represented by ellipsis.

[0209] This state class interacts with the sub-models and other state classes as follows. The
Chromosome state class updates the chromosomal positions of RNA polymerases in the
RNA Polymerase state class. The Transcript state class reads the aborted RNA sequences
from and writes the updated aborted sequences to the RNA Polymerase state class. The
Transcription sub-model reads the RNA polymerase conditions and progress from this state
class and updates the RNA polymerase conditions and progress to the RNA Polymerase state
class. The Transcription sub-model also reads the RNA polymerase condition transition
probabilities and RNA polymerase binding probabilities from the RNA Polymerase state
class. The Transcriptional Regulation and DNA Supercoiling sub-models record the fold
change in RNA polymerase binding probabilities to the RNA Polymerase state class.

[0210] RNA polymerases are initialized as follows: 1. Each RNA polymerase is randomly
assigned (with replacement) to one of the actively transcribing, specifically bound, non-
specifically bound, or free states weighted by the expected occupancy of each state. 2.
Actively transcribing and specifically bound polymerases are randomly assigned to
transcription units weighted by the transcription unit binding probabilities (Pru). 3. Actively
transcribing polymerases are randomly assigned to positions within the assigned segment of
their assigned transcription unit (positions near the segment border are not allowed to prevent
polymerases from being too close to each other) with uniform probability. 4. Non-
specifically bound polymerases are randomly assigned to an accessible region on the

chromosome.

3.8 Ribosome state variable

[0211] Ribosomes are a specific kind of protein complex handled separately. Ribosomes
are large ribonucleoproteins which synthesize polypeptides. Following ribosore assembly,
ribosomes synthesize amino acid polymers according to nucleic acid templates specified by

mRNA and decoded by tRNA. Upon reaching the stop codon UAG, ribosome release factor
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binds to the ribosome, recognizes the stop codon, hydrolyzes the peptidyl-{RNA bond, and
releases the terminal tRNA. Finally, an elongation factor and an initiation factor dissociate
the ribosomal subunits, the mRNA, and the ribosome release factor.

[0212] Upon prolonged translational stalling, tmRNA can displace both ribosome-bound
tRNA and mRNA, leading to the generation of chimeric polypeptides containing an N-
terminal mRNA-coded domain and a C-terminal tmRNA-coded degradation domain, or SsrA
tag. Following transiation termination, the protein degradation machinery recognizes the
SsrA tag and degrades the chimeric polypeptide.

[0213] The Ribosome state represents (1) the status-—actively translating or stalled—of
each ribosome, (2) the mRNA, or tmRNA in the case of stalled ribosomes, species each
ribosome is bound to and translating, and (3) the position, in codons, of each ribosome from
the start codon. The status, bound (OMRNA, and {{)ymRNA position of each ribosome are
implemented as scalar integer vartables in the Hustrated embodiment, FIG. 13 is a block
diagrarm that illustrates example fields in the Ribosome state variable class 1300, according
to an embodiment. The number of ribosome copies is indicated in field 1301. For each
ribosome copy there is a field 1310 that is repeated for every copy as indicated by ellipsis,
The field 1310 jncludes a copy identifier (D) in field 1311, the status of the copy 1n field
1313, RNA bound to the ribosome in field 1315 and the position of the ribosome from the
star codon n field 1317, among others indicated by ellipsis to the right of field 1317,
[0214] The Ribosome state class is related to other state classes and sub-models as
tollows. The Polypeptide state represents the sequence of each nascent polypeptide. The
Protein Complex state represents the copy numbers of free ribosomal subunits (e.g., 305 and
5085 in M. genitalium), and of mRNA-bound ribosomes {e.g., 705 in M. genitalium). The
RNA state represents the copy number of each mRNA species and of tmRNA. Three sub-
models——Transiation, RNA Decay, and Protein Decay-—access and modify the Ribosome
state.

[0215] The Translation sub-model initializes the values in the state class and models the
formation of ribosomes on mRNA, polypeptide synthesis catalyzed by ribosomes, and

ribosome disassembly following translation termination. The Trauslation sub-model also
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models ribosome stalling, tmRNA substitution, and SsrA degradation tag synthesis,
Computationally, the Translation sub-model predicts the state of each ribosome, the mRNA
or tmRNA species each ribosome is bound to, and the elongation rate of each nascent
polypeptide. The mRNA and tmRNA degradation events modeled by the RNA Decay sub-
model trigger early ribosome disassembly resulting in incomplete polypeptides, Similarly,
ribosome degradation events modeled by the Protein Decay sub-model result in incomplete
polypeptides, Both sub-models decrement the copy count of mRNA-bound ribosomes
represented by the Protein Complex and Ribosome states. The Ribosome Assembly sub-
model models the assembly of ribosomal subunits from rRNA and ribosomal protein
monomers. The Protein Activation sub-model models the effect of antibiotics on the catalytic
activity of ribosomal particles.

[0216] The initial conditions for values in the fields of the Ribosome state class are set as
tollows. After the RNA and Protein Monomer states initialize the total copy count of each
RNA and protein monomer species and the Ribosome Assembly sub-mode} initializes the
total copy count of the ribosomal subunits, the Translation sub-model initializes the
Ribosome and Polypeptide states, and forms ribosomes egual to the minimum of the sabunit
copy counts, and randomly positions each ribosome on mRNA weighted by the copy count

of each mRNA species.

3.9 Cytokinesis protein state variable

[0217] Cytokinesis is the division of a cell into two daughter cells. Many cells, including
example organism M. genitalium, contain a cytokinesis protein called FtsZ that assembles
into long filaments that are implicated in cell pinching during cytokinesis. These filaments
bind to the cell membrane at the midline of the cell. FtsZ is a GTPase, and when the GTPs
bound in a membrane-bound FtsZ filament hydrolyze to GDP, the filaments bend, thus
constricting the membrane. In an illustrated embodiment, a geometric process of iterative
filament bending is used in a cytokinesis sub-model, modified from a model proposed by Li

et al. In summary, the FtsZ ring at the midline of the cell can exist in many states of various
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numbers of filaments in the bent and straight configurations. The purpose of the FtsA ring
state class is to keep track of the state of the FtsZ ring across time steps.
[0218] In an illustrated embodiment, the FtsZ ring is represented as a polygon of FtsZ
filaments. As the circumference of the midline of the cell decreases with time, the number of
edges in the inscribed FtsZ polygon decreases. The FtsZ filaments are of a fixed length (F1)
of 40 nanometers (nm, 1 nm = 10” meters). The number of edges (NE) in the polygon is
determived by the maxirours number of edges of length FY that can be juscribed in the given
cell circumference. The use of a fixed filament length is a simplification. This state class
computes the ioteger number of edges NF n the FtsZ polygon using the inscribed polygon
formula and the current cell midline diameter (C'D) as given by Equation 1.

NE = rounddown {xn / arcsin (1/CD) 1} ()
Where rounddown is a function that rounds the valoe of its argument to the greatest lower
integer.
[0219] The Cytokinesis sub-model determines how many straight and/or bent filaments
reside at each edge of the FtsZ polygon. At each edge, any of the following occupancies are
possible: 1 straight filament; 2 straight filaments; 1 bent filament; 2 bent filaments; 1 bent
filament and 1 straight filament; 1 bent filament and 2 straight filaments The FtsZ Ring state
class keeps track of the filament occupancy of each edge. As the filament occupancy in a
time step is highly dependent on the occupancy at the previous time step, the tracking of the
state of the FtsZ ring is considered important in the time evolution of Cytokinesis.
[0220] FIG. 14 is a block diagram that tllustrates example fields in the Cytokinesis state
variable class 140, according to an embodiment. The copy count of a particular cytokinesis
protein, such as the number of FisZ edges, is indicated in field 1401, For each copy, a
cytokinesis protein copy field 1310 indicates an identifier (ID) for the copy in field 1411 and
the cytokinesis phase (e.g., number of bent or straight edges or both} of the copy in field
1413, amoung other properties indicated by ellipsis to the right of field 1413, The properties of
other copies, as well as the properties of other species of cytokinesis proteins, are indicated

by ellipsis below field 1400. The class 1400 also includes class methods 1490,
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[0221] In an illustrated embodiment, the cytokinesis protein state class is represented by a
FisZ Ring state class. Integration with other states and sub models are as follows. A method
1409 of this class reads the diameter of the cell’s mudline {CD) from the Geometry state class
and computes NE using Equation 1. The Cytokinesis sub-model reads the number of FtsZ
ring edges (NE) and the filament phase at each edge from the FtsZ Ring state class. The
Cytokinesis sub-model updates the filament phase at each edge and stores the updated value
in the FtsZ Ring state class.

[0222] in an illustrated embodiment, the values of the field are initially set to zero, because

a FisZ ring is not assembled at the beginning of the simulation.

3.10 Metabolic reaction state variable

[0223] Clelis grow by importing nutrients from the external environment and using those
nutrients to construct macromolecules. The Metabolism sub-model rodels the dynamics of
the transport and cheraical reactions which provide the metabolic building blocks required
for macromolecular synthesis and drive cellular growth. M. genitalium, for example, is
modeled with roetabolic 545 reactions. The Metabolic Reaction state class records the
instantanecus flux of each metabolic reaction in reactions per second as a floating point
vector. This state also records the instantaneous cellular growth rate predicted by the
Metabolism sub-model in cells per second as a floating point scalar.

[0224] FIG. 15 is a block diagram that lustrates example fields in the Metabolic Reaction
state variable class 1500, according to an embodiment. The number of different metabolic
reactions is indicated in field 1501. For each metabolic reaction species, field 1510 indicates
a unique wdentifier (ID) for the reaction in field 1511, a description of the reaction in field
1513, such as the stoichiometry of the reaction Mmyr, which indicates the number of
particular metabolite m in reaction », and the calculated flux in field 1513, among other
properties indicated by ellipsis. Field 1510 is repeated for each different reaction species, as
indicated by ellipsis under field 1510, One or more class methods 1590 are included in state

class 1500.
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3.11 Metabolite state variable

[0225] Cells use nucleic and amino acids to synthesize DNA, RNA, and protein. Cells also
use tons and other prosthetic groups to stabilize macromolecules. In addition, cells use small
meolecule bonds and gradients to store energy and drive cellular processes. In particular, cells
drive many energetically unfavorable reactions through hydrolysis of the high energy
intermediates ATP and Guanosine-5-triphosphate (GTP). Furthermore, cells use coenzyme
tunctional moieties to facilitate chernical catalysis. Additionally, cells use small molecules
such as Ca%* ATP, and guanosine pentaphosphate or tetraphosphate {{p)ppGpp] for
communication and regulation. Still further, cells use small molecule antibiotics to defend
against predators and attack prey.

[0226] In an illustrated embodiment, the Metabolic state variable class represents the copy
number of each metabolite in each of 3 compartments—cytosol, membrane, and extraceliular
space—as an integer matrix. FIG. 16 1s a block diagram that illustrates example fields in the
Metabolite state variable class 1000, according to an embodiment. The number of metabolite
species in indicated in field 1001, and for each metabolite species field 1610, and subsequent
tields 1610 indicated by ellipsis below tield 1610, hold juformation about each metabolite
species. A unique identifier for the metabolite species is indicated in field 1611, a
description, such as the chemical formula, is 1ndicated in field 1613, The copy counts for the
species 1n the external conditions compartment is indicated in extracellular count 1613, in the
membrane compartment in field 1617, and in the cytosol compartment in field 1619,
Metabolite class methods 1690 are also included in class 1600.

[0227] The Metabolite state class is integrated with other state classes and sub-models as
follows. At each time step of the simulation, a Simulation object (e.g., method 500 depicted
in FIG. 5A) simulates a cell culture incubator which maintains the extracellular partial
pressures of carbon dioxide and oxygen by setting the dissolved extracellular copy numbers
of these gases. To satisfy the assumption that each process is independent on the time scale
of the time step, and because many metabolite species participate in multiple processes, the

Simulation object also allocates shared metabolites among processes at each time step,
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during step 530. Cytosolic- and membrane-localized metabolites are included in the cell
mass calculated by the Mass state.

[0228] The Metabolism sub-model models the import of extracellular nutrients into the
cytosol and membrane, the conversion of those metabolites into the precursors of DNA,
RNA, protein, and lipids, and the export of byproducts into the extracellular space. The
exchange rate of each metabolite of the flux-balance analysis metabolic model is limited by
its extracellular copy number. In an illustrated embodiment, 23 additional sub-models access
and modify the Metabolite state, primarily drawing cytosolic metabolites to support
macromolecule synthesis. Four processes do not directly interact with the Metabolite state:
Host Interaction, Macromolecular Complexation, Special Organelle Assembly, and
Transcriptional Regulation.

[0229] Values are initialized as follows. After the Mass state initializes the total cell mass,
the Metabolite state initializes the total cytosolic and membrane copy numbers of each
metabolite according to the calculated chemical composition. Additionally, after the
Geometry state initializes the volume of the extracellular compartment, the Metabolite state
initializes the extracellular copy number of each metabolite according to the reconstructed
medium composition. Following Metabolite state initialization, the Chromosome, RNA,
Protein Monomer, Protein Complex, Transcript, and Polypeptide states initialize the copy
number of each macromolecule species, and decrement the metabolite copy numbers to
maintain the initial cell mass.

[0230] In the example embodiment for M. genitalium, the chernical compositions of M.
genitafium and the extracellular medivm were initially reconstructed based on the
experimnentally characterized compositions of M. genitaliion and SP-4 mediom. The cell and
medium composition were both supplemented to support the metabolic demands of the 2§
sub-models, and included 722 metabolite species that serve many important functions in over
1,100 chemical reactions across three compartments—cytosol, membrane, and extracellolar
space. The empirical formula and structure of each metabolite was curated based on an
extensive review of the privoary Hterature including two genome-scale metabolic models of

M. genitalivpn and E. coli, and the databases BioCyce, ChEBI Delta Mass, FindMod, KEG(,
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LIPID MAPS, Modoraics, PubChem, RESID, and UniMod. The roolecular weight, van der
Waals volume, the isoelectric point pl, logP, and logD of each metabolite was computed
using ChernAxon Marvin, The regulatory properties of several antibiotics were recounstructed
from the primary literature and the database DrugBank. The molecular composition of M.
genitalium was reconstructed based on an extensive review of the primary literature,

[0231] During model testing and training, the actual phenotype was determined by growing
M genitalium in culture, so the metabolite coraposition of the culture is incorporated into the
simulations. M. genitalium was caltured in complex Spiroplasma medinm #4 (SP-4 medium)
for all experiments presented here. Accordingly, the chentical composition of the in sifico
external environment modeled that of SP-4 medium. Because the chemical composition of
SP-4 medium is undefined, the composition of in silico medium was reconstructed based on
the characterized composition of each SP-4 medium compounent, and supplemented with
additional metabolites to support in silico growth. Addition of supplemental metabolites was

guided by the Metabolism sub-model and by the M. preumonice minimal medium,

3.12 Geometry state variable

[0232] Binary cell division is modeled as the cell varying from a spherical to short rod
shape. The cell is modeled as a cylinder with two hemispherical caps, and growth is modeled
i the cylinder length. Gnce cell pinching commences at the midline of the cell, the shape and
size of a “septum region” is also modeled. The Geometry state class calculates and keeps
track of the physical shape of the cell including its width, length, volume, and swmtface area.
This state also keeps track of the progress of cytokinesis, and the completion of cytokinesis is
the trigger to end the entive simulation,

[0233] Geometry state uses a set of geometric equations to calculate the shape of the cell,
given the width (CW), density (Up}, and cytokinesis progress of the cell. The state methods
provide for the calculations of cell length ({V), volume (CV), surface area (CA}, and progress
of cell pinching. The geometric representation involves an assurnption that the cell density
(Cp) and cell width (CW) are constant across the cell cycle. Varicus sources have indicated

that the volumetric density of a cell remains constant over time. Several sources have
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described the width of a rod-shaped bacterial cell as remaining approximately constant across
the cell cycle and across cell divisions. The cell width is calculated based on the initial cell
mass (CMD) and density and the assuraption that the cell is a sphere. The geometric equations
2 through & use the fixed width and fixed cell density assumptions to calculate all the other
aspects of the cell geometry. The mass (CM) and density (Cp) enable calculation of the
volume (L'V) at all time points as given by Equation 2.

CV. =CM/(p {2)
[0234] In an illustrated embodiment, before pinching begins the cell geometry is

approximated as two hemispheres separated by a cylinder.

CV  =two hemisphers + cylinder

=RCW 6+ TCW Ic /4 (3)
Cl =CWaic (4)
SA  =mCW +nCW* ic (5)

Where e is the length of the cylinder between the hemispheres and is initially equal to zero,
and can be stated in terms of the cell volume (CV) based on rearranging Equation 3 and
substituted into Equation 4.

[0235] Once cell pinching commences at the midhine of the cell, there is a “septum region”
as well. FIG. 17A is a block diagram that illustrates example cell geometry with a cell
division septum region, according to an ermnbodiment. The cell retains the two hemispheric
caps, the cylinder is split in half and a septum region is inserted at the cell center line. The
distance from the cell center to the edge of the septum region is {s, Here the cylinder length
{fc), 1s the combined length of the two separated cylinders. The septum length (/s) is the
length from the cell midpoint to the edge of the septum region. This septum length is
calculated frorn the “pinched diameter” property that is calculated in the Cytokinesis sub-
model. Hach half of the septum volume is calculated as the area of two quarter circles
{radius: Is) and one rectangle (width: Is, height: CW — 2is), integrated around the midline

cylindrically. We use the cell volume to calculate the cell length /e and surface area CA.
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QOuce the pinched diameter 1s zero, the Geometry state records that the cell has divided, and

this determines the end point of the simulation.

CV  =two hemusphers + cylinder + septum region

= ROW/S + TCW loid +wls {(Sls™dls CWHCW?) +als (CW-21s)-415°/31/2 (6
Ol =CWele+2s )
SA  =xCW + RCW * o + Anls(CW-Is) (8)

The cell length {e can be stated in terms of the cell volume (C'V) based on rearranging
Equation 6 and substituted into Equation 7.

[0236] FiG. 178 is a block diagram that illustrates example fields in the Geometry state
variable class 1700, according to an embodiment. The cell length lc is indicated in field 1711,
width CW in field 1713, volume CV in field 1715, surface area CA I field 1717 and progress
of cytosis, e.g.. septurn length /s, in field 1719, Other tields are indicated by ellipsis. On or
more (eometry state class methods 1790 are included in Geometry state class 1700,

[0237] The Geometry state variable clss interacts with other classes and sub-models as
tollows. The Geometry state class obtains the 1nitial mass of the cell (to determine the cell
width) from the Mass state class. It also obtains the mass of the cell from the Mass state class
at all time points to determine the cell volume. The Metabolism, Protein Activation,
Replication Initiation, and FisZ Polymerization sub-maodels all obtain the cell volume from
the Geometry state class, The Cytokinesis sub-model class retrieves the pinched diameter s
from the Geometry state class, and sends back the updated pinched diameter.

[0238] In some embodiments, initial conditions are determined as follows, The initial cell
volame is calculated based on the 1nitial cell mass (CM0) and the fixed density (Up). The
initial cell width CW0 is calculated from the volume and the assumption that the cell is a
sphere. All of the other parameters describing cell geometry are evaluated from the mass
(CM), volame (CV), density (Cp), and width (C'W).

[0239] For the M. genitalinm example whole-cell model, the cell density (U2 used is that
of . coli, which has been estimated as 1100 grams per liter (g/1.). The initial cell mass

(UMDY was fit to result in the measured M. genitalinm cell width (CW) of 200 nm.
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3.13 Host state variable

[0240] A cell hosted by another organism can change the state of the host, such as by an
eliciting an immune response by the host to one or more proteins in the membrane or
secreted by the cell. Modeling such a response is supported by the properties stored in the
Host state variable class. The Host state class represents the instantancous configuration of
the host. FIG. 18 1s a block diagram that iliustrates example fields in the Host state variable
class 1800, according to an embodiment. A host interaction is indicated in field 1811 and
additional interactions are indicated in additional fields represented by ellipses. The class
1800 includes one or more Host state class methods 1890,

[0241] Noune of the other 15 state classes divectly interacts with the Host state class. The
Host Interaction sub-model completely determines the initial conditions and temporal
dynamics of variables represented by this state. The values of properties in the Host state
class are initialized to the steady-state of the host interaction sub-maodel.

[0242] The M. genitalium terminal organelle is believed to mediate attachment to the
human urogenital epithelium and enable its parasitic lifestyle. Upon attachment, lipoproteins
are believed to activate host Toli-like receptors (TLRs) 1, 2, and 6, the host transcriptional
regulator NF-xB, and ultimately the host inflammatory respounse. In this example
embodiment, the Host state variable class uses six Boolean variables to represent the
instantaneous configuration of the buroan host: Adberent (true it M. genitalium is attached to
its human host and false otherwise); TLR 1 activation {true if TLR receptor 1 is active and
tfalse otherwise); TLR 2 activation {true if TLR receptor 2 is active and false otherwise); TLR
6 activation (true if TLR receptor 6 is active and false otherwise); NF-xB activation (true if
NF-«xB 1s active and false otherwise); and Inflamimnatory response activation (true if the host

inflammatory response is active and false otherwise).

3.14 Mass state variable
[0243] Cells are composed primnarily of water, DNA, RNA, and protein enclosed in a
bilipid membrane. The Metabolite, Chromosome, RNA, Protein Monomer, and Protein

Complex states represent the detailed molecular composition of the cell. The Mass state
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calculates the total cell mass from those states. The total cell mass is used as a proxy for
membrane surface area in several processes which are based on mathematical models
originally developed outside the whole-cell modeling framework. The Mass state calculates
the total cell mass. The total cell mass is equal to the sum of the masses represented by the
Chromosome, RNA, Protein Monorer, Protein Complex, Transcript, Polypeptide, and
Metabolite states.

[0244] FIG. 19 is a block diagram that illustrates example fields in the Mass state variable
class 1900, according to an embodiment. The water mass is indicated in field 191, the
chromosome mass in field 1913, the RNA mass in field 1915, the transcript mass in field
1917, the polypeptide mass in field 1921, the protein monomer mass in field 1923, the
protein compiex mass in field 1925, the metabolites mass in field 1931 and the bilipid
membrane mass in field 1933, among other fields indicated by ellipsis. Though sorne of these
values are redundant with information in other state classes, in the Hlustrated embodiment,
these fields are included in the Mads state for computational efficiency. One or more mass
state class methods 1990 are also inchuded in the class 1900.

[0245] The interaction of the Mass state class with other state classes and sub-models is as
tollows. The Mass state interacts with the Geometry state which calculates the cell shape,
surface area, and volume from the calculated celi mass and observed density. None of the
sub-models directly modify the Mass state. The Metabolism sub-roodel uses the cell mass to
bound the rates of exchange reactions. The Keplication Initiation sub-model models DnaA-
ADP reactivation to DnaA-ATP as a function of membrane lpid mass. The Metabolism and
Replication Initiation sub-models use the cell mass rather than the cell volume because these
processes are based on matheratical models that were originally developed outside the
whole-cell modeling framework.

[0246] The values of one or more fields are initialized hierarchically. First, the total cell
mass i initialized according to a normal distribution with mean and standard deviation
appropriate for the organism {e.g., a mean of 13.1 femtograms, fg, 1 fg= 1o grams, and
standard deviation (.06 fg for 8. genitalium). The mean initial cell mass was set to the

reconstructed value. The variance was fit to match that of the predicted final cell mass
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following cell division. Second, the total cell ynass 1s divided among individeal metabolites
according to the reconstructed chemical composition. Third, the Chromosome, RNA, Protein
Monomer, Protein Complex, Transcript, and Polypeptide states are initialized as functions of
the metabolite copy counts, and the metabolite copy counts are decremented o maintain the
initial cell mass,

[0247] In the example embodiment, the mass and chemical composition of M. genitalium
were reconstructed based on an extensive review of the primary literature and fit to match the
28 sub-models. First, the average initial M. genitalium cell mass (13.1 fg) and dry mass (3.93
fg) were self-consistently calculated assuming a spherical geometry with 200 nm diameter,
1.1 gm/1 density, and 70% water composition by mass. Note, this is comparable to the 18.9 fg
M. genitalium cell mass reported. Second, the molecular composition of the dry mass was
hierarchically reconstructed: 1. The M. genitalium dry mass was divided into eight classes—
DNA/dNMPs, RNA/NMPs, protein/amino acids, lipids, carbohydrates, polyamines, vitamins
& cofactors, and ions. 2. The fractional mass and molecular composition of each class was
reconstructed from the literature. 3. The complete molecular composition of M. genitalium
was assembled. 4. The dry mass composition was fit to match the 28 sub-models.

[0248] The mean initial cell mass was fit to the reconstructed value. The vartance was fit to
match that of the predicted final cell mass following cell division. Cellular composition is the
balance of the prodoction and usage of molecules by cellular processes, Consequently, it was
necessary to reconcile the reconstructed cellular composition with that predicted by the 28
sub-models, First, the DNA dry mass fraction, including both chromosomal DNA and free
dNTP, was increased 322% to be consistent with the predicted mass of the chromosome and
the free dNTP pool. The predicted chromosome mass accounted for the observed
chromosome sequence, predicted modifications, and predicted time-average copy number
from Replication, Replication Initiation, and Metabolism sub-modeis. The predicted free
dNTPpool accounted for the free dNTPs needed support the observed nine-hour M.
genitalivm mass doubling time. Second, the KNA dry mass {raction, including both RNA and
free N'TPs, was increased 39% (o be consistent with the amounts of mRNA, rRNA, sRNA,

and tRNA desirable to support the observed nine-hour mass doubling time. The NMP
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composition of the RNA fraction was set equal to that predicted by the expression, sequence,
and modification of each KNA species (as implemented in the Transcription, RNA
Processing, and RNA Modification sub-models). Third, the vitamin & cofactor and ion dry
mass fractions were increased to match the amounts of vitamins, cofactors, and ions needed
for protein folding and catalysis (as implemented in the Protein Folding sub-model). Finally,
the protein dry mass fraction, including both proteins and free amino acids, was decreased
23% to offset the increased DNA and RNA mass fractions. The amino acid composition of
the protein fraction was set equal to that predicted by the expression, sequence, and
modification of each protein species {(as implemented in the Translation, Protein Processing L

Protein Processing H, and Protein Modification sub-models).

3.15 Stimulus state variable

[0249] Cells live in complex environments where they are exposed to physical and
chemical stresses including antibiotics, radiation, heat and cold. Furthermore, mantpulation
of the external environment is a powertul tool for discovering new biology. This state
represents the status of properties of the external environment that may affect one or more
compartments.

[0250] In an illustrated embodiment, the Stiraulus state class represents ten properties: the
temperature in “C; six types (wavelengths) of radiation in units of Watts per square meter
(Wm_z) or greys per second (Gys_l); and three Boolean-valued stress conditions.
Computationally, each property is implemented as a floating point scalar.

[0251] FIG. 20 is a block diagram that illustrates example fields in the Stimulus state
variable class 2000, according to an emboediment. The temperature is indicated in field 2011,
a first radiation type in field 2013, a radiation level in field 20185 for the radiation type
specified in field 2013, and ellipses indicating other radiation types. Stress conditions are
indicated 1 field 2021 for pH induced stress, and other stress conditions are indicated in field
2023 and 2025 and other fields indicated by ellipsis. More stimulus conditions are

represented by other fields indicated by ellipsis below tield 2021, On or more Stimulus state
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class methods 2090 are also inchuded 1n c¢lass 2000, In an illustrated embodiment, the stress
factors of Table 4 are included in the Stimulus state variable class.

Table 4. Stimulus state variable fields.

Field name description

temperature temperature
stimulus_gluconate gluconate
stimulus_thiolStress thiol stress
stimulus_ironStress iron stress

UVB_radiation UV-B radiation (4 eV)
electron_radiation electron radiation (1.5 keV)
alpha_radiation alpha particle radiation (4 MeV)
proton_radiation proton radiation (1 MeV)
gamma_radiation gamma radiation (1.2 MeV)
UVA_radiation UV-radiation (365 nm)

[0252] This state does not directly interact with any of the other 15 states. The Geometry,
Metabolite, Protein Monomer, Protein Complex, and Host states represent additional
properties of the extracellular environment. The Geometry state represents the volume of the
external environment. The Metabolite state represents the copy counts of extracellular
metabolites including antibiotics. The Protein Monomer and Protein Complex states
represent the copy counts of extracellularly localized proteins. The Host state represents six
properties of the host urogenital epithelium. Three sub-models—Protein Activation, DNA
Damage, and Metabolism—access the Stimulus state. The Protein Activation sub-model
regulates the activity of four transcription factors as functions of temperature and three stress
conditions. The DNA Damage sub-model models the rates of several types of DNA damage
as functions of radiation. The Metabolism sub-model models the generation of hydroxyl
radicals from water and y-radiation. None of the sub-models modify the 10 properties of the

external environment.
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[0253] In an example simulation of the M. genitalium example model, temperature was set
at 37 degrees C, electron radiation at 2x10_;; Gy/s and gamma radiation at 2.8x107! Gyl/s.

The contents of the other state variable fields were set to zero.

3.16 Time state variable

[0254] The physical, chemical, and biological processes relevant to cell physiology span a
wide range of time scales. By selecting an intermediate time step short compared to the
slower processes and long compared to the fastest processes, the whole-cell modeling
becomes tractable. The effects of the faster processes are averaged over the time step. In
some embodiments, the time step was determined as described in method 400 depicted in
FIG. 4 at step 411, Using similar reasoning, it was found that a time step of about 1 second is
effective in the example whole-cell modeling of M. genitalium, which can be approximated
as a well-mixed system at this time scale, This state represents the time elapsed from the start
of the simuliation in seconds as a single integer variable.

[0255] FIiG. 21 is a block diagram that tllustrates example fields in the Tiroe state variable
class 2100, according to an embodiment. Elapsed time is indicated in field 2111, Other fields
are indicated by ellipses. One or more Time state variable class methods 2190 are included.
[0256] The Time state directly interacts with only three parts of the simulation: The
Simulation model 500 linearly advances time in even time increments (e.g., 1 second
increments for the example organism). If the cell has not yet divided, each simulation
terminates at a predetermined maximum time approximately equal to 150% of the observed
mean mass doubling time of the organism (for example at of 50,000 s for M. genitalium).
The concentrations of extracellular metabolites and the values of extracellular stimuli can be
functions of elapsed time (although held constant in the example simulations). None of the

processes or other states depends directly on the Time state.

4. Cell process sub-model classes
[0257] In this section are presented the attributes and methods of the 28 cell process classes
(called simply “sub-models” in the following for brevity). Although data structures and

fields are depicted in many of the diagrams in this section as integral blocks in a particular
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order for purposes of illustration, in other embodiments, one or more data structures or
messages or fields, or portions thereof, are arranged in a different order, in the same or
different number of data structures or databases in one or more hosts or messages, or are
omitted, or one or more additional fields are included, or the data structures and messages are
changed in some combination of ways.

[0258] Throughout this description indexes , j, &, /, m, n, etc. are used repeatedly and are
not to be given a particular meaning. The variable letter preceding the index is also used
repeatedly and must be interpreted in the light of the local context. In the accompanying
fiowcharts, an attempt has been made to reduce the repetitive reuse of the same indexes and
variable letters for different properties, to hmit contusion. For example, in these flowcharts,
the indices i, j, k are reserved as much as is convenient for nucleotide, strand and
chromosome copy, respectively; and variable names are capital italicized letters. However,
the descriptions in this section and the instruction listings in some figures reuse indices and

variable letters more heavily,

4.1 DNA Condensation sub-model

[0259] Cell chromosomes are compacted {e.g., bacterial cell chromosomes are compacted
1()4-1’01(1} in volume in order to physically fit inside a cell. Compaction is also advantageous
to support various cellular processes including chromosome replication, cell division, and
chromosorne segregation to opposing poles of the cell. Cells, such as bacteria, employ
several mechanisms to compact DNA including “clamping” of the DNA by structural
maintenance of chromosome (SMO) proteins, DNA supercoiling, macromolecular crowding,
and charge neutralization. DNA Supercoiling is modeled in a separate sub-model. The
Condensation sub-raodel explicitly models DNA clamping by SMC complexes.

[0260] FiG. 22A is a block diagram that illastrates features of DNA condensation,
according to an embodiment. SMC cormplexes 2216a and 2210b (collectively referenced
hereinafter as SMC complexes 2210 consist of an SMC core protein 2211 (e.g., product of
gene MG298) and segregation and condensation proteins A 2212 and B 2213 {e.g., ScpA of

gene MG213, ScpB of gene MG214). Together, the SMC complex 221015 a “V” shaped
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structure (with a head and two legs) that induces positive supercoils in double stranded DNA
229G, The complexes are believed to work with a lock and key mechanism in which first
DNA is looped arcund the legs of the SMC complex, and then an ATP is hydrolyzed to ADP
to bind between the two tails to lock the SMC complex in place. The complexes 2210 bind
and clamp the DNA at corresponding different locations, causing many loops in the DNA
and resulting in DNA compaction. The loops 2222 around each leg occupy 90 base pairs
(bp). A loop 2224 of about 450 bp forms between the two SMC complex legs. Further, it has
been inferred that there is about one SMC complex 2210 bound for an average spacing § =
7136 bp of DNA. Herein, base pairs on a double strand and nucleotides are used
interchangeably when specitying position or distance along a DNA molecule,

[0261] Given that the DNA footprint of an SMC complex is much less than its average
spacing, if one simply applied a 178 probability of each base being bound at each tirne step,
over time, given an SMC abundance, one would see SM{Cs bound at intervals much less than
Sav. An SMC complex threshold spacing parameter (£} 2220 prevents this phenomenon by
inhibiting SMC complex binding where the gap between existing SMC complexes 2210 on
the DNA 2290 is already much less than the desired spacing. Biologically, this parameter
represents the notion that SMC complex binding is not only determined by SMC corplex
abundance, but also the writhe and physical properties of the DNA that prevent SMC
complex from binding too close to each other. This spacing parameter 2220 was fit such that
the average SMC complex spacing S in the model is 7130 bp. The fit of this parameter was
assessed by various tests to assure an average SMC spacing § of 7130 bp.

[0262] SM{s are bound at an average spacing (%) of 7130 bases. Since it is unknown
whether SMC complexes bind to specific DNA motifs, at each time step, SMC complexes are
bound to random positions on the chromosomes. The binding is weighed by calculated
probabilities {(P) of a free SMC complex binding to each accessible double-stranded DNA
base. The probability distribution is calculated as a step function: bases within a threshold
spacing parameter (/) from another SMC complex have a zero probability of being bound,

and bases beyond the threshold spacing parameter distance from other SMC coraplexes bind
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at a probability of 1/5. SMC complex disassociation from the DNA occurs upon interaction
with other DNA binding proteins and is handled by the Chromosome state class.

[0263] The DNA Condensation sub-model models the contribution of SMC proteins to
chromosome condensation. SMC-related DNA condensing could be considered along with
the effects of topoisomerases in some embodiments, but the effect of the topoisomerases is
modeled by tracking the effect of each topoisornerase activity on the DNA linking mumber (in
the DNA supercoiling sub-model). Because SMCs do not act by strand-passing events (the
causing of a nick in the DNA, enabling two double-stranded DNA regions to pass through
cach other, and the re-ligation of the DNA), and since the exact effect of SMC complex
activity on the DNA linking number is not known, SMC condensation is considered as
compacting the DNA at a different level and therefore it is moodeled independently of the
DNA linking number calculations in the BNA Supercoiling sub-model. Macromolecular
crowding and charge neutralization are not presently included in any sub-model of the
illustrated embodiment, but these processes are modeled 1o one or more new or extant sub-
models in other embodiments. An advantage of computational efficiency is achieved by
oroitting these other processes, without apparent hindrance to obtaining good agreement with
experiments, as described in more detail in another section.

[0264] To initiate the Chromosome state, before the start of a simulation, the SMC
complex binding calculations described above are iteratively run to bind SMC complexes to
the first chromosore until a steady state is reached, in which no more SMC complexes can

be bound.
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[0265] FIG. 22B is a flowchart that illustrates an example method 2250 for a DNA
Condensation sub-model, according to an embodiment. In step 2251, parameters are set for
structural maintenance of chromosome (SMC) protein complex. The parameter S indicates
average separation of SMC complexes on chromosome = 7130 nt; / indicates closest spacing
of SMC complex (fit); footprint of SMC on DNA = 630nt; footprint of SMC arm on DNA =
90nt; DNA loop length between SMC arms = 450nt.

[0266] In step 2261, a maximum number of SMC that can bind during time step is
determined. E.g.: SMC binding limit is the minimum of: a count of free SMC complexes and
a count of available ATP molecules.

[0267] In step 2271, SMC complexes are randomly bound to a chromosome. In the
illustrated embodiment, step 2271 includes steps 2273 through 2277. In step 2273, it is
determined based on data in Chromosome state, free bases where SMC complexes can bind
that are more than / bases from a different, already bound SMC complex. In step 2275, sites
are randomly chosen for binding SMC complexes up to the limit determined in step 2261.
For any site, the probability of binding an SMC complex is 1/ (S -2[). If the SMC binds, then
in step 2277 an SMC-ATP complex is formed and hydrolyzed to an SMC-ADP complex.
The copy count of free SMC complexes I reduced and the metabolites involved in hydrolysis
are updated (e.g., decrease H20 count and ATP count and increase ADP count and H+
count).

[0268] Thus, the DNA Condensation sub-model reads from and writes to the Chromosome
state class. It reads in the regions of DNA that SMC complexes can bind to, and writes back
the positions of SM{ complexes on the chromosome.

[0269] M. genitafivm has the machinery to perform all of these levels of DNA compaction

and was modeled using the method 2250 depicted in FI(, 228,

4.2 DNA Segregation sub-model
[0270] DNA replication produces two chromosomes that are catenated, or connected like

finks of a chain. Before cell division can take place, these chromosomes need to migrate to
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opposing sides of the cell and be decatenated. Chromosome segregation is believed to resuit
from both entropic factors and enzymatic activity.

[0271] The Chromosome Segregation sub-model assames that the chromosomes
entropicaily segregate during replication. That is, it is unfavorable for the two copies of
replicated DNA to exist too close to each other, Thus as the replication fork moves, the
replicated DINA starts to migrate towards the poles.

[0272] Enzymatic segregation activity is also modeled. Five chromosorae segregation
proteins are modeled, including a nucleotide binding domain {e.g., CobQ/CobB/MinD/ParA
from MG470), an MraZ protein (e.g., MraZ from MG221), a GTF binding protein (Era from
M387), a GTPase (Obg from MG384), and Topoisomerase IV (ParE frora MG203, ParC
from MG204). Another segregation protein, FtsZ, is accounted for in the Cytokinesis sub-
model. These proteins assist in the chromosomal migration towards the cell poles and
decatenate the chromosomes following the completion of replication. However, there is no
detatled understanding of the function of these proteins. Further, the specific kinetics, and
metabolic costs of these proteins are not known.

[0273] The DNA Segregation sub-model models enzymatically catalyzed sister
chromosome separation and decatenation. Entropically driven sister chroroosome separation
is not well understood and is not presently modeled. An advantage of computational
efficiency is achieved by omutting these other processes, without apparent hindrance to
obtaining good agreement with experiiments, as described in more detail in another section.
[0274] Because the molecular biology of chromosore segregation is not well understood,
it was decided to implement this process as a simple Boolean process: the chromosomes are
regarded as segregated immediately after the following four conditions are met; the
chromosome is replicated; the chromosomes are properly supercoiled within a given
tolerance of superhelical density; there is at least one free and functional molecule of each of
the five segregation proteins; and, there are enough available GTP molecules.

[0275] For parameter values, the energetic cost of segregation has not been experimentally
characterized. The energetic cost 1s set to a nominal value of 1 GTP per segregation event.

The superhelical density tolerance is also unknown, so the allowed range of DNA
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superhelical density was set to be quite wide. The chromosome state s initialized with 1
chromosome with superhelical density within the acceptable tolerance.

[0276] FIG. 23A is a flowchart that illustrates an example method 2300 for a DNA
Segregation sub-model, according to an embodiment. In step 2301, parameters for DNA
segregation are set. The energy for segregation Eseg is set equal to the GTP cost of
segregation (~ 1 GTP); otol, the superhelical density tolerance is set (~ 0.1); o, the
equilibrium superhelical density is set (~ -0.06); segregation enzymes are indicated by their
protein monomer identifiers (e.g., the proteins from genes
MG470,MG221,MG387,MG384,MG204).

[0277] In step 2302 the state of the chromosome is checked to determine whether the
chromosome is fully replicated. If not, the process ends without completing segregation. If
so, then in step 2305 it is determined whether the chromosome winding is within range for
segregation, e.g., between ¢ +/- otol. If not, the process ends without competing segregation.
If so, then in step 2307 it is determined whether there is at least on free copy of each of the
segregation enzymes. If not, the process ends without competing segregation. If so, then in
step 23009 it is determined whether there is sufficient energy (e.g., available GTP greater than
Eseg demand for GTP). If not, the process ends without competing segregation. If so, then in
step 2311 the chromosomes are marked as segregated, e.g., the status in field 616 is updated
to segregated.

[0278] FIG. 23B is a list showing the relationship of the DNA Segregation sub-model to
cell state variables, according to an embodiment. Thus the sub-model interacts with the
Chromosome state class for the properties listed in FIG. 23B.

[0279] Many fewer segregation proteins are present in M. genitaliion than that required for
the detailed mechanisms for segregation described for other bacterial species. Thus in some
embodiments, other segregation enzymes are added to the list of enzymes that need be

present for segregation to be completed.
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4.3 DNA Damage sub-model

[0280] DNA is not absolutely stable. Rather, DNA is susceptible to spontaneous
modification 1ncluding base loss and deamination. DNA s also susceptible to wodification
by many exotic agents including UV-A and UV-B radiation, a-, §-, and y-radiation, oxygen,
hydroxyl, carbon, and nitrogen radicals, and alkylating agents, These diverse DNA
modification modes generate equally diverse DNA structures including missing and modified
sugar-phosphates, missing and modified nucleotides, intra- and inter-strand cross links, and
strand breaks. DNA damage is an evolutionarily important source of genetic variation.
However, damaged DNA has also been shown to be deleterious to many processes including
transcription and replication. Consequently, cells employ dedicated DNA repair machinery.
The exact effect of DNA damage on physiology s not well characterized.

[0281] Because DNA damage is rare, this process models each DNA damage reaction as
an independent Poisson process. The rate, i, of each spoutaneous DNA damage reaction 7 1S
given by the observed specific rate ki. The effective rate, ri, of each BNA damage reaction i
caused by radiation j is given by the product of the experimentally observed specific rate, &i,
and the radiation flux, 5/, Similar rates are determined in some embodiments for chemically
induced darnage, caused by chemical agent n, given by the product of the experimentally
observed specific rate, ki, and the concentration ¢n of cherical agent x.

[0282] The Chromosome state initializes all chromosome bases, fully methylated at R/M
sttes and otherwise snmodified. Several other processes including Transeription sub-models

initialize the protein occupancy of the chromosome.
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[0283] FIG. 24A is a flowchart that illustrates an example method 2400 for a DNA
Damage sub-model, according to an embodiment. A DNA damage reaction n refers to
damage to any nucleotide in the chromosome. So the specific reaction rate for damage to a
nucleotide by reaction n is Kn. The amount of stimulus s associated with the reaction n is Ss
and refers not only to radiation flux, but also chemical concentration of a chemical agent, or
temperature, or any other real valued stimulus. For reactions n dependent on amount of
stimulus, the effective rate Rn = Kn * Ss. For spontaneous damage not associated with a
stimulus, Rn = Kn.

[0284] In step 2401, parameters are set for reaction z to stimulus s in stimulus state class.
Zn=resultant base configuration of reaction n (e.g. Boolean values for gap, abasci, sugar-
phosphate, base, cross-link and strand break modifications); Kn =specific reaction rates of
reaction n; Mmn = stoichiometry of metabolite m in reaction n. In step 2403 it is determined
whether there is another reaction n to test. If not, the sub-model is completed and the method
ends. If so, control passes to step 240 to determine if the reaction n is dependent on the
amount Ss of stimulus s. If not, then in step 2407 the effective rate is set equal to the specific
rate, and control passes to step 2411. If so, then in step 2409 the effective rate Rn is set equal
to the product of the stimulus amount and the specific rate, Rn = Kn*Ss; and control passes
to step 2411.

[0285] In step 2411, it is determined if the next base i in strand j of chromosome copy k is
susceptible to reaction . If not, control passes back to step 2403 for the next reaction, if any.
If so, then in step 2413, the copy count Nm of metabolite m is retrieved from Metabolite state
variable for every metabolite in reaction n. In step 2415, it is determined if there are
insufficient metabolites for the reaction to occur, e.g., it is determined whether Nm < Mmn
for any metabolite m. If there are insufficient metabolites, control passes back to step 2403
for the next reaction, if any. If there are sufficient metabolites, then control passes to step

2421.
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[0286] In step 2421 a Poisson distribution is used to determine whether damage is done to
the current base in the current time step. For example, a random number X is selected from a
Poisson distribution with occurrence rate = Rn and time interval = time step. In step 2423 it is
determined whether the random number X > 1. If not, no damage is done to the base and
control passes back to step 2411 for the next base. If so, then damage takes the form of one
or more modifications to the base as indicated by Zn, e.g., one or more of gap, abasci, sugar-
phosphate, base, cross-link and strand break modifications. Control passes back to step 2411
for the next base.

[0287] The Chromosome state represents the copy count, modification status, and protein
occupancy of each chromosome. The Metabolite state represents the copy number of each
metabolite. The Stimulus state represents the stimulus, such as fluxes of six types of
radiation: a-, B-, and y-particles, electrons, protons, and UV-A and UV-B in an example
embodiment. The Metabolism sub-model models the generation of hydroxyl radicals. The
DNA Repair sub-model models four DNA repair pathways: direct damage reversal, base
excision repair, nucleotide excision repair, and homologous recombination. The DNA Repair
sub-model also models DNA methylation at restriction/modification (R/M) sites. All DNA
modifications except methylations of R/M sites are assumed to impede protein DNA-binding
[0288] FIG. 24B is a list of instructions that illustrates an example DNA Damage sub-

model for M. genitalium, according to an embodiment.

4.4 DNA Repair sub-model

[0289] DNA is susceptible to several intrinsic and extrinsic modes of damage. Because
damaged DNA is deleterious to many processes including transcription and replication,
organisms have evolved specialized machinery to detect and repair damaged DNA. The
machinery includes proteins serving as enzymes for detection and repair of damage,
including damage sensor DisA and four DNA repair pathways: direct damage reversal
(DDR), base excision repair (BER), global genomic nucleotide excision repair (GG-NER),
and homologous recombination double strand break repair (HR-DSBR) and type II
restriction/modification (R/M) system Munl to selectively degrade foreign DNA.
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[0290] DisA recognizes strand breaks, base damage, and cross links. The mechanism of
DisA damage recognition is not well understood. DisA is believed to signal DNA damage
through the absence of the second messenger cyclic-di-AMP. In the absence of DNA
damage, DisA cyclizes ATP to cyclic-di-AMP. In the presence of DNA damage, DisA is
believed to bind DNA, adopt a catalytically inactive conformation, and via an unknown
mechanism possibly involving cyclic-di-AMP and the transcriptional regulator SpolA, to
induce expression of genes.

[0291] The primary role of BER is to repair small patches of oxidized nucleobases. One
BER pathway involves four steps. First, glycosylase Fpg(MG498) or Ung(MG097)
hydrolytically cleaves the glycosidic bond between the damaged nucleobase and the DNA
backbone, creating an abasic site. Second, two parallel subpathways cleave the
phosphodiester bonds 3” and 5’ to the abasic site, introducing a gap site. The first subpathway
begins with cleavage of the 3’ phosphodiester bond site by AP lyase Fpg and ends with
cleavage of the 5° phosphodiester bond by 5’-deoxyribosephosphodiesterase Nfo. The second
subpathway begins with cleavage of the 5° phosphodiester bond by 5’-AP endonuclease Nfo
(MG235) and ends with cleavage of the 3’ phosphodiester bond by 3’-(deoxyribose-5’-
phosphate) lyase DnaN (MGO0O01). Third, DNA polymerase DnaN restores the missing base
using the template provided by the opposite strand. Finally, DNA ligase ligates the inserted
base.

[0292] The primary role of NER is to repair bulky distortions in the shape of the DNA
helix of up to 12-13 bases in length caused by UV radiation and nitricoxide. Compared to
BER, NER employs less specific endonucleases and consequently has broader repair
capacity. NER repairs DNA via a four-step mechanism. First, UvrABC (MG421, MGO073,
MG?206) identifies a DNA lesion and cleaves the phosphodiester bonds 6-7 bases 3” and 5’ to
the lesion. Second, helicase PrcA excises the cleaved DNA. Third, DNA polymerase DnaN
(MGO0O01) restores the missing bases using the template provided by the opposite strand.
Finally, DNA ligase ligates the inserted base.

[0293] HR repairs double strand breaks caused by ionizing radiation and stalled replication

forks. HR also repairs strand gaps generated by the interaction of replication forks with
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unrepaired lesions. Recombination repair is modeled as an eight-step process: 1. Initiation:
5’-3” exonuclease removes dNMPs from the 5° ends of the strand break, leaving 3’
overhangs of at least 8 bases. 2. Strand exchange: RecA (MG339) catalyzes the formation of
a Holliday junction between one of the damaged 3’ overhands and the undamaged
homologous chromosome. 3. Polymerization: DnaN (MGO0O01) polymerizes DNA guided by
the undamaged chromosome template. 4. Ligation: LigA (MG254) ligates the newly
produced DNA. 5. Second strand exchange: RecA catalyzes the formation of a second
Holliday junction. 6. Holliday junction migration: RuvA and RuvB widen the distance
between the two strand crossover points by moving the Holliday junctions to the preferred
sequence 5’-[AT]TTN[GC]-3’532 . 7. Resolution: RecU nicks the DNA at the cross over
points, creating four single strand breaks. 8. Ligation: LigA ligates the four strand breaks.
[0294] Organisms employ R/M systems to distinguish foreign from self DNA. These
systems maintain self DNA in a fully methylated configuration by methylating self DNA
during chromosomal replication and cleaving unmethylated foreign DNA which has not been
exposed to self DNA methylases. Munl methylates the third base of both strands of the
palindromic sequence 5’-CAATTG-3’, producing N6—methyladenine.

[0295] The metabolic byproducts of DNA repair are salvaged by oligonucleases. Candidate
oligonucleotide salvage genes include pcrA (MG244), mgpA (MG190), and polA (MG262).
Of these genes, we assumed that mgpA is responsible for oligonucleotide salvage. Individual
damaged nucleotides are further metabolized and exported.

[0296] The DNA Repair sub-model models four DNA repair pathways and methylation
and restriction of MunIR/Msites. Because DNA repair is not well understood on the genomic
level, this process makes several simplifying assumptions. First, this sub-model represents
each step in DNA repair, methylation, and restriction as a separate reaction, and assumes that
each reaction is independent. Consequently, the rate of each reaction is determined only by
the configuration of the DNA. Second, this sub-model assumes that the mean arrive rate, vi,
of each reaction i is independently limited b y(1) the copy counts of intracellular metabolites,
myj, and (2) the DNA repair enzyme copy numbers, ¢j. Based on these assumptions, the

function form of vi is given by Equation 9.
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where Mji 1s the stoichiometry of metabolite J in reaction i, MS = max((,—M) is the negative
part of 8, Kji is the experimentally observed catalytic rate of enzyme j in reaction 7, and A7 1s
the simulation time step. This process also stochastically models the binding of free DisA to
DINA lesions.
[0297] The Chromosome state initializes one set of chromosomes (e.g., one Chromosome
for M. genitalivmy, modified only at R/M sites. Several other processes including
Transcription initialize the protein occupancy of the chromosome.
[0298] FIG. 25A is a flowchart that illustrates an example method 2500 for a DNA Repair
sub-model, according to an embodiment. Here a repair reaction is indicated by index r, a
metabolite by index m and enzymes by index e. The mean arrive rate of repair reaction r is
Vr. The copy count is indicated by variable N. In step 2501, parameters are set for each repair
reaction r, including Mmr = stoichiometry of metabolite m in reaction r, protein IDs of repair
enzymes for each reaction r (e.g., DisA, DnaA, PrcA, DNAligase, RecA, RuvA, RuvB,
RecU, LigA . . .); Ker = catalytic rate of enzyme e in reaction r.
[0299] In step 2503, the next repair reaction r is selected at random. If none, the method is
complete and the sub-model ends. If a reaction remains, then in step 2505 it is determined
whether there is a next randomly selected base susceptible to the repair reaction. If none
remain, control returns to step 2503 to check the next reaction. If there is a base for the
reaction, then in step 2511, copy counts Nm for metabolites and Ne for repair enzymes are
retrieved from the cell state variables. In step 2513, the mean arrive rate Vr is determined

based on Equation 9. In the revised notation, this is Vr = minimum of { Nm / maximum of
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[0, - Mmr] over all m; or random number X over all e from a Poisson distribution with
occurrence rate = (time step)* Ne / Ker. In step 2521 it is determined whether Vr > 1. If not,
control returns to step 2505. If so, then in step 2523 the repair reaction r is run on the current
base and the metabolite counts are updated and enzymatic capacity decreased. Control
returns to step 2505 for the next base, if any.

[0300] The M. genitalium genome contains the DNA damage sensor DisA, the four DNA
repair pathways described above, and the type Il restriction/modification (R/M) system
Munl. M. genitalinm employs only one dedicated machine—DisA (M{G105)—t0 recognize
DNA damage. M. genitalium, however, does not have most of the downstream signaling
machinery associated with B, sudnifis DisA-dependent induction of expression of genes.
[0301] DNA ligation is the only DDR pathway employed by M. geniralium. DNA ligation
ts catalyzed by DNA ligase LigA (MG254) by a Nicotinamide adenine dinucleotide (NAD)-
dependent mechanism. DNA ligase repairs single strand breaks as well as ligates DNA
synthesized during rephication, BER, NER, and HR.

[0302] M. genitalirn BER repairs single damaged nucleobases. M. geaitalinm does not
undergo long patch BER because M. geniralium does not have a flap endonuclease. M.
genitalivm BER repairs DNA via the four-step mechanism described above.

[0303] M. genitalium NER provides global protection against small DNA lesions. M.
genitaliion does not undergo transcription-coupled NER because M. geniialium does have the
transcription-repair coupling factor mfd. M. genitalium NER repairs DNA via the four-step
mechanism described above.

[0304] M. genitalium HR has a very reduced complement of recombination repair proteins,
and follows the eight steps described above with modifications. No traditional initiation gene
has been identified in M. genitalium; so, it was assumed that poll-like 5’-
3’exonuclease(PolA, MG262) is the M. genitalium HR initiator. Additionally, HR is
believed to be critical for M. genitalium antigenic variation.

[0305] M. genitalium contains a reduced R/M system consisting of the type I DNA
recognition subunit EcoD (MG438) and the type II methylase Munl (MG184). EcoD is the

DNA binding domain of a type I multimeric methylation and restriction complex which
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recognizes the sequence 5’-TCARTTC-3’. Because M. genitalium contains only the DNA
recognition subunit and not the methylation and restriction subunits, type I R/M was not
modeled. Because M. genitalium does not contain a separate type Il endonuclease and
because type II R/M systems are often monomeric, it was assumed Munl also has restriction
activity.

[0306] The mechanism of M. genitalium oligonucleotide salvage is not well understood.
No gene has been identified which cleaves DNA oligonucleotides.

[0307] FIG. 25B is a list of instructions that illustrates an example DNA Repair sub-model

for M. genitalium, according to an embodiment.

4.5 Supercoiling sub-model

[0308] DNA naturally exists at a certain level of helicity, and this level of helical density is
important for the DNA’s stability, its ability to fit in the cell, and its ability to bind proteins.
DNA supercoiling can also have an effect on RNA transcription rates as the helicity of the
DNA may make given genes more or less accessible.

[0309] For example, three topoisomerase proteins—DNA gyrase, Topoisomerase I, and
Topoisomerase IV—transiently break a DNA strand to wind (Topoisomerase I) or unwind
(Topoisomerase IV, gyrase) the DNA. The opposing actions of the topoisomerase enzymes
help maintain a stable level of DNA helicity. This is especially important during replication
because while the replication loops progress along the chromosome unwinding the DNA, the
coils that previously existed in the DNA persist and accumulate downstream of the
replication loop. This over-coiled region is relieved by the actions of topoisomerases.

[0310] DNA gyrase and Topoisomerase IV each require 2 ATP to induce 2 negative
supercoils each time they act. Topoisomerase IV induces positive sapercoils relatively rarely
and its positive coiling activity is therefore not considered in some embodiments.
Topoisomerase I acts to induce positive sapercoils. Gyrase, Topoisomerase IV, and
Topoisomerase I act at rates of 1.2, 2.5, and 1 strand passing events per second, respectively.
[0311] The supercoiling of the DNA is quantified using a metric known as the DNA linking

number, LK, defined as (# of base pairs)/10.5, where 10.5 is the number of bases per turn in a
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relaxed double helix. The relaxed LK is designated L.Krelaxed, and indicates how many
complete turns are on the portion of DNA of interest. The current LK, designated LKcurrent,
may deviate from the LKrelaxed due to the actions of topoisomerases and the progression of
replication. The ALK is defined as the difference between the current level of DNA
supercoiling and the relaxed level of DNA supercoiling.
[0312] The helicity of different regions on the DNA are modeled separately. Before
replication, the entire chromosome is represented as one region. During replication, two
additional regions are defined and accounted for: the replicated DNA upstream of the
replication loops on each of the two chromosomes, FIG. 26A is block diagram that illustrates
different regions for defining helicity on a replicating chromosome, according to an
embodiment. During replication, the unreplicated region 2600 of DNA (region downstream
of the two replication loops) is shrinking in terms of nomber of bases, and as a result, the
L. Krelaxed decreases. However, as the DNA replicative helicases unwind the DNA they push
the existing coils nto this region 2600, and there are more coils for fewer bases, This over-
cotled region has an L&current that is too high, and must be brought down towards the
I Krelaxed, Gyrases and topoisomerases help bring the DNA back to the relaxed state by
inducing negative supercoils. It is assumed that the newly replicated DNA inregion 1 2601
and region 2 2602 is made in the relaxed state: LKcurrent = LKrelaxed, but the supercoiling
enzymes act in this region as well, helping maintain equilibrium helicity. It is essential that
the ALK in the region downstream of the replication loops be brought down to ( by the end
of replication. After replication is complete, ounly the two replicated regions 2601 and 2602
exist (two separate chromosomes). While in general, DNA supercoiling involves the regions
described above, DNA damage and other processes can cause gaps in the DNA that result in
additional regions.
[0313] The superhelical density of a DNA region, o, is defined in Equation 10.

¢ = (LKcurrent — LKrelaxed ) | LKrelaxed (10)
Experimentally it has been shown that the steady state superhelical density, ¢0, is -0.06923 .
The activity of topoisomerases depends on the ¢ of the DNA. Although there is likely a more

complex relationship between the DNA supercoiling and enzyme activity, enzyme activity is
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modeled as a set of step functions and logistic functions. FIG. 26B through FIG. 26D are
graphs that illustrate the effect of superhelical density on the activity of certain DNA binding
proteins, according to an embodiment. FIG. 26B is graph 2610 that shows the activity of
Topoisomerase I as curve 2616. The horizontal axis 2612 represents superhelical density o,
which is dimensionless; and the vertical axis 2614 indicates activity in relative units. FIG.
26C is graph 2620 that shows the activity of Gyrase as curve 2626. The horizontal axis 2622
represents superhelical density o, which is dimensionless; and the vertical axis 2624
indicates activity in relative units. FIG. 26D is graph 2630 that shows the activity of
Topoisomerase IV as curve 2636. The horizontal axis 2632 represents superhelical density o,
which is dimensionless; and the vertical axis 2634 indicates activity in relative units

[0314] It is known that the topoisomerases are unable to act beyond certain ¢ thresholds
(gyrase can only act at ¢ above threshold designated Tgyr, Topoisomerase IV can only act at
o above threshold designated TtopIV, and Topoisomerase I can only act at ¢ threshold
designated Ttopl), so the activities of the topoisomerases outside of the thresholds are set to
zero. However, the exact enzyme activity profiles within these bounds is unknown. Fitting a
logistic function within the thresholds of gyrase and Topoisomerase I allows the maintenance
of ¢ approximately near 0. Topoisomerase IV is not active near 60 and therefore acts more
rarely than the other topoisomerases. As a result, there was no need to assume a logistic
profile for its activity. The proportion of full activity for each topoisomerase was obtained
from the profiles. This proportion was multiplied by the maximal activity to determine the
number of strand passing events for each topoisomerase for a given time step.

[0315] Further, the seb-model keeps track of enzyme processivity, or how long an enzyme
can remain bound to the DNA and continue to act. Topoisomerase IV and DNA gyrase are
highly processive and may perform several strand-passing events before falling oft of the
DNA. Topoisomerase I is not highly processive; it acts on the DNA and falls back off right
away.

[0316] It has been shown that there is an effect of supercoiling on transcription rates, and

experimental data in £. coli compares superhelical density to fold change of gene expression.
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Expression fold changes at different superhelical densities have been calculated for many
genes. However, in an example embodiment only the effects of supercoiling on the
expression of the 5 supercoiling genes gvrli, gyrd, par(, park, and fopd, are included. These
genes exist in 3 franscription units. The data for the three transcription units has been
combined and approximated by three hinear fits. In other embodiments, other genes and
transcription units are included.

[0317] The activities of DNA coiling enzymes, such as gyrase, Topoisomerase I, and
Topoisomerase IV, and the progress of replication loops can all affect the linking number
(and superhelical density) of the DNA. The DNA Supercoiling sub-model evaluates the
effects of all the free coiling enzymes in random order, determines what regions they can
bind in, and randomly binds them to large enough open positions on the DNA. The linking
number is then adjusted based on the actions of all the bound enzymes, and the usage of ATP
is determined. The processivity of gyrase and Topoisomerase IV are also tracked so that they
can be unbound from the DNA when appropriate.

[0318] The superhelicity of the chromosome is tracked separately for each different double
stranded region. The exact base positions and length in base pairs, /, of each region is
determined based on the progress of replication and positions of breaks in the DNA. If there
are no breaks in the DNA, the following DNA regions exist. Before Replication: Region 1
includes unreplicated DNA. During Replication: Region 1 includes Replicated DNA,
Chromosome 1 (upstream of replication loops, increasing in length over time); Region 2
includes Replicated DNA, Chromosome 2 (upstream of replication loops, increasing in
length over time); Region 3 includes Unreplicated DNA (downstream of replication loops,
decreasing in length over time). After Replication: Region 1 includes Replicated DNA,
Chromosome 1; Region 2 includes Replicated DNA, Chromosome 2.

[0319] FIG. 26E and FIG. 26F are flow charts that illustrate an example method 2640 for a
DNA Supercoiling sub-model, according to an embodiment. In step 2641, parameters values
are set: DNA linking number in relaxed state per base = 1/10.5; protein IDs of coiling

enzymes (gyrB, gyrA, parE, parC, topA); kinetic rates Ke of enzymes; ATP hydrolyzed per



WO 2014/015196 PCT/US2013/051167
86

strand passing event Ee of enzymes; change in linking number de by strand passing event of
enzyme e; and response curves for effect of superhelical density on gene expression.
[0320] In step 2643, the next region is selected. In step 2645, length of region LR and
LKcurrent are determined; and bound coiling enzymes are determiend based on
Chromosome state variable. In step 2647, superhelical density ¢ is determined using
Equation 11a and 11b.

LKrelaxed = LR /10.5, and (11a)

0 = ( LKcurrent - LKrelaxed ) | LKrelaxed. (11b)
In step 2651 it is determined whether superhelical density is greater than an activity threshold
(e.g., 0). If not, then in step 2653 unbind coiling enzymes not active below this threshold
such as all parC and parE. In either case control passes to step 2661.
[0321] In step 2661, the next coiling enzyme still bound is found, if any. If not, control
returns to step 2671. Otherwise, in step 2663, a random number X is determined from a
Poisson distribution with occurrence rate = (time step)/(45 seconds), the rate at which some
coiling enzymes naturally unbind. In other embodiments, the 45 seconds is replaced by a
different time scale more appropriate for the natural unbinding time of the different coiling
enzyme. If it is determined in step 2665 that X > 1, then unbind the coiling enzyme and get
the next bound enzyme. Otherwise, the coiling enzyme is left bound and the next bound
coiling enzyme, if any, is selected in step 2661.
[0322] In step 2671, the next free coiling enzyme that binds at superhelical density greater
than zero is selected at random, if any. If found, and superhelical density is greater than zero,
then the enzyme is bound to the DNA in step 2677 and the copy counts are updated, if it is
determined in step 2675 that there is a length available on the DNA greater than the footprint
of the enzyme. Otherwise the next free coiling enzyme, if any, is selected. When there are no
more such free enzymes, control passes to step 2681.
[0323] In step 2681, the next copy of the remaining enzymes is selected, if any. If so, then
in step 2683 the number of strand passing events SPe by enzyme e is determined based on
the probability Pe that enzyme e will act at current superhelical density, according to

Equation 12.
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SPe = MIN {Ce Ke Pe; (count free ATP)/Ee; (count free H20O)/Ee } (12).
In step 2685 LKcurrent is updated by adding the product of de and SPe. In step 2687, counts
of metabolites ATP and H20 consumed and metabolites ADP, PI and H+ produced are
updated. In step 2689 all non processive enzymes, such as topA, are unbound. Control passes
back to step 2681 to determine the next enzyme, if any.
[0324] If no other coiling enzyme remains, then in step 2691, ¢ for the region is updated
and fold change in probability is determined based on response curves for effect of
superhelical density on gene expression. Also, the polymerase binding probability field is
updated in Chromosome state for genes in transcription unit with any of the coiling enzymes.
In step 2693, it is determined if there is another region. If so, control returns to step 2643.
Otherwise the method ends.
[0325] M. genitalinm has the three topoisomerase proteins: DNA gyrase, Topotsomerase 1,
and Topoisomerase IV. The logistic function parameters (Lgyr, Ltopl) were fit such that the
equilibrium superhelical density, 00, could be maintained while still allowing both gyrase
and Topoisomerase I to act at the equilibrium ¢0. Linear fits were approximated for gene
expression data experimentally measured at varying o. The upper and lower bounds of o for
applying the linear fit of the 6-gene expression data (glower, oupper) were set in the range
where a linear fit was appropriate for the data. FIG. 26G is a list of parameter values set for

the DNA Supercoiling sub-model, according to an embodiment for M. genitalium.

4.6 DNA Replication sub-model

[0326] DXNA replication is an integral part of the cell eycle which produces a complete
chromosome for each daughter cell. DNA replication is initiated by the formation of a large
multimeric DnaA complex at the origin of replication {ori(C}, which enables the recruiting of
the DNA replication machivery to the oni(C. Replication proceeds bidirectionally from the oriC
to the terminus (ter(C), half way around the circular chromosome. The chromosome has two
strands of base pairing DNA called the leading and lagging strands. Replication of the leading
strand proceeds continucusly in the 53° to 3° direction. Replication of the lagging strand occurs

in short Okazaki fragments, also in the 57 to 37 direction.
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[0327] FIG. 27A through FIG. 27C are block diagrams that illustrates the progress of DNA
replication and components of replication machinery in a cell, modeled according to an
embodiment. The DNA replication wachinery 2700 consists of multiple rephisome proteins,
and there is one set of machinery for each of the two replication bubbles (on each side of the
oriC). The replicative DNA helicase 2704 serves to unwind the coiled DNA. The DNA
primase 2705 makes short primers 2707 that help initiate the polymerization of a long stretch
of DNA 270%a and 27090 (coliectively referenced hereinafter as DNA 2709). Primers are
made once at the origin for the replication of the leading strand, and one primer is wade to start
each Okazaki fragment. DNA polymerization is carried out by DNA polymerase I molecules,
consisting of two core subunits 2701a and 2701b {collectively referenced as core subunits
2701), a gamma complex 2702, and beta-clamps 2703a and 2703b (collectively referenced as
beta claraps 2703). One core 2701a or 2701b resides on each of the leading strand 270%a or
fagging strand 27(9b, respectively, of the DNA 2709, and is made up of two alpha subunits.
The two cores 2701 are held together by a gamma coraplex 2702, counsisting of delta, delta
prime, ganma, and tau subunits, The core 2781 is also bound to a sliding beta-clamp 2703
which helps anchor the polymerase to the DNA and maintain processivity. On the lagging
strand 2709b, beta-clamps 2703b are swapped out each tivae a new DNA loop 2710 is created
to make a new Okazak: fragment. A “back-up” beta-clamp 2703¢ binds downstream of the
lagging DNA loop 2710 to facilitate this switch and formation of the next loop. (The lagging
stand polymerization requires the formation of DNA loops, so that the DNA can be
polymerized in the opposite, 5" to 37, direction.y DNA ligases 2708 connect the separate
polymerized Okazaki fragments together. Finally, single-stranded binding proteins (S8Bs)
2706 stabilize and protect single-stranded DNA, which is created as the DNA is unwound to
make room for the DNA machinery. For example, the lagging strand DNA loop 2710 often has
long stretches of unwound DNA waiting to be polymerized. All of the replication proteins and
all of the parameters used in replication of M. genitaliion are described in FIG. 27G. FIG. 27G
is a list of parameter values set for the DNA Replication sub-model, according to an

embodiment.
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[0328] Upon replication initiation (the binding of inititation molecules near the oriC by the
Replication Initiation sub-model), the DNA Replication sub-model {(also called the Replication
sub-model for brevity) tracks the progression of the replication proteins on the known
chromosome sequences specified in the Chromosome state variable.

[0329] To duplicate the chrornosome, the exact position of each replisome protein is tracked
over time on both the leading and lagging strands. The polymerization of Okazaki fragments is
explicitly modeled. Since the exact prirner binding sites for Okazaki fragments are
uncharacterized for some organisms, including M. genitalivm, the Okazaki fragment lengths
are randomly determined based on a Poisson distribution centered around the mean fragiment
length (/OF). Polymerization of both the leading and lagging strands is himited by the average
rate of polymerization (kel} in the organism {e.g., Myrcoplasmas), the availability of nucleotides
and energy, and the available protein binding sites on the chromosome. Further, polymerization
of the leading strand is prevented if additional anwinding will lead to too many unprotected
single-stranded bases on the lagging stand, or if the leading polymerase will progress a distance
that is greater than two Okazaki fragment lengths beyond the lagging strand polymerase.
Leading strands are not polymerized past the terC, and the lagging strands are not polymerized
past the ends of Okazaki fragments,

[0330] The formation of a new Okazaki fragment requires the formation of a new lagging
strand DNA loop. To prepare for this event, while the current Okazaki fragment is being
polymerized, a “back-up” beta-clamp is bound just downstream of the start position of the next
Okazaki fragment, The beta-clamp assembles as a dimer on the chromosome, and the binding
event requires hydrolysis of one ATP molecule to ADP (e.g., eberr = 1), When an Okazaki
fragment has been completely polymerized, its beta-clamp is released, and the end of the
(kazaki fragment s marked as having a single-strand break to be ligated by DNA ligase. The
lagging strand primase and polymerase associate with the “back-up” beta clamp that was
previously bound. This forms a new lagging strand DNA loop.

[0331] The Replication sub-model ountputs the progress of replication, which has a big
impact on many other processes in the systemn and corresponding sub-models, For example, the

copy count of each gene plays a role in RNA polymerase binding in the Transcription sub-
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model, and affects the cell’s gene expression. The daplicated regiouns of the chromosome have
to be wound appropriately by the DNA Supercoiling sub-roodel, and the completion of
replication triggers other cell cycle events such as the decatenation of the chromosomes by the
Chromosowe Segregation sub-mode].
[0332] Collisions of the replication machinery with the transcription machinery (as
determined by the Chromosome state class) are also handled by the Replication sub-model, A
helicase may collide with a RNA polymerase in two ways: bead-on (RNA polymerase is
traveling in a direction opposite to the helicase), or co-directionally (RNA polymerase is
traveling in the same direction as the helicase). There is some debate in the literature
regarding the pausing of the replication loop upon collisions and whether RNA polymerases
are displaced upoun collisions. Based on these studies as well as modeling considerations, it
is assumed that the RNA polymerase is always displaced upon collisions, and the replication
toop is only stalled upon a head-on collision. H the helicase hits an RNA polymerase,
polymerization pauses, the RNA polymerase falls off, and its trauscript is degraded. fitisa
head-on collision, the impact will stall progression of the replication bubble for some amount
of time (sstall}, W it is a co-directional collision, polymerization will continue at full speed
the following time step.
[0333] For initial conditions, at the beginning of the simulation, Okazaki fragment lengths
were chosen randomly based on a Poisson distribution around the mean length [OF (e.g., about
1500 nucleotides). From this, the start position of each Okazaki fragment is obtained to be used
to determine primer, beta-clamp, and polymerase core binding during the simulation.
[0334] The Replication sub-model involves keeping track of the specific positions of the
replication proteins on the chromosome. The position on the chromosome where the proteins
bind is determined based on the following rules.
i. The Helicase is centered on the boundary between double stranded DNA (wound) and
single-stranded DNA (unwound). The position over which it is centered is the next

position to be unwound,

3

There 1s no gap between the helicase and leading strand DNA polymerase core or

between the leading strand polymerase core and the leading strand beta-clamp. Therefore,
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movement of the helicase conirols the movernent of the leading strand polyroerase core.
There is no gap between the lagging strand DNA polymerase core and the beta-clamp on
the current Okazaki fragment.

'The positions over which the polymerase cores are centered are the next positions to be
polymerized.

“Back-up” beta-clamps bind shightly upstream of the start site of the next Okazakj
fragment to be polyvmerized such that when the next Okazaki fragment starts
polymerizing, there will be no gap between the polymerase and beta-clamp, and the
polymerase core will be centered on the Okazaki fragment start site.

At replication initiation, the mother strands are separated such that the leading
polymerase cores are centered at oriCC 1 base and the helicases are a distance lprim (e.g.,
11 nucleotides) ahead.

Puring replication initiation (and the final step of replication after the last Okazaki
tragment has completed), the lagging polymerase, beta-clamp, and primase are accounted
tfor as part of a complex on the leading strand (containing also the helicase, leading
polvmerase, garnma cornplex, and leading beta-clamp). At all other times, the lagging
polymerase, lagging beta-clamp, and primase are accounted for as a complex on a
different strand. This allows for separate tracking of the leading and lagging polymerase
positions.

55Bs are bound at a fixed spacing (sssh) in the single-stranded regions of DNA.

[0335] The Replication sub-model is built up of several sub-functions which move the

replication proteins along the chromosomes and evolve the chromosome copy count of the cell

to double (e.g., from 1 to 2 for Mycoplasmas). These sub-functions are evaluated in random

order, so that shared resources, such as energy, are allocated fairly across sub-functions.
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[0336] FIG. 27D through FIG. 27F are flowcharts that illustrate an example method 2720
for a DNA Replication sub-model, according to an embodiment. In step 2720 parameters for
the model are set, such as a list of the protein monomers that serve as replisome enzymes, the
SSB dissociation rate. Following step 2721, the other sub-functions (represented by steps
2722, 2730, 2740, 2750, 2760, 2770, 2780) are performed in random order.

[0337] Step 2722 is a sub-function for starting the replication. Step 2722 includes steps
2723, 2725 and 2727. In step 2723, it is determined if conditions are satisfied for replication
to start, such as an initiation protein at the OriC sites, and sufficient enzymes and
metabolites (including nucleic acid bases and ATP and water) to make two replisome
complexes, each including 1 helicase, 1 primase, 2 polymerase cores, 1 beta clamp and 1
gamma complex. In step 2725, enough DNA base pairs are unwound to accommodate the
DNA footprint of and thus allow binding of the two replisome complexes, and those
locations are marked as unwound in the Chromosome state class. In step 2727 the copy
counts of the metabolites are updated, e.g., the copy counts of ATP and water (H,0O, also
H20) are decremented by the ATP energy cost for each unwound base times the number of
unwound bases plus twice the ATP energy cost for binding each beta-clamp, and the copy
counts of reaction products ADP and inorganic Phosphate (P1i, also PI) and hydrogen ion

(H+) are incremented by a like number.



WO 2014/015196 PCT/US2013/051167
93

[0338] Step 2730 is a sub-function for advancing the replisome complexes along the DNA.
Step 2730 includes steps 2731, 2733, 2735 and 2737. In step 2731, it is determined if a
Okazaki fragment is starting, e.g., by the current base being a multiple of the fixed length
determined during initialization. If not, then control passes to step 2735 to select the next
strand. If so, then in step 2733 a primase and polymerase core are bound to the lagging strand
and control passes to step 2735 to select the next strand. In step 2737, the unwinding and
polymerizing of the DNA is modeled by advancing the positions of the leading and lagging
polymerases and helicases as far as allowed while following conditions are met, where ¥
indicates the number of polymerized/unwound bases on a given strand in the given time step,
and P indicates the last polymerized position varying from 0 at OriC to /2 at Tex(C, and L is
the length of the chromosome. (For M. genitalium, 1/2 = 290,038} The conditions are: N <
primer length if primer; N < DNA polymwerase elongation rate 1o time step; dNTP consumed
< dNTP available; N*ATP cost of unwinding < available ATP; # bound S8B = length of
lagging single strand region / (5SB Smer footprint *SSB complex spacing); DNA accessible;
P < ter(C on leading strand or Okazaki frag length on lagging strand; leading strand P <
tagging strand P + 2*mean Okazaki frag length:; P < position of colliding RNA polymerase.
[0339] Step 2740 is a sub-function for binding and unbinding SSBs along the unwound
DNA. Step 2740 includes steps 2741, 2743, 2745 and 2747 in which the positions are
determined at fixed spacing (sssb), randomly bind a free SSB to each site randomly release a
bound SSB based on the SSB dissociation rate, and dissociate free SSB 8-mers into two SSB

tetramers, respectively.
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[0340] Step 2750 is a sub-function for binding a back-up beta clamp. Step 2750 includes
step 2751 through 2755. In step 2751 conditions that favor binding a free back-up beta clamp
are evaluated. In the illustrated embodiment, the conditions include: copy count for available
beta-clamp monomers > 2; copy count for ATP > ATP cost of beta-clamp binding; position
on DNA is accessible; helicase has passed beta-clamp binding site; Okazaki fragment length
> minimum for beta-clamp binding. In step 2753, it is determined if all conditions are
satisfied. If not, the sub-function ends. If so, then in step 2755, the state of the beta-clamp
protein complex is marked bound, the copy counts of metabolites are updated, e.g., counts
are decremented for ATP and H20 based on the ATP costs of binding, and the counts of
metabolites produced ADP, PI and H+ are incremented by a like number.

[0341] Step 2760 is a sub-function for terminating Okazaki fragments. Step 2760
includes step 2761 through 2765. In step 2761 conditions that favor terminating are
evaluated. In the illustrated embodiment, the conditions include: Okazaki fragment
completely polymerized; # bound SSB = length of lagging single strand region / (SSB 8mer
footprint *SSB complex spacing); back-up clamp bound on lagging strand; and leading
strand advanced past next Okazaki start position. In step 2763, it is determined if all
conditions are satisfied. If not, the sub-function ends. If so, then in step 2763, the state of the
beta-clamp protein complex is marked unbound, the Okazaki fragment is marked with a
break to be ligated, the lagging strand primase and polymerase are associated with the

released clamp, and the copy counts of metabolites are updated.
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[0342] Step 2770 is a sub-function for ligating terminated Okazaki fragments. Step 2770
includes step 2771 through 2775. In step 2771 the next single strand with a break, if any, is
selected randomly. If none, the sub-function ends. If such a strand is found, then, in step
2773, conditions that favor ligation are evaluated. In the illustrated embodiment, the
conditions include: DNA ligase available; Nicotinamide adenine dinucleotide (NAD)
available, and a random number X from a Poisson distribution > 1, where the Poisson
distribution has an occurrence rate = time step divided by the ligase kinetic rate. In step
2775, it is determined if all conditions are satisfied. If not, the sub-function ends. If so, then
in step 2777, the strand break is repaired by ligation, and the copy counts of metabolites are
updated, e.g., copy count of NAD is decremented and copy counts of adenosine
monophosphate (AMP) produced during ATP synthesis, N-methyl mesoporphorin IX
(NMM) and H+ are incremented.

[0343] Step 2780 is a sub-function for terminating replication. Step 2780 includes step
2781 through 2785. In step 2781 conditions that favor terminating are evaluated. In the
illustrated embodiment, the conditions include: leading strand polymerized to one side of
terC; lagging strand polymerized to other side of terC. In step 2783, it is determined if all
conditions are satisfied. If not, the sub-function ends. If so, then in step 2785, release all
replisome complexes from chromosome so complexes are free and not bound, mark terC
with a single strand break for subsequent repair in the Chromosome and Protein Complex
state variables.

[0344] Some accommodations and simplifications apply to the sub-model for M.
genitalium. For example, some bacterial species are known to have multiple replication
initiation events during their life cycles. This has never been demonstrated in M. geniralium,
so in example embodiments for M. genitalium the sub-model performs up to 1 chromosome
duplication event per cell life cycle. Further, the exact mechanism of replication initiation in
M. geniralium is unknown. M. genitalivm does not inchude a DnaC homolog, which in other
species is an essential cue for the binding of the replication machinery to the on{. For the M.
genitaliinm whole-cell model, the binding of 29 DnaA-ATP molecules to the oniC is the cue

for replication initiation.
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[0345] FIG. 27H is a list of cell state variables and other sub-models interacting with the
DNA Replication sub-model, according to an embodiment. FIG. 271 through FIG. 27K are
lists of instructions that illustrate an example DNA Replication sub-model, according to an
embodiment. This example uses the parameter and values listed in FIG. 27G for the M.

genitalium whole-cell model.

4.7 Replication Initiation sub-model
[0346] The Replication Initiation sub-model determines when during the cell cycle
chromosome duplication begins. This replication intiation tume is therefore very imaportant 1o
determining the cell’s division time. The mechanism of replication initiation used here is
modeled after that described for E. coli involving the protein DnaA (M(G469). Chromosome
Replication begins when a complex of 29 DnaA-ATP molecules assembles near the
replication origin, OniC, at specific DNA motifs called R1-RS. The assembly of this complex
is rare because the DuaA molecules are titrated ount by approximately 2000 additional binding
sites, or “DnaA boxes,” that exist all around the chromosome. DnaA needs to be bound to
ATP or ADP to bind to these sites, and binds on and off these sites throughout the cell cycle,
Binding of the DnaA-ATP at the R1-RS sites is cooperative, enabling the large complex to
form at this specific location on the chromosome.
[0347] FIG. 28A is a list of parameters and values for an example DNA Replication
Initiation sub-model, according to an embodiment. Al of the parameters used in the
Replication Initiation sub-model are described in FIG. 28A. Al of the rate constants used in
this sub-model were obtained from previous models of replication initiation. The site and
state cooperativity constants were fit according to the cell cycle length. The site and state
cooperativity constants directly affect the time required for replication initiation. The total
cell cycle length has been experimentally measured, and the time reguired for Cytokinesis
and Chromosome Replication can be estimated from their sub-models. By Equation 13.
timeReplicanoninitiation = timeCell(ycle —timeCUvioknesis —timeReplication (13)
The site and state cooperativity constants were fit such that on average the simulated cell

divides in the experimentally measured amount of time,
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[0348] First, DnaA rapidly associates with ATP, and in some cases DoaA-ATP can be
converted to DnaA-ADP. DnaA-ATF and DnaA-ADP molecules bind to and release from the
binding sites on the chromosowe. The number of binding/unbinding events that occurin a
given period of time is determined by the number of available DnaA-ATP and DnaA-ADP
molecules and calculated binding/onbinding rates.

[0349] In addition to the R1-RS sites at the origin, there are DnaA binding sites all around
the chromosome. There are 2227 DnaA binding sites based on the M. genitalium motifs,
which are 9 bases long. A high affinity site is defined as one that exactly ratches the motit or
its reverse complement (e.g., 148 sites for M. genitaliiom). A mediuro affinity rootif is defined
as one that matches 8 of the 9 bases in the motif or its reverse complement (e.g., 2079 sites
for M. genitalium); a low affinity site is one that only matches 7 of 9 bases. The replication
initiation sub-model aliows binding to all of the high and medium affinity sites outside of the
oriC region.

[0350] The sub-model recognizes 5 DnaA binding sites in the OriC region: one high
affinity (R4}, three medium affinity (R1-R3}, and one low affinity (R3), to mimic £ cofi’s 5
R-sites and the 5 R-sites predicted for M. genitalium. These sites reside between the genes
MG469 and MG470 (bases: 578381-579224). There are 9 high and mediurn affinity rootifs in
this region, but the sub-model only recognizes 4 to match the £, coli pattern, and therefore
ignore the sites at genome positions 578837, 5788535, 578881, 578966, and 579139, RS
matches 7 of 9 bases of the motif, so it is a very weak binder of DuaA. Since s exact
mechanism/purpose is unknown, the sub-model binds this site after a 28-mer DnaA-ATP
initiator complex at R1-R4 is formed, and the RS binding triggers initiation. This is the only
fow affinity binding site included in the seb-model.

[0351] The sub-model recognizes 7 states at each binding site. The 28-mer initiator
complex consists of 7 DnaA-ATP molecules bound to each of the R1-R4 sites. This hinding
is split up into 7 serial states, and in each state one additional DnaA-ATP molecule binds to
cach of the R1-R4 sites. All four sites must be bound before transition to the next state.
[0352] DnaA-ATP binding at the origin is cooperative. There are two forms of

cooperativity in the Replication Initiation sub-model. FIG. 28B and FIG. 28C are block
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diagrams that illustrate binding state cooperativity for an example DNA Replication
Initiation sub-model, according to an embodiment. The first type of cooperativity is state
cooperativity, which helps increase the probability of transitioning into higher states. Once
the binding within a state is completed, the cooperativity to transition into the next state is
calculated as

State Cooperativity Factor = Ustate (State—1}
where Cstate is a fixed cooperativity constant. This calculation is depicted in FIG. 28B. The
second type of cooperativity is site cooperativity, which describes the effects of the binding
of one or more of the R1-R4 sites, on the probability of binding the other sites. The site
cooperativity factor of a given site is | uniess certain other R-sites are already bound, in
which case the cooperativity factor changes to a variable Csite. R4 is a high affinity site, so it
generally is the first to bind and has the highest cooperative effect on the other sites. The site
cooperativity vules can be seen in FIG, 28C.
[0353] RS is also bound by cooperativity, given the presence of a complete 28-mer DnaA-
ATP initiator complex at the R1-R4 sites. The resulting DnaA-ATP29-mer is the trigger to
begin the Replication of the chromosome.
[0354] Foliowing initiation, the DunaA-ATP complex at the origin dissociates and
hydrolyzes. DnaA molecules can continue to bind around the chromosome. The formation of
a second complete initiation complex is rare because the time left in the cell cycle is
generally less than that needed for ap initiation event and because DnaA molecules are
further titrated with a second set of binding sites on the second chromosome. For simplicity,
the sub-model does not inclode a second DINA replication event,
[0355] This sub-model is initialized to a steady state. The steady state amounts of free,
medium affinity site bound, and high affinity site bound DnaA-ATPs and DnaA-ADPs are
found using non-linear constrained optimization where we try to identify a state which is a
stable point and which maximizes the amount of high affinity site bound DnaA-ATP. All
DnaA proteins are either ADP or ATP bound at the initial time step. There are also no DnaA

polymers at the R1-R4 sites at the start of the simulation.
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[0356] FIG. 28D is a list of cell state variables and other sub-models interacting with the
DNA Replication Initiation sub-model, according to an embodiment. State classes interacting
with the DNA Replication Initiation sub-model are listed in FIG. 28D.
[0357] At each time step, the following algorithm is performed by the Replication Initiation
sub-model, using Equations 14a through 14i.
1. DnaA activation. Deterministically form DnaA-ATP complexes up to the limit of available
DnaA and ATP. The kinetics of DnaA activation are not known, and are not modeled in this
embodiment.
Number of activation events = min { Number of available ATP molecules;

Number of free DnaA molecules } (14a)
Update the counts of free DnaA, DnaA-ATP, and ATP.
[0358] 2. DnaA-ATP complex dissociation. A complex of multiple bound DnaA-ATPs is
only found near the oriC. This complex can be released from the chromosome by the DNA
polymerase at the start of DNA replication. The resulting DnaA-ADP molecules are able to
re-bind to the chromosome or reactivate to DnaA-ATP. If 29-mer DnaA-ATP complex is
disrupted by the replisome machinery, then the following steps are taken: Dissociate the
complex to individual DnaA-ATP molecules; Hydrolyze the ATP to form free DnaA-ADP

molecules; Decrement the counts of DnaA-ATP complexes and H20 molecules; Increment

the counts of free DnaA-ADP, H+, and Pi.

[0359] 3. Binding DnaA-ATP and DnaA-ADP Up to 7 DnaA-ATPs can polymerize at each
of the origin sites and only one DnaA-ATP can bind at each site outside of the origin. Only
one DnaA-ADP can bind at each site. If the chromosomes are sufficiently supercoiled, then
do the following: Stochastically select both high and low affinity sites at the origin and
around the chromosome to bind DnaA-ATP and DnaA-ADP molecules. Binding proceeds
such that the rate of binding each site is as follows (where the cooperativity factor, depends
on the polymerization status of the R1-R4 boxes):

rate of DnaA-ATP binding R4 (high affinity) = kb1 ATP x numFreeDnaAATP /

(cell volume X cooperativity factor) (14b)
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rate of DnaA-ATP binding R1-R3 {mediuro affinity) = kb2ATP x numFreeDuaAATP /
cell volume X cooperativity factor  (14c)
rate of DnaA-ATP binding non-origin high affinity sites = kb1 ATP x mamFreeDnaAATP /
cell volume (14d)
rate of DnaA-ATP binding non-origin medium affinity sites = kb2ATP x
nurnFreeDnaA AT/
cell volume (14e)
The rate equations for DnaA-ADP binding are the same as above, except that the rate
constants are kbl ADP and kbZADP.
[0360] 4. Cooperativity. The binding of DnaA-ATP to the R1-R4 sites is cooperative at two
fevels. Site cooperativity increases the probability of binding successive sites within a state.
State cooperativity increases the probability of entering successive states. The cooperativity
factors tor sites R1-R4 are calculated as follows: Calculate the State Cooperativity by
Equation 14f:

State Cooperativity Factor = Cstate (State—1). (14f)
Calculate the Site Cooperativity. The Site Cooperativity Factor for a given site is 1 or Csite
depending on the cccupancy of the other R-sites. Assign the total Cooperativity Factor for
sites R1, R2, and R3 as their respective Site Cooperativity Factors. Assign the total
Cooperativity Factor for R4 as its Site Cooperativity Factor + State Cooperativity Factor. The
cooperativity factors calculated here are used in the rate calculation 1o Step 3.

[0361] 5. Displacing DnaA-ATF and DnaA-ADP. The release of DnaA-ATP and DnaA-
ADP molecules from their binding sites throaghout the cell cycle is modeled at the following
rates: Stochastically select DnaA-ATP and DnaA-ADP molecules to unbind from both high
and low affinity sites at the origin and around the chromosome, such that the number of
unbinding events is in agreement with the following rates:

rate of DnaA-ATP displacement = kd1ATP (14g)

rate of DnaA-ADP displacement = kd1ADP (14h)

[0362] &. Reactivation of DunaA-ADP to BnaA-ATP. The rejuvenation of DnaA-ADP to

DnaA-ATP is incorporated. This reaction i1s promoted by the acidic phospholipids cardiolipin
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and phosphatidylglycerol. Deterministically reactivate free DnaA-ADP at a rate of;
rate of reactivation = numbFreeDnaAADP * k_Regen membrane Concentration
/ K_Regen_ P4+ membraneCouncentration (141)
where the membrane concentration is the grams of membrane in the cell divided by the
volume of the cell. These values are read from the Mass and Geometry state classes,
[0363] 7. Replication-dependent bound DnaA-ATP release. Include a global term for the
effect of active beta-clamps (a part of the DNA polymerase machinery} on bound DnaA-ATP
inactivation. If the model predicts the exact position of the active beta-clamps on the
chromosome, a global term is not needed; instead, model the release of a DnaA-ATP
molecule exactly when the beta-clamp encounters it on the DNA. The free DnaA-ATP in the
cytosol 1s not distinguished from the DnaA-ATP that has been recently released by a beta-
clamp. Therefore, the release is modeled in the form of DnaA-ATP and not the hydrolysis to
DnaA-ADP. This beta-clamp-dependent release is handled by the DNA Replication sub-

model described above and Chromosome state class.

4.8 Transcriptional Regulation sub-model

[0364] Transcription factors are one of many roechanisms cells employ to respond to
external signals and maintain homeostasis. Transcription factors regulate the synthesis rates
of RNA by modulating the affinity of RNA polymerase for promoters. Transcriptional
enhancers stabilize RNA polymerase-promoter complexes by contributing negative free
energy to the complex, for example by providing additional surfaces for RNA polymerase
binding. Transcriptional repressors destabilize RNA polymerase-promoter complexes, for ex-
ample by sterically blocking promoters.

[0365] The Transcriptional Regulation sub-model models the binding of transcriptional
regulators to promoters and the fold-change effect of transcriptional regulators on RNA
polymerase-provooter binding for individeal prowoters. Because transcriptional regulation 1s
not always well characterized, the sub-model makes several simplifying assumptions. First, it
is assumed that transcriptional regulator-DNA binding 1s kivetically fast and energetically

favorable, and therefore proceeds to completion within the simulation time step. Second,



WO 2014/015196 PCT/US2013/051167
102

because transcriptional regalator-promoter affinities have not been systematically
characterized, it is assumed that transcriptional regulators bind promoters with affinity
proportional to their fold change effect. Third, it is assumed that only one copy of each
transcriptional regulator can bind at each promoter. Fourth, it 1s assumed that transcriptional
regulators stably bind DNA. Consequently, transcriptional regulator dissociation is ignored
except for displaceruent by other DNA-binding proteins, which is modeled by the
Transcription sub-model and Replication sub-model. it is also assumed that transcriptional
regulators independently affect RNA polymerase, and thus their fold change effects add
muliplicatively.

[0366] Initial conditions are set as described above and summarized here. Briefly, after the
Protein Monomer and Protein Complex states initialize the total copy nurber of each
transcriptional regulator, the Transcriptional Regulation sub-model initializes the status—
free or DNA-bound-—and chromosomal location of the transcriptional regulators to a steady-
state of the transcriptional regulatory network by iteratively evaloating sub-model results
until convergence. Because the transcriptional regulatory model assumes that transcriptional
regulator-promoter binding proceeds to completion within the simulation time step and is
stable, the sub-model converges in one iteration.

[0367] FIG. 29A is a flowchart that illustrates an example method for a Transcriptional
Regulation sub-model, according to an embodiment. In step 2901, parameters are set for the
sub-model, including identifying the transcription regulation enzymes e for the organism,
e.g., by the protein monomer species or protein complex species or copy identifier. For each
transcription regulation enzyme e, its binding site Xep on promoter p, as well as its motif,

affinity, and fold-change effect Fep is also retrieved.
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[0368] In step 2903, the next promoter p expressed in chromosome k is selected; and, in
step 2905, the count CNe of that enzyme in the cytosol compartment is retrieve and used with
Fep to compute a transcription rate Repk for transcription of the gene at promoter p on
chromosome k by enzyme e. This step is repeated until there are no more promoters. Then
control passes to step 2910.

[0369] In step 2910, enzymes are bound to the chromosome in proportion to the rates
Repk. Step 2910 includes steps 2911, 2913 and 2915. In step 2911 a random value for
enzyme e, promoter p and chromosome & is selected from a multinomial distribution, with
relative probabilities based on the rates Repk. In step 2913 it is determined whether
conditions allow binding of enzyme to promoter on that chromosome. If not, then step 2915
is skipped. If so, then the enzyme is bound to the promoter in step 2915 and the copy counts
for free and bound enzymes in the cytosol are adjusted and the combination is removed from
the distribution by setting Repk = 0. If it is determined in step 2917 that Repk = 0 for all e,p,k,
then step 2910 is finished and control passes to step 2920. If not, then control passes back to
step 2911 to draw another random combination of e,p,k.

[0370] In step 2920, the fold change effect fp of the bound enzymes on the affinity of RNA
polymerase for the promoter p is determined Step 2920 includes steps 2921, 2923 and 2925.
In step 2921, all promoters are initialize with no change effect (fp =1). In step 2923 the next
promoter bound to an enzyme is selected. If none are left, then the method ends. Otherwise
the fold change effect of all enzymes on the promoter is accumulated multiplicatively—fp is
updated with the product of fp and Fep.

[0371] The Protein Monomer and Protein Complex states represent the free and DNA-
bound copy numbers of each franscriptional regulator. The Chromosome state represents the
exact chromosomal location of each DNA-bound transcriptional regulator. The RNA
Polymerase state represents the fold change effect of transcriptional regulation on the affinity
of RNA polymerase for each promoter. Several sub-models, including the Translation sub-
model, model protein synthests. The Transcription sub-model models: (1) transcription
initiation involving RINA polymerase-promoter binding including the fold-change effects of

transcriptional regulation; (2) transcript elongation; and (3) transcription termination.
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[0372] FIG. 29B is a list of instructions that illustrates an example Transcriptional
Regulation sub-model, according to an embodiment. These instructions re-use different
variable names and indices, than used in FIG. 29A.

[0373] For application to M. genitalium, the applicable transcriptional regulatory network
was reconstructed based on an extensive review of the primary literature and the proteomic
database DBTBS. M. genitalium has few homologs to reported transcription factors. The
reconstructed network contains five regulators which regulate 54 genes through 29 reguiatory
interactions, including one regulator (Spx, MG 127) which interacts directly with RNA
polymerase. The five reconstructed transcriptional reguiators and the binding site, motif,

affinity, and fold-change effect of each regulatory interaction were curated.

4.9 Transcription sub-model

[0374] ‘Transcription is the first step in the synthesis of functional gene products where
RINA polymerase and several accessory enzymes translate transcription units {regions of the
DNA containing 1 or more genes) into RNA molecules. An RNA polyruerase can bind on
and off of the DNA either specifically to a gene promoter or non-specifically to a non-
promoter site. Transcription begins with the recruitment of RNA polymerase to a gene
promoter with the help of a sigma initiation factor and possibly transcription factors. Next
elongation factors are recruited, RNA begins to be polymerized, and the sigma factor is
released. In this stage, the RNA polymerase 1s said to be in the actively transcribing state,
Finally the RNA polymerase reaches a terminator at the end of the transcription unit, and
with the help of termination factors releases the polymerized RNA and dissociates from the
DNA.

[0375] As soon as the RINA hegins to polymerize, even prior to termination, the mRNA
transcripts may be bound by ribosomes and translated to polypeptides. For simplicity, in
some embodiments, the transcription sub-model does not represent this phenomenon,
allowing translation only of corapleted mRNAs.

[0376] The parameters required for transcription were derived from multiples sources

including microarray gene expression data and RNA half-life data. The data used and
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calculations performed pre-fitting are described here. For some applications, tRNA
expression estimates analogous to the mENA microarray data are useful. Since no
microarray data is available for many organisms, cell composition data was used to
approximate tRNA expression. The total tRNA expression is approximated as the total
mRNA expression multiplied by the ratio of the tRNA to mRNA weight fractions of the cell.
To approximate the expression of each individual tRNA, measurements of the relative
abundances of each amino acid in the cell were used. A tRNA expression is the total tRNA
expression multiplied by the fraction of the total amino acid weight represented by its amino
acid. For example, alanine accounts for about 8% of the total amino acid mass. Then the
expression of tRNA for alanine, MG471, is 8% of the total tRNA expression. In cases of
degeneracy, where multiple tRNAs bind to the same amino acid, the amino acid weight
fractions is split evenly between the tRNAs.
[0377] Similar to the tRNA expression calculations, the total rfRNA expression is calculated
as the total mRNA expression multiplied by the ratio of the fRNA to mRNA weight fractions
of the cell. This total rRNA expression is split between the rfRNA species based on their
relative abundances in the cell, Also sSRNA expression is calculated in the same way, such
that expression is proportional to RNA abundance n the cell.
[0378] The rate of change of the concentration of an RNA species i, designated RNAA, is ifs
synthesis vet its degradation, as given by Hguations 15a,

dIRNAIl/dt = ksynth,i — kdeg,i IRNAil/ (15a)
where ksynth is the rate of synthesis and kdeg is the rate of degradation. The degradation rate
is described by the first-order degradation constant of RNA{ with half-life & given by
Equation 15b.

kdeg,i =n(2y/ i {15b)
At steady state, the time derivative of concentration is zero, so the steady state concentration
IRNAilss can be substituted to produce

ksynth,i = In(2) IRNAilss / hi (15¢)
Substituting the relative expression of the RNA species 1, designated Ei, multiplied by the
total RNA concentration IRNAI gives
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ksynth,i = In(2) IRNAI Ei / hi (15d)
Assuming exponential growth with time ¢ and an initial rate of synthesis designated ksynth,i,0

and and initial concentration IRNAily and a cell cycle time of T,

ksynth,i = ksynth,i,0 exp( In(2) t/ 1) (15e)
and, thus
IRNAl = IRNAilg exp( In(2) t/ ) (15f)

dIRNAil/dt = ksynth,i,0 exp( In(2) t/ 1) — kdeg,i IRNAilyexp(In(2) t/ 1) (15g)
Assuming that mother and daughter cells are identically distributed:
IRNAil; = 2IRNAily (15h)

This means integrating equation 15g from t=0 to T, should generate an increase in
concentration equal to the initial concentration. Performing the integration, rearranging the
terms and substituting IRNAI Ei for IRNAil gives

ksynth,i,0 = IRNAlg Ei {kdeg,i + t/In(2)} (151)
[0379] Genes that are transcribed together in a transcription unit have the same synthesis
rate in the transcription sub-model. This is because the sub-model does not include
incomplete transcription of a transcription unit, where the RNA polymerase can fall off the
unit, after transcribing a subset of its genes. For half-lives that have not been measured the
half-lives were adjusted to even out the synthesis rates within a transcription unit. For the
other cases, the synthesis rate of the transcription unit was set to be the average of the rates
within the transcription unit.
[0380] The probability of an RNA polymerase binding a given transcription anit, , 1s based
on the synthesis rate of transcription unit { relative to the synthesis rate of all the other
transcription units:

Probability(transcribing i} = Pru,i = ksynth,i | X ksynth,j (15)
Thus the probability of binding can be derived from the half-lives and the relative
concentrations &7 of RNA,
[0381] A Markov model is used to determine the state of each RNA polymerase. An RNA

polymerase may exist in any of the four following states: 1. Free (FS, not bound to a
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chromosome); 2. Non-specifically bound somewhere on a chromosome (NSB); 3.
Specifically bound to the promoter of a transcription unit (SB); 4. Actively transcribing a
transcription unit (AT). Transition probabilities between these states are designed to maintain
the occupancy of each state within a narrow window around their expected values. The
transition probabilities (Pirans) are determined by four logistic control functions, tuned by
the RNA polymerase state expectations.

[0382] Al newly created or released RNA polymerases are in the free state. From the free
state, a polymerase can transition to the non-specifically bound state, transition to the
specifically bound state, or remain in the free state. From the non-specifically bound state, a
polymerase can transition to the free state, transition to the specifically bound state, or remain
in the non-specifically bound state. A random position on a chromosome for the non-
specifically bound polymerase is selected from the polymerase accessible sites as determined
by the Chromosome state. From the specifically bound state, a polymerase can transition to
the free state, non-specifically bound state, or actively transcribing state, or remain in the
specifically bound state. A polymerase can ouly transition into the specifically bound state if
a free sigma factor is available. Upon transition a polymerase into this state, a transcription
unit to bind to is picked randomly. The probability of binding each transcription unit is based
on experimentally measured gene expression and half-life data, as derived above. Once in the
actively transcribing state, a polyroerase will remain in the actively transcribing state until
transcription is terminated, the RNA polymerase is displaced by another protein, or the RNA
polymerase falls off due to a stall, In all these cases, the RNA polymerase falls off into the
free state. For a polymerase in the actively transcribing state, any bound sigma factors are
released and the transcript is elongated according to nucleic acid limits (given the transcript
sequence ) and the elongation rate kel. The transcript and polymerase are released if
transcription is complete and the necessary termination factors are available.

[0383] All RNAs are initialized to the mature state. RNA polymerases are initialized as
follows: Each RNA polymerase is randomly assigned (with replacement) to one of the
actively transcribing, specifically bound, non-specifically bound, or free states weighted by

the expected occupancy of each state. Actively transcribing and specifically bound
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polymerases are randomly assigned to transcription units weighted by the transcription unit
binding probabilities (Pru). Each transcription unit to which one or more actively transcribing
polymerases have been assigned is divided into 1 segment for each polymerase. Actively
transcribing polymerases are randomly assigned to positions within the assigned segment of
their assigned transcription unit (positions near the segment border are not allowed to prevent
polymerases from being too close to each other) with uniform probability. Non-specifically
bound polymerases are randomly assigned to an accessible region on the chromosome.
[0384] FIG. 30A and FIG. 30B are flowcharts that illustrate an example method 3000 for a
Transcription sub-model, according to an embodiment. In step 3000, parameters are set for
the Transcription sub-model, including the allowed states and probabilities of transitioning
form one state to the next. Markov chain parameters are set to preserve observed
distributions of RNA species and states. Protein monomers and complexes that serve as
transcription enzymes are identified, including at least one each of sigma factors, elongation
factors, termination factors and anti-termination factors. The RNA polymerase elongation
rate kel is also set for the organism.

[0385] In step 3003 and 3005 the FS state is increment upon the occurrence of a new RNA
polymerase. In step 3011 a Markov model weighted by the transition probabilities is used to
change counts in each state. In step 3013 respond to increase in NSB by updating
chromosome state for a random binding site.

[0386] In step 3015, a specific transcription unit and promoter p are determined based on
transcription unit binding probabilities Pru and binding probability fold changes fp for each
promoter. If promoter o is accessible and there is a sigma factor determined in step 3021,
then in step 3023 update the chromosome stat to bind RNA polymerase at the promoter and
in step 3025, decrement copy count for free sigma factor.

[0387] The next AT polymerase with elongation factor is selected in step 3031, and a
sigma factor is released in step 3035 if elongation is in its first time step. If the next position
on DNA is accessible and the needed RNA base is available and the elongation rate is not
exceeded, as determined in step 3041, then in step 3043 an RNA base is added to the

transcript. If there is another non-limited AT polymerase, as determined in step 3045, then
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control returns to step 3031 to get the next AT polymerase. If not, then it is determined in
step 3051 whether transcription by an RNA polymerase is completed and termination factors
are available. If not, the sub-model ends for the current time step. If so, then in step 3053, the
RNA transcript is released and its count incremented; and the RNA is released to the free
state and the counts of AT and FS states are adjusted.

[0388] FIG. 30C is a list of cell state variables and other sub-models interacting with the
Transcription sub-model, according to an embodiment.

[0389] Foran M. genitalivm specific model, it is noted that termination of transcription in
some bacteria can require the hexameric ATP-dependent helicase Rho. However, Rho is not
essential in &, subtilis (gram positive) or M. genitalivm, and therefore only Rho-independent
termination was included in the M. genifalium specific transcription sub-model. Rho-
independent termination occurs via the intrinsic properties of RNA which disrupt RNA
polymerase-DNA binding.

[0390] Gene expression data for M. genitalium was unavailable, so data (measured at 37°C)
was used from Mycoplasma pneumonie, the closest phylogenetic relative of M. genitalium.
The microarray data was presented in normalized log form. Since the exact method of
normalization was snkoown to us, to re-derive expression levels the value 2% presented
value) was calculated. The M. geniralium genome is contained in the larger M. prneumonie
genome and we were able to map a M. pueumonia gene to all but six M. genitalivm genes.
The genes were mapped based on matching gene names, matching gene descriptions, and
Bio-cyc’s Align Multi-Genorne Browser.

[0391] The half-lives of mBNA for M. genitaliipn are obtained from measurements in . coli
performed at 30 C in M9 minimal media. Additional sets of E, coli half-life data are
available, but the set was chosen with the most comprehensive list of genes mapping to
homologous M. genitalivm genes, and whose average half-life was closest to the reported
bulk £. coli mRNA half-life. The gene mapping between £. coli and M. genitalium was
based on common gene names and annotations, Bio-Cyc’s Align Multi-Genome Browser,
and UniProt. A half-life estimate for 274 M. genitalium genes was thus obtained. For the

remaining genes, the average halt-life, 4.425 minutes, was assigned. Separate sources were
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ssed to acquire the half-lives of t(RINAs (45 minutes), tRNAs (150 minutes), and sRNAs (89

minutes.

[0392] The transcription unit structure (sets of genes that are transcribed together following

a single promoter binding event) was compiled from several sources including primary

reports and databases of co-transcribed genes, and a computational model that predicts

promoter and transcription unit start sites. Transcription units were also predicted using
information on the conservation of gene order across multiple species, the related functions
of adjacent genes, the similar expression levels of adjacent genes as measured by

microarrays, and the strandedness (transcription direction) of adjacent genes. The 525 M.

genitalium genes were transcribed in 355 transcription units. 294 genes fall in transcription

units of more than one gene. The longest transcription unit contains 4 genes.

[0393] FIG. 30D is a list of parameters and values for a Transcription sub-model,

according to an embodiment. At each time step, the sub-model for M. genitalium performs

the following steps.

1. Assign all newly synthesized RNA polymerases to the free state

2. Use the Markov model to randomly transition RNA polymerases among the FS, NSB, SB,
and AT states, weighted by the state transition probabilities Ptrans.

3. Randomly assign RNA polymerases entering the NSB state to an accessible position on
the chromosome (performed by Chromosome state).

4. Randomly assign RNA polymerases entering the SB state to specific transcription units
weighted by the product of the transcription unit binding probabilities (Ptu) and the
binding probability fold changes. (Fold changes arise from other cellular processes and
are described in the Transcriptional Regulation and DINA Supercoiling sub-models,} We
determine whether the selected promoter site is accessible and bind the polymerase to a
chromosome using the Chromosome state class. RNA polymerase specific binding can
only ocecur it there is an avauable sigma factor, and a free sigma factor is accordingly
decremented.

5. Simnulate RNA polymerization by actively transcribing RNA polymerases with the aid of

elongation factors.
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(a) Release the sigma factor if this is the fivst second of elongation, and increment the free
sigma factor count.

(b) It all of the necessary elongation factors are available, elongate the transcript according
to nucleic acid limits (given the transcript sequence; and the elongation rate kel. We
allocate available nucleic acids among the actively polymerizing RNA polymerases by
adding a base to each elongating transcript before moving to the next base of a given
transcript, Polymerization can also be limited if the new site at which the polymerase
will land s not accessible (for example, if another RNA polyvmerase lies in its way).

6. If transcription is complete and the necessary termination factors are available,

{a) Release the corapleted transcript;

{b) Transition the RNA polymerase to the free state;

(¢} Increment the RNA count,

4.10 RNA Processing sub-model

[0394] Cells transcribe genes both individually as well as in groups referred to as
transcription units or operons, Operonic transcription has several advantages compared to
single-gene transcription. First, operonic transcription allows cells to minimize the number of
transcriptional regulators required to control gene expression. Second, operonic transcription
increases the likelithood that groups of gene products have similar stoichiometry. At the same
tirne, operonic transcription carries the costs of synthesizing intercistronic RNA and cleaving
operonic non-coding transcripts into individual RNAs. Additionally, operonic transcription
doesn’t provide separate control of the expression of each gene. The RNA Processing sub-
model roodels operonic RNA cleavage into individual RNA gene products.

[0395] The RNA processing sub-model models the cleavage of operonic non-coding RNA
into individual gene products and intercistronic RNA fragments. Because the kinetics of
RNA cleavage are not well characterized, this process makes several simplifying
assumptions. First, this process assumes that each RNA is fully cleaved in a single time step.
Consequently, this process collapses the cleavage of each RNA into a single reaction, and

only represents uncleaved and fully cleaved RNA. Intermediate cleavage configurations are
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not represented. Second, this process assumes that the mean cleavage rate, vi, of each RNA
species i is independently limited by (1) the copy number of unprocessed RNA, r, (2) the
copy numbers of intracellular metabolites, mj, and (3) the copy numbers of RNA processing

enzymes, ¢/, Based on these assumptions, the functional form of vi is given by Eqguation 16.
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Mii is the stoichiometry of metabolite j 1o the processing of RNA species § including NTP

3
hydrolysis coupled to phosphorolytic cleavage, M = max((,—M) is the negative part of M,

Kji 1s the experimentally observed catalytic rate of enzyme J in the processing of RNA
species i, and At is the simulation time step.

[0396] The RNA Processing sub-model implements a stochastic model of the arrival of
RNA processing events with relative rates vi. Until KNA, metabolic, and/or enzymatic
resources are exhausted, the model iteratively (1) computes the arrival rate, vi, of each
processing event, {2) selects a single processing event to execute according to a multinomial
distribution pararmeterized by vi, and (3) executes the selected processing reaction, updating
the copy numbers of RNA and metabolites and decrementing the available enzymatic
capacity.

[0397] After the Mass state initializes the total cell mass, the RNA state inittalizes the total
copy count of each RNA species and initializes all RNA to their mature-—processed and
moditied—configuration. Second, the tRNA Aminoacylation sub-model initializes t(RNA 1o
the aminoacvlated configuration. Next, the Macromolecular Complexation and Ribosome
Assembly sub-models initialize the copy count of each ribonucleoprotein complex. The

Translation sub-model initializes the mRNA codon location of each ribosome.
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[0398] The expression of the RNA processing enzyraes was fit to provide sufficient
enzymes to quickly process RNA, or more specifically to prevent sustained accumulation of
unprocessed KNA.

[0399] FIG. 31A is a flowchart that illustrates an example method 3100 for a RNA
Processing sub-model, according to an embodiment. This flow chart uses the notation that
the count of metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction
index is r for RNA processing reactions. In step 3101, the protein monomers and complexes
that serve as enzymes for RNA processing reactions are identified as is the stoichiometry
Mmyr of metabolites in the reactions, and catalytic rate Ker of enzymes in the reaction. In
step 3103 the enzyme capacity Ce during a single time step is set to the count of that enzyme.
[0400] Instep 3111 the next unprocessed RNA species r, if any, is determined; and in step
3113 Equation 16 is evaluated to determine Vr (corresponding to vi). This is repeated until all
metabolites or enzymes or unprocessed RNA are consumed, at which point Vr =0 for all ,
and the method ends. When a Vr has been calculated for every unprocessed RNA species,
control passes to step 3121 to randomly select a reaction to implement using a multinomial
distribution with probabilities based on the arrival rates Vr.

[0401] In step 3123, the RNA processing reaction is run to process one copy of
unprocessed RNA species r. The copy count of the RNA is updated (unprocessed RNA count
is decremented and processed RNA count incremented). The metabolite counts for
metabolites m are decremented by Mmr and the enzyme capacity Ce is also decremented.

Control passes back to step 3111 to recomputed Vr for all » based on the new counts.
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[0402] The RNA state variable represents the copy nambers of unprocessed, processed,
and intercistronic RNA. The Metabolite state variable represents the copy number of each
wntraceliular metabolite. The Protein Monomer and Protein Complex state vaniables represent
the copy number of each RNA processing enzyme. RNA are synthesized and matured in four
steps. This process models the cleavage of RNA transcripts produced by the Transcription
sub-model. The RNA Moadification sub-model models the modification of transeripts cleaved
by this process. The Macromolecular Complexation and Ribosome Assembly sub-models
model the formation of macromolecular complexes, including the ribosomal sub-units. The
Translation sub-model models the function of m-, -, s-, and tRNA in translation. The RNA
Decay sub-model models the degradation of cleaved intercistronic RNA fragments.

[0403] For the M. genitalium example, the transcription unit organization of the M.
genitalivm chromosome was reconsiructed by mapping the “suboperon” structure of M.
preumoniae chromosome ov to that of M. genitalivm with two modifications. First, non-
coding RNA were organized into transcription units according to their “reference operons,”
Second, all mRNAs either not associated with sub-operons, without M. prewmnoniae
homologs, or which have been rearranged since divergence from M. preumoniae, were
assigned to their own transcription units. The in silico M. genitalium chromosome is
organized inte 335 transcription units containing 525 genes.

[0404] Bacteria also transcribe 3* and 5’ leader sequences before and after each non-
coding RNA gene. These leader sequences must be cleaved to produce functional non-coding
RNA. M. genitalium mRNA cleavage is not well described and is not modeled. The model
assumes M. genitalium polycistronic mRNA are not cleaved. E. coli IRNA have been shown
to be transcribed as a single 30S transcript which is cleaved into individual 55, 16S, and 23S
rRNA transcripts by the action of several ribonucleases. The E. coli rRNA cleavage scheme
was adapted and simplified for the reduced ribonuclease complement of M. genitalium by
removing cleavage reactions catalyzed by non-homologous enzymes. First, ribonuclease II1
(MG367) hydrolytically cleaves the 30S rRNA into 5SS, 16S, and 23S rRNA precursors.
Second, hydrolytic ribonuclease J (M(G139) and phosphorolytic ribonucleases RsgA
(MG110) and DeaD (MG425) cleave the 3’ and 5’ ends of the 5S and 16S rRNA precursors.
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M. genitalium doesn’t contain a homolog of the E. coli 9S RNA cleavage enzyme
ribonuclease E. The mechanisms of 3’ and 5’ cleavage of the M. genitalium 5S TRNA
precursor are unknown. 3’ and 5’ cleavage of the 5S rRNA precursor are modeled as a
spontaneous process. The reconstructed M. genitalium small non-coding RNA (sRNA)
precursor cleavage was based on that of E. coli. ffs (MGO0001) is cleaved at both its 3’ and 5°
ends by ribonuclease III. Ribonuclease P cleaves the 5° end of rpnB (MGO0003) and ssrA
(MGO0004). The reconstructed M. genitalium tRNA precursor cleavage scheme was based on
that of E. coli. Ribonucleases I1II (MG367) and P (MGO0003, MG465) hydrolytically cleave
the 3’ and 5’ ends of each pre-tRNA, removing the 3’ and 5’ leader regions and intercistronic
regions to produce individual tRNA. The stoichiometry, kinetics, and energetics of each
non-coding RNA cleavage reaction were reconstructed based on extensive review of the
primary literature.

[0405] FIG. 31B is a list of instructions that illustrates an example RNA Processing sub-

model, according to an embodiment for M. genitalium.

4.11 RNA Moadification sub-model

[0406] Post-transcriptional base modification occurs in order to degenerately encode amino
acid triplet codes using far fewer tRNA species than possible using only Watson-Crick base
pairing. Modification of wobble position is believed to be most important for improving
codon recognition. Modifications distant from the anticodon are believed to help tRNAs
properly fold and stabilize their catalytically active structures. Many cells also post-
transcriptionally modify rRNA. rRNA modifications are believed to help stabilize rRNA,
participate in protein synthesis, and confer resistance to ribosomal inhibitors. The exact role
of IRNA modification is unknown. The RNA Modification sub-model models tRNA and
rRNA modifications.

[0407] The RNA Modification sub-model models non-coding RNA modification. Because
the kinetics of RNA modification are not well characterized, this sub-model makes several
sirnplifying assurnptions. First, this sub-model assumes that each RNA is fully modified in a

single time step. Consequently, this process collapses the modification of each RNA into a
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single reaction, and ounly represents unmodified and fully modified RNA. Intermediate
modification configurations are not represented. Second, this sub-model assumes that the
mean arrival rate, vi of modification events of each RNA species i is independently limited
by (1) the copy count of unmaodified RNA, r, (2} the copy counts of intracellular metabolites,
mj, and (3) the copy counts of RNA modification enzymes, ¢j. Based on these assumptions,

the functional form of vi is given by Equation 17, which parallels Equation 16.
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where M1 1s the stoichiometry of metabolite J in the modification of RNA species i, M =
max(,—~M) is the negative part of M, Kji is the experimentally observed catalytic rate of
enzyme j in the modification of RNA species 7, and Af is the simulation time step.
[0408] This sub-model implements a stochastic model of the arrival of RNA modification
events with relative rates vi. Untiil RNA, metabolic, and/or enzymatic resources are
exhausted, the model iteratively (1) coraputes the arrival rate, vi, of each modification event,
(2} selects a single modification to execute according to a multinomial distribution
parameterized by vi, and (3) executes the selected modification reaction, updating the copy
numbers of RNA and metabolites and decrementing the available enzymatic capacity.
[0409] FIG. 32A is a flowchart that illustrates an example method 3200 for a RNA
Modification sub-model, according to an embodiment. This flow chart uses the notation of
FIG. 31A that the count of metabolite index m is Nm, the count of enzyme index e is Ne, and
the reaction index is r for RNA processing reactions, and follows the same flow, with the
only change being the steps in FIG. 32A applies to RNA modification instead of RNA

processing. For brevity these steps will not be narrated here.



WO 2014/015196 PCT/US2013/051167
117

[0410] The RNA state represents the unmodified and modified copy numbers of each RNA
species. The Metabolite state represents the copy number of each intracellular metabolite.
The Protein Monomer and Protein Complex states represent the copy number of each RNA
modification enzyme. RNA are synthesized and matured in four steps. This sub-model
models the modification of individual non-coding RNA following RNA, The
Macromolecular Complexation and Ribosome Assembly p sub-models model the formation
of macromolecular complexes, including the 308 and 508 ribosomal particles. The
Transiation sub-model models the function of m-, r-, s-, and tBRNA in translation. The RNA
initial conditions were described above with respect to the RNA Processing sub-model.
[0411] For the M. genitalium example whole-cell model, tRNA modification complement
was reconstructed based on the observed complement of E. coli modifications. First, the E.
coli modification complement was reconstructed. Second, modifications situated in
conserved motifs were transferred to M. genitalium. The M. genitalium rRNA modification
complement was similarly reconstructed. The stoichiometry and kinetics of each RNA
modification reaction were reconstructed based on an extensive review of the literature.
[0412] FIG. 32B is a list of instructions that illustrates an example RNA Modification sub-

model, according to an embodiment.

4.12 RNA Aminoacylation sub-model

[0413] The tRNA Aminoacylation sub-model simulates the conjugation of amino acids to
the tRNAs. tRNAs serve as mediators between the ribosome and the amino acids which form
polypeptides. tRNAs are composed of short RNA sequences which recognize specific codons
(triplets of bases) on mRNAs. Hach tRNA binds to a specific amino acid, and then ioteracts
with a ribosome to deliver this amino acid to an elongating pelypeptide chain, according to
the mMRNA code. tthRNAs are short RNA structures that add a proteolysis tag to the end of
incomplete polypeptides upon ribosomal stalling, signaling the polypeptides for degradation.
The tRNA Aminocacylation sub-model also simulates the aminoacylation of the tmRNA
which delivers the amino acid alanine to stalled ribosomes. These aminoacylation reactions

are both enzyme and energy dependent.
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[0414] The tRNA Arminoacylation sub-model maxirizes the namber of aminoacylation
reactions (tRNA aminoacylations, tmRNA aminoacylations, and tKNA modifications) up to
the limits of available RNAs, enzymes, and roetabolites. The enzymatic bounds are
calculated from the catalytic turnover constant (kecat) of each enzyme. The required
metabolites include, among others, amino acids and ATP. Since multiple reactions require
the same metabolites and enzymes, reactions to occur within a given time step are randomly
selected using a probability distribution that is weighted by the abundances of the reaction
requirements. That is, the limits of each reaction are calculated assuming that all of the
available required rescurces would be allocated to the given reaction. The probability
distribution for selecting given reactions s weighted by these calculated imits. Reactions are
performed one by one until insufficient resources exist to perform any additional reactions.
Intermediate steps in the aminoacylation of tRNAs are not represented.

[0415] The tRNA Aminoacylation sab-model reads from and writes to the RNA state
class. It reads in the counts of free and aminocacylated tRNAs and tmRNA, and writes back
the updated counts., All of the tRNAs are initialized to an aminoacylated state,

[0416] FIG. 33A is a flowchart that illustrates an example method 3300 for an RNA
Aminoacylation sub-model, according to an embodiment. This flow chart uses the notation
that the count of metabolite index m is Nm, the count of enzyme index e is Ne, and the
reaction index is » for tRNA aminoacylation reactions. In step 3301, the protein monomers
and complexes that serve as enzymes e for tRNA aminoacylation reactions are identified as is
the stoichiometry Mmr of metabolites in the reactions, and catalytic rate Ker of enzymes in
the reaction. In step 3303 the enzyme capacity Ce during a single time step is set to the count

of that enzyme, Ne.
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[0417] Instep 3311 the next free tRNA or tmRNA species r, if any, is determined; and in
step 3313 a reaction limit RLr is determined. This is repeated until all metabolite or enzyme
or unprocessed RNA are consumed, at which point RLr =0 for all », and the method ends.
When a RLr has been calculated for every free tRNA and tmRNA species, control passes to
step 3321 to randomly select a reaction r to implement using a multinomial distribution with
probabilities based on the reaction limits RLr.

[0418] In step 3323, the RNA aminoacylation reaction r is run to process one copy of the
tRNA or tmRNA species r. The copy count of the RNA is updated (free tRNA count or free
tmRNA count is decremented and aminoacylated RNA count incremented). The metabolite
counts for metabolites m are decremented by Mmr and the enzyme capacity Ce is also
decremented. Control passes back to step 3311 to recomputed RLr for all » based on the new
counts.

[0419] For the M. genitalium example whole-cell model, M. genitalivm is believed to have
36 tRNA aminoacylation reactions and 1 tmRNA aminoacylation reaction, and all of the
reactions require 1 ATP. There are also two tRNA modification reactions that must occur.
Since there is no glutaminyl tRNA synthetase (to add a glutamine to a tRNA), glutarayl-
tRNA synthetase first adds a glutarnate to tRNA MG302, and then Glu-tRNA Gln amido
transferase converts the glutamate into a glutamine. Also, a methionylformyl transferase is
gsed to add the formyl group onto the methionine on tRNA MG48E (formylmethionine is
used as the start codon),

[0420] FIG. 33B is a list of parameters for an RNA Aminoacylation sub-model, according
to an embodiment. The following list of instructions indicates a method for the example
embodiment at each time step. For cach of the 39 possible reactions (36 tRNA
aminoacylations, 1 tmRNA aminoacylation, 1 Glu-Gln amidotranster, |
methionylformyltransfer), the sub-model calculates the maximum number of reactions that

can occur using Eguation 18,
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(18)

The available ATP, amino acids, and enzyme activities used in the himits calculation above

may be double counted as multiple reactions may require the same metabolites or

enzymes. Therefore, the selection of which reactions occur, within the calculated limits, is

randomly deterrnined. While resources are available:

(a) Randomly select a reaction to perforro, weighing the probability of selecting a given

reaction by its calculated reaction limit

{b) Decrement the used metabolites, enzyme activities, {ree tRNAs, free tmRNAs

{c) Increment the produced metabolites, and modified RNA

(d) Recalculate the reaction limits as in Step 1, based on the new availabilities

4.13 RNA Decay sub-model

[0421] In presence of ribonucleases such as ribonuclease K, RNAs have relatively short
half-lives compared to that of other macromolecules (e.g., protein, DNA) and the mass
doubling time. The relatively short half-lives of RINAs enables the small cells with very small
pool of RNAs and particularly few mRNAs to sample a broader range of configurations of
the RNA pool over a shorter period that would be possible with longer half-lives. This helps
the cell more finely tune the expression of proteins, more efficiently execute cell-cycle
dependent events, and respond to the external environment. However, this enhanced fitness
due to short RNA half-lives comes at a large energetic cost. In addition to ribonucleases,
aminoacylated RNAs require peptidyl tRNA hydrolase to release their conjugated amino
acids. This sub-model decays all species of RNA, and at all maturation states including
aminoacylated states.

[0422] Given the availability of the necessary decay enzymes, RNAs are randomly selected
for degradation by a Poisson probability distribution based on the RNA half-life. This sub-

model contains no intermediate representation of RNA degradation. RNA degradation is
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treated as an all-or-nothing event that proceeds to completion in a single time step. Upon
degradation, water is used to break the nucleotide-nucleotide bonds and the nucleotides are
recycled. All aborted transcripts {due to stalled RNA polymerases or RNA polymerases that
have been knocked off of the DNA) are also degraded by this process. No initialization steps
are required for this sub-model.

[0423] FIG. 34A is a flowchart that illustrates an example method 3400 for an RNA Decay
sub-model, according to an embodiment. This flow chart uses the notation that the count of
metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction index is r for
decay reactions of RNA species r. In step 3401, the protein monomers and complexes that
serve as enzymes e for RNA decay reactions are identified as is the stoichiometry Mmr of
metabolites in the reactions, and catalytic rate Ker of enzyme e in the reaction r.

[0424] In step 3411, the limits DR and DT on decay of RNA and tRNA, respectively,

during one time step are determined, limited independently by copy count Ne of enzymes.

For example, if enzyme e; works on RNA in reaction r; and enzyme e, works on tRNA in

reaction r;, then, in some embodiments, DR =0 if Ne; = 0 and DT = Ne, * Ke,ry. In step
3421, values of Nr, the copy count for RNA species r, kdecay r and reactants and products of
reaction r from one or more cell state variables are retrieved.

[0425] In steps 3431 and 3433, the next RNA species is selected that has associated decay
enzymes, if any. If none, the method ends. Otherwise step 3435 is executed to determine if a
copy of that RNA species is aborted. If so, the aborted RNA copy is slated for decay in step
3441, described below. Otherwise, the next RNA species is selected at random in step 3437.
In step 3437 and 34309, it is determined whether a Poisson distribution with rate parameter
equal to Nr*kdecay r provides a random number X > 1. If not, no copy of that species is
decayed or degraded and control passes back to step 3431 and following to select the next
RNA species. Otherwise, a copy of that species is decayed or degraded in step 3441. Step
3441 includes decrement metabolite copy count Nm by Mmr for all m; increment copy count
of produced metabolites; decrement copy count of RNA species r; decrement number of

decay events DR (and DT if species is tRNA).
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[0426] FIG. 34B is a list of cell state variables and other sub-models interacting with the

RNA Decay sub-model, according to an embodiment.

[0427] For the M. genitalivm example whole-cell model, RNA decay is wodeled as

requiring ribonuclease R (MG 104). The decay of tRNAs also requires peptidyl tRNA

hydrolase (Pth: MGO083). Half-lives of all the RNA species are largely based on
experimental measurements of homologous E. coli genes. The E. coli genes are mapped to
the M. genitalium genes by homology.

[0428] FIG. 34C is a list of parameters and values for an RNA Decay sub-model,

according to an embodiment applied in the M. genitalium example. For each time step, do the

following.

1. Determine the counts of free ribonuclease R(NR) and peptidyl tRNA hydrolase (NT) from
the Protein Mounoroer State Class

2. Determine the limits on the number of RNA decay events, DR: (The number of tRNA
decay events is designated DT)

{a) If NR =0, then DR =0 (All RNAs require ribonuclease R in order to decay, but
ribonuclease R has a high rate of activity, so as long as NR > 0, RNA decay can
occur)

{b) DT = NTkhyd {The tRNA decay limit is dependent on the peptidyl tRNA hydrolase
avatlability and Kinetic rate)

3. Considering each RNA independently, decide whether to decay an RNA by random
number selection from a Poisson distribution with a rate parameter, A calculated as in
Eguation 19.

A= RNA; * kdecay i (19)
where RNA is the count of a given RNA species ¢

4. If aborted transcripts exist in the cell due to RNA polymerase stalling or RNA polymerase

displacement on the DNA, decay all aborted sequences. Calculate the total nuraber of

metabolites used and produced from the decay of the given RNA species, using the matrix

Mdecay, and update the counts of existing RINAs and metabolites,
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4.14 Translation sub-model

[0429] Translation is the process whereby the ribosome, accessory enzymes, and tRNAs
transcode mRNAsS and prodace amino acid polymers, also called polypeptides, which when
completed form protein monomers. Translation begins with the recruitment of the 305 and
508 ribosomal particles (also called subunits) and an initiation factor (e.g., initiation factor 3,
IF3) to an mRNA molecule. Next, the ribosomal particles assemble into a ribosome (e.g.,
708 ribosome) on the mRNA molecule with the help of initiation factors. Third, the ribosome
polymerizes amino acids presented by aminoacylated tRNAs with the help of elongation
factors. Finally, a release factor recognizes the stop codon UAG or UAA, hydrolyzes the
peptidyl tRNA bond, and dissociates. A ribosome recyeling factor dissociates the E-site
tRINA, an elongation factor (G releases the release factor and 505 ribosome, and an initiation
factor 3 dissociates the 308 ribosome, P-site tRNA, and mRNA,

[0430] A ribosome may stall for various reasons including collisions with other proteins
and limited resources required of translation. When a ribosome stalls, its last t(RNA is
expelled and replaced by the tRNA-like domain of a tmRNA molecule. Next, the mRNA-like
domain of the tmRNA expels the bound mRNA. Third, the ribosome resuraes
polymerization, now using the tmRNA’s mRNA-Iike domain as its template. This results i
the production of an amino acid polymer containing a C-terminal proteolysis tag. Finally, the
proteolysis tag will be recognized by the protein degradation machinery, and the amino acid
polymer will be degraded into its individual component amino acids. The probability that a
ribosome stalled is an uncharacterized value, and therefore this probability is set to be very
fow, such that ribosome stalling is a rare event which does not typically limit the simulation.
[0431] The translation sub-model simulates protein translation by ribosomes and accessory
initiation, elongation, and termination factors. Ribosomes transition from a free to active
state if the necessary factors are present, and bind to an mRNA. The selection of a specific
mRNA to bind to a ribosorue 1s randorn and weighted by mRNA abundances. As the
sequence of each gene is known, the codons presented by the mRNAs are translated using
aminoacylated tRNAs and elongation factors at a rate of up to 16 amino acids per second

{measured by radicactive labeling in £. coli). Once a stop codon has been reached,
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translation is terminated and the polypeptide will undergo further modifications by other
processes in the whole model simulation. The sub-model also simulates the identification of
stalled ribosomes by the tmRNA, the replacement of the tRNA and mRNA with the tmRNA,
and the synthesis of the proteolysis tag encoded by the tmRNA’s mRNA-like domain.

[0432] The simulation begins in a state in which ribosomes are already bound to mRNAs
and in the process of elongating. Each ribosome is randomly assigned (without replacement)
to an mRNA species, weighted by the current expression of the mRNAs. Then, each
ribosome is assigned to positions within the assigned mRNA with uniform probability. No
ribosomes are initialized to the stalled state, since the expected probability of stalling is
negligible. No tmRNAs are initiated to the bound state.

[0433] FIG. 35A and FIG. 35B are flowcharts that illustrate an example method 3500 for a
Translation sub-model, according to an embodiment. This flow chart uses the notation that
the count of metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction
index is r for translation reactions of mRNA species r. In step 3501, the protein monomers
and complexes that serve as enzymes e for translation reactions (including ribosomes,
initiation factors, IF, elongation factors, EF, and termination factors, TF, incuding release
factors and recycle factors) are identified, as is the stoichiometry Mmyr of metabolites in the
reactions.

[0434] In steps 3503 and 3505 the next free ribosome is selected at random for which there
is both an initiation factor and available energy. If none, control passes to step 3521 to select
the next bound ribosome. Otherwise, in step 3511 a random mRNA species r is selected
based on a multinomial distribution with probability of each species based on the copy count
of free members of that species. In step 3513, the free ribosome is bound to a copy of the
selected mRNA species 1. the free counts of both ribosomes and RNA species r are
decremented and their bound counts are incremented. Control passes back to step 3503 to
select the next free ribosome.

[0435] In steps 3521 and 3523 the next bound ribosome is selected at random for which
there is both an elongation factor and needed metabolites. If none, control passes to step 3545

to test for stalling. Otherwise, elongation occurs. In step 3525 it is determined whether the
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ribosome was first bound in the current time step. If so, then, in step 3631, the initiation
factor (IF) is released, and copy counts for the free and bound IF updated; and, in step 3532 a
start amino acid, f-methionine, is associated as a first element of the polypeptide to be
produced. Control passes back to step 3521 to select the next bound ribosome at random.

If this is not the first time step with the ribosome, then, in step 354, the elongation limit for
the current time step is set to the elongation rate kelong for the time step. Control then passes
to step 3533 in the loop for adding amino acids one by one to the polypeptide.

[0436] In step 3533, the next amino acid to be added is determined from the mRNA
sequence. If the sequence is finished, then the polypeptide-ribosome complex is marked
completed; and, next bound ribosome is inspected at step 3521. If the amino acid sequence is
not yet finished, then if there are enough resources (elongation factors and metabolites, and
aminoacylated tRNA with the correct amino acid, and elongation limit is not exceeded), as
determined in step 3541, add the amino acid in step 3543, update the counts for the affected
molecules, and return to step 3533 for the next amino acid in the sequence.

[0437] If there are not enough resources, then in step 3545 determine if there has been
advance during current time step. If so, select the next bound ribosome, if any in step 3521.
However, if there is no advance during the time step, then go to step 3551 to determine if the
complex is to be considered stalled, based on a random number from a Poisson distribution
with a small occurrence rate, e.g. 0.001 or less. The model would certainly work with
p<=0.00001 and probably with p<=0.01. If the random number is one or more, consider the
ribosome stalled and in step 3553 update the state variables and counts to reflect that status.
[0438] After every bound ribosome has advanced as much as resources allow, control
passes to step 3561 in a loop for terminating completed polypeptides. If enough resources are
available as determined in step 3561, and there is a completed polypeptide-ribosome
complex, as determined in step 3563, then in step 3565 change ribosome and mRNA to free,
and add protein monomer or RNA product counts to the state variables. Return to step 3561
and repeat the process until there are no more completed complexes or resources to free

them. Then the method ends.
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[0439] FIG. 35C is a list of cell state variables and other sub-models interacting with the
Translation sub-model, according to an embodiment.

[0440] For the M. genitalium example embodiment, most of the parameters reqguired for
this sub-model were obtained from the literature or derived from the M. genitalium genome
sequence. FIG. 35D is a list of parameters and values for a Translation sub-model, according
to an embodiment. The example translation sub-model embodiment performs the following
steps at each time step.

[0441] Initialization. As described in FIG. 35E, the Translation sub-model forms 708
ribosomes equal to the minimum of the 308 and 508subunit copy numbers, and randomly
positions each 708 ribosome oo mRNA weighted by the copy number of each mRNA. FIG.
35E is a list of instructions that illustrates an example method for initializing ribosomes for a
Translation sub-model, according to an embodiment. Each ribosome exists in one of two
states, free or actively transcribing. Ribosomes are created in the free state and may transition
to the actively transcribing state as follows: If ribosome factor A is present, initiation factors
(IF-1, IF-2, and IF-3) are present, and one unit of energy (GTP) is available, then randomly
select free ribosomes to initiate up to the limits of ribosome factor A, initiation factors, and
GTP. Randomly select mRNA species for each initiating ribosome to bind to, weighted by
the counts of each mRNA species. Update the state of each ribosome and mRNA, and the
amount of available substrates.

[0442] Elongation. Next, the polypeptides are elongated. It is assumed that one of each
elongation factor (EF-tu, TS, and G) is sufficient for each ribosome, but a separate set of
factors may be useful for each ribosome. Elongation proceeds as follows: If elongation
factors (EF-tu, TS, and G), aminoacylated tRNAs, and energy (GTP) are available, then
randomly select actively transcribing ribosomes to elongate up to the limits of elongation
factors. Available amino acids and energy are allocated among actively translating
ribosomes. If the ribosome is newly initiated, then release the initiation factors; associate a
tRNA for f-methionine to bind the first amino acid, and release a free tRNA. Otherwise,
derive the amino acid sequence of the translating gene by converting the genome sequence

into a tRNA sequence using the amino acid code; associate aminoacylated tRNAs to bind
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amino acids to the growing polypeptide up to the aminoacylated tRNA limit, energy limit,
and elongation limit, kelong. Release free tRNAs, then update the state of each ribosome, the
progress of all actively translating ribosomes, and the amount of available substrates. Note,
for cases in which translation of a peptide finishes partway through the time step, the
elongation factors are released, but only available at the time step. For simplicity, the
transition between P and E sites is not explicitly modeled in this embodiment.

[0443] Termination. Once all amino acids of a protein have been translated, one release
factor, one recycling factor, one elongation factor G, and one GTP molecule are sufficient to
terminate the polypeptide, as follows: If all release factors, recycling factors, elongation
factors G, and energy (GTP) are available, then randomly select completed polypeptide-
mRNA-ribosome complexes to dissociate; and update the state of each ribosome and mRNA,
monomer counts, and the amount of available substrates. The ribosome will be available to
bind mRNA at the following iteration

[0444] Translation Stalling. The stalling of ribosomes is dealt with as follows. If in a time

step an elongating ribosome hasn’t advanced, then with a small probability, Pstalled, the
ribosome is transitioned to the stalled state. The mRNA is then expelled and replaced with
a tmRNA. A proteolysis tag is encoded and the amino acid chain is marked for degradation

by the Protein Decay sub-model.

4.15 Protein Processing I sub-model

[0445] Following translation, some cells, such as bacteria, deformylate the N-terminal
methionine of most proteins and cleave the N-terminal methionine of approximately 7% of
proteins. The function of peptide deformylation and methionine cleavage is not well
understood. Some authors believe that bacteria employ these reactions to recycle
formyimethionine which is a metabolically expensive amino acid. Other authors, citing the
N-end rule, believe that bacteria cleave the N-termunal roethionine of specific proteins in
order to regulate protein half-lives by exposing the second-most N-terminal amino acid.
[0446] The Protein Processing 1 sub-model sirnulates N-terminal formylmethionine

deformylation and N-terminal methionine cleavage, the first step of post-transiational
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processing. Because the wechanisms of early protein processing are not well characterized
on the genomic scale, this sub-model makes several simplifying assumptions. First, this
process assumes that each protein is both deformylated and cleaved in a single tirae step.
{Consequently, this process collapses the processing of each protein into a single reaction, and
only represents nascent and fully processed proteins. Intermediate protein configurations are
not represented. Second, this sub-model assumes that the mean arrival rate, vi, of processing
events of each protein species i is independently limited by (1) the copy number of
unprocessed protein, p,, (2) the copy numbers of intraceltular metabolites, my, and (3) the
copy numbers of processing enzymes, ¢f. Based on these assumptions, the functional form of

vi is given by Equation 20.
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Where the symbols are as defined previously, e.g., with respect to Equation 16 and Eguation
i

[0447] The Protein Processing 1 sub-model implements a stochastic model of the arrival of

:~J

early protein monomer processing events with relative rates vi. Until protein, metabolic,
and/or enzymatic resources are exhausted, the model iteratively (1) computes the arrival rate,
vi, of each processing event, {2) selects a single processing event to execute according to a
multinomial distribution parameterized by vi, and (3) executes the selected processing
reaction, updating the copy numbers of protein monomers and metabolites and decrementing
the available enzymatic capacity.

[0448] The Protein Monomer and Protein Coraplex states represent the copy number of
each protein processing enzyme. The Protein Monowmer state also represents the nascent and
processed copy numbers of each protein monomers species. The Metabolite state represents
the copy number of each intracelinlar metabolite. Proteins are synthesized and matured in six

steps. This sub-model simulates the first step in post-transiational processing foliowing



WO 2014/015196 PCT/US2013/051167
129

translation {see Translation sub-model) and preceding membrane and extracellular protein
translocation and cytosolic protein folding {see Protein Translocation and Protein Folding
sub-models). The nascent and processed configurations of each protein monower species are
initialized with zero copy number because the typical occupancy these configurations is small
compared to that of the mature configuration. The expression of the protein processing
enzymes was fit to provide sufficient enzymes to quickly process proteins, or more
specifically to prevent sustained accumulation of unprocessed proteins.

[0449] FIG. 36A is a flowchart that illustrates an example method 3600 for a Protein
Processing I sub-model, according to an embodiment. This flowchart uses the notation that
the count of metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction
index is b for protein processing reactions. A protein not yet processed by processing I is
called a nascent protein. The flow is similar to the flow of the stochastic models for RNA
processing (FIG. 31A) and RNA modification (FIG. 32A). In step 3601, the protein
monomers and complexes that serve as enzymes for protein processing I reactions are
identified as is the stoichiometry Mmb of metabolites in the reactions, and catalytic rate Keb
of enzymes in the reaction. In step 3603 the enzyme capacity Ce during a single time step is
set to the count of that enzyme.

[0450] In step 3611 the next nascent protein species b, if any, is determined; and in step
3613 Equation 20 is evaluated to determine Vb (corresponding to vi). This is repeated until
all metabolite or enzyme or nascent protein is consumed, at which point Vb =0 for all b, and
the method ends. When a Vb has been calculated for every nascent protein species, control
passes to step 3621 to randomly select a reaction to implement using a multinomial
distribution with probabilities based on the arrival rates Vb.

[0451] In step 3623, the RNA processing reaction is run to process one copy of nascext
protein species b. The copy count of the protein species is updated (nascent protein count is
decremented and processed protein count incremented). The metabolite counts for
metabolites m are decremented by Mmb and the enzyme capacity Ce is also decremented.

Control passes back to step 3611 to recompute Vb for all b based on the new counts.
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[0452] M. genitalivm peptide deforraylase (MG 106) was assumed to deformylate all
protein monomers. The protein substrates of M. genifalivm methionine aminopeptidase
(MG172) were reconstructed based on specific N-terminal methionine cleavages ot M.
genitalivm homologs observed. The kinetics of peptide deformylation and N-terminal
methionine cleavage were reconstructed from the primary literature,

[0453] FIG. 36B is a list of instructions that illustrates an example Protein Processing I

sub-model, according to an embodiment for the M. genitalium example.

4.16 Protein Translocation sub-model

[0454] Cell proteins are translated in the cytosol. However, many functionally important
proteins including nutrient transporters, ATP synthase, metabolic enzymes, adhesins,
receptors, transducers, virulence factors, and the protein translocation machinery itself must
be ernbedded in the cell membrane or secreted in order to properly function, Cells ernploy
short N-terroinal and C-terminal signal sequences to selectively translocate proteins. This
sub-model simulates membrane and extracellular protein localization, the second step in
post-transiational processing.

[0455] The subcellular localization—cytosol, integral membrane, lipoprotein, terminal
organelle cytosol, terminal organelle lipoprotein, or extracellular space—of each protein
monomer and the N-terminal signal sequence of each lipoprotein and secreted protein was
reconstructed based on an extensive review of the primary literature, several proteomic
databases, and several computational predictions. A result of the reconstruction process is a
list of the localization and signal sequence of each protein monomer.

[0456] The Protein Translocation sub-model simulates integral mevnbrane, lipoprotein, and
secreted protein translocation inte the cell membrane by a translocation enzyme (such as the
SecA preprotein translocase}, the second step of post-transiational processing. Proteins are
synthesized and matured in six steps. The Protein Translocation sub-model simulates protein
translocation following deformylation and N-terminal methionine cleavage and preceding
lipoprotein diacylglyceryi transfer and lipoprotein and secreted protein signal sequence

cleavage. Because the mechanisins of protein translocation are not well characterized on the
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genomic scale, this sub-model makes several simplifying assamptions, siroilar to those made
for other sub-models. First, this process decouples translation, N-terminal formylmethionine
processing, and translocation by assuming that translocation does not begin until after
translation termination and N-terminal formyimethionine processing. Second, this sub-mode]
assurmes that each protein is fully translocated in a single time step. Consequently, this
process collapses the translocation of each protein into a single reaction, and only represents
uniranstocated and fully translocated proteins. Intermediate protein localizations are not
represented. Third, this process assumes that the mean arrival rate, vi, of translocation events
of each protein species 7 is independently limited by (1} the copy number of untranslocated
protein, p, (2) the copy numbers of intracellular metabolites, myj, and (3) the copy nambers of
the translocation enzymes, ¢j. Based on these assumptions, the functional form of vi is given

by Equation 21,
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where the notation is as described above. The metabolites for this reaction include ATP and

GTP hydrolysis.

[0457] The Protein Translocation sub-model implements a stochastic model of the arrival
of protein monomer translocation events with relative rates vi. Until protein, metabolic,
and/or enzymatic resources are exhausted, the model iteratively (1) computes the arrival rate,
vi, of each translocation event, {2} selects a single translocation event to execute according to
a multinomial distribution pararaeterized by vi, and (3) executes the selected translocation
reaction, updating the copy numbers of protein monomers and metabolites and decrementing
the available enzymatic capacity.

[0458] The untransiocated and translocated configurations of each protein monomer
species are initialized with zero copy counts because the typical occupancy of these

configurations is small compared to that of the matare configuration. The expression of the
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protein translocation enzymes was fit to provide sufficient enzymes to quickly translocate
proteins, or more specifically to prevent sustained accumulation of untranslocated proteins,
[0459] FIG. 37A is a flowchart that illustrates an example method 3700 for a Protein
Translocation sub-model, according to an embodiment. This flow chart uses the notation that
the count of metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction
index is b for protein processing reactions. A protein not yet translocated is called an
untranslocated protein. The flow is similar to the flow of the stochastic models for protein
processing I (FIG. 36A) and will not be repeated here. In step 3713, Equation 21 is evaluated
as expressed in the revised notation.

[0460] M. genitalium employs two convergent SecA-dependent pathways—co-translational
and post-translational—to translocate approximately 35-45% of all protein monomers into
the plasma membrane. M. genitalium does not contain a type I Tat transporter or sortase. The
co-translational SecA pathway translocates integral membrane proteins into the cell
membrane. First, GTP-dependent signal recognition particles (SRP; MG0001, MG048) and
molecular chaperones co-translationally recognize the type I signal sequence of nascent
integral membrane proteins. Second, SRPs deliver nascent proteins to their cognate receptor
FtsY (MG297) which is associated with the SecA type II preprotein translocon. The
preprotein translocase SecA (MG072) iteratively pushes nascent proteins through the
SecYEG (MG170, MGO055, MG476) translocase pore by an ATP-dependent, step-wise
mechanism. Several studies have shown that SecDF (MG277) and YidC (MG464) also
participate in the translocase pore. SecDF and YidC are believed to increase the efficiency of
protein translocation. The exact functions of SecDF and YidC are not known.

[0461] The M. genitalium post-translational SecA pathway translocates lipoproteins and
secretes proteins. First, nascent proteins complete translation. Second, SecAtranslocons
directly recognize the type II signal sequence of nascent proteins. Type II signal sequences
are short, positively charged N-terminal sequences. Type II signal sequences are composed
of three regions: n, h, and c. The n region is composed of 1-5 positively charged amino acids.
The h region is composed of 7-15 hydrophobic amino acids and forms an a-helix. The ¢

region is composed of 3-7 polar amino acids and forms a B-strand. Signal peptidase II cleaves
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type II signal sequences at lipoboxes distinguished by the sequence L[ASI][GA]C inside the
c region. Similarly to the co-translational pathway, SecA iteratively translocates nascent
proteins into the plasma membrane.

[0462] Following translocation M. genitalium anchors lipoproteins to the outer leaflet
through the covalent ligation of diacylglyceryl by diacylglyceryl transferase and
extracellularly cleaves the type II signal sequence of each lipoprotein and secreted protein at
conserved lipoboxes. M. genitalium does not have an I signal sequence protease and does not
cleave the signal sequences of integral membrane proteins. Integral membrane protein signal
peptides are believed to help anchor proteins to the membrane.

[0463] Following insertion into the plasma membrane and signal peptide cleavage, terminal
organelle-localized lipoproteins are recruited into the terminal organelle. The stoichiometry,
energetics, and kinetics of each protein translocation reaction were reconstructed from the
primary literature. It has been reported that SecA translocates 270 picoMoles (pmol, 1 pmol
= 10-12 Moles) amino acid per minute. It has also been reported that SecA translocates 20-30
amino acids per ATP.

[0464] FIG. 37B is a list of instructions that illustrates an example Protein Translocation

sub-model, according to an embodiment for the M. genitalium example.

4.17 Protein Processing II sub-model

[0465] This sub-model addresses the third step of post-translational processing: Hpoprotein
diacylglyceryl adduction and lipoprotein and secreted protein signal peptide cleavage. The
localization and N-terminal signal sequence length of each protein monomer was
reconstructed based oun an extensive review of the primary literature, several proteoruce
database, and several computational predictions. The stoichiometry and kinetics of each
profein processing veaction was reconstructed from the primary Hterature,

[0466] Because the mechanisms of protein processing are not well characterized on the
genomic scale, this sub-model makes several sirnplifying assuraptions. First, this process
assumes that each protein is both covalently modified and cleaved in a single time step.

Consequently, this process collapses the processing of each protein into a single reaction and
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only represents unprocessed and fully processed proteins, Intermediate protein configurations
are not represented. Second, this process assumes that the mean arrival rate, vi, of processing
events of each protein species i is independently limited by (1) the copy number of
unprocessed protein, p, (2) the copy numbers of intracellular metabolites, myj, and (3) the
copy numbers of processing enzyrmes, ¢f, Based on these assumptions, the functional form of

vi is given by Equation 22,
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where the notation is as described above.

[0467] This sub-model implements a stochastic model of the arrival of protein monomer
processing events with relative rates vi. Until protein, metabolic, and/or enzymatic resources
are exhausted, the model iteratively (1) computes the arrival rate, vi, of each processing
event, (2} selects a single processing event to execute according to a multinomial distribution
parameterized by vi, and (3) executes the selected processing reaction, updating the copy
numbers of protein monomers and metabolites and decrementing the available enzymatic
capacity, The uonprocessed and processed configurations of each protein monomer species
are initialized with zero copy number because the typical occupancy these configurations is
small compared to that of the mature configuration.

[0468] FIG. 38A is a flowchart that illustrates an example method 3800 for a Protein
Processing II sub-model, according to an embodiment. This flow chart uses the notation that
the count of metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction
index is b for protein processing reactions. The flow is similar to the flow of the stochastic
models for protein processing I (FIG. 36A) and will not be repeated here. In step 3813,
Equation 22 is evaluated as expressed in the revised notation.

[0469] Al genitalium lipoproteins are translated in the cytosol and subsequently targeted to

the plasma membrane by type I N-terminal signal sequences. Following membrane
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insertion, M. genitalivm Lipoproteins are {ivst anchored to the outer leaflet of the plasma
membrane. This is achieved via covalent adduction of diacyiglyceryl to the sulthydryl group
of the lipobox cysteine by diacylglyceryl transterase (MG086). Many bacteria further anchor
lipoproteins through phospholipidation. However, M. genitalivm does not have an
apolipoprotein transacylase, and is not believed to phospholipidate lipoproteins. Second,
lipoprotein N-terminal signal sequences are cleaved immediately C-terminal to the lipobox
cysteine by type II signal peptidase (MG210).

[0470] Extracellular M. genitalium proteins are transcribed in the cytosol and targeted to
the plasma membrane by type II signal sequences. In contrast to lipoproteins, extracellular
proteius do not undergo diacylglyceryl transter, and instead are cleaved ymmediately C-
terminal to the cysteines of their lipoboxes by type 1 signal peptidase, releasing the resultant
protein and sigual peptide juto the extracellular space.

[0471] M. genitalium does not have a type { signal sequence protease and does not cleave
the signal sequences of integral membrane proteins. Integral membrane protein signal
peptides are believed to help anchor proteins to the membrane.

[0472] FIG. 38B is a list of instructions that illustrates an example Protein Processing Il

sub-model, according to an embodiment for the M. genitalium example.

4.18 Protein Folding sub-model

[0473] Proteins are synthesized as long, catalytically inactive linear chains of amino acids.
Subsequently, proteins fold into energetically favorable, compact, and enzymatically
competent three-dimensional structures. While some protein species are believed to fold
spontaneously, other proteins are believed to require helper chaperone proteins to properly
fold. In addition, some protein species require metal ions and other small molecule prosthetic
groups to fold. This process models chaperone-mediated protein folding. The prosthetic
group requirements for protein folding were reconstructed based on an extensive review of
the literature and several databases.

[0474] The Protein Folding sub-model implements a model of the chaperone-mediated

folding of processed, translocated polypeptides. Because the kinetics and energetics of
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protein folding are not well understood, this process represents the three-dimensional
configuration of each protein as a two-state (folded, unfolded} Boolean variabie.
Furthermore, this process makes the simplifying assurnption that the folding rate, #4, of

protein species { is a Boolean function of the copy numbers of metabolites and chaperones.
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where Piu is the unfolded copy number of protein species ¢, mi is the copy number of
metabolite /, i is the copy number of chaperone 7, Mji is the stoichiometry of prosthetic
group j in protein i, and (Ji is true if protein species { requires chaperone § to fold. pif is the
tolded copy number of protein species i.

[0475] Protein folding is one of the last steps in protein maturation following protein
processing and trauslocation and preceding protein modification, The Protein Monomer and
Protein Complex states initialize the total copy number of each protein species, and initially
set all protein monomers and complexes to their mature—folded and modified—
configuration.

[0476] FIG. 39A is a flowchart that illustrates an example method 3900 for a Protein
Folding sub-model, according to an embodiment. This flow chart uses the notation that the
count of metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction index
is b for protein processing reactions. The flow is similar to the flow of other stochastic
models for protein processing. In step 3901, the protein monomers and complexes that serve
as enzymes (chaperones) for protein folding reactions are identified, as is the stoichiometry

Mmb of metabolites in the reactions, and Boolean chaperone requirement CReb for enzyme e

to fold protein b in the reaction.
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[0477] Instep 3911 the next unfolded protein species b, if any, is determined; and in step
3913 Equation 23 is evaluated to determine Vb (corresponding to vi) using the revised
notation. Vb = minimum of {Nb; minimum over all m of Nm/MAX [ 0, - Mmb ],

random number X from a Poisson distribution with occurrence rate = minimum over all e of
Ne /| CReb}. This is repeated until all metabolite or chaperone or unfolded protein is
consumed, at which point Vb =0 for all b, and the method ends. When a Vb has been
calculated for every nascent protein species, control passes to step 3921 to randomly select a
reaction to implement using a multinomial distribution with probabilities based on the arrival
rates Vb, normalized here by the count Nb of unfolded proteins of species b.

[0478] In step 3923, the protein folding reaction is run to fold one copy of unfolded
protein species b. The copy count of the protein species is updated (unfolded protein count is
decremented and folded protein count incremented). The metabolite counts for metabolites m
are decremented by Mmb. Control passes back to step 3911 to recompute Vb for all b based
on the new counts.

[0479] M. genitalium is believed to employ three chaperones to assist protein folding. First,
trigger factor Tig (MG238) co-translationally binds all nascent polypeptides at the ribosome
exit site (L23) and assists in early protein folding. Second, chaperones GroEL (M(G392) and
DnaK (MG305) and their co-chaperones are believed to assist in late folding. GroEL and
DnaK are believed to fold 10-15% and 5-18% of all proteins, respectively. GroEL and its co-
chaperone GroES (MG393) are believed to help fold intermediate sized proteins (20-60
kDa). GroEL is believed to bind each protein for 30 s to10 min, and to couple folding to ATP
hydrolysis. DnaK and its co-chaperones DnalJ (MG019) and GrpE (MG201) are believed to
help fold large proteins (> 30 kDa). DnaK is a monomeric protein which transiently (<2
min) binds to the backbones of short, linear, unfolded peptide segments. GrpE is believed to
couple peptide release to ATP hydrolysis. Dnal is believed to regulate the activity of DnakK,
as well as bind the side chains of hydrophobic and aromatic residues and directly assist
protein folding. FtsH and the lipids phosphatidyl ethanolamine and phosphatidyl glycerol
have been suggested to assist membrane protein folding. However, the role of FtsH as a

molecular chaperone is not well established, and FtsH has been associated with several
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additional functions. Consequently, it was decided not to model FtsH as a chaperone. The
contributions of phosphatidyl ethanolamine and phosphatidyl glycerol to protein folding are
also poorly understood, and are not modeled in the example embodiments.

[0480] M. genitalium GroEL substrates were reconstructed based on two proteome-scale
studies of E. coli and B. subtilis (see Table S3AG). M. genitalium DnaK substrates were
reconstructed based on a proteome scale study of E. coli.

[0481] FIG. 39B is a list of instructions that illustrates an example Protein Folding sub-

model, according to an embodiment for the M. genitalium example.

4.19 Protein Modification sub-model

[0482] Post-translational protein modification serves several important functions. First,
post-transiation modification can increase the structural and chemical diversity of the
proteome by stabilizing alternative conformations and providing catalytic cofactors. Second,
post-translational modification, and in particular phosphorylation, provides a mechanism to
regulate protein activity. Third, post-translational modification can be used to regulate
protein expression through proteasoroe recruitment. This process models protein covalent
modification including phosphorylation, lipoyl transfer, and ¢-glutamate ligation.

[0483] The Protein Modification sub-model simulates protein covalent modification, the
fifth step of post-transiational processing. In particular, this process models protein
phosphorylation, lipoyl transfer, and a-glutamate ligation. Because the mechanisras of
protein modification are not well characterized on the genomic scale, this sub-model makes
several simplifying assumptions. First, this sub-model assumes that each protein is fully
modified in a single time step, collapses the modification of each protein into a single
reaction, and only represents unimodified and fully modified proteins. Intermediate protein
configurations are not represented. Second, this sub-model assumes that the wean arrival
rate, vi, of modification events of each protein species 7 is independently limited by (1) the
copy number of unimodified protein, p, (2) the copy nurmbers of intracellular metabolites, myj,
and {3) the copy numbers of the protein modification enzymes, ¢j. Based on these

assumptions, the functional form of vi is given by Equation 24,
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A
where Mji is the stoichiometry of metabolite § in the modification of protein species 1, M =
max (0,—M) is the negative part of M, Kji is the experivoentally observed catalytic rate of
enzyme j in the modification of protein species i, and A7 is the simulation time step.

[0484] This sub-model implements a stochastic model of the arrival of protein monomer
and macromolecular complex modification events with relative rates vi, Until protein,
metabolic, and/or enzymatic resources are exhausted, the model teratively (1) computes the
arrival rate, vi, of each modification event, (2) selects a single modification event to execute
according to a multinomial distribution parameterized by vi, and (3) executes the selected
modification reaction, updating the copy numbers of proteins and metabolites and
decrementing the available enzymatic capacity.

[0485] The Protein Monomer state and Protein Complex state represent the copy number
of each protein modification enzyme. The Protein Monomer state also represents the
unmodified and modified copy numbers of each protein monomers species. The Metabolite
state represents the copy number of each intracellular metabolite.

[0486] The unmodified configurations of each protein monomer species is initialized with
zero copy number becaunse the typical occupancy of this configoration is small compared to
that of the modified/mature configuration. The expression of the protein modification
enzymes was fit to provide sufficient enzyres to quickly modify newly synthesized proteins,

or more specifically to prevent sustained accuroulation of vomwoditied proteins.
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[0487] FIG. 40A is a flowchart that illustrates an example method 4000 for a Protein
Modification sub-model, according to an embodiment. This flow chart uses the notation that
the count of metabolite index m is Nm, the count of enzyme index e is Ne, and the reaction
index is b for protein processing reactions. A protein not yet modified is called an
unmodified protein. The flow is similar to the flow of the stochastic models for Protein
Processing I, among others. In step 4001, the protein monomers and complexes that serve as
enzymes for protein modification reactions are identified as is the stoichiometry Mmb of
metabolites in the reactions, and catalytic rate Keb of enzymes in the reaction. In step 4003
the enzyme capacity Ce during a single time step is set to the count of that enzyme.

[0488] In step 4011 the next unmodified protein species b, if any, is determined; and in
step 4013 Equation 24 is evaluated to determine Vb (corresponding to vi) using the revised
notation. This is repeated until all metabolite or enzyme or unniodified protein are consumed,
at which point Vb =0 for all b, and the method ends. When a Vb has been calculated for every
unmodified protein species, control passes to step 4021 to randomly select a reaction to
implement using a multinomial distribution with probabilities based on the arrival rates Vb.
[0489] In step 4023, the RNA processing reaction is run to process one copy of
unmodified protein species b. The copy count of the protein species is updated (unroodified
protein count is decremented and modified protein count incremented). The metabolite
counts for metabolites m are decremented by Mmb and the enzyme capacity Ce is also
decremented. Control passes back to step 4011 to recompute Vb for all b based on the new
counts.

[0490] The M. genitalium protein modification complement was reconstructed in three
steps. First, protein modifications that have been observed in M. genitalium, M. pneumoniae,
or other related bacteria or which have been computationally predicted were curated. Second,
curated protein modifications were mapped to M. genitalium homologs using sequence
alignment. Third, based on the genome annotation, M. genitalium was determined to have
three protein modification pathways: (1) phosphorylation catalyzed by serine/threonine
kinase PrkC (MG109), (2) lipoyl transfer to lysine catalyzed by LplA (MG270), and (3) C-

terminal a-glutamate ligation catalyzed by RimK (MGO012). Fourth, modifications were
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rejected which do not belong to one of these three pathways, or for which a specific locus
was not reported. The reconstructed protein modification network contains one kinase that
modifies 16 proteins, one lipoyl transferase that modifies the E2 subunit of pyruvate
dehydrogenase (PdhC, MG272), providing an important organosulfur cofactor which
contains a catalytic disulfide bond, and one a-glutamate ligase that modifies 50S ribosomal
protein L6 (RplF, MG166). The stoichiometry and kinetics of all three modeled protein
modification reactions were based on a review of the primary literature. Catalytic disulfide
bonds were separately reconstructed and are modeled by several chemical reactions in the
Metabolism sub-model.

[0491] FIG. 40B is a list of instructions that illustrates an example Protein Modification

sub-model, according to an embodiment for the M. genitalium example.

4.20 Protein Complexation sub-model
[0492] Many enzymes are functional as multimeric proteins or ribonucleoproteins.
3 T

Macromolecular coraplexes are believed to form quickly (kon= 10 - 10 M s },

—f -4 -10
energetically favorably (AG =—12kcal mol ), and stably (KD = 10 —10 M), This process
models the formation of all macromolecular complexes except the 308 and 508 ribosomal
particles, the 708 ribosome, the FisZ ring, and the oriCC DnaA complex. The Ribosome
Assembly, Translation, FisZ Polymerization, and Replication Initiation processes model the
more complex and better characterized formation of these complexes.
[0493] The Protein Cormplexation sub-model simulates the formation of macromolecular
complexes as a stochastic process. Because macromolecular Complexation is poorly
understood, this sub-model makes several simplifying assumptions. First, this process
assumes that macromolecular complexes form spontaneously, uncoupled to other chemical
reactions and without assistance frorn chaperones or other proteins. The contribution of
chaperones to the three-dimensional folding of individual protein monomers is modeled by
the Protein Folding process. Second, this sub-model assumes that macromolecular
complexation is fast and proceeds to completion within the Is time step of the siraulation,

Third, this process makes the simplifying assumption that each macromolecule complex
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forms with the same specific rate. Fourth, this sub-model assurnes that complexes form by
stmultaneous collision of each subunit. Together these assumptions imply that the relative
tormation rate, #i, of each complex, 7, is described by mass-action kinetics, as given by

Equation 25.

(23)
where myj is the copy number of gene product j, V is the cell volume, and Sij is the
stoichiometry of subunit j in complex i. This enables the sub-model to simulate complex
formation by (1) calculating the relative formation rate of each complex, ri, (2) randomly
forming one complex according to a multinomial distribution defined by the relative
formation rates, (3) updating the copy numbers of RNA and protein subunits and complexes,
and (4) repeating until insufficient protein and RNA subunits are available to form additional
complexes. Importantly, this algorithm resolves the order of macromolecular complex
formation before several subunits participate in multiple complexes.
[0494] After the cell volume and the total copy number of each RNA and protein gene
product are initialized (see Geometry, RNA, and Protein Monomer states), the copy count of
each macromolecular coraplex is inttialized by iteratively evaluating the dynaric roodel until
convergence, or more specifically until insufficient subunits are available to form additional
complexes.
[0495] The RNA and Protein Monormer states represent the copy count of each RNA and
protein subunit synthesized by the RNA and protein synthesis pathways. The Protein
Complex state represents the copy count of each complex, ¢f. The Geometry state represents

the cell volume.
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[0496] FIG. 41A is a flowchart that illustrates an example method 4100 for a Protein
Complexation sub-model, according to an embodiment. This flow chart uses the notation that
the count of metabolite index m is Nm, the count of gene product index g is Ng, where gene
products include both protein monomers produced by translation and RNA produced by
RNA polymerase reactions, and the reaction index is x for complex processing reactions to
produce complex x. The gene products to be combined in the complex are also called
subunits. The flow is similar to the flow of the stochastic models for Protein Processing I,
among others. In step 4101, the protein monomers and RNA that serve as subunits of
complexation reactions are identified, as is the stoichiometry Sxg of gene products in the
reaction x. There are no enzymes in the modeled complexation reactions.

[0497] Instep 4111, the next complex species x for assembly, if any, is determined; and in
step 4113 Equation 25 is evaluated to determine Vx (corresponding to i) using the revised
notation. This is repeated until all subunits are consumed, at which point Vx =0 for all x, and
the method ends. When a Vx has been calculated for every complex species, control passes to
step 4121 to randomly select a reaction to implement using a multinomial distribution with
probabilities based on the arrival rates Vx.

[0498] In step 4123, the Complexation reaction is run to assemble the subunits of one
complex x. The copy count of the complex and gene products are updated (free gene products
counts are decremented by Sxg and complex copy count incremented). Control passes back to
step 4111 to recompute Vx for all x based on the new counts.

[0499] An extensive review of the primary literature and several databases suggested that
M. genitalium forms 201 distinct macromolecular complexes containing 269 protein and 5
RNA gene products.

[0500] FIG. 41B is a list of instructions that illustrates an example Protein Complexation

sub-model, according to an embodiment.

4.21 Ribosome Assembly sub-model
[0501] Ribosomes are large ribonucleoproteins which synthesize polypeptides. Thus

ribosomes are a special case of protein complexes.
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[0502] The Ribosome Assembly sub-model makes several simplifying assumptions to
model ribosomal particle assembly. First, the process only represents individual rRNA
transcripts and protein monomers and fully formed ribosomal particles. Intermediate states of
ribosomal particle formation are not represented. Second, this process assumes that
ribosomal particle formation is kinetically fast and energetically favorable such that
ribosomal particle formation proceeds to completion within the simulation time step. Finally,
the process assumes that each GTPase hydrolyzes 1 GTP molecule per ribosomal particle.

With these assumptions, the rate of formation of ribosomal particle i is given by Equation 26.
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where m, 7, p, ¢, and ¢ represent the copy number of each metabolite, rRNA transcript,
protein monomer, ribosomal particle, and GTPase, Rij and Pij represent the stoichiometry of
rRNA transcript or protein monowmer { in ribosomal particle j, Fij is true if ribosomal particle
j formation requires G'TPase ¢ and false otherwise, and #i = £¥j is the GTP cost of forming
ribosomal particle i,

[0503] TThe sub-meodel implements a stochastic model of the arrival of ribosomal particle
assembly events with relative rates Aci. Until RNA, protein, metabolic, and/or enzymatic
resources are exhausted, the model iteratively (1) computes the arrival rate, Aci, of each
assembly event, (2) selects an event to execute according to a binomial distribution
parameterized by Aci, and (3) executes the selected assemnbly reaction, updating the copy
numbers of RNA, protein, and metabolites and decrementing the available enzymatic
capacity.

[0504] The RNA and Protein Monomer states represents the free copy numbers of each

RNA and protein monomer species. The Protein Complex state represents the copy numbers
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of ribosomal particles and the ribosome. The Ribosome state represents the (DmRNA
location of each ribosome.

[0505] After the Mass state initializes the total cell mass, the RNA and Protein Monomer
states initialize the total copy number of each rRNA and protein monomer species. Next, the
Ribosome Assembly sub-model initializes the total copy counts of ribosomal particles to a
steady-state of the ribosome assembly sab-model by evaluating the sub-model with excess
GTP. The Translation sub-model initializes the copy number of ribosomes, and randomly
positions each ribosome on mRNA weighted by the expressed copy number of each codon.
The expression of each ribosomal RNA and protein monomer was fit to provide sufficient
ribosomes for transiation and prevent sustained amino acid accunulation.

[0506] FIG. 42A is a flowchart that illustrates an example method 4200 for a Ribosome
Assembly sub-model, according to an embodiment. This flow chart uses the notation that the
count of metabolite index m is Nm, the count of gene product index g is Ng, where a gene
products include both protein monomers produced by translation and RNA produced by
RNA polymerase reactions, and the reaction index is x for complex processing reactions to
produce complex x. The gene products to be combined in the complex are also called
subunits.

[0507] In step 4201 the parameter values are set: protein IDs of ribosome subunits; RNA
IDs of ribosome subunits; stoichiometry Rxr of RNA species r in reaction x for assembling
ribosome species x; stoichiometry Pxb of protein monomer species b in reaction x for
assembling ribosome species x; Emx is true if ribosome species x requires metabolite m (e.g.,
GTPases and H20) and 77x = £ Emx over all GTPase m is the GTP (energy) cost of
assembling a copy of ribosome species x.

[0508] In steps 4211 and 4213 the next ribosome is identified with enough resources
(metabolites and GTP); and in step 4217 the rate of formation ANx of copies of ribosome x is
determined using Equation 25 with the revised notation. If not enough resources are detected
in step 4213, then in step 4215 ANx is set to 0. In step 4221 the reaction x is run to

produce ANx copies of the ribosome and update the copy counts of consumed and produced
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molecules. The next random ribosome to produce is selected from a binomial distribution
with parameter = ANx, and control returns to step 4211, until ther are no ribosomes left to be
assembled.

[0509] The M. genitaliva: 70S ribosome is composed of two subunits — the 308 and 508
ribosomal particles - which assembile at the mRNA Shine Dalgarno sequence with assistance
from initiation factors. The M. genitalium example embodiment of this sub-model simulates
the enzvme-catalyzed formation of 308 and 508 ribosomal particles. The 308 particle is
composed of 1 RNA and 20 protein monomer subunits. The 308 particle is cornposed of 2
RINA and 32 protein monomer subunits. The 308 and 508 particles have both been shown to
assemble in stereotyped patterns with assistance from several GTPases. Era (MG387) and
RbfA (M(3143) have been associated with 308 particle forroation. EngA (MG329), EngB
(MG335), Ubg (M(384), and RbgA (MG442) have been associated with 508 particle
formation. The exact functions, kinetics, and energetics of the six GTPases are unknown,
[0510] FIG. 42B is a list of instructions that illustrates an example Ribosome Assembly

sub-model, according to an embodiment.

4.22 Organelle Assembly sub-model

[0511] Various organisms have cells with one or more special organelles, such as Golgi
bodies. These organelles are described with a hierarchical assembly of protein content. The
Organelle Assembly sub-model implements a Boolean model of the observed hierarchical
assembly of the protein content, for example of the M. genitalium terminal organelle. After
the total cell mass is initialized, the Protein Monomer state initializes the organelie copy
number of each organelle protein.

[0512] FIG. 43A is a flowchart that illustrates an example method for a Organelle
Assembly sub-model, according to an embodiment. In step 4301, set parameters for special
organelle assembly: protein IDs of protein species found in special organelle (mitochondria,
golgi bodies, terminal organelle...); protein IDs of organelle assembly enzymes;

stoichiometry Tmr of metabolite m in reaction b for translocating protein monomer species b
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to organelle; stoichiometry Amr of metabolite m in reaction b for assembling protein
monomer species b in organelle.

[0513] Instep 4311 itis determined whether there is a next protein species b for
translocation. If so, then in step 4313 it is determined if there are sufficient resources to
translocate at least one protein, in terms of translocation enzymes and metabolites. If so, then
in step 4315 copies of the protein species are localized in organelle; copy count of protein in
organelle compartment is incremented; copy count of protein in cytosol is decremented;
consumed metabolite counts are decrement and released metabolite counts are incremented.
Control returns to step 4311 to select the next protein species. In some embodiments, the
protein species are retrieved randomly.

[0514] If there are no more protein species to translocate or resources to move them, then
control passes to step 4321. In step 4321 it is determined whether there is a next protein
species b for assembly in the organelle compartment. If so, then in step 4323 it is determined
if there are sufficient resources to assemble at least one protein, in terms of assembling
enzymes and metabolites. If so, then in step 4325, copies of the protein species are assembled
in organelle; copy counts of protein and metabolites are updated. Control returns to step 4321
to select the next protein species. In some embodiments, the protein species are retrieved
randomly. If there are no more protein species to assemble or resources to assemble them,
then the method ends.

[0515] M. genitalium maintains a flask shape with a single 300 x80 nm membrane-bound
bleb or terminal attachment organelle throughout most of its life cycle. The M. genitalium
terminal organelle divides during cell division, producing a daughter organelle which
subsequently migrates to the opposite pole. The M. genitalium terminal organelle has been
associated with several cellular processes including motility, adhesion, replication, and
cytokinesis. In an example embodiment, a Terminal Organelle sub-model models the
assembly of the protein content of the terminal organelle.

[0516] The terminal organelle is composed of eight proteins — high molecular weight
cytadherence accessory proteins (HMW) 1-3 (MG312, MG218, MG317), adhesins MgPa
(MG191), P32 (MG318) and P65 (MG217), and proteins P110 (MG192) and P200
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(MG386)406—409. The terminal organelle protein content is believed to assemble in the
stereotyped hierarchical pattern illustrated in FIG. 43B. FIG. 43B is a block diagram of
hierarchical protein organization of a Terminal Organelle, according to an embodiment. First,
HMW 1 and HMW2 mutually recruit each other into the terminal organelle. Second, HMW1
recruits MgPa, HMW3, and P200 into the terminal organelle. Third, HMW 3 recruits P32
which in turn recruits P65. P110 independently localizes to the terminal organelle. The
kinetics of terminal organelle assembly are unknown.

[0517] The Terminal Organelle sub-model implements a Boolean model of the observed
hierarchical assembly of the protein content of the M. genitalium terminal organelle. After
the total cell mass is initialized, the Protein Monomer state initializes the termunal organelle
copy number of each terminal organelle protein. FIG. 43C is a list of instructions that
illustrates an example Terminal Organelle Assembly sub-model, according to an

embodiment.

4.23 Protein Activation sub-model

[0518] The activity of mature protein monoraers and complexes is not fixed, but rather can
be modulated by small molecules, DNA, RNA, and other proteins, as well as by temperature
and pH. Furthermore, cells often purposefully modulate protein activity to respond to
external signals and maintain homeostasis.

[0519] Protein chemical regulation was reconstructed based on extensive review of the
primary literature and several databases, with particular emphasis on antibiotics. The
reconstructed protein chemical regulation network contains 16 metabolites, three Boolean-
valued pseudometabolites or stimuli, and temperature which regulate 10 proteins including
four transcription factors, Topoisomerases II and IV, the 30S and 50S ribosomal particles.
The 10 putative chemically regulated proteins are critical for transcription, supercoiling, and
translation. The effects of physical properties such as temperature and pH on protein activity
were curated from BRENDA, BioCyc, and UniProt. The prosthetic groups and coenzymes

required for maturation and catalysis were also curated.
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[0520] Because the exact effects of small molecules, temperature, and pH on the functional
activity of proteins are not well characterized, this process implements a Boolean model of
their effects on the functional state — enzymatically competent or incompetent — of mature
proteins. Less well characterized effects of other physical properties such as pH are not
modeled in some embodiments. The functional state, /i, of every copy of protein species 1 is

governed by a single independent Boolean function, fi, as shown in Equation 26,

By

et

(26)
where mj (an element of the vector m in Eguation 26) is the conceuntration of metabolite J,
and s7 {an element of the vector s in Equation 20) is the value of stimulus J, and T is the
temperature, Proteins with no known chemical regulation were assumed to be constitutively
competent.
[0521] The Protein Folding sub-model separately models the role of chaperones in protein
folding and accounts for the small molecule prosthetic groups required for protein folding.
Several processes including Metabolism model the coenzymes required for catalytic activity.
After the temperature, cell volume, pseudometabolite values, and metabolite and total protein
copy numbers are initialized, the competency state of each of the regulated proteins is
initialized to the steady state of the regulatory network, Because the regulatory network is
acyclic, the network converges in one iteration.
[0522] FIG. 44A is a flowchart that illustrates an example method 4400 for a Protein
Activation sub-model, according to an embodiment. In FIG. 44A, the index b is used for
proteins, so fb corresponds to fi in Equation 26. In step 4401 the sub-model sets parameters
for protein activation: Boolean function fb determining whether concentration of metabolites
Mm (based on counts Nm of metabolites divided by volume v of cell), temperature T and
other stimuli Ss are within ranges for a protein of species b to be competent.
[0523] In step 4411, the next protein species b is selected for activation, until all proteins
that are not inherently competent have been selected and the method ends. When one is

selected, then it is determeind in step 4413, whether Equation 26 evaluates to true. If so, then
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in step 4415 all copies of protein species b are marked competent (i.e., all activated = none
inactivated). If not, then in step 4417 no copies of protein species b are marked competent
(i.e., none activated = all inactivated). In either case, control returns to step 4411 to select
the next protein species.

[0524] FIG. 44B is a list of instructions that illustrates an example Protein Activation sub-

model, according to an embodiment for an M. genitalium example.

4.24 Protein Decay sub-model

[0525] Protein decay includes degradation, disassembly and refolding. Protein degradation
serves two critically important functions. First, protein degradation eliminates abnormal and
potentially toxic proteins including prematurely aborted polypeptides tagged with SsrA
degradation signals, and salvages their valuable metabolic resources to support protein
synthesis. Second, degradation controls protein expression, enabling cells to direct valuable
amino acids away from ineffective or even harmful proteins toward productive proteins,
regulate protein activity, and respond to external signals. The degradation rates of E. coli
proteins are correlated with their N-terminal residue, suggesting that some cells target
proteins for degradation by manipulating their N-termini. This relationship is known as the
N-end rule.

[0526] Protein refolding is an efficient mechanism for eliminating abnormally folded
proteins, requiring less energy than protein degradation and avoiding the large cost of re-
synthesis. The kinetics and energetics of protein refolding are not well characterized. This
process models the degradation of protein monomers, macromolecular complexes, cleaved
signal sequences, and prematurely aborted polypeptides as well as the mis-folding and re-
folding of protein monomers and complexes.

[0527] The half-life of each protein monomer was predicted using the N-end rule. The
half-life of each macromolecular complex was set equal to the weighted mean half-life of its
RNA and protein subunits. The half-lives of damaged and misfolded configurations of each
protein species, cleaved signal sequences, and prematurely aborted polypeptides were set to

zero to reflect their rapid degradation.
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[0528] Under conditions of excess proteases, peptidases, and ATP, the Protein Decay sub-
model simulates the configuration of each protein as a five-state system — aborted, nascent,

mature, misfolded, and damaged — and models the degradation of protein i as Poisson process

with rate parameter kd,i = In(2) divided by the half-life of the protein species, t1/2,1, where

T12.i =20 h for the nascent and mature states and zero for the aborted, misfolded, and
damaged states. Under conditions of limited proteases, peptidases, or ATP, the sub-model
stochastically degrades proteins as a function of the copy number and catalytic rate of each
enzyme and the number of cytosolic ATP molecules. The sub-model assumes (1) cytosol-
localized nascent, mature, misfolded, and damaged proteins are degraded by protease La and
six peptideases, (2) membrane and extracellular-localized proteins are not vulnerable to
degradation by the cytosol localized protease La, (3) aborted polypeptides are degraded by
protease FtsH and six peptidases, (4) protein degradation is kinetically fast and therefore this
sub-model doesn’t represent intermediate degradation states, and (5) aborted, misfolded, and
damaged proteins are immediately degraded if proteases are expressed and energy is
available.

[0529] The Protein Decay sub-model simulates protein unfolding as a Poisson process
with unfolding rate parameter ku set to the nominal rate 107 per second per molecule.
Cytosol-localized protein re-folding is modeled as a single chemical event catalyzed by the
cytosol-localized chaperone ClpB and driven by the hydrolysis of a single ATP molecule.
Because protein refolding is not well characterized, this process assumes that if ClpB is
expressed and excess ATP is available, protein refolding proceeds to completion within the
simulation time step. If ClpB is expressed, but ATP is not present in excess, the model
stochastically re-folds proteins equal to the intracellular copy number of ATP. This model
makes several simplifying assumptions. First, the model assumes that all protein species mis-
fold and re-fold at the same rate. Second, the model assumes that the kinetics of protein mis-
folding and re-folding are fast and therefore intermediate mis-folded states can be ignored.
[0530] The Protein Monomer and Protein Complex states represent the copy number of

each protein monomer and macromolecular complex including the signal sequence,
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misfolded, and damaged copy numbers of each protein species and the copy number of each
proteolytic enzyme in each of five compartments: cytosol, membrane, terminal organelle
cytosol, terminal organelle membrane, and extracellular space. The Polypeptide state
represents the amino acid sequence of each prematurely aborted polypeptide. The
Chromosome, FtsZ Ring, Ribosome, and RNA Polymerase states represent the detailed
configurations of DNA-bound proteins, the FtsZ septal ring, RNA polymerases, and
ribosomes, respectively. These detailed configurations are updated when DNA-bound
proteins, FtsZ, RNA polymerase, or ribosomes are degraded to reflect decreased enzyme
copy numbers. The Transcript and Polypeptide states are also updated upon RNA polymerase
or 70S ribosome degradation to reflect transcript and polypeptide abortion. The RNA state
represents the damaged copy number of each RNA species. The Metabolite state represents
the copy number of each intracellular metabolite.

[0531] The Protein Decay sub-model marks RNA subunits of degraded macromolecule
complexes as “damaged” for immediate degradation by the RNA Decay process. Initially,
misfolded and damaged configurations of each RNA and protein species are set with zero
copy counts because the typical occupancies of these configurations are small compared to
that of the mature configuration. Similarly, the cell is initialized with no prematurely aborted
polypeptides. The RNA, Protein Monomer, and Protein Complex states initialize the total
copy counts of each RNA and protein species. The expression of the proteases and
peptidases was fit to provide sufficient enzymes to guickly degrade damaged proteins, or
more specifically to prevent sustained accumulation of damaged proteins.

[0532] FIG. 45A through FIG. 45D are flowcharts that illustrate an example method 4500
for a Protein Decay sub-model, according to an embodiment. Here the index for target
protein monomer species (gene product) is b, for target polypeptide (partial gene product)
species is p, the index for enzyme (protein or complex) species is e, the index for target
complex species is x, the index for target RNA species is r, the index for metabolites is m. In
step 4501 parameter values are set, including values for: unfolding rates KUb, KUx; kinetic
rate Ke in units of amino acids released per second by enzyme e; degradation rates of

proteins and complexes KDPb and KDCx, respectively, based on their half-lives;
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stoichiometry Mmb of metabolite m in reaction b to degrade protein monomer; stoichiometry
Mmx of metabolite m in reaction x to degrade complex; stoichiometry Rrx of RNA species r
in reaction x to degrade complex; stoichiometry Pbx of protein monomer species b in
reaction x to degrade complex; stoichiometry Mmp of metabolite m (including metabolites of
ATP hydrolysis) in reaction p to degrade polypeptide.

[0533] In steps 4503 to 4509, mature proteins, which are folded, become randomly
unfolded based on a Poisson distribution with rate = copy count of mature (folded) proteins
of species b (NMb) multiplied by KU. In some embodiments, KU is KUb a function of the
protein species (or some other factor or factors); but, in the illustrated embodiment, KU is a
constant for gene product protein monomers. The count of unfolded proteins is designated
NUD and is incremented by the random number pulled from the Poisson distribution.

[0534] In steps 4511 through 4517, complex species become randomly unfolded basedon a
Poisson distribution with rate = NMx*KU, where NMXx is the copy count of mature (folded)
complex species x. The count of unfolded complexes is designated NUx and is incremented
by the random number pulled from the Poisson distribution.

[0535] In steps 4521 through 4535, unfolded proteins or complexes are randomly folded
while folding resources are available (e.g., folding enzyme present and metabolites are
sufficient for ATP hydrolyss, and unfolded proteins or complexes remain), as determined in
step 4521 and 4535, respectively. Copy counts of affected state variables are updated. The
selected unfolded protein or complex is based on a multinomial distribution with probability
for each species based on the copy count of unfolded members of the species.

[0536] In steps 4541 through 4555, a random number of copies of a randomly selected
complex species are broken down to their gene product parts, based on a Poisson distribution
with occurrence rate = Nx*KDCx—provided resources are sufficient, as determined in step
4521 and step 4551. Each RNA and protein subunit produced by degrading a complex is
counted as damaged.

[0537] When the randomly selected number of complex copies have all been degraded to
their damage gene product parts, then in steps 4561 through 4575, polypeptides are broken
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down (degraded) to amino acids while resources allow (enough enzymes, metabolites and
enzymatic capacity).

[0538] When all polypeptides have been degraded that can be in the current time step, then
in steps 4581 through 4599, a random number of protein monomers are broken down in each
species while resources allow (e.g., peptidases available, randomly selected enzymatic
capacity remains, metabolites sufficient). (RNA parts of complexes are degraded in the RNA
Decay sub-unit described above.)

[0539] The M. genitalium chromosome contains one protein chaperone—the cytosol-
localized and ATP-dependent protease ClpB (MG355)—dedicated to protein refolding. The
M. genitalium genome contains homologs of proteases FtsH (MG457) and La (MG239) and
six peptidases: aminopeptidase (M(G324), cytosol aminopeptidase (MG391), glycoprotease
(MG208), metalloendopeptidase (MG046), oligoendopeptidase F (MG183), and proline
iminopeptidase (MG020)182,634 . The membrane-localized protease FtsH is believed to
cleave prematurely aborted polypeptides tagged with an N-terminal SsrA tag into
approximately 15 amino long fragments by an ATP-dependent mechanism. The kinetics and
energetics of FtsH proteolysis have been reported. The cytosol-localized protease La is
believed to processively cleave most other proteins into fragments 10-20 amino acids in
length by an ATP-dependent mechanism. The kinetics and energetics of La proteolysis have
also been reported. Peptidases are believed to hydrolytically degrade the polypeptide
fragments produced by peptidases FtsH and La. The specific function of each of the six M.
genitalium peptidases is unknown.

[0540] FIG. 45E through FIG.45G are lists of instructions that illustrate an example

Protein Decay sub-model, according to an embodiment for an M. genitalium example.

4.25 FtsZ polymerization sub-model

[0541] Cell division in many bacterial species requires the assembly of an FtsZ ring at the
cell membrane around the midplane of the cell. FtsZ is a homologue of eukaryotic tubulin
that assembles into long polymers. These polymers are typically localized to the center of the

cell, forming a membrane-bound ring. FtsZ is a GTPase, and GTP hydrolysis to GDP causes
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the FtsZ filaments to bend. This bending serves as one of the forces enabling cell division.
GTP only hydrolyzes to GDP at an active site formed at the interface of two FtsZ molecules,
meaning that FtsZ polymerization is required for GTPase activity. The FtsZ polymerization
sub-model addresses the assembly FtsZ monomers into long polymers.

[0542] Typically, FtsZ polymers of variable length are able to bind the cell membrane to
form contractile rings. The mean filament length in E. coli has been measured to be 100 nm
(23 FtsZ monomers). The minimum fragment length observed in C. crescentus is 40 nm (9
FtsZ monomers). Being such a small organism, it is hypothesized that M. genitalium would
have filaments on the lower end of what is sufficient for contractile force generation. For
simplicity of calculating the Cytokinesis progress, the sub-model uses polymers of a fixed
length, 9 subunits. This sub-model simulates polymerization of FtsZ-GTP monomers to
Omers.

[0543] The sub-model uses a differential equation model to assemble the polymers . During
polymerization, FtsZ-GTP can exist in any intermediate state: Imer, 2mer, ... 8mer, 9mer.
The set of differential equations models the following reactions: Activation of FtsZ
monomers(F) to FtsZ-GTP(FT); Deactivation of FtsZ-GTP(FT) to FtsZ(F) Exchange of FtsZ-
GDP(FD) to FtsZ-GTP(FT); Reverse exchange of FtsZ-GTP(FT) to FtsZ-GDP(FD);
Nucleation of two FtsZ-GTP molecules(FT) to form a dimer(FT2); Reverse nucleation of a
dimer(FT2) into two FtsZ-GTPs(FT); Polymer elongation adding an FtsZ-GTP(FT) to an
existing polymer of length 2-8 subunit s(FT2 -FT'8); Reverse elongation removing an FtsZ-
GTP(FT) from an existing polymer of length 3-9subunits(FT3 =FT9). FIG. 46 is a list of
parameters and values for an FtsZ polymerization sub-model useful for modeling cell
division, according to an embodiment.

[0544] The count of full-length activated FtsZ (9mer) filaments is used by the Cyiokinesis
sub-model for cell pinching. The FtsZ polymerization differential equations are run a
number of times {up to 50 iterations) before the simulation starts to ensure starting at a steady
state distribution of polymer lengths. Ferations are run until the change in the solution across

consecutive iterations is less than a set tolerance (e.g., about (1.2% of the enzymatic counts).
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[0545] FtsZ can exist in one of multiple states: inactivated monomer, activated monomer
(GTPbound), nucleated (dimer of two activated FtsZ molecules), elongated polymer of three
or more GTPbound FtsZ molecules. The hydrolyzed FtsZ polymers are only considered
during cell membrane pinching in the Cytokinesis sub-model. The FtsZ molecules can move
to states of higher and lower polymerization at known rates. FtsZ polymerization is modeled
using a set of differential equations modified involving the activation, nucleation, and
elongation of FtsZpolymers. The main modifications were that the equations were simplified
to not include annealing and cyclization of FtsZ polymers. The following differential

equation model given by equations 27 is evaluated at each time step.
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Solving these equations results in a real-value distribution of monomers and filament lengths
at each time step. The model framework involves the storage of the count of each molecular
entity rather than the concentration. This sub-model discretizes the disiribution at each time

step for compatibility with the rest of the simulation.



WO 2014/015196 PCT/US2013/051167
157

4.26 Metabolism sub-model

[0546] To grow and replicate, cells transform external nutrients into cellular mass. The first
step in this process is to import nutrients from the external environment and metabolize those
nutrients primarily into macromolecule building blocks. Furthermore, cells must recycle
and/or export byproducts. The Metabolism sub-model models the import of extracellular
nutrients and their conversion into macromolecule building blocks.

[0547] M. genitalium is believed to have adapted to the rich environment provided by its
host human urogenital epithelium by massive degenerative evolution from low G+C content
Gram positive bacteria, eliminating non-essential genes involved in oxidative
phosphorylation, ATP synthesis via the pentosephosphate pathway, and amino acid,
nucleotide, lipid, and cofactor biosynthesis. Several studies have also shown that M.
genitalium has evolved metabolic enzymes with relaxed substrate specificity. M. genitalium
is generally cultured on SP-4 medium, a complex and undefined medium based on CMRL-
1066.

[0548] Extraceilular Medium The in silico medivm was based on SP-4 medium with
supplementary metabolites added to facilitate in sifico growth. First, the chemical
composition of SP-4 wedium was estimated {ror the characterized composition of each
medium component. Second, additional metabolites were added until the flux-balance
analysis (FBA) metabolic model predicted non-zero growth. Finally, the concentrations of
several metabolites were increased to support sustained cell growth.

[0549] Celiuiar Composition The in silico chemical composition of M. genitalium was
based on its reconstructed cellular mass composition, and fit to match the 27 other modeled

cellular processes.
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[0550] Fuergy In addition to metabolic building blocks such as nacleic and amino acids,
cellular growth and maintenance requires energy. The in sifico M. genitalium growth-
associated maintepance energy (GAM) was based on the characterized energetic
requirements of £. eolfi..

[0551] Reactions FIG. 47A and FIG. 47B are block diagrams that illustrate part of a
metabolic network of M. genitalium, according to an embodiment. The M. genitalivm
metabolic network was reconstructed with guidance from the M. genitalium flux-balance
analysis (FBA) metabolic model. Briefly, the metabolic network was reconstructed based on
homology to previously modeied organisms and an extensive review of the primary
hterature. In particular, the roetabolic network was reconstructed to support the metabolic
demands of all 27 other sub-models.

[0552] Kinetics Reaction kinetics were curated primartly from the proteormic databases
SABIO-RK, BRENDA, and BicCyc. The maximum exchange rates of carbon and non-
carbon-containing metabolites were set to 12 and 20 milliMoles (mmol) per grams dry cell
weight (gDCW) per bour, comparable to recent FBA models of M. genitalivm and E. coli
metabolism.

[0553] The Metabolisrn sub-model models several critical cellular fanctions including (1)
the uptake of external nutrients, {2} the synthesis of the metabolic building blocks and
intermediate energy carriers, (3) Hipid assembly, membrane insertion, and maturation, and (4)
the recycling and export of the metabolic byproducts of other cellular processes. This process
makes two key assumptions and uses FBA to model M. geniralium metabolism. In particular,
this process calculates the flux, v, of each metabolic reaction. First, the sub-model assumes
that the internal dynamics of the metabolome are fast compared to the time step of the M.
genitalium sionulation, or, equivalently, that the metabolic network can be considered to be at
steady-state on the 1s simulation time scale. Second, the sub-model assumes that the M.
genitalivm metabolic network maximizes celhilar metabolite production given the available
extracellular nutrients and metabolic enzymes.

[0554] To be compatible with the 27 other sub-models, the Metabolism sub-model has four

differences from most FBA metabolic models. First, the metabolic network, S, and the



WO 2014/015196 PCT/US2013/051167
159

cellolar mass production pseudoreaction are expanded to produce all of the metabolites
required by the 27 other sub-model, where 5ij is the stoichiometry of metabolite / in reaction
7 and 5i8 15 the stoichioroetry of wetabolite 7 1o the celiular yoass production pseudoreaction,
b. Second, internal exchange reactions are added to recycle the metabolic byproducts of the
other processes {(e.g, recycle ADP and Pito ATP), that is to exchange metabolites between
the cytosol and the metabolic network. Third, the optimization objective, g, is expanded to
include the construction of new cell mass as well as the recyching and export of the metabolic
byproducts of the 27 other sub-models. The objective g represents the relative fitness gains of
intracelivlar metabolite recycling and novel cell mass production, that is, g represents how
heavily the metabolic network favors novel cell mass production over metabolite recycling. g
was set assuming that the production/exchange of each molecule coniributes equally to
celular fitness. Specifically g was set such that the production/exchange of each individual
molecule is weighted equally. Fourth, the flux bounds, vl are vu, are functions of the cell dry
mass, m, the copy count and maximum exchange rate of each extracellular metabolite, nm
and kiex, the thermodynamics, AE, of each reaction, and the copy number and maximum
catalytic rate of each metabolic enzyme, ne and k=+cat. Specifically, external exchange flux
bounds are functions of the cell dry wass and the extracellular copy counts and maximum
exchange rates of the exchanged metabolites; internal exchange flux bounds are functions of
the intracelhilar copy numbers of the exchanged metabolites; transport and chemical reaction
flux bounds are functions of the copy numbers and kinetics of the enzymes and the reaction
thermodynamics. Fifth, because the average energy used by the 27 other sub-models is
significantly less than the observed GAM, this process also represents the turnover of the
otherwise unmodeled energy consumption. FIG. 47C and FIG. 47D are block diagrams that
illustrate an integrated flux balance analysis for M. genitalium, according to an embodiment.

[0555] Equation set 28 summarizes the FBA metabolic model.
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[0556]  integration The Metabolism sub-model imports extracellular nutrients and
converts them into the building blocks of macro-molecular synthesis. The Metabolite state
represents both the extracellular and cellular copy numbers of each metabolite. The rates of
extracellular nutrient exchange are functions of the total cell mass represented by the Mass
state and the extracellular metabolite copy numbers. Cytosolic and membrane metabolite
copy counts limit the rates of internal exchangefrecycling. The rates of chemical and
transport reactions are Himited by the copy numbers and kinetics of metabolic enzymes
synthesized by the protein synthesis and maturation pathway and represented by the Protein
Monomer and Protein Complex states. The Metabolic Reaction state records the calculated
flux of each metabolic reaction. The Simulation object aliocates metabolites produced by the
Metabolism sub-model to the other 27 sub-models to support several functions including
DNA, RNA, and protein synthesis and maturation. Additionally, the other 27 sub-models
generate byproducts which the Metabolisra sub-model either recycles or exports from the
cell.
[0557]  Hutial Conditions The Metabolite state initializes the copy count of each
metabolite. The Protein Monomer state initializes the total copy count of each protein
monomer. The Macromolecular Complexation sub-model initializes the copy count of each

rmacromolecular complex, This process initializes the cellular growth rate and reaction fluxes
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to the steady-state of the roetabolic network using the same FBA simulation used at each
time step.

[0558] Fising The metabolic model was fit to watch the observed M. genitaliiom mass
doubling time, 1 =% h. Specifically, metabolic enzyme expression was fit using a modified
version of minimization of metabolic adjustment. FIG. 47E and FIG. 47F are lists of
instructions that illustrate an example Metabolism sub-model, according to an embodiment

for the M. genitalium example.

4.27 Cytokinesis sub-model

[0559] Cytokinesis, the division of the cell into two separate daughter cells, is the final step
in the cell cycle. The major step of cytokinesis is the pinching of the cell membrane in a
certain location (typically the midline of the cell) until the membrane is separated and
division is complete. Typically, a2 membrane-bound ring of a tubulin homologue forms at the
cell mernbrane around the pinching site, and the localization and assembly of this ring
requires a set of accessory proteins. Both contractile forces of the ring filaments and external
forces by the accessory proteins contribute to the pinching of the cell membrane.

[0560] M. genitalium has the tubulin homologue, FisZ (MG224), but does not contain the
accessory proteins required for cell division in other bacterial species. Therefore, cytokinesis
i M. genitalivm is not fully understood. However, an “iterative pinching” has been presented
by which a cell can divide using only FtsZ. The proposed mechanismn invokes the formation
of a contractile  ring along the interior surface of the midline of the cell membrane. The ring
is comprised of GTP-activated FisZ polymer filaments that bend when their GTP 15
bhydrolyzed. The bending draws the membrane-bound ends of the filaments together, thereby
constricting the cell membrane. Many such pinching events result in a complete constriction
of the cell. M. genitalivm cytokinesis is thas a cycle of filament binding, bending, and
dissociation. It has been suggested that M. geaitaliion cell division can occur in the absence
of FtsZ through motility. The Cytokinesis sub-model uses the iterative pinching model
because M. genitalion motility is not accessible, and FisZ is known to be an essential gene in

M. genitalium. FIG. 48A is a list of parameters and values for the Cytokinesis sub-model
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useful for modeling cell division, according to an embodiment. All of the parameters used in
the Cytokinesis sub-model are described in FIG. 48A.

[0561] Parameter Assignment. The kinetic rates of FtsZ filaments binding and dissociating
from the membrane, kbind and kunbind, were uncharacterized. Therefore, the rates were set
to be rapid such that their values under typical protein expression do not significantly limit
the progression of cytokinesis.

[0562] FIG. 48B is a block diagram that illustrates an example cycle of filament bending
during cytokinesis in the Cytokinesis sub-model, according to an embodiment. There are four
main steps to the implemented iterative pinching model, as seen in FIG. 48B. First straight
FtsZ-GTP filaments bind inside the cell membrane, such that they form an inscribed polygon
{stage A}. Next the G'TP molecules in these filaments hydrolyze to GDP, causing the
filaments to bend. Since the filaments are cell membrane bound, this bending pinches the
membrane inwards. The filaments bend just enough to approximately form a new circle. The
new circumference of the pinched region is now smaller, and equal to the periraeter of the
inscribed polygon (stage C). The precise timing of the binding, hydrolysis, and dissociation
of the contractile rings allows the sub-model to maintain the contraction progress across
iterative pinching steps. After hydrolysis, one of the two bent filament rings is dissociated.
The other remains, to maintain the progress of cell pinching (stage D). Now a new set of
straight filaments can bind and {orm a new polygon that will be smaller than the previous
{stage A}. Upon binding, the residual ring of bent filaments can dissociate (stage B). The
cycle repeats, resulting in smaller and smaller pinched circumferences, until the cell has
divided.

[0563] Cytokinesis was implemented as a process that is only initiated uvpon chromosomal
segregation. Next, the iterative pinching is modified such that two sets of filaments bind
{stage A}, Multiple filament sets are involved to maintain the progress of membrane
coustriction. Indeed, it was previously proposed that the FisZ filaments are more abundant
and that a new ring of filaments attaches to stabilize the membrane and maintain progress
before the depolymerization event. Others report that the FisZ ving is 3-9 filaments thick

depending on the bacterial strain. Using the lower bound, since M. genitalivm is a very small
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bacteriam, the sub-model assumes that the FisZ maintains a thickuness of up to 3 flaments.
diameter of the cell. Then up to one set of filaments can depolymerize while two new sets of
straight filaments bind the diameter of the cell. Only once the two new sets of straight
filaments have bound, can the second bent set of filaments depolymerize.
[0564] The output of the Cytokinesis sub-model is an indication of the progress of cell
pinching, including the determination of when the cell has successfully split into two
daughter cells. Complete cell division is also the trigger to end the entire siroulation. FIG.
48C is a list of state variables and sub-models that interact with the Cytokinesis sub-model,
according to an embodiment. Initialization steps are not required for this process, as
Cytokinesis does not take place until late in the cell cycle. Initialization of FtsZ polymers is
handled by the FtsZ Polymerization sub-model.
[0565] At each time step, the sub-model bends a pair of full length (9mer) FisZ polymers
along the circumference of the midplane of the cell. When these filaments hydrolyze and
bend, circle and arc formulas are used to calculate the new smaller circumference of the cell.
Depending on the state of the FtsZ ring, one or more of the following five steps is performed.
L. Straight filament binding {stage A): If cytokinesis has just initiated (triggered by
Chromosome Segregation) or if the previous FtsZ ring has hydrolyzed and undergone
dissociation, the sub-model attempts to bind two straight filaments at each polygon edge,
forming a regular polygon that inscribes the pinched cell circumference.

(a) Determine the number of filaments to bind, based on the nuraber of edges on the

polygon that inscribes the pinched cell circumference. The number of edges (numbEdges)

is determined using the pinched diameter of the cell calculated in the previous time step

(Dprev), and the length of the Fs¥ filament (L) as given by Eqguation 29a.

s
Z///////////////////////////////A

(29a)
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{b) Bind straight filaments such that each edge has a random chance of being bound and

the probability of binding each of two filaments is equal to kbind

{cy Upon each binding event, update the state of the FtsZ ring.
2. Bent filament dissociation I (stage B): If there was a previous cycle and at least one
straight filament has bound each polygon edge, then dissociate the bent filament from each
edge.

{a) Randoraly dissociate bent FisZ-GDP filaments such that the probability of

dissociating each filament is equal to kunbind.

{b) Dissociate unbound FisZ-GDP filaments into FisZ-GDP monomers.

{cy Upon each dissociation event, update the state of the FisZ ring.
3. Filament bending (Schematic S6C): ¥ all polygon edges have two filaments bound and all
residual bent filaments have dissociated, bend the edges of the newly completed polygon.
When the filaments beud, their length does not change, and the amount of bending is only
sufticient to form a new circle. The new circumference is therefore equal to the old polygon’s
perirneter. Each fragment is now an arc, For simplicity, all of the GTP molecules in the pair
of filaments at a particular edge hydrolyze at the same time. In this version of the model, all
filaments are of a fixed length. When they are joined end-to-end to form a regular polygon,
the polygon may not fully inscribe the entire circurnference. This rerpaining portion of the
circumtference does not bend when the polygon does. It is preserved and accounted for in the
next teration.

{a) Randomly determine whether to bend the filaments, such that the probability of

bending each edge is &iyd. Bending at an edge can only take place if there are sufficient

water molecules available to hydrolyze all of the GTP molecules in the two filameunts,

{b) Update the state of the the FtsZ ring and change the bent filament from FisZ-GTP to

FisZ-GDP,

{c) If all the edges have been bent, calculate the new pinched diameter of the cell using

Equation 29b,
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Adjust this diameter to account for the polygon not perfectly inscribing the cell
circumference by adding back the length of the old perimeter not accounted for by the
imscribed polygon.
4. Bent filarnent dissociation I {stage D): If all the filaments have been bent, dissociate one
bent tilament frovo each polygon edge. The other ring must remain to preserve pinching
progress by maintaining the new smaller circumference.
{a) Randorly dissociate bent FitsZ-GDP filaments such that the probability of
dissociating each filament is equal to kunbind.
(b) Dissociate unbound FisZ-GDP filaments into FisZ-GDP monomers.
(c) Upon each dissociation event, update the state of the FtsZ ring.
5. Termination: If the pinched diameter is smaller than the length of one filament, conclude

cytokinesis.

4.28 Host interaction sub-model

[0566] Besides passive external conditions that affect but do not really respond to a cell, in
some circumstances the cell affects its surroundings, either as one cell in a colony or tissue or
as one (or a few) competing with a population of different cells or for example, a virus that
responds to the cell’s signaling, Such interactions are accommodated in the Host interaction
sub-model.

[0567] In an example embodiment, a host of the parasite M. genitalium responds to the
presence of that bacterium. M. genitaiivm is a common extracellular urogenital epithelial
parasite. Although M. genitalivm is estimnated to colonize the urogenital tract of 3% of all
women, most infections are asymptomatic, and most researchers regard M. genitalinm as an
“ideal parasite” which Hves in harmony with its human host. Only a small fraction of M.

genitalinm infections manifest clinically as urethritis, cervicitis, or pelvic inflammmatory
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disease. Several lipoproteins (MG191, MG192, MG217, MG318, and M{G386) are involved
in host adhesion and activation of the host immune response. 3 additional lipoproteins -
MG 149, MG309, and MG412 — activate the host imymune response by stimulating Toll-like
(TLR) receptors 1, 2, and 6, which in turn activate the host transcriptional regulator NF-«B.
Additionally, it has been suggested that M(G075 is immunoreactive and that Mycoplasma
also stimulates the host immune response by secreting hydrogen peroxide and superoxide
radicals which cause raembrane oxidative damage and trigger inflammation.

[0568] Because the interaction between M. genitalinrm and its human host is not well
understood, the Host Interactions sub-model tmplements a Boolean model of the effect of
the M. genitalium terminal organelle and accessory lipoproteins on six properties of the host
human urogenital epithehium: Adherence — Mycoplasma adheres to its host if is terminal
organelie is properly formed and all of its adhesion proteins are expressed; 7LR [, 2, and &
activation — Host TLR 1 is activated if the bacterium 18 adherent and MG 149 or MG412 15
expressed. TLRZ2is activated if the bacterium is adherent and MG 149, MG309, or MG412 is
expressed. TLR 6 is activated if the bacteriom is adherent and M{G309 is expressed; NF-xB
activation — NF-xB is activated if TLRs 2 and 1 or 6 are active; Inflammatory response
activation — The host inflammatory response is activated if either NF-xB is active or the
bacterium is adherent and at least one of the MGQO735, MG 149, MG309, or MG412 antigens is
expressed.

[0569] The Host state uses six Boolean variables to represent the statas of the human
urogenital epithelium. The Protein Monomer state represents the copy number of each
terminal organelle and accessory lipoprotein synthesized and matured by the protein
maturation sub-models and translocated into the terminal organelle.

[0570] After the Protein Monomer and Terminal Organelle Assembly states initialize the
copy number of each protein, the Host state is initialized to the steady-state of the Host
Interaction Boolean model. Because the Boolean model is acyclic, the model converges in

one iteration.
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[0571] FIG. 49 is a list of instructions that illustrates an example Host Interaction sub-
model, according to an embodiment. At each time step, this process evaluates the six

Boolean rules to determine the current state of the host.
5. Validation and experimental procedures

5.1 Validation

[0572] The model was validated against a broad range of independent datasets that were
not used to construct the model and which encompass multiple biological functions —
metabolomics, transcriptomics, and proteomics — and scales, from single cells to populations.
FIG. 50 is a graph that shows example comparisons between measured and predicted growth
rates for wild-type and 12 single-gene disrupted strains, according to an embodiment. Model
predictions that fall within the shaded region were considered consistent with experimental
observations; the region has a width of four times the SD of the wild-type strain growth
measurement. Horizontal and vertical bars indicate predicted and observed SD. This plot
shows positive results for whole-cell modeling.

[0573] Furthermore, in agreement with earlier reports (Yus et al., 2009), the model predicts
that the flux through glycolysis is >100-fold more than that through the pentose phosphate
and lipid biosynthesis pathways . Furthermore, the predicted metabolite concentrations are
within an order of magnitude of concentrations measured in Escherichia coli for 100% of the
metabolites in one compilation of data (Sundararaj et al., 2004) and for 70% in a more recent
high-throughput study (Bennett et al., 2009; Figure 2F). Applicant’s model also predicts
“burst-like” protein synthesis due to the local effect of intermittent mRNA expression and the
global effect of stochastic protein degradation on the availability of free amino acids for
translation, comparable to recent reports by Yu et al., 2006 and So et al., 2011. The mRNA
and protein level distributions predicted by Applicant’s model are also consistent with
recently reported single-cell measurements. Taking all of these specific tests of the model's
predictions together, it is concluded that the whole-cell model presented here recapitulates
experimental data across multiple biological functions and scales as well as presents a

comparison to gene knockout phenotypes.
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5.2 Experimental procedures

[0574] Media Composition. Each liter of SP-4 is comprised of broth base 600m!
(Mycoplasma Broth Base 3.5g (BD 211458), Bacto Tryptone 10g (BD 211705),
BactoPeptone 5.3g (BD 211677), distilled water 598mlLpH 7.5by KOH and auteclaved), 20%
glucose25ml (CalBioChem 34633 1), CMRL 1066 10XS0mi{ATCC20-2207), 7.5%ssodium
bicarbonate5Sm} (EMDSX-(320-1), 200mM L-glutamineSml, 2%yeastextractsolution 35ml
(BD 210933), 2% autoclaved TC Yeastolate 100 mi (BD 255772), fetal bovine serum
albumin (heat tnactivated at S5°C for 2 hours) 170ml (Gibco 26140-079), penicillinG
(IOO,QOOUml»!) 2.5 mil (Sigma P7794), and U.5% phenol red 4ml (Sigma POZ90}.

[0575] Frozen Stocks. Cells were harvested for storage as a frozen stock when the media
in thelQ cm petri dish cultures was yellow (pH 6.3-6.7). The media from the 10 cm plate
cultures was aspirated. Cells were collected by scraping the bottorn of the plates, resuspended
in 3 i of FBS, and serial filtered through 1.2, 0.§, .45, and 0.2)um polyethersulfone filters
to sterilize and de-clump the cells. Stocks were stored at -80°C.

[0576] Colorimetric Growth Assay Serial Dilutions. Cells were harvested for serial
dilutions when the media in the 10cmpetri dish culture was yellow {pH 0.3-6.7}, and were
harvested as described above for frozen stocks. The filtered suspension was used to make a
serial ditution plate. The initial solution in the serial dilution plate is comprised of 50 ul of
culture in 450 vl of SP-4. (For strains that were especially difficolt to culture, 100 ul cultore
was added to 400 ul 8P-4.) From this concentration were made three S-foldserial dilutions.
Dilutions were performed in triplicate for each calture, and 200 ul of each diluted sample was
plated in a 96-well plate. The 96-well plates were stored at 37°C and 5% CQ2. Optical
density readings were taken at 550 nm twice a day and used to make growth curves.

[0577] Colorimetric Growth Assay Calculations. The growth rate constant and doubling
tirne for each strain was calculated using the growth curves of sentally diluted bacterial
cultures measured by the colorimetric assay and the serial dilution factor.

[0578] Quantitative PCR to Measure Cell Growth. Sore strains grew so slowly that the

colorimetric assay was inadequate to determine a growth rate. In these cases, a BDNA
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quantification method was used to estimate the growth rate. This method calculates the
number of chromosomes in a sample, and assumes that changes in chromosome count are
correlated with changes n the M. gemitalivon cell count. The stratns were cultured in drol.
SP-4 and incubated at 37°C with 5% CO2. Three replicate cultures were made for each of 14
days of harvest, resulting in 42 cultures per strain, Each day, cells were harvested by scraping
the bottom of the plate, spun down at 4575 xg for 15 minutes, and resuspended in 20-400 pl
of TE with 1% SDS. Samples were run on a 0.8% electrophoresis gel, and the DNA band
was quantified using a Typhoon scanner and ImageQuant. The slope of the exponential
region of the resulting growth curves was used to calculate a growth rate constant and
doubling time (see Tab, S30). Comparing the relative growth of wild-type and the tkt gene
deletion strain, we see that the results of the PCR method match those of the colorimeiric

assay.

6. Hardware Overview

[0579] FIG. 51 is a block diagram that illustrates a computer system 5100 upon which an
embodiment of the invention may be implemented. Computer system 5100 includes a
communication mechanism such as a bus 5110 for passing information between other
internal and external components of the computer system 5100. Information is represented
as physical signals of a measurable phenomenon, typically electric voltages, but including, in
other embodiments, such phenomena as magnetic, electromagnetic, pressure, chemical,
molecular atomic and quantum interactions. For example, north and south magnetic fields,
or a zero and non-zero electric voltage, represent two states (0, 1) of a binary digit (bit). ).
Other phenomena can represent digits of a higher base. A superposition of multiple
simultaneous quantum states before measurement represents a quantum bit (qubit). A
sequence of one or more digits constitutes digital data that is used to represent a number or
code for a character. In some embodiments, information called analog data is represented by
a near continuum of measurable values within a particular range. Computer system 5100, or
a portion thereof, constitutes a means for performing one or more steps of one or more

methods described herein.
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[0580] A sequence of binary digits constitutes digital data that is used to represent a
number or code for a character. A bus 5110 includes many parallel conductors of
information so that information is transferred quickly among devices coupled to the bus
5110. One or more processors 5102 for processing information are coupled with the bus
5110. A processor 5102 performs a set of operations on information. The set of operations
include bringing information in from the bus 5110 and placing information on the bus 5110.
The set of operations also typically include comparing two or more units of information,
shifting positions of units of information, and combining two or more units of information,
such as by addition or multiplication. A sequence of operations to be executed by the
processor 5102 constitutes computer instructions.

[0581] Computer system 5100 also includes a memory 5104 coupled to bus 5110. The
memory 5104, such as a random access memory (RAM) or other dynamic storage device,
stores information including computer instructions. Dynamic memory allows information
stored therein to be changed by the computer system 5100. RAM allows a unit of
information stored at a location called a memory address to be stored and retrieved
independently of information at neighboring addresses. The memory 5104 is also used by
the processor 5102 to store temporary values during execution of computer instructions. The
computer system 5100 also includes a read only memory (ROM) 5106 or other static storage
device coupled to the bus 5110 for storing static information, including instructions, that is
not changed by the computer system 5100. Also coupled to bus 5110 is a non-volatile
(persistent) storage device 5108, such as a magnetic disk or optical disk, for storing
information, including instructions, that persists even when the computer system 5100 is
turned off or otherwise loses power.

[0582] Information, including instructions, is provided to the bus 5110 for use by the
processor from an external input device 5112, such as a keyboard containing alphanumeric
keys operated by a human user, or a sensor. A sensor detects conditions in its vicinity and
transforms those detections into signals compatible with the signals used to represent
information in computer system 5100. Other external devices coupled to bus 5110, used

primarily for interacting with humans, include a display device 5114, such as a cathode ray
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tube (CRT) or a liquid crystal display (LCD), for presenting images, and a pointing device
5116, such as a mouse or a trackball or cursor direction keys, for controlling a position of a
small cursor image presented on the display 5114 and issuing commands associated with
graphical elements presented on the display 5114.

[0583] In the illustrated embodiment, special purpose hardware, such as an application
specific integrated circuit (IC) 5120, is coupled to bus 5110. The special purpose hardware is
configured to perform operations not performed by processor 5102 quickly enough for
special purposes. Examples of application specific ICs include graphics accelerator cards for
generating images for display 5114, cryptographic boards for encrypting and decrypting
messages sent over a network, speech recognition, and interfaces to special external devices,
such as robotic arms and medical scanning equipment that repeatedly perform some complex
sequence of operations that are more efficiently implemented in hardware.

[0584] Computer system 5100 also includes one or more instances of a communications
interface 5170 coupled to bus 5110. Communication interface 5170 provides a two-way
communication coupling to a variety of external devices that operate with their own
processors, such as printers, scanners and external disks. In general the coupling is with a
network link 5178 that is connected to a local network 5180 to which a variety of external
devices with their own processors are connected. For example, communication interface
5170 may be a parallel port or a serial port or a universal serial bus (USB) port on a personal
computer. In some embodiments, communications interface 5170 is an integrated services
digital network (ISDN) card or a digital subscriber line (DSL) card or a telephone modem
that provides an information communication connection to a corresponding type of telephone
line. In some embodiments, a communication interface 5170 is a cable modem that converts
signals on bus 5110 into signals for a communication connection over a coaxial cable or into
optical signals for a communication connection over a fiber optic cable. As another example,
communications interface 5170 may be a local area network (LAN) card to provide a data
communication connection to a compatible LAN, such as Ethernet. Wireless links may also
be implemented. Carrier waves, such as acoustic waves and electromagnetic waves,

including radio, optical and infrared waves travel through space without wires or cables.
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Signals include man-made variations in amplitude, frequency, phase, polarization or other
physical properties of carrier waves. For wireless links, the communications interface 5170
sends and receives electrical, acoustic or electromagnetic signals, including infrared and
optical signals, that carry information streams, such as digital data.

[0585] The term computer-readable medium is used herein to refer to any medium that
participates in providing information to processor 5102, including instructions for execution.
Such a medium may take many forms, including, but not limited to, non-volatile media,
volatile media and transmission media. Non-volatile media include, for example, optical or
magnetic disks, such as storage device 5108. Volatile media include, for example, dynamic
memory 5104. Transmission media include, for example, coaxial cables, copper wire, fiber
optic cables, and waves that travel through space without wires or cables, such as acoustic
waves and electromagnetic waves, including radio, optical and infrared waves. The term
computer-readable storage medium is used herein to refer to any medium that participates in
providing information to processor 5102, except for transmission media.

[0586] Common forms of computer-readable media include, for example, a floppy disk, a
flexible disk, a hard disk, a magnetic tape, or any other magnetic medium, a compact disk
ROM (CD-ROM), a digital video disk (DVD) or any other optical medium, punch cards,
paper tape, or any other physical medium with patterns of holes, a RAM, a programmable
ROM (PROM), an erasable PROM (EPROM), a FLASH-EPROM, or any other memory chip
or cartridge, a carrier wave, or any other medium from which a computer can read. The term
non-transitory computer-readable storage medium is used herein to refer to any medium that
participates in providing information to processor 5102, except for carrier waves and other
signals.

[0587] Logic encoded in one or more tangible media includes one or both of processor
instructions on a computer-readable storage media and special purpose hardware, such as
ASIC 5120.

[0588] Network link 5178 typically provides information communication through one or
more networks to other devices that use or process the information. For example, network

link 5178 may provide a connection through local network 5180 to a host computer 5182 or



WO 2014/015196 PCT/US2013/051167
173

to equipment 5184 operated by an Internet Service Provider (ISP). ISP equipment 5184 in
turn provides data communication services through the public, world-wide packet-switching
communication network of networks now commonly referred to as the Internet 5190. A
computer called a server 5192 connected to the Internet provides a service in response to
information received over the Internet. For example, server 5192 provides information
representing video data for presentation at display 5114.

[0589] The invention is related to the use of computer system 5100 for implementing the
techniques described herein. According to one embodiment of the invention, those
techniques are performed by computer system 5100 in response to processor 5102 executing
one or more sequences of one or more instructions contained in memory 5104. Such
instructions, also called software and program code, may be read into memory 5104 from
another computer-readable medium such as storage device 5108. Execution of the sequences
of instructions contained in memory 5104 causes processor 5102 to perform the method steps
described herein. In alternative embodiments, hardware, such as application specific
integrated circuit 5120, may be used in place of or in combination with software to
implement the invention. Thus, embodiments of the invention are not limited to any specific
combination of hardware and software.

[0590] The signals transmitted over network link 5178 and other networks through
communications interface 5170, carry information to and from computer system 5100.
Computer system 5100 can send and receive information, including program code, through
the networks 5180, 5190 among others, through network link 5178 and communications
interface 5170. In an example using the Internet 5190, a server 5192 transmits program code
for a particular application, requested by a message sent from computer 5100, through
Internet 5190, ISP equipment 5184, local network 5180 and communications interface 5170.
The received code may be executed by processor 5102 as it is received, or may be stored in
storage device 5108 or other non-volatile storage for later execution, or both. In this manner,
computer system 5100 may obtain application program code in the form of a signal on a

carrier wave.
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[0591] Various forms of computer readable media may be involved in carrying one or more
sequence of instructions or data or both to processor 5102 for execution. For example,
instructions and data may initially be carried on a magnetic disk of a remote computer such
as host 5182. The remote computer loads the instructions and data into its dynamic memory
and sends the instructions and data over a telephone line using a modem. A modem local to
the computer system 5100 receives the instructions and data on a telephone line and uses an
infra-red transmitter to convert the instructions and data to a signal on an infra-red a carrier
wave serving as the network link 5178. An infrared detector serving as communications
interface 5170 receives the instructions and data carried in the infrared signal and places
information representing the instructions and data onto bus 5110. Bus 5110 carries the
information to memory 5104 from which processor 5102 retrieves and executes the
instructions using some of the data sent with the instructions. The instructions and data
received in memory 5104 may optionally be stored on storage device 5108, either before or

after execution by the processor 5102.

7. Extensions, modifications and alternatives.

[0592] In the foregoing specification, the invention has been described with reference to
specific embodiments thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the broader spirit and scope of the
invention. The specification and drawings are, accordingly, to be regarded in an illustrative
rather than a restrictive sense. Throughout this specification and the claims, unless the
context requires otherwise, the word “comprise” and its variations, such as “comprises” and
“comprising,” will be understood to imply the inclusion of a stated item, element or step or
group of items, elements or steps but not the exclusion of any other item, element or step or

group of items. elements or steps. Furthermore, the indefinite article “a” or “an” is meant to

indicate one or more of the item, element or step modified by the article.
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CLAIMS

What is claimed is:

1. A method comprising:

retrieving on a processor cell state data that indicates chromosome data that represents
over 40 percent of genes in a single cell of an organism, and which also indicates
populations of gene products in multiple functional compartments, wherein the
functional compartments include at least an external conditions compartment, a
membrane compartment, a cytosol compartment, and a DNA interactions
compartment;

executing on a processor a plurality of sub-models that each simulate, for a same time
duration called a time step, a different cell process selected from a group of cell
processes comprising at least transcription, translation, ribosome assembly, protein
translocation, and metabolism;

updating on a processor values for the cell state data based on results from executing the
plurality of sub-models; and

repeating for a plurality of time steps, the steps of retrieving cell state data, executing the
plurality of sub-models and updating the values for the cell state data; and

storing on a computer-readable medium values of the cell state data after the plurality of

time steps.

2. A method as recited in claim 1 wherein the chromosome data represents all genes in a

single cell of an organism.

3. A method as recited in claim 1 wherein the cell state data includes data that represents in

the DNA interactions compartment populations of transcript species and RNA species.



B W =

= W D=

WO 2014/015196 PCT/US2013/051167
181

4. A method as recited in claim 1 wherein the cell state data includes data that represents in
the cytosol compartment populations of: ribosomes; polypeptides connected to ribosomes;
RNA polymerase; protein monomer species; protein complex species; and metabolite

species.

5. A method as recited in claim 1 wherein the cell state data includes data that represents in
the membrane compartment populations of protein monomer species; protein complex

species; and metabolite species.

6. A method as recited in claim 1 wherein the cell state data includes data that represents in
the external conditions compartment populations of protein monomer species; protein

complex species; and metabolite species.

7. A method as recited in claim 1 wherein the cell state data includes data that represents cell

geometry, cell mass, elapsed time, external stimuli.

8. A method as recited in claim 1 wherein the cell state data includes data that represents

state of a host organism with which the cell resides.

9. A method as recited in claim 1 wherein the group of cell processes further comprises at
least one of chromosome replication initiation, chromosome replication or segregation in the
DNA interactions compartment and protein polymerization for cell division or cytokinesis in

the cytosol compartment.

10. A method as recited in claim 1 wherein the group of cell processes further comprises at
least one of chromosome condensation, chromosome supercoiling, chromosome damage, or

chromosome repair in the DNA interactions compartment.

11. A method as recited in claim 1 wherein the group of cell processes further comprises at
least one of transcriptional regulation, RNA processing, RNA modification, RNA

aminoacylation, or RNA decay in the cytosol compartment.
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12. A method as recited in claim 1 wherein the group of cell processes further comprises at
least one of protein processing, protein folding, protein covalent modification, protein

activation, assembly of protein complexes, or protein decay in the cytosol compartment.

13. A method as recited in claim 1 wherein the group of cell processes further comprises at
least one of further protein processing for lipoprotein, protein folding, protein covalent
modification, protein activation, assembly of protein complexes, or protein decay in the

membrane compartment.

14. A method as recited in claim 1 wherein the group of cell processes further comprises
protein folding, protein covalent modification, protein activation, assembly of protein
complexes, further protein processing for lipoprotein, or protein decay in each of one or more

special organelles.

15. A method as recited in claim 1 wherein the group of cell processes further comprises

interactions with a host organism.

16. A method as recited in claim 1, further comprising determining initial values for the cell

state data before first executing the plurality of sub-models.

17. A method as recited in claim 1, further comprising dividing a value for cell state data that
represents a cell resource shared by multiple processes among the multiple processes based

on demand by the processes.

18. A method as recited in claim 1, further comprising determining a first cell phenotype,
such as cell mass doubling time or cell division time, based on the values of the cell state

data after the plurality of time steps.
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A method as recited in claim 18, further comprising:

determining whether the first cell phenotype matches a target phenotype;

if the first cell phenotype does not match a target phenotype, then receiving data that
indicates a change to one or more genes in the chromosome data and changing the
chromosome data based on the data that indicates the change to one or more genes;

repeating, for a second plurality of time steps, the steps of executing the plurality of sub-
models and updating the values for the cell state data; and

determining a second cell phenotype based on the values of the cell state data after the

second plurality of time steps.

A method as recited in claim 18, further comprising:
determining whether the first cell phenotype matches a target phenotype;
if the first cell phenotype does not match the target phenotype, then genetically

modifying an actual cell of the organism to correspond to the chromosome data.
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21. An apparatus comprising:
at least one processor; and
at least one memory including one or more sequences of instructions,
the at least one memory and the one or more sequences of instructions configured to, with
the at least one processor, cause the apparatus to perform at least the following:
retrieving cell state data that indicates chromosome data that represents over 40
percent of genes in a single cell of an organism, and which also indicates
populations of gene products in multiple functional compartments, wherein the
functional compartments include at least an external conditions compartment, a
membrane compartment, a cytosol compartment, and a DNA interactions
compartment;
executing a plurality of sub-models that each simulate, for a same time duration
called a time step, a different cell process selected from a group of cell processes
comprising at least transcription, translation, ribosome assembly, protein
translocation, and metabolism;
updating values for the cell state data based on results from executing the plurality of
sub-models; and
repeating for a plurality of time steps, the steps of retrieving cell state data, executing
the plurality of sub-models and updating the values for the cell state data; and

storing values of the cell state data after the plurality of time step.
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22. A system comprising:
at least one processor; and
at least one memory including one or more sequences of instructions,
the at least one memory and the one or more sequences of instructions configured to, with
the at least one processor, cause at least one apparatus to perform at least the
following,
retrieving cell state data that indicates chromosome data that represents over 40
percent of genes in a single cell of an organism, and which also indicates
populations of gene products in multiple functional compartments, wherein the
functional compartments include at least an external conditions compartment, a
membrane compartment, a cytosol compartment, and a DNA interactions
compartment;
executing a plurality of sub-models that each simulate, for a same time duration
called a time step, a different cell process selected from a group of cell processes
comprising at least transcription, translation, ribosome assembly, protein
translocation, and metabolism;
updating values for the cell state data based on results from executing the plurality of
sub-models; and
repeating for a plurality of time steps, the steps of retrieving cell state data, executing
the plurality of sub-models and updating the values for the cell state data; and

storing values of the cell state data after the plurality of time step.
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23. A non-transitory computer-readable medium carrying one or more sequences of
instructions, wherein execution of the one or more sequences of instructions by one or more
processors causes an apparatus to perform the steps of:
retrieving cell state data that indicates chromosome data that represents over 40 percent
of genes in a single cell of an organism, and which also indicates populations of gene
products in multiple functional compartments, wherein the functional compartments
include at least an external conditions compartment, a membrane compartment, a
cytosol compartment, and a DNA interactions compartment;
executing a plurality of sub-models that each simulate, for a same time duration called a
time step, a different cell process selected from a group of cell processes comprising
at least transcription, translation, ribosome assembly, protein translocation, and
metabolism;
updating values for the cell state data based on results from executing the plurality of
sub-models; and
repeating, for a plurality of time steps, the steps of retrieving cell state data executing the
plurality of sub-models and updating the values for the cell state data; and
storing on a computer-readable medium values of the cell state data after the plurality of

time steps.



PCT/US2013/051167

1/97

WO 2014/015196

FEATURES OF WHOLE CELL MODEL

FIG. 1
100

7
Wy it

2




WO 2014/015196 PCT/US2013/051167
2/97

FIG. 2

COMPARTMENTS

5 200

DNA INTERACTIONS
210

SPECIAL
ORGANELLES
260

(NUCLEUS MEMBRANE)
250

CYTOSOL
220

ORGANELLE
MEMBRANES 262

EXTERNAL CONDITIONS
240

CELL MEMBRANE
230

LIPOPROTEIN
INTERACTIONS 232




PCT/US2013/051167

WO 2014/015196

0

SIMULATION
END
CONDITION

33

2
ey
]

FIG. 3

2

T s

CELL PROCESS
SUB-MODELS
320

CELL STATE
VARIABLES
310



WO 2014/015196 PCT/US2013/051167

4/97

FIG. 4

C sART ) WHOLE CELL MODEL
i 2 CONSTRUCTION 400

SELECT COMPARTMENTS FOR CELL TYPE INCLUDING AT LEAST THE FOLLOWING:
DNA INTERACTIONS; CYTOSOL; CELL MEMBRANE; AND EXTERNAL CONDITIONS

2401

v

DETERMINE SUB-MODELS FOR EACH COMPARTMENT INCLUDING :
TRANSCRIPTION REGULATION, TRANSCRIPTION AND RNA MATURATION IN DNA
COMPARTMENT; TRANSLATION, PROTEIN MATURATION AND RIBOSOME ASSEMBLY
IN CYTOSOL COMPARTMENT; AND PROTEIN TRANSLOCATION AND METABOLISM IN
THE CELL MEMBRANE COMPARTMENT

2403

v

FOR EACH SUB-MODEL DETERMINE INPUTS AND OUTPUTS (SUCH AS
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2405

v
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GENERATE FOR EACH CELL STATE: A CELL STATE DATA STRUCTURE TO STORE
EACH NEW ATTRIBUTE OF CELL STATE AND CELL STATE METHODS TO INITIALIZE,
UPDATE, RETRIEVE OR DERIVE VALUES FOR EVERY ATTRIBUTE OF THE CELL STATE
(E.G., GENERATE OR UPDATE CELL STATE CLASS FOR EACH CELL STATE)

R 407

v

FOR EACH SUB-MODEL, GENERATE METHODS TO UTILIZE CELL STATE DATA
STRUCTURES AND TO SET PARAMETER VALUES
(E.G., GENERATE OR UPDATE CELL PROCESS SUB-MODEL CLASS)

2409

v

DETERMINE WELL MIXED TIME SCALE FOR PROCESSES IN EACH SUB-MODEL

2411

v

DETERMINE STEADY STATE CONDITIONS FOR AT LEAST SOME SUB-MODEL

2413

DETERMINE TIME STEP FOR SIMULATION (E.G., 1 SEC) 2431 END
BASED ON SHORTEST WELL MIXED TIME SCALE
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FIG. 6A CHROMOSOME
LENGTH ORIC ORIT SEQUENCE STATE CLASS

ID \
601 602 POSITION 603 POSITION 604 605 2 600
REGIONS ACCESSIBLE FOR LOCATIONS OF DNA- DNA FOOTPRINTS OF
PROTEIN BINDING 606 BOUND PROTEINS 607 PROTEINS 608
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AT ORI C 610
STRAND UNBOUND DAMAGED SEGREGATION

BREAKS 613 | | BASES 614 | | BASES 615 STATUS 616
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GENE ID || START COORDINATE | | DIRECTION LENGTH 2620
621 622 623 624
TRANSCRIPTION ESSENTIALITY PROMOTER
UNIT ID 625 626 TYPE 627 628
NUMBER OF WILD SEQUENCE OF SNPS
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POLYMERASE ID 635 POLYMERASE BINDING PROBABILITY 636

WEIGHT OF SYNTHESIS RATE HALF LIFE OF DECAY RATE OF
TRANSCRIPT 641 | TRANSCRIPT 642 | TRANSCRIPT 643 | TRANSCRIPT 644
REACTIONS INVOLVING IF TRNA GENE, CODON
GENE PRODUCT 645 AND AMINO ACID 646

EXPRESSION UNDER SHOCK CONDITIONS 647

HOMOLOGS 651 DATABASE REF 652

METHOD TO RETRIEVE VALUES 691

METHOD TO UPDATE VALUES 692

METHOD TO INITIALIZE VALUES 693

METHOD TO DERIVE VALUE IN AFIELD FROM VALUES IN ONE OR MORE OTHER
FIELDS (E.G., DISSOCIATE DnaAAFTER INITIATION OF REPLICATION) 694
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FIG. 7 TRANSCRIPT
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FIG. 9 POLYPEPTIDE
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FIG. 10B PROTEIN MONOMER
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FIG. 12 RNA POLYMERASE
STATE CLASS
RNA POLYMERASE COUNT 1201 S 1200
COPY ID 1211 CHROMOSOME A POLC@QE(F:/;?E
£l LOCATION 1213 AL
PROBABILITY | | PROBABILITY PROBABILITY PROBABILITY
FREE 1221 BOUND 1223 | | SPECIFIC BOUND 1225 || TRANSCRIBING 1227
FOLDED FOLDED FOLDED
PROBABILITY || PROBABILITY gF?égIE?CPBR(?UBI\?[?lTZTBL PROBABILITY
FREE 1231 BOUND 1233 2£22 || TRANSCRIBING 1237
STATE CLASS METHODS 1290
FIG. 13 RIBOSOME
STATE CLASS
NUMBER OF RIBOSOME COPIES 1301 S 1300
COPY ID 1311 STATUS BOUND RNA POSITION FROM E'ggfﬂ\qg
= 1313 ID 1315 START CODON 1317 =
STATE CLASS METHODS 1390
FIG. 14 CYTOKINESIS PROTEIN
STATE CLASS
CYTOKINESIS PROTEIN COUNT 1401 S 1400
COPY ID 1411 CYTOKINESIS PHASE CYTOKlNESlggFFf\? 151”3
=0 OF COPY 1413 =
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FIG. 15 METABOLIC REACTION
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FIG. 16 METABOLITE
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FIG. 19 MASS
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FIG. 20 STIMULUS
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FIG. 22A
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FIG. 22B DNA CONDENSATION

( START ) \l’ i SUB-MODEL 2250

SET PARAMETERS FOR
STRUCTURAL MAINTENANCE OF CHROMOSOME (SMC) PROTEIN COMPLEX
S= AVERAGE SEPARATION OF SMC COMPLEXES ON CHROMOSOME =7130NT  [20251
/= CLOSEST SPACING OF SMC COMPLEX (FIT)
FOOTPRINT OF SMC ON DNA = 630NT; FOOTPRINT OF SMC ARM ON DNA = 90NT;
DNA LOOP LENGTH BETWEEN SMC ARMS = 450NT

v

DETERMINE MAXIMUM NUMBER OF SMC THAT CAN BIND DURING TIME STEP.  |22261
E.G.: SMC BINDING LIMIT=
MIN(# FREE SMC COMPLEXES, # AVAILABLE ATP MOLECULES

v

RANDOMLY BIND SMC COMPLEXES TO CHROMOSOME 29971

DETERMINE BASED ON DATA IN CHROMOSOME STATE 20973
FREE BASES WHERE SMC COMPLEXES CAN BIND
> |BASES FROM A DIFFERENT BOUND SMC COMPLEX

RANDOMLY CHOOSE SITES TO BIND SMC COMPLEXES, UPTOSMC |,
BINDING LIMIT, BASED ON 2275
PROBABILITY OF SMC BINDING TO AN ACCESSIBLE BASE = //(S-2 )

FORM SMC-ATP COMPLEX AND HYDROLYZE ATP TO ADP FOR EACH 29077
BOUND SMC COMPLEX: DECREMENT FREE SMC COMPLEX;
INCREMENT/DECREMENT FREE METABOLITES FOR ATP HYDROLYSIS

I END
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FIG. 23A < DNA SEGREGATION

( START ) 1 SUB-MODEL 2300

SET PARAMETERS
ESEG = GTP COST OF SEGREGATION (~ 1 GTP); oTOL = SUPERHELICAL DENSITY
TOLERANCE (~ 0.1); = EQUILIBRIUM SUPERHELICAL DENSITY (~-0.06);
SEGREGATION ENZYME PROTEIN IDS (FROM GENES
MG470,MG221,MG387 MG384,MG204)

29301

SUPERHELICAL DENSITY

NO 6 >0t 0ol0L

2307
AT LEAST ONE

CHANGE SEGREGATION 29311
END STATUS TO SEGREGATED

FIG. 23B
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FIG. 24A DNA DAMAGE

C START ) 1 < SUB-MODEL 2400

SET PARAMETERS FOR REACTION n TO STIMULUS s IN STIMULUS STATE CLASS.
Zn= RESULTANT BASE CONFIGURATION OF REACTION n
(E.G. BOOLEAN VALUES FOR GAP, ABASCI, SUGAR-PHOSPHATE, BASE, CROSS-
LINK AND STRAND BREAK MODIFICATIONS)
Kn =SPECIFIC REACTION RATES OF REACTION n
Mmn =STOICHIOMETRY OF METABOLITE m IN REACTION n

22401

BASE j IN STRAND j

22409

OF CHROMOSOME COPY k
USCEPTIBLE TO REACTIQb

v

RETRIEVE COPY COUNT Nm OF
METABOLITE m FROM METABOLITE STATE
2415 FOR EVERY METABOLITE IN REACTION n

e FORANY METABOLITE

v
SELECT ARANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =RnAND |2 2421
TIME INTERVAL = TIME STEP

29413

BASED ON Zn

2423

UPDATE MODIFICATIONS FOR BASE / IN
NO @ VES STRAND j OF CHROMOSOME COPY &

29425

END
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FIG. 25A
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DNA REPAIR

S SUB-MODEL 2500

SET PARAMETERS FOR EACH REPAIR REACTION r.
Mmr=STOICHIOMETRY OF METABOLITE m IN REACTION r
PROTEIN IDS OF REPAIR ENZYMES FOR EACH REACTION r 29501
(DisA,,DnaA, PrcA, DNAligase, RecA, RuvA, RuvB, RecU, LigA.. . )
Ker = CATALYTIC RATE OF ENZYME e IN REACTION r

RANDOM BASE i IN STRAND
OF CHROMOSOME COPY k
USCEPTIBLE TO REACTIO

s RETRIEVE COPY COUNT Nm OF METABOLITES
25117] AND COPY COUNT Ne OF DNA REPAIR ENZYMES

DETERMINE MEAN ARRIVE RATE Vr
25135|  OF REACTION rLIMITED INDEPENDENTLY BY
Nm AND Ne DURING TIME STEP. E.G.:

Vr =MIN{

Nm | MAX[ 0, - Mmr] OVER ALL m,
RANDOM NUMBER X OVERALL e
FROM A POISSON DISTRIBUTION WITH
OCCURRENCE RATE = (TIME STEP)* Ne / Kgr

RUN REACTION r TO REPAIR OR BIND DisATO
BASE i IN STRAND j OF CHROMOSOME COPY k;
UPDATE METABOLITE COPY COUNT;
DECREMENT ENZYMATIC CAPACITY
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FIG. 26E SUPERCOILING

SRt D) 1 < SUB-MODEL 2640

SET PARAMETERS: DNA LINKING NUMBER IN RELAXED STATE PER BASE = 1/10.5;
PROTEIN IDS OF COILING ENZYMES (gyrB, gyrA, park, parC, topA); KINETIC RATES
Ke OF ENZYMES; ATP HYDROLYZED PER STRAND PASSING EVENT Ee OF

ENZYMES, CHANGE IN LINKING NUMBER & BY STRAND PASSING EVENT OF  [2 564
ENZYME e; AND RESPONSE CURVES FOR EFFECT OF SUPERHELICAL DENSITY
ON GENE EXPRESSION
]
¥ DETERMINE LENGTH OF REGION LR AND
SELECTNEXTREGION |—>{  LKcurrent AND BOUND COILING ENZYMES
s g BASED ON CHROMOSOME STATE
2643 2645 v

DETERMINE SUPERHELICAL DENSITY o, E.G.
LKrelaxed =LR/10.5
o =( LKcurrent - LKrelaxed ) | LKrelaxed

2647

UNBIND ENZYMES NOT ACTIVE IN >
THIS RANGE, E.G. ALL parC AND 2653
parE BOUND IN REGION

DETERMINE RANDOM NUMBER X FROM A
POISSON DISTRIBUTION WITH OCCURRENCE
RATE = (TIME STEP)/(45 SECONDS)

<2663

UNBIND YES
2665
NO

AVAILABLE
DNA POSITIONS >
FOOTPRINT OF

UNBOUND COPY OF
ENZYME e OF parC
parE topA?

BIND ENZYME e;
INCREMENT COUNT Ce;
DECREMENT COUNT FREE >
ENZYME e, 2677
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SUB-MODEL 2640
(CONT)

2681 ACTING AT CURRENT 6 ;

(COUNT FREE H20)/Ee }

DETERMINE PROBABILITY Pe OF ENZYME e

DETERMINE STRAND PASSING EVENTS SPe
FOR ENZYME e IN REGION, E.G.:
SPe = MIN {Ce Ke Pe; (COUNT FREE ATP)/Ee;,

\P—I

<9683

UPDATE LKcurrent
BY ADDING PRODUCT OF o SPe

22685

v

UPDATE COUNTS OF
METABOLITES ATP AND H20 CONSUMED AND
METABOLITES ADP, PI AND H PRODUCED

22687

v

UNBIND ALL topA

29689

UPDATE oAND DETERMINE FOLD CHANGE IN
PROBABILITY BASED ONRESPONSE CURVES FOR
EFFECT OF SUPERHELICAL DENSITY ON GENE
EXPRESSION AND UPDATE
POLYMERASE BINDING PROBABILITY FIELD IN
CHROMOSOME STATE FOR GENES IN TRANSCRIPTION
UNIT WITH ANY ENZYME

22691
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FIG. 26F
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FIG. 27D REPLICATION
SRt D) 1 < SUB-MODEL 2720
SET PARAMETERS::
PROTEIN IDS OF REPLISOME ENZYMES (); KINETIC RATES Ke OF ENZYMES; SSB

DISSOCIATION RATE: ,

EXECUTE IN RANDOM ORDER EACH OF STEPS (2722, 2730, 2740, 2750, 2760, 2770, %2721
2780)
START REPLICATION 2722
e AATP UNWIND ENOUGH DNA TO BIND B o705
ves| 2REPLISOME COMPLEXES EACH INCLUDING
1 HELICASE, 1 PRIMASE, 2 POLYMERASE
AND SUFFICIENT PROTEINS® ! !
METABOLITES TO MAK CORES, 1 GAMMA COMPLES AND 1 BETA-
CLAMP
v
UPDATE COPY COUNTS FOR >
USAGE OF ATP AND H20 AND 2727
PRODUCTION OF ADP, PI AND H+
¥
ADVANCE REPLISOMES 2730

2731

735

52733
BIND PRIMASE AND

POLYMERASE CORE
TO LAGGING STRAND

YES

FRAGMENT
STARTING?

2737

ADVANCE REPLISOME DURING TIMESTEP
TO UNWIND AND POLYMERIZE N BASES ENDING AT POSITION P;
LIMITED BY MOST STRINGENT OF:
N < PRIMER LENGTH IF PRIMER;
N < DNA POLYMERASE ELONGATION RATE IN TIMESTEP;
dNTP CONSUMED < dNTP AVAILABLE;
N*ATP COST OF UNWINDING < AVAILABLE ATP;
# BOUND SSB = LENGTH OF LAGGING SINGLE STRAND REGION
/(SSB 8MER FOOTPRINT *SSB COMPLEX SPACING);

DNAACCESSIBLE;
P < terC ON LEADING STRAND OR OKAZAKI FRAG LENGTH ON LAGGING STRAND;
LEADING STRAND P < LAGGING STRAND P + 2*MEAN OKAZAKI FRAG LENGTH;
P < POSITION OF COLLIDING RNA POLYMERASE.
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FIG. 27E REPLICATION
2730 < SUBMODEL 2720
1, (CONT)
BIND AND UNBIND SSB 2740
DETERMINE POSITIONS ON SINGLE STRAND DNA X
AT FIXED SPACING FOR SSB 2741
RANDOMLY BIND FREE SSB TO POSITIONS A13-MER 29743

RANDOMLY RELEASE BOUND SSB 8-MER BASED ON DISSOCIATION RATE I22745

DISSOCIATE ALL FREE SSB 8-MER INTO 2 SSB TETRAMERS 29747

BIND BACK-UP BETA CLAMP 2750

DETERMINE WHETHER: >
COPY COUNT FOR AVAILABLE BETA-CLAMP MONOMERS > 2; 2751
COPY COUNT FOR ATP > ATP COST OF BETA-CLAMP BINDING;
POSITION ON DNA IS ACCESSIBLE;
HELICASE HAS PASSED BETA-CLAMP BINDING SITE;
OKAZAKI FRAG LENGTH > MINIMUM FOR BETA-CLAMP BINDING.

YES BIND BACK-UP BETA CLAMP, UPDATE STATE; R 9755
DECREMENT CONSUMED ATP AND H20;

2753 INCREMENT PRODUCED ADP, PI AND H+

NO \l/

TERMINATE OKAZAKI FRAGMENTS 2760

DETERMINE WHETHER:
OKAZAKI FRAG COMPLETELY POLYMERIZED;
# BOUND SSB = LENGTH OF LAGGING SINGLE STRAND REGION
/(SSB 8MER FOOTPRINT *SSB COMPLEX SPACING);
BACK-UP CLAMP BOUND ON LAGGING STRAND;
LEADING STRAND ADVANCED PAST NEXT OKAZAKI START POSITION

22761

£ 2765

YES RELEASE BETA-CLAMP; MARK OKAZAKI FRAG WITH
BREAK TO BE LIGATED; ASSOCIATE LAGGING STRAND
2763 PRIMASE AND POLYMERASE WITH RELEASED CLAMP

NO ‘L
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FIG. 27F REPLICATION
< SUB-MODEL 2720
(CONT)
LIGATE DNA 2770
DETERMINE WHETHER: 2 5773
DNA LIGASE AVAILABLE;
—| RANDOM NUMBER X FROM A POISSON DISTRIBUTION WITH
OCCURRENCE RATE = (TIME STEP)( LIGASE KINETICS RATE ) IS > 1;
NAD AVAILABLE.
YES |  LIGATE BREAK; DECREMENT NAD;AND  [%2777
INCREMENT AMP, NMM AND H+
2775
TERMINATE REPLICATION 2780
DETERMINE WHETHER: ,
LEADING STRAND POLYMERIZED TO ONE SIDE OF TER C; 2781
LAGGING STRAND POLYMERIZED TO OTHER SIDE OF TER C
<2785
RELEASE ALL REPLISOME COMPLEXES FROM
CHROMOSOME;
MARK TER C WITH SINGLE-STRAND BREAK
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FIG.29A  1ganscRIPTIONAL REGULATION
START 1 2 SUB-MODEL 2900

SET PARAMETERS: PROTEIN IDS OF TRANSCRIPTION REGULATION ENZYMES
AND CORRESPONDING BINDING SITES Xep FOR ENZYME e ON PROMOTER p,
MOTIFS, AFFINITY, & FOLD-CHANGE EFFECT Fep OF ENZYME e ON PROMOTER p

22901

RETRIEVE CNe (COPY COUNT FOR ENZYME
e IN CYTOSOL)

DETERMINE RELATIVE TRANSCRIPTION
RATE Repk ENZYME e BINDS TO PROMOTER
p IN CHROMOSOME k. E.G.: Repk = CNe*Fep

BIND ENZYMES TO CHROMOSOME PROPORTIONAL TO RATES Repk 2910

SELECT RANDOM VALUE OF e,p,k FROM MULTINOMIAL DISTRIBUTION
WITH PROBABILITY FOR EACH GIVEN BY Repk/ £ Repk OVER ALL <€
ENZYMES, PROMOTERS AND CHROMOSOMES.

<2911 2915

2913
BIND ENZYME e AT BINDING SITE
AND PROMOTER p O Xep; DECREMENT Cne; INCREMENT
CHROMOSOME k DNA BOUND COPY COUNT FOR

ACCESSIBLE?

ENZYME e, SET Repk TO ZERO
917

AL Repi=07>3

YES
DETERMINE FOLD-CHANGE EFFECTS ON AFFINITY OF RNA POLYMERASE FOR
EACH PROMOTER 2920

INITIALIZE WITH NO FOLD CHANGE EFFECT AT EACH PROMOTER p. E.G.:
fo=1FORALL PROMOTERS p

0

<2921
ACCUMULATE FOLD-CHANGE
PROMOTER p ON EFFECT OF ENZYMES
CHROMOSOME k BOUND MULTIPLICATIVELY. E.G.:
£ SETfp=1p* Fep
0 2923 29905

END
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FIG. 30A TRANSCRIPTION

CsTRT ) 1 < SUB-MODEL 3000

SET PARAMETERS: RNA POLYMERASE STATES: FREE (FS); NON-SPECIFIC BOUND
(NSB), SPECIFIC BOUND (SB), ACTIVELY TRANSCRIBING (AT). PROBABILITY Ptrans
OF TRANSITIONING FROM ONE RNA POLYMERASE STATE TO ANOTHER. SET
MARKOV CHAIN PARAMETERS TO PRESERVES OBSERVED DISTRIBUTION
AMONG STATES. PROTEIN IDS OF TRANSCRIPTION ENZYMES (SIGMA FACTOR,
ELONGATION FACTOR, TERMINATION FACTOR, ANTI-TERMINATION FACTOR), RNA
POLYMERASE ELONGATION RATE KEL.

| 23001

SYNTHESIZED RNA

INCREMENT COUNT OF FS IZ3005
ROLYMERASE

3003

—
v

USE MARKOV MODEL WEIGHTED BY Ptrans TO TRANSITION COUNTS
AMONG FOUR STATES.

UPDATE CHROMOSOME STATE TO INDICATE RANDOM BINDING OF ,
POLYMERASES IN NSB STATE (E.G., SEND CHANGE IN COUNT FOR NSB 3013
TO CHROMOSOME STATE UPDATING METHODS, WHICH PERFORMS
RANDOM BINDING)

DETERMINE SPECIFIC TRANSCRIPTION UNIT AND PROMOTER p BASED 23015
ON TRANSCRIPTION UNIT BINDING PROBABILITIES PTU AND BINDING
PROBABILITY FOLD CHANGES fp FOR EACH PROMOTER.

2 3011

UPDATE CHROMOSOME STATE TO
BIND RNA POLYMERASE AT
PROMOTER p

DECREMENT COPY COUNTFOR R 3025
FREE SIGMA FACTOR

3023

PROMOTER p
ACCESSIBLE AND COPY
COUNT FOR SIGMA




WO 2014/015196 PCT/US2013/051167
48/97

FIG. 30B TRANSCRIPTION
2 SUB-MODEL 3000
(CONT)
AT RNA POLYMERASE
AND COPY COUNT FOR ALL
ELONGATION FACTORS
3031
IRS RELEASE SIGMA FACTOR,
SECOND OF? INCREMENT COPY COUNT
LONGATION 2033 FOR FREE SIGMAFACTOR
| %3035
POSITION ON DNA
ACCESSIBLE AND COPY YES ADD RNA BASE TO
COUNT OF NEXT BASE > 1 AND TRANSCRIPT
LONGATION RATE NO 23043
EXCEEDED 3041
YES

RELEASE RNATRANSCRIPT;
YES | INCREMENT THE COPY COUNT
FOR RNA TRANSCRIPT; AND
TRANSITION RNA

3051 POLYMERASE TO FREE STATE.

<3053

BY AT RNA POLYMERASE
COMPLETE AND COPY COUNT
FORALL TERMINATION




PCT/US2013/051167
49/97

FIG. 30C
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FIG. 31A RNA PROCESSING
SRt D) 1 < SUB-MODEL 3100
SET PARAMETERS:
PROTEIN IDS OF RNA PROCESSING ENZYMES: STOICHIOMETRY Mmr OF
METABOLITE m IN REACTION r FOR PROCESSING RNA SPECIES r; 23101
EXPERIMENTALLY OBSERVED CATALYTIC RATE Ker OF ENZYME e IN THE
PROCESSING OF RNA SPECIES r..
SET Ce, ENZYME CAPACITY
DURING TIME STEP, TO COPY  j&—
COUNT OF ENZYME Ne 23103
l P 3113
DETERMINE MEAN ARRIVE RATE Vr
OF REACTION r DURING TIME STEP -- LIMITED
INDEPENDENTLY BY COPY COUNT OF
UNPROCESSED RNA SPECIES Nr, COPY COUNT
OF METABOLITE Nm, AND Ce. E.G.:
Vr = MIN {Nr, MINIMUM OVER ALL m OF
Nm | MAX[ 0, - Mmr],
RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
MINIMUM OVER ALL e OF Ce / Ker}
NO r=0
FORALL 1?
3115
3121
SELECT RANDOM VALUE OF r FROM MULTINOMIAL DISTRIBUTION WITH
—> PROBABILITY GIVEN BY
Vr/(Z Vr OVER ALL UNPROCESSED RNA SPECIES.)
7
RUN REACTION r TO PROCESS ONE COPY OF UNPROCESSED RNA
SPECIES T;
DECREMENT METABOLITE COPY COUNTS Nm BY Mmr FOR ALL m :
DECREMENT Ce; L
UPDATE COPY COUNT OF PROCESSED RNA FOR GENE PRODUCT RNAOR [ 3123
INTERCISTRONIC RNA
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FIG. 32A RNA MODIFICATION

1 < SUB-MODEL 3200

SET PARAMETERS FOR MODIFYING tRNAAND rRNA:
PROTEIN IDS OF RNA MODIFICATION ENZYMES; STOICHIOMETRY Mmr OF

METABOLITE m IN REACTION r FOR MODIFYING RNA SPECIES r; EXPERIMENTALLY
OBSERVED CATALYTIC RATE Ker OF ENZYME e IN THE MODIFICATION OF RNA

SPECIES 1.

3201

SET Ce, ENZYME CAPACITY
DURING TIME STEP, TO COPY
3203

COUNT OF ENZYME Ne

NO

NEXT
UNMODIFIED RNA
SPECIES r?

3211

JES

l 53213

DETERMINE MEAN ARRIVE RATE Vr
OF REACTION r DURING TIME STEP -- LIMITED
INDEPENDENTLY BY COPY COUNT OF
UNMODIFIED RNA SPECIES Nr, COPY COUNT OF
METABOLITE Nm, AND Ce. E.G..

Vr = MIN {Nr, MINIMUM OVER ALL m OF
Nm / MAX[ 0, - Mmr ],

RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
MINIMUM OVER ALL e OF Ce/ Ker}

r=0
FORALL r?
3215

<3221

SELECT RANDOM VALUE OF r FROM MULTINOMIAL DISTRIBUTION WITH

PROBABILITY GIVEN BY

Vr/ (X Vr OVER ALL UNPROCESSED RNA SPECIES.)

v

RUN REACTION r TO MODIFY ONE COPY OF UNMODIFIED RNA SPECIES T,
DECREMENT METABOLITE COPY COUNT Nm BY Mmr FORALL m;

DECREMENT Ce;

UPDATE COPY COUNT OF MODIFIED RNA

K 3223
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FIG. 33A

RNA AMINOACYLATION
CsTRT ) 1 < SUB-MODEL 3300

SET PARAMETERS FOR BINDING AMINO ACIDS TO tRNAAND tmRNA:
PROTEIN IDS OF RNAAMINOACYLATION ENZYMES; STOICHIOMETRY Mmr OF
METABOLITE m (INCLUDING AMINO ACIDS AND ATP) IN REACTION r FOR
AMINOACYLATION OF RNA SPECIES r; EXPERIMENTALLY OBSERVED CATALYTIC
RATE Ker OF ENZYME e IN THE AMINOACYLATION OF RNA SPECIES .

3301

SET Ce, ENZYME CAPACITY \
DURING TIME STEP, TO COPY
COUNT OF ENZYME Ne 23303

NEXT
REE tRNA OR tmRNA
SPECIES 7

NO

l 53313

DETERMINE REACTION LIMIT RLr
OF REACTION r DURING TIME STEP -- LIMITED
INDEPENDENTLY BY COPY COUNT OF FREE tRNA
OR tmRNA Nr, COPY COUNT OF METABOLITE Nm,
AND Ce. E.G.:
RLr=MIN {Nr, Nm, Ne*Ker}

RLr=0FOR
ALL

3315
3321

SELECT RANDOM VALUE OF r FROM MULTINOMIAL DISTRIBUTION WITH
—> PROBABILITY GIVEN BY
RLr/(X RLr OVERALL FREE tRNA OR tmRNA SPECIES.)

v

RUN REACTION r TO AMINOACYLATE ONE COPY OF FREE tRNA OR tmRNA
SPECIEST;

DECREMENT METABOLITE COPY COUNT Nm BY Mmr FORALL m;
DECREMENT Ce; DECREMENT COPY COUNT FREE tRNA OR tmRNA,;
INCREMENT COPY COUNT OF AMINOACYLATED RNA,;
INCREMENT COPY COUNT OF PRODUCED METABOLITES

[ 3323
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FIG. 33B
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FIG. 34A RNA DECAY

SRt D) 1 < SUB-MODEL 3400

SET PARAMETERS FOR DECAYING RNA INTO NUCLEOTIDES:
PROTEIN IDS OF RNADECAY ENZYMES (ribonucleaseR peptidyl tRNA hydrolase...);
STOICHIOMETRY Mmr OF METABOLITE m IN REACTION r FOR DECAY OF RNA  [F3401
SPECIES r; EXPERIMENTALLY OBSERVED CATALYTIC RATE Ker OF ENZYME ¢ IN
THE DECAY OF\ENA SPECIES r.

DETERMINE LIMITS ON DECAY OF RNA (DR) AND tRNA (DT) DURING TIME STEP - b
LIMITED INDEPENDENTLY BY COPY COUNT OF ENZYME Ne. E.G.: 3411
NR = NUMBER OF COPIES OF ribonucleaseR,
NT = NUMBER OF COPIES OF peptidyl tRNA hydrolase
IF NR=0, THEN DR=0.
DT = NT*KINETIC RATE OF peptidyl tRNA hydrolase

v

RETRIEVE FROM RNA STATE Nr, THE COPY COUNT OF RNA SPECIES . S
RETRIEVE FROM RNA STATE KDECAYr, THE DECAY RATE OF RNA SPECIES r 3421
BASED ON THE RNAHALF LIFE.
RETRIEVE FROM RNA STATE REACTANTS AND PRODUCTS OF DECAY REACTION
OF ALL RNA SPECIES

COPY OF RNA
SPECIES rAND

ABORTED RNA
SEQUENCE?

3435

SELECT ARANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
Nr*KDECAYr AND TIME INTERVAL = TIME STEP

23437

3439

RUN REACTION r TO DECAY ONE COPY OF RNA SPECIES :
DECREMENT METABOLITE COPY COUNT Nm BY Mmr FORALL m ;
INCREMENT COPY COUNT OF PRODUCED METABOLITES: <—
DECREMENT COPY COUNT OF RNA SPECIES r:
DECREMENT NUMBER OF DECAY EVENTS DR (AND DT IF tRNA) |23441

END
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FIG. 34B
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FIG. 35A TRANSLATION

@ 1 < SUB-MODEL 3500

SET PARAMETERS FOR TRANSLATING mRNA SEQUENCES TO POLYPEPTIDE
CHAINS: PROTEIN IDS OF TRANSLATION ENZYMES INCLUDING RIBOSOMES, |,
INITIATION FACTORS (IF), ELONGATION FACTORS (EF) AND TERMINATION 3501
FACTORS (TF, INCLUDING RELEASE FACTOR AND RECYCLE FACTOR).
STOICHIOMETRY Mmr OF METABOLITE m (INCLUDING AMINOACYLATED tRNA AND
ATP) IN REACTION r FOR TRANSLATION OF mRNA SPECIES r

COPY
COUNT OF EACH
IF >0 AND AVAILABLE
ENERGY>0?

NEXT
RANDOM FREE
RIBOSOME?

NO JES

53511

SELECT RANDOM VALUE OF r FROM MULTINOMIAL DISTRIBUTION WITH
PROBABILITY BASED ON FREE COPY COUNT Nr OF mRNA SPECIES r.
E.G., GIVEN BY: Nr/ (X Nr OVER ALL mRNA SPECIES r.)

v

MARK RIBOSOME AS BOUND, A COPY OF mRNA SPECIES r AS BOUND;
DECREMENT: Nr, COPY COUNTS OF FREE RIBOSOMES, COPY COUNT OF
EACH IF AND AVAILABLE ENERGY.

NEXT
RANDOM BOUND

RELEASE IF BY NO

INCREMENTING COPY BOUND RIBOSOME?2 3541
COUNTOF EACHIF. kb S
T 3531 SET EL = Kelong,
ELONGATION LIMIT
ASSOCIATE F-METHIONINE WITH POLYPEPTIDE: DURING TIME STEP.

SELECT ACOPY OF tRNA AMINOACYLATED WITH

F-METHIONINE; RELEASE FREE tRNA

3532
(INCREMENT COPY COUNT FOR FREE tRNA).
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FIG. 35B

DETERMINE THE NEXT AMINO ACID BY CONVERTING GENOME
SEQUENCE TO tRNA SEQUENCE.

€—

tRNA >0, EL>0, COPY
OUNT OF METABOLITE

MARK
COMPLEX
COMPLETED

<3533

ASSOCIATE NEXT AMINO ACID WITH
POLYPEPTIDE; DECREMENT EL;

INCREMENT FREE tRNA, AND
UPDATE POSITION OF RIBOSOME
ALONG mRNA.

<3543

SELECT ARANDOM NUMBER X FROM A
POISSON DISTRIBUTION WITH
OCCURRENCE RATE SMALL (~ 0.001)
DURING TIME STEP

<3551

T >

COP
COUNT OF
EF AND TF > 0 AND ENERG
AVAILABLE?
3561

RANDOM COMPLETED
POLYPEPTIDE-RIBOSOM

3563

NO

(3565

CHANGE STATE OF RIBOSOME,
POLYPEPTIDE MONOMER AND
mRNA TO FREE; AND INCREMENT
FREE COPY COUNTS OF EACH

CHANGE STATE OF
RIBOSOME TO STALLED;
CHANGE STATE OF mRNATO
FREE; CHANGE STATE OF
tmRNA TO BOUND; ENCODE A
PROTEOLYSIS TAG TO END
OF POLYPEPTIDE

23553

END
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FIG. 35D
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FIG. 36A PROTEIN PROCESSING |

COUNT OF ENZYME Ne

23603

v 2 SUB-MODEL 3600

SET PARAMETERS FOR PREPARING PROTEINS FOR TRANSLOCATION:
PROTEIN IDS OF PROTEIN PROCESSING ENZYMES; STOICHIOMETRY Mmb OF
METABOLITE m IN REACTION b FOR PROCESSING PROTEIN MONOMER SPECIES
b; EXPERIMENTALLY OBSERVED CATALYTIC RATE Keb OF ENZYME e IN THE
PROCESSING OF PROTEIN MONOMER SPECIES b.

SET Ce, ENZYME CAPACITY
DURING TIME STEP, TO COPY [€

23601

NEXT
OTEIN SPECIES b FO
PROCESSING |

NO

YES

l 53613

23611

DETERMINE MEAN ARRIVE RATE Vb

OF REACTION b DURING TIME STEP -- LIMITED

INDEPENDENTLY BY COPY COUNT OF
UNPROCESSED PROTEIN MONOMER SPECIES
Nb, COPY COUNT OF METABOLITE Nm, AND Ce.

E.G.:
Vb =MIN {Nb, MINIMUM OVER ALL m OF
Nm [ MAX[ 0, - Mmb ],
RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
MINIMUM OVER ALL e OF Ce / Keb}

b=0
ORALL b2
3615

3621

SELECT RANDOM VALUE OF b FROM MULTINOMIAL DISTRIBUTION WITH

PROBABILITY GIVEN BY

Vb/(X Vb OVERALL UNPROCESSED | PROTEIN SPECIES.)

v

RUN REACTION b TO PROCESS ONE COPY OF UNPROCESSED PROTEIN

SPECIES b;

DECREMENT METABOLITE COPY COUNTS Nm BY Mmr FORALL m ;

DECREMENT Ce;

UPDATE COPY COUNT OF PROCESSED | PROTEIN

K 3623
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FIG. 37A PROTEIN TRANSLOCATION
s ) 1 2 SUB-MODEL 3700

SET PARAMETERS:

PROTEIN IDS OF PROTEIN TRANSLOCATION ENZYMES; STOICHIOMETRY Mmb OF
METABOLITE m IN REACTION b FOR TRANSLOCATING PROTEIN MONOMER
SPECIES b; EXPERIMENTALLY OBSERVED CATALYTIC RATE Keb OF ENZYME e IN
THE TRANSLOCATION OF PROTEIN MONOMER SPECIES b.

3701

SET Ce, ENZYME CAPACITY (J
DURING TIME STEP, TO COPY
COUNT OF ENZYME Ne 23703

YES
NO OTEIN SPECIES b FO

JRANSLOCATIO

l 53713

23711 DETERMINE MEAN ARRIVE RATE Vb
OF REACTION b DURING TIME STEP -- LIMITED
INDEPENDENTLY BY COPY COUNT OF UN
TRANSLOCATED PROTEIN MONOMER SPECIES
Nb, COPY COUNT OF METABOLITE Nm, AND Ce.
E.G.:
Vb =MIN {Nb, MINIMUM OVER ALL m OF
Nm [ MAX[ 0, - Mmb ],
RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
MINIMUM OVER ALL e OF Ce / Keb}

b=0
ORALL b2
3715

<3721

SELECT RANDOM VALUE OF b FROM MULTINOMIAL DISTRIBUTION WITH
—> PROBABILITY GIVEN BY
Vb /(X Vb OVER ALL NON-TRANSLOCATED PROTEIN SPECIES.)

v

RUN REACTION b TO TRANSLOCATE ONE COPY OF NON TRANSLOCATED
PROTEIN SPECIES b;
DECREMENT METABOLITE COPY COUNTS Nm BY Mmr FORALL m ;
DECREMENT Ce;
UPDATE COPY COUNT OF TRANSLOCATED PROTEIN

k3723
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FIG. 37B

R
1Y

SRR N

prece

%
%
#

i

e,

B

N“
e
4
.

A

s

Fook

Yo

.
Ak
Fe




WO 2014/015196 PCT/US2013/051167

68/97

FIG. 38A PROTEIN PROCESSING Il
s ) 1 2 SUB-MODEL 3800

SET PARAMETERS FOR PREPARING PROTEINS FOR MEMBRANE OR SECRETION:
PROTEIN IDS OF PROTEIN PROCESSING Il ENZYMES; STOICHIOMETRY Mmb OF
METABOLITE m IN REACTION b FOR PROCESSING Il PROTEIN MONOMER
SPECIES b; EXPERIMENTALLY OBSERVED CATALYTIC RATE Keb OF ENZYME e IN
THE PROCESSING Il OF PROTEIN MONOMER SPECIES b.

3801

SET Ce, ENZYME CAPACITY (J
DURING TIME STEP, TO COPY
COUNT OF ENZYME Ne 23803

NEXT
OTEIN SPECIES b FO
PROCESSING ||

YES

NO

l 53813

23811 DETERMINE MEAN ARRIVE RATE Vb
OF REACTION b DURING TIME STEP — LIMITED
INDEPENDENTLY BY COPY COUNT OF UN
PROCESSED Il PROTEIN MONOMER SPECIES Nb,
COPY COUNT OF METABOLITE Nm, AND Ce. E.G..
Vb = MIN {Nb, MINIMUM OVER ALL m OF
Nm I MAX[ 0, - Mmb ],
RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
MINIMUM OVER ALL e OF Ce / Keb}

b=0
ORALL b2
3815

3821

SELECT RANDOM VALUE OF b FROM MULTINOMIAL DISTRIBUTION WITH
—> PROBABILITY GIVEN BY
Vb /(X Vb OVERALL UNPROCESSED Il PROTEIN SPECIES.)

v

RUN REACTION b TO PROCESS Il ONE COPY OF UNPROCESSED |l
PROTEIN SPECIES b;
DECREMENT METABOLITE COPY COUNTS Nm BY Mmr FORALL m ;
DECREMENT Ce;
UPDATE COPY COUNT OF PROCESSED II PROTEIN

3823
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FIG. 39A PROTEIN FOLDING

1 < SUB-MODEL 3900

SET PARAMETERS FOR PROTEIN FOLDING:

PROTEIN IDS OF PROTEIN FOLDING ENZYMES (CHAPERONES); STOICHIOMETRY
Mmb OF METABOLITE m IN REACTION b FOR FOLDING PROTEIN MONOMER
SPECIES b; BOOLEAN CHAPERONE REQUIREMENT CReb OF CHAPERONE ¢ IN

THE FOLDING OF PROTEIN MONOMER SPECIES b.

3901

NO

?

NEXT
OTEIN SPECIES b FO
FOLDING

23911

YES

l 53913

DETERMINE MEAN ARRIVE RATE Vb
OF REACTION b DURING TIME STEP AS BOOLEAN
FUNCTION (TRUE, FALSE) -- LIMITED
INDEPENDENTLY BY COPY COUNT OF UN
FOLDED PROTEIN MONOMER SPECIES Nb, COPY
COUNT OF METABOLITE Nm, AND CReb. E.G..
Vb = MIN {Nb, MINIMUM OVER ALL m OF
Nm I MAX[ 0, - Mmb ],
RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
MINIMUM OVER ALL e OF Ne / CReb}

b=0
ORALL b2
3915

3921

SELECT RANDOM VALUE OF b FROM MULTINOMIAL DISTRIBUTION WITH

PROBABILITY GIVEN BY

Vb /Nb OVER ALL UNFOLDED PROTEIN SPECIES.)

v

RUN REACTION b TO FOLD ONE COPY OF

UNFOLDED PROTEIN SPECIES b;

DECREMENT METABOLITE COPY COUNTS Nm BY Mmr FORALL m ;
UPDATE COPY COUNT OF FOLDED PROTEIN SPECIES b

K 3923
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FIG. 40A PROTEIN MODIFICATION
( START ) 1 % SUB-MODEL 4000

SET PARAMETERS FOR PROTEIN MODIFICATION BY COVALENT BONDING :
PROTEIN IDS OF PROTEIN MODIFICATION ENZYMES; STOICHIOMETRY Mmb OF
METABOLITE m IN REACTION b FOR MODIFYING PROTEIN MONOMER SPECIES b;
EXPERIMENTALLY OBSERVED CATALYTIC RATE Keb OF ENZYME e IN THE
MODIFICATION OF PROTEIN MONOMER SPECIES b.

2 4001

SET Ce, ENZYME CAPACITY (J
DURING TIME STEP, TO COPY
COUNT OF ENZYME Ne 2 4003

NEXT
OTEIN SPECIES b FO
MODIFICATION

NO YES

l 54013

2 4011 DETERMINE MEAN ARRIVE RATE Vb
OF REACTION b DURING TIME STEP -- LIMITED
INDEPENDENTLY BY COPY COUNT OF UN
MODIFIED PROTEIN MONOMER SPECIES Nb,
COPY COUNT OF METABOLITE Nm, AND Ce. E.G.:
Vb = MIN {Nb, MINIMUM OVER ALL m OF
Nm I MAX[ 0, - Mmb ],
RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE =
MINIMUM OVER ALL e OF Ce / Keb}

b=0
ORALL b2
4015

4021

SELECT RANDOM VALUE OF b FROM MULTINOMIAL DISTRIBUTION WITH
—> PROBABILITY GIVEN BY
Vb /(X Vb OVERALL UNPROCESSED Il PROTEIN SPECIES.)

v

RUN REACTION b TO MODIFY ONE COPY OF UN MODIFIED PROTEIN
SPECIES b;
DECREMENT METABOLITE COPY COUNTS Nm BY Mmr FORALL m ;
DECREMENT Ce;
UPDATE COPY COUNT OF MODIFIED PROTEIN SPECIES b.

4023
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FIG. 41A COMPLEX ASSEMBLY
CsRT ) 1 2 SUB-MODEL 4100

SET PARAMETERS FOR COMPLEX ASSEMBLY (COMPLEXATION):
COMPLEX IDS OF COMPLEX SPECIES FOUND IN CELL (EXCEPT RIBOSOMES, s
CELL DIVISION STRUCTURES, AND REPLICATION STRUCTURES MODELED IN 4101

OTHER SUB-MODELS); ALL SUBUNITS ARE GENE PRODUCTS SUCH AS PROTEIN
MONOMERS AND RNA; PROTEIN IDS OF COMPLEX SUBUNITS; RNA IDS OF
COMPLEX SUBUNITS; STOICHIOMETRY Sxg OF GENE PRODUCT g IN REACTION x
FOR ASSEMBLING COMPLEX SPECIES x.

NO YES

l 54113

2 4411 DETERMINE RELATIVE ASSEMBLY RATE Vx
OF COMPLEX SPECIES x DURING TIME STEP -
BASED ON CONCENTRATION OF ALL GENE
PRODUCT SPECIES WHICH DEPENDS ON CELL
VOLUME VAND COPY COUNT OF EACH GENE
PRODUCT Ng: E.G.:

vx = IT (Ng/ V) S®9OVERALL g

x=0
ORALL x?
4115

NO

4121
S
SELECT RANDOM VALUE OF x FROM MULTINOMIAL DISTRIBUTION WITH
—> PROBABILITY GIVEN BY
Vx /(X Vx OVERALL COMPLEX SPECIES.)
v

RUN REACTION x TO FORM ONE COPY OF COMPLEX SPECIES x;
DECREMENT GENE PRODUCT COPY COUNTS Ng BY Sxg FOR ALL
SUBUNITS g;

INCREMENT COPY COUNT OF COMPLEX SPECIES x.

4123
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FIG. 42A RIBOSOME ASSEMBLY

@ 1 < SUB-MODEL 4200

SET PARAMETERS FOR ENZYME CATALYZED RIBOSOME ASSEMBLY:
PROTEIN IDS OF RIBOSOME SUBUNITS; RNA IDS OF RIBOSOME SUBUNITS;
STOICHIOMETRY Rxr OF RNA SPECIES rIN REACTION x FOR ASSEMBLING £ 4201
RIBOSOME SPECIES x; STOICHIOMETRY Pxb OF PROTEIN MONOMER SPECIES b

IN REACTION x FOR ASSEMBLING RIBOSOME SPECIES x; Emx IS TRUE IF
RIBOSOME SPECIES x REQUIRES METABOLITE m (E.G., GTPASES AND H,0) AND

nx= 2. Emx OVER ALL GTPASE m IS THE GTP (ENERGY) COST OF ASSEMBLING A

COPY OF RIBOSOME SPECIES x
e

ANx, RATE OF
FORMATION OF
COPIES OF
RIBOSOME x
DURING TIME
STEP =0

DETERMINE ANx LIMITED INDEPENDENTLY BY COPY
COUNTS OF RNA SUBUNITS AND PROTEIN MONOMER
SUBUNITS (NrAND Nb, RESPECTIVELY), AND AVAILABLE
ENERGY REPRESENTED BY METABOLITES. E.G.:
ANx = MIN { MIN (Nr/Rxr) OVER ALL 1,

MIN (Nb / Pxb) OVER ALL b,
Nm FOR m=GTP/ 7}

4221 > \L

RUN REACTION x TO ASSEMBLE ANx COPIES OF RIBOSOME x;
DECREMENT METABOLITE COPY COUNTS Nm BY Emx * ANx FOR ALL m;
DECREMENT PROTEIN MONOMER COPY COUNTS Nb BY Pxb * ANx FOR

ALL b;
DECREMENT RNA COPY COUNTS NrBY Rxr * ANx FORALL r;
INCREMENT COPY COUNT Nx OF RIBOSOME SPECIES x BY ANXx .

2
SELECT NEXT RANDOM NUMBER x FROM BINOMIAL DISTRIBUTION WITH

42179

PARAMETER = ANx .

24993
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FIG. 43A  5pecia oraaNELLE ASSEMBLY
START 1 2SUB-MODEL 43100

SET PARAMETERS FOR SPECIAL ORGANELLE ASSEMBLY:

PROTEIN IDS OF PROTEIN SPECIES FOUND IN SPECIAL ORGANELLE
(MITOCHONDRIA, GOLGI BODIES, TERMINAL ORGANELLE...); PROTEIN IDS OF
ORGANELLE ASSEMBLY ENZYMES; STOICHIOMETRY Tmr OF METABOLITE m IN

REACTION b FOR TRANSLOCATING PROTEIN MONOMER SPECIES b TO
ORGANELLE. STOICHIOMETRY Amr OF METABOLITE m IN REACTION b FOR
ASSEMBLING PROTEIN MONOMER SPECIES b IN ORGANELLE

24301

ENZYME
COPY COUNTNb >0 FOR
ALL TRANSLOCATION ENZYMES;
ETABOLITE COUNT Nm > Tmb
FORALLm

LOCALIZE PROTEIN SPECIES IN ORGANELLE, INCREMENT COPY COUNT OF
PROTEIN IN ORGANELLE COMPARTMENT; DECREMENT COPY COUNT OF
PROTEIN IN CYTOSOL; DECREMENT CONSUMED METABOLITE COUNTS

<4315

ENZYME
COPY COUNTNb >0 FOR
ALL ASSEMBLING ENZYMES;

FORALLm

24323

ASSEMBLE PROTEIN SPECIES IN ORGANELLE, INCREMENT COPY COUNT
OF PROTEIN IN ORGANELLE COMPARTMENT; DECREMENT CONSUMED
METABOLITE COUNTS

<4325

END
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FIG. 44A PROTEIN ACTIVATION
Csmrt ) 1 < SUB-MODEL 4400
SET PARAMETERS FOR PROTEIN ACTIVATION:
BOOLEAN FUNCTION b DETERMINING WHETHER CONCENTRATION OF
METABOLITES Mm (BASED ON COUNTS Nm OF METABOLITES DIVIDED BY

VOLUME V OF CELL), TEMPERATURE TAND OTHER STIMULI Ss ARE WITHIN
RANGES FOR APROTEIN OF SPECIES b TO BE COMPETENT

2 4401
YES
PROTEIN SPECIES b FOR
YES NO
4413
MARK ALL COPIES OF MARK NO COPIES OF
PROTEIN COMPETENT PROTEIN COMPETENT
(E.G.: NONE INACTIVATED) (E.G.: ALL INACTIVATED)
24415 <4417
END
FIG. 44B
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FIG. 45A PROTEIN DECAY

@ 1 < SUB-MODEL 4500

SET PARAMETERS FOR REFOLDING OR DECAYING PROTEIN INTO AMINO ACIDS:
PROTEIN UNFOLDING RATE KU; DETERMINE DEGRADATION RATES KDPb AND
KDCx BASED ON HALF LIVES OF PROTEIN SPECIES b AND COMPLEX SPECIES x,
RESPECTIVELY; KINETIC RATE Ke IN AMINO ACIDS PER SECOND FOR ENZYME e
(E.G.: PROTEASE ¢); STOICHIOMETRY Mmb OF METABOLITE m IN REACTION b
FOR DEGRADING PROTEIN MONOMER SPECIES b; STOICHIOMETRY Mmx OF
METABOLITE m IN REACTION x FOR DEGRADING COMPLEX SPECIES x;
STOICHIOMETRY Rrx OF MATURE RNA SPECIES r IN REACTION x FOR DEGRADING
COMPLEX SPECIES x; STOICHIOMETRY Pbx OF MATURE PROTEIN MONOMER
SPECIES b IN REACTION x FOR DEGRADING COMPLEX SPECIES x;
STOICHIOMETRY Mmp OF METABOLITE m (INCLUDING METABOLITES OF ATP

2 4501

HYDROLYSIS) IN REACTION p FOR DEGRADING POLYPEPTIDE p.
]

4505

n

UNFOLD SOME MATURE PROTEINS:
PROTEIN SPECIES b?

PROTEINS OF SPECIES b.

RETRIEVE COPY COUNT NMb OF MATURE

v

AND TIME INTERVAL = TIME STEP

4509

SELECT ARANDOM NUMBER X FROM A POISSON
4507 2 DISTRIBUTION WITH OCCURRENCE RATE = NMb*KU

2 v

SPECIES b BY X; DECREMENT NMb BY X

INCREMENT COPY COUNT NUb OF UNFOLDED PROTEIN

o 2 UNFOLD SOME MATURE COMPLEXES:

RETRIEVE COPY COUNT NMx OF MATURE
COMPLEXES OF SPECIES x.

COMPLEX SPECIES x2,
NO

v

AND TIME INTERVAL = TIME STEP

SELECT ARANDOM NUMBER X FROM A POISSON
4515 | DISTRIBUTION WITH OCCURRENCE RATE = NMx*KU

4517
2 v

INCREMENT COPY COUNT NUx OF UNFOLDED COMPLEX
SPECIES x BY X; DECREMENT NMx BY X
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FIG. 45B PROTEIN DECAY
% SUB-MODEL 4500
(CONT)

SELECT RANDOM VALUE OF Y FROM MULTINOMIAL DISTRIBUTION WITH
PROBABILITY FOR EACH GIVEN BY (NUb OR NUx) / (£ NUb + X NUx) €<
OVERALL PROTEIN SPECIES b AND COMPLEX SPECIES x.

I <4523

FOLD AN UNFOLDED COPY
OF PROTEIN SPECIES b:
DECREMENT NUb; INCR%NT NMb

4527

CORRESPONDS
TOPROTEIN b ?

HYDROLYZE ATP:
s DECREMENT Nm FOR
¢ ¥ ATP AND H20;

Y CORRESPONDS TO COMPLEX SPECIES x INCREMENT Nm FOR
v ADP, PI AND H+

FOLD AN UNFOLDED COPY
OF COMPLEX SPECIES x:
DECREMENT NUx; INCREMENT NMx

DEGRADE SOME COPIES OF COMPLEX SPECIES: R 4541
RETRIEVE COPY COUNT Nx OF COMPLEXES OF SPECIES x.

2
SELECT A RANDOM NUMBER X FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE = Nx* KDCx AND
TIME INTERVAL = TIME STEP
v

SET THE CHANGE IN COUNT OF COMPLEX SPECIES x, @

ANx=X
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FIG. 45C PROTEIN DECAY
SUB-MODEL 4500
SELECT RANDOM VALUE OF COMPLEX SPECIES x FROM i (CONT)
—>1 MULTINOMIAL DISTRIBUTION WITH PROBABILITY FOR EACH
GIVEN BY aNx /% ANx OVER ALL COMPLEX SPECIES x. 2 4547

DEGRADE COPY OF COMPLEX SPECIES x
TO DAMAGED RNA AND PROTEIN SUBUNITS:

METABOLITES TO

| DECREMENT Nx AND ANx:
DEGRADE: Nim > Mmx INCREMENT COPY COUNTS NDb, NDr OF
4551 DAMAGED PROTEIN SUBUNITS BY Pbx AND

DAMAGED RNA SUBUNITS BY Rrx,
RESPECTIVELY; UPDATE COPY COUNT OF
METABOLITES Nm BY Mmx FOR CONSUMED

SET 4ANx =0 TO INDICATE NO

FURTHER DEGRADATION OF
COMPLEX SPECIES x AND RELEASED METAE;OLITES
24553 4551
ANx =0 FORALLX
4555
i ¥ 4561

DEGRADE SOME COPIES OF ABORTED POLYPEPTIDE p WITH PROTEOLYSIS TAG:
RETRIEVE COPY COUNT Ne OF RELEVANT ENZYME e (E.G., FtsH)

v

SELECT ARANDOM NUMBER Z FOR THE ENZYMATIC CAPACITY FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE = Ne /Ke AND TIME INTERVAL = TIME STEP

4563° |

SELECT RANDOM VALUE OF POLYPEPTIDE p WITH
PROTEOLYSIS TAG FROM MULTINOMIAL DISTRIBUTION
WITH PROBABILITY FOR EACH GIVEN BY 1/Np
WHERE Np IS THE NUMBER OF POLYPEPTIDES

| <4571

DEGRADE POLYPEPTIDE p :
DECREMENT Np; DECREMENT Z BY Lp LENGTH OF

POLYPEPTIDE p; UPDATE COPY COUNT OF
METABOLITES Nm BY Mmp FOR CONSUMED AND
RELEASED METABOLITES

<4575
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FIG. 45D PROTEIN DECAY
SUB-MODEL 4500

S (CONT)

4583

DEGRADE SOME COPIES OF PROTEIN MONOMERS:
RETRIEVE COPY COUNT Ne OF RELEVANT ENZYME e (E.G., PROTEASE La)

v

SELECT ARANDOM NUMBER Z FOR THE ENZYMATIC CAPACITY FROM A POISSON
DISTRIBUTION WITH OCCURRENCE RATE = Ne /Ke AND TIME INTERVAL = TIME STEP

4585°

4589

PROTEIN SPECIES b?

SELECT ARANDOM NUMBER 4Nb FOR CHANGE IN
NUMBER OF COPIES OF PROTEIN SPECIES b, WITH
COPY COUNT Nb, FROM APOISSON DISTRIBUTION
WITH OCCURRENCE RATE = Nb* KDPb AND TIME
INTERVAL = TIME STEP

SELECT RANDOM VALUE OF PROTEIN SPECIES b FROM MULTINOMIAL
> DISTRIBUTION WITH PROBABILITY FOR EACH GIVEN BY 2 4591
ANb / (£ ANbx OVER ALL PROTEIN SPECIES b)

METABOLITES: Nm >
Mmb FORALL m AND

DEGRADE COPY OF PROTEIN MONOMER SPECIES b :
DECREMENT Nb; DECREMENT 4ANb; DECREMENT Z
BY Lb LENGTH OF PROTEIN MONOMER SPECIES b,

UPDATE COPY COUNT OF METABOLITES Nm BY Mmb

FOR CONSUMED AND RELEASED METABOLITES

<4595

SET ANb =0 TO INDICATE NO
FURTHER DEGRADATION OF
PROTEIN SPECIES b

2 4507

ANb =0 FOR

ALLbH?
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FIG. 47A




PCT/US2013/051167

WO 2014/015196

90/97
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FIG. 47C

FIG. 47D
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FIG. 47E
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FIG. 48C
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