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1 Introduction

CellML is intended to be able to represent many different types of models. Therefore, its basic structure
is rather general, and it relies primarily on the explicit definition of mathematics using MathML to specify
models. It will always be possible to specify a model purely in terms of the mathematics, without using any
of the elements defined in this document. However, in some types of models, some information is lost in
reducing the model to pure mathematics. For instance, in biochemical pathway models, it will not always
be straightforward, or even possible, to unambiguously determine from the mathematical rate laws which
variables represent inhibitors or activators in the reactions.

Therefore, some additional elements were needed in CellML to fully capture the information in bio-
chemical pathway models. Three fundamental representations of these models must be supported:

e Mathematical Equations: these equations define the kinetic rate laws that model the chemical reac-
tions occurring in the pathway.

e Chemical Expressions: these are the stoichiometric equations (suchas A + B <-> 2C + D)
used by chemists to represent reactions.

e Pathway Diagrams: these are the stylized drawings commonly used by biochemists and cell bi-
ologists to represent the pathway of reactions. Some examples of pathway diagrams are shown in
Section 4.

It is important that CellML be able to store the information needed to unambiguously reproduce any
of these representations of a model. It is also important to minimize duplication of information within
the model definition, because duplication can lead to inconsistencies. Therefore, we must integrate the
information needed to support the three types of model representation.

2 Required Information about Reactions

The following information is required to allow CellML to store the information needed for all three repre-
sentations of a pathway model:

e Which variables represent participants in the reaction, and what role or roles each participant plays in
the reaction.

e The stoichiometry of each participant, for each role that the participant assumes in the reaction. (A
species may have a stoichiometry of 1 as a reactant, but a stoichiometry of 2 as an inhibitor; i.e., one
equivalent of the species is required for each unitary reaction equivalent, but two equivalents of the
species are required for inhibition).
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e Mathematics defining how the reactions progress. Modellers must be free to define arbitrary rate laws
for reactions (i.e., they should not be restricted to choosing from some predefined set of kinetic rate
laws).

Note that this list defines the set of information that CellML must be able to store, not the list of infor-
mation required for a valid CellML model. Not all models must have all of this information. For instance,
qualitative pathway models would not have mathematics defining how the reactions progress. A model con-
sisting of nothing but the mathematics defining the progression of the reactions would also be completely
valid CellIML.

3 The Solution

A solution that meets the requirements described in Section 2 was reached after several iterations. Readers
interested in seeing some of the discarded possibilities, along with the explanation of why these were found
to be insufficient, should consult the January 19, 2001%, and January 20, 20012, meeting minutes.

3.1 Basic Format

A new element is defined specifically to store the reaction information. This element s called the <r eact i on>
element, and it may only appear inside of a <conponent >element. Itis possible for a single <conponent >
element to contain more than one <r eact i on> element, although this practice is not recommended.
The <r eact i on> element may contain a r ever si bl e attribute, the boolean value of which indicates
whether or not the reaction is reversible. The default value of the r ever si bl e attribute is " yes" .

The reaction element contains multiple <var i abl e_r ef > components, each of which references one
of the variables that participates in the reaction. Recommended best practice isto create a<vari abl e r ef >
element for each variable representing a chemical species that participates in a reaction, as well as one for
the variable representing the rate of the reaction. The required var i abl e attribute is the only attribute on
the <vari abl e_r ef > element. Its value is the name of the referenced variable. This variable must be
declared in the current <conponent > element.

Each <var i abl e_r ef > element contains one or more empty <r ol e> elements. There are four possi-
ble attributes on the <r ol e> element. The required r ol e attribute specifies the way in which the variable
participates in the reaction. There are currently seven values allowed for this attribute: "react ant ™,
"product","catal yst","activator","inhibitor","nodifier",and"rate". These are
defined in Section 3.2. The di r ect i on attribute should only be used on <r ol e> elements in reversible
reactions. It may have values of " f or war d", "rever se", or "bot h", and indicates for which direc-
tion the role is relevant. It may only be defined on a <r ol e> element within a reversible reaction, and
has a default value of " f or war d". The optional del t a_vari abl e attribute indicates which variable
is used to store the change in concentration of the species represented by the variable referenced by the
current <var i abl e_r ef > element. The optional st oi chi onet ry attribute stores the stoichiometry of
the current variable relative to the other reaction participants. Section 3.2 contains detailed rules for the use
of these attributes.

The <vari abl e_r ef > elements may also contain <mat h> elements, which enclose equations de-
fined using MathML. The equations that define the reaction rate should be placed inside the <var i abl e r ef >
element that references the variable representing the rate of the reaction. MathML appearingina<vari abl e_r ef >
corresponding to a variable representing a chemical species should only be used to relate the reaction rate
to the change in concentration of the species. This allows modellers to define an arbitrary mathematical
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equation to relate the reaction rate to the concentration change of the species. However, it is strongly
recommended that the st oi chi onetry and del t a_.vari abl e attributes be used instead if the con-
centration change is simply the reaction rate multiplied by the stoichiometry. (The rules for deriving this
mathematical relationship from the st oi chi onet r y attribute are defined in Section 3.2.)

Section 4 contains several examples of <r eact i on> elements for various types of reactions.

3.2 Rulesfor Use

CellML must support both quantitative and qualitative reaction models. This, in conjunction with the natural
complexity of biochemical reactions, leads to a reasonably complicated set of rules for the use of the various
parts of a <r eacti on> element. These rules, and the formal definitions of the allowed values of the
various attributes described in Section 3.1 are formally specified below.

3.2.1 Thereversi bl e attribute on the <r eact i on> element

The r ever si bl e attribute on the <r eact i on> element indicates whether or not the reaction can pro-
ceed in both directions. It has two allowed values: " yes" and " no" . When not specified, the default value
is"yes". However, it is recommended best practice to always explicitly define the value of this attribute.

If the rever si bl e attribute has a value of "yes", it is assumed that all reactants in the forward
direction are products in the reverse direction, and vice versa. Therefore, it is not necessary to explicitly
specify this with separate <r ol e> elements for the reverse direction. In other words, the CellML fragment
shown in Figure 1 is exactly equivalent to the fragment in Figure 2. The more compact formulation shown
in Figure 1 is the recommended best practice. In fact, use of the more verbose formulation is specifically not
recommended, because it creates the possibility for inconsistencies between the del t a_vari abl e and
st oi chi onet ry attributes specified on the forward roles and those specified on the reverse roles. If the
more verbose formulation is used, the values of the del t a_var i abl e and st oi chi onet ry attributes
for the forward and reverse reactant and product roles for a given species variable must be identical.

3.2.2 Allowed values of the r ol e attribute

There are seven allowed values for the r ol e attribute on a <r ol e> element:

e "react ant " : the species represented by the referenced variable is one of the species consumed or
transformed by the reaction (in the direction given by the di r ect i on attribute). Reactants are also
often called substrates.

e "product": the species represented by the referenced variable is one of the species produced by
the reaction (in the direction given by the di r ect i on attribute).

e "cat al yst " : the species represented by the referenced variable catalyzes the reaction. In biochem-
ical pathways, such a species will almost always be an enzyme, and will almost always occur with a
stoi chionetryequalto”1".

e "acti vat or": the species represented by the referenced variable enhances the reaction. Activators
can occur with any stoichiometry. An activator will usually be a small molecule that increases the
activity of an enzyme catalyzing the reaction. However, the detailed reaction representing this acti-
vation of the enzyme may not be included in the model. Instead, the activator may be represented as
directly affecting the kinetics of the catalyzed reaction.

e "inhi bi tor": the species represented by the referenced variable inhibits the reaction. Inhibitors
can occur with any stoichiometry. An inhibitor will usually be a species that inhibits the activity
of an enzyme catalyzing the reaction. However, the detailed reaction representing this inhibition of
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<reaction reversibl e="yes">

<vari abl e_ref variabl e="A">
<role
rol e="reactant" direction="forward"
delta_variable="delta_A" stoichionmetry="1" />
</variabl e ref>

<vari abl e_ref variabl e="B">
<role
rol e="reactant" direction="forward"
delta_variable="delta_B" stoichionmetry="1" />
</variabl e _ref>

<vari abl e_ref variable="C"'>
<role
rol e="product" direction="forward"
delta_variable="delta_C' stoichionmetry="1" />
</variabl e_ref>
<vari able_ref variable="r">
<role role="rate" direction="forward" />
<mat h xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e_ref>

</reaction>

FIGURE 1. A CelIML fragment showing the recommended best practice for defi ning the ssimple reversible
reaction A + B <-> C. TheMathML block defi ning the rate law is omitted.




http://www.celIml.org/private/progress.reports/20010122_meeting-minutes. pdf

<reaction reversible="yes">

<vari abl e_ref variabl e="A">
<rol e
rol e="reactant" direction="forward"
delta variable="delta A" stoichionetry="1" />
<role
rol e="product" direction="reverse"
delta_variable="delta_A" stoichionmetry="1" />
</variabl e _ref>

<vari abl e_ref variabl e="B">
<role
rol e="reactant" direction="forward"
delta_variable="delta_B" stoichionmetry="1" />
<rol e
rol e="product" direction="reverse"
delta variable="delta B" stoichionetry="1" />
</variabl e_ref>

<variabl e _ref variable="C'>
<role
rol e="product" direction="forward"
delta variable="delta C' stoichionetry="1" />
<rol e
rol e="reactant" direction="reverse"
delta_variable="delta_C' stoichionmetry="1" />
</variabl e_ref>

<variabl e _ref variable="r">
<role role="rate" direction="forward" />
<mat h xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e_ref>

</reaction>
FIGURE 2. A CelML fragment showing the more verbose method for defi ning the simple reversible reac-

tion A + B <-> C, inwhich the reactant and product roles are specifi ed in both the forward and reverse
direction. The MathML block defi ning the rate law is omitted. Use of this formulation is not recommended.
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the enzyme may not be included in the model. Instead, the inhibitor may be represented as directly
affecting the kinetics of the catalyzed reaction.

e "nodi fier": the species represented by the referenced variable modifies the reaction in some
unspecified way.

e "rate": the referenced variable represents the rate of the reaction. A variable assigned this role
cannot be assigned any other roles (i.e., it is an error to have more than one <r ol e> element on a
variable_ref if the r ol e attribute of one of the <r ol e> elements equals " r at e").

The r ol e attribute is required on all <r ol e> elements. There is no default value.

3.2.3 Allowed values of the di r ect i on attribute

There are three allowed values for the di r ect i on attribute on a <r ol e> element;

e "forward": the value of the r ol e attribute is the role of the referenced variable in the reaction
when running in the “favoured” direction. The favoured direction is the one in which the the reactants
are being consumed (i.e., the time-derivatives of their concentrations are negative), as defined by the
kinetic rate law.

e "reverse": the value of the r ol e attribute is the role of the referenced variable in the reaction
when running opposite to the “favoured” direction. In this direction, the reactants (as defined by the
Kinetic rate law) are being produced.

e "bot h": the value of the r ol e attribute is the role of the referenced variable in both directions
of the reaction. This value for the direction attribute may only appear on roles of "cat al yst ",
"activator", "inhibitor", or "nodifier". Itisnotchemically sensible to say that a
species is a "react ant " in both directions. Nor does it make sense to declare that a species is
a" product ™ in both directions.

The di r ect i on attribute is optional, and defaults to " f or war d" .

3.2.4 Allowed use of the st oi chi onet ry attribute

e The st oi chi onet ry attribute may take any numeric value. In most cases, the value will be an
integer. However, a valid CellIML model may use fractional stoichiometries.

e Thest oi chi onet ry attribute is optional, and has no default value. The absence ofast oi chi onetry
attribute formally implies nothing, but would usually mean that the stoichiometry of the reaction is
unknown. Note that the absence of a stoichiometry value specifically does not imply a stoichiometry
of "1".

e Itis possible to define an arbitrary function to relate the change in concentration of a chemical species
to the reaction rate. If this is done, it is an error to use the st oi chi onet r y attribute on the reactant

or product role for this chemical species. It is allowable to use the st oi chi onet ry attribute on
other roles of the species.

e When creating a chemical expression representation of the model, CellML-compliant processing ap-
plications are only required to correctly represent stoichiometry as defined by the st oi chi onetry
attribute. Stoichiometry defined using explicit MathML may be ignored when representing the model,
but must be used when running the model, provided the equations defined by the modeller are self-
consistent.
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3.2.5 Proper use of the del t a_vari abl e attribute

The following rules define how a valid CellML document may use the del t a_var i abl e attribute :

e Thedel t a_vari abl e attribute is optional and has no default value.

e Thedel ta_vari abl e attribute may only appear on <r ol e> elements in which ther ol e attribute
equals "react ant ™ or " product ". Itis only in these roles that a chemical species may undergo
a change in concentration.

e Any variable forwhichadel t a_var i abl e attribute is declared must also haveast oi chi onetry
attribute on the parent <r ol e> element. This is because the combination of the del t a_vari abl e
attribute and the st oi chi omet ry attribute implies a mathematical relationship between the vari-
able named in the del t a_vari abl e attribute and the variable assigned the role of "r at e", as
defined in Section 3.2.6. However, a st oi chi onet r y attribute may be declared in the absence of
adel ta_vari abl e attribute.

e Ifadel ta_vari abl e is declared for any reaction participant, a <var i abl e_r ef > element must
be provided for the variable that represents the reaction rate. This <var i abl e_r ef > must contain
exactly one <r ol e> element, with a r ol e attribute equal to " r at e". Note that the reverse is not
true: a variable may be assigned a role of "r at e" even if the "react ant™ and " product "
variables do not have declared del t a_var i abl e attributes. In this case, the modeller must provide
explicit mathematics relating the " r at e" variable to the change in concentration of the various
chemical species.

3.2.6 Math implied by the del t a_vari abl e and st oi chi onet r y attributes

The use of the del t a_vari abl e and st oi chi onet ry attributes on a <r ol e> element implies the
following mathematical relationship between the declared del t a_var i abl e and the r at e variable:

e Forreactants: del ta_variable = (stoichionetry)(rate)
e Forproducts: del ta_vari able = -(stoichionetry)(rate)

The two CellML fragments shown in Figure 3 and Figure 4 are mathematically equivalent. The repre-
sentation in Figure 3 is the recommended best practice, because processing applications are not required to
be able to extract the stoichiometry from an explicit MathML definition such as the one shown in Figure 4.
Explicit mathematics should only be used in cases where the math implied from the recommended formula-
tion would be incorrect, i.e., in the rare cases when a more complex function is needed to relate the change
in concentration of a species to the reaction rate. In these cases, it is recommended best practice to put the
mathematical expression used to define the change in concentration inside the <var i abl e _r ef > element
for the variable representing the concentration.

It is an error to explicitly declare mathematics that conflicts with or duplicates implied mathematics.
Therefore, a modeller cannot declare a st oi chi onet ry attribute and del t a_var i abl e attribute in
addition to explicit math relating the change in concentration of the referenced species to the reaction rate.

3.3 Resolution of inconsistencies

Duplication of information is avoided as much as possible. However, because of the requirement that
modellers be free to define arbitrary rate laws, it was not possible to eliminate all information duplication.
For instance, it would place an undue burden on processing applications to expect software to be able to
deduce all information about a reaction from kinetic laws of arbitrary form, even though most information
is in fact represented in these laws. Therefore, there is a possibility that the information in the mathematics
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<reaction reversibl e="yes">

<vari abl e_ref variabl e="A">
<role
rol e="reactant" direction="forward"
delta_variable="delta_A" stoichionmetry="1" />
</variabl e _ref>

<variabl e _ref variable="r">
<role role="rate" direction="forward" />
<mat h xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e_ref>

</reaction>

FIGURE 3: A CellML fragment showing the recommended method for defi ning the change in concentration
of achemical species Awith respect to thereaction rater . The MathML block defi ning therate law is omitted.

and the information in the <r eact i on> element may be inconsistent. It is anticipated that most modellers
will define CellML models using some sort of processing software, which can reasonably be expected to
write consistent CellML. However, since CellML is a text-based format, modellers may also create or edit
models by hand, and in doing so risk creating inconsistent models. The following rules govern the required
behavior of CellML-compliant processing software in the event that information in the mathematics and the
information in the reaction element do not agree:

e Preference is given to mathematics explicitly defined using MathML when running a simulation with
the model.

e It is left to the processing software to decide which information to use in representing the model.
Software is free to ignore the mathematics when creating a pathway diagram or chemical expression
rendering of the model. However, software should clearly document which information is used to
create representations of the model.

e Processing software may check for inconsistencies between the mathematics and the information in
the <r eact i on> element. However, it is not required to do so, and it is left to the processing
software to determine what to do if an inconsistency is found.

3.4 Qualitative vs. quantitative pathway models

Qualitative pathway models consist solely of information about how the different chemical species in the
pathway relate. There are no kinetic rate laws describing the progress of the reactions that relate the species.
However, the stoichiometry of the reactions may be known. Because there is no math in a qualitative model,
a CellML-compliant processing application is not required to be able to run a simulation using a qualitative
model. However, some applications may support simple simulations using such models.

Any model in which the change of concentration of a chemical species participating in a reaction is
implicitly or explicitly defined (using a del t a_var i abl e attribute or an equation setting the value of a
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<reaction reversible="yes">

<vari abl e_ref variabl e="A">
<role
role="reactant" direction="forward" />
<mat h xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >
<appl y><eq />
<ci> deltaA </ci>
<appl y><tines />
<cn cellm :units="di nensionless"> 1.0 </cn>
<ci>r </ci>
</ appl y>
</ appl y>
</ mat h>

</variabl e_ref>

<variable_ref variable="r">
<role role="rate" direction="forward" />
<mat h xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e _ref>

</reaction>
FIGURE 4: A CdlML fragment showing the method for defi ning the change in concentration of a chemical

species A with respect to the reaction rate r with explicit mathematics. The MathML block defi ning the rate
law is omitted. Use of this formulation is not recommended.
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delta variable) is quantitative. All others are qualitative.

4 Examples

10

This section contains examples demonstrating the recommended use of <r eact i on> and <r ol e> ele-

ments to define some common reactions.

4.1 Simple Reversible Reaction

e Equation
A+B<->2C+ D
e Description
A simple reversible reaction.
e Picture

(@) ()
) (0]

e CellIML Definition

<reaction reversible="yes">

<vari abl e_ref variabl e="A">
<rol e
rol e="reactant" direction="forward"

delta variable="delta A" stoichionetry="1" />

</variabl e_ref>

<vari abl e_ref variabl e="B">
<rol e
role="reactant" direction="forward"

delta_variabl e="delta_B" stoichionetry="1" />

</variabl e_ref>

<variabl e_ref variable="C'>
<rol e
rol e="product" direction="forward"

delta variable="delta C' stoichionetry="2" />

</variabl e ref>

<vari abl e_ref variable="D">
<rol e
rol e="product" direction="forward"

delta_variable="delta_D' stoichionmetry="1" />

</variabl e ref>
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<variable_ref variable="r">
<rol e
role="rate" direction="forward" />
<math xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e _ref>

</reaction>

4.2 Smple Reversible Reaction with Catalysis

e Equation
A + B <-> D(catalyzed in the forward direction by C)
e Description

A reversible reaction where Cacts as a catalyst in the forward direction only.

e Picture

e CellIML Definition

<reaction reversible="yes">

<vari abl e_ref variabl e="A">
<rol e
rol e="reactant" direction="forward"
delta variable="delta A" stoichionetry="1" />
</variabl e ref>

<vari abl e_ref variabl e="B">
<rol e
rol e="reactant" direction="forward"
delta variable="delta B" stoichionetry="1" />
</variabl e _ref>

<vari abl e_ref variable="C"'>
<role role="catal yst" direction="forward" />
</variabl e_ref>

<vari abl e_ref variable="D">
<role
rol e="product" direction="forward"
delta variable="delta D' stoichionetry="1" />
</variabl e ref>

<variabl e _ref variable="r">

11
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<rol e
role="rate" direction="forward" />
<math xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e _ref>

</reaction>

4.3 Autophosphorylation

e Equation

A + B <-> C(catalyzed by Ain the forward direction)
e Description

A autocatalyzes a reaction (e.g., an autophosphorylation, where B is phosphate).
e Picture

- - -

e CellIML Definition

<reaction reversible="yes">

<variabl e_ref variabl e="A">
<rol e
role="reactant" direction="forward"
delta variable="delta A" stoichionetry="1" />
<role role="catalyst" direction="forward" />
</variabl e ref>

<vari abl e_ref variabl e="B">
<rol e
rol e="reactant" direction="forward"
delta_variable="delta_B" stoichionmetry="1" />
</variabl e _ref>

<vari abl e_ref variable="C"'>
<rol e
rol e="product" direction="forward"
delta_variable="delta_C' stoichionmetry="1" />
</variabl e ref>
<vari abl e_ref variable="r">
<role role="rate" direction="forward" />
</variabl e ref>

</reaction>

12
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4.4 Smple Reaction with Catalysisand Substrate I nhibition

e Equation

A + B <-> D(catalyzed by C, inhibited by A)
e Description

A reversible reaction in which the reverse reaction is inhibited by one of the substrates.
e Picture

e CellIML Definition

<reaction reversible="yes">

<vari abl e_ref variabl e="A">
<rol e
rol e="reactant" direction="forward"
delta variable="delta A" stoichionetry="1" />
<rol e
role="inhibitor" direction="reverse"
delta_variable="delta_A" stoichionmetry="1" />
</variabl e_ref>

<vari abl e_ref variabl e="B">
<role
rol e="reactant" direction="forward"
delta variable="delta B" stoichionetry="1" />
</variabl e_ref>

<variabl e _ref variable="C">
<role
role="catalyst" direction="forward" />
</variabl e_ref>

<vari abl e_ref variable="D"'>
<role
rol e="product" direction="forward"
delta variable="delta D' stoichionetry="1" />
</variabl e_ref>

<variabl e _ref variable="r">
<rol e
role="rate" direction="forward" />
<math xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e _ref>

</reaction>
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45 Smple Reaction with Catalysisand Product I nhibition
e Equation
A + B -> D/(catalyzed by C, inhibited by D)
e Description
An irreversible, catalyzed reaction that exhibits product-inhibition.

e Picture

e CellIML Definition

<reaction reversi bl e="no">

<vari abl e_ref variabl e="A">
<role role="reactant" delta variable="delta A" stoichionmetry="1" />
</variabl e_ref>

<vari abl e_ref variabl e="B">
<role role="reactant” delta_variabl e="delta_B" stoichionetry="1" />
</variabl e ref>

<vari abl e_ref variable="C"'>
<role role="catalyst" />
</variabl e_ref>

<vari abl e_ref variable="D"'>
<role role="product" delta variabl e="delta_ D' stoichionetry="1" />
<role role="inhibitor" stoichionmetry="1" />

</variabl e_ref>

<vari able_ref variable="r">
<role role="rate" />
<math xm ns="http://ww. w3. or g/ 1998/ Mat h/ Mat hM." >

</ mat h>
</variabl e_ref>

</reaction>
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