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Moonlighting proteins – an approach
to systematize the concept

Maria Krantz and Edda Klipp∗
Theoretical Biophysics, Humboldt-Universität zu Berlin, Berlin, Germany

Abstract. Moonlighting refers to a protein with at least two unrelated, mechanistically different functions. As a concept,
moonlighting describes a large and diverse group of proteins which have been discovered in a multitude of organisms.
As of today, a systematized view on these proteins is missing. Here, we propose a classification of moonlighting pro-
teins by two classifiers. We use the function of the protein as a first classifier: activating - activating (Type I), activating
- inhibiting (Type II), inhibiting - activating (Type III) and inhibiting - inhibiting (Type IV). To further specify the type
of moonlighting protein, we used a second classifier based on the character of the factor that switches the function of
the protein: external factor affecting the protein (Type A), change in the first pathway (Type B), change in the second
pathway (Type C), equal competition between both pathways (Type D). Using a small two-pathway model we simulated
these types of moonlighting proteins to elucidate possible behaviors of the types of moonlighting proteins. We find that,
using the results of our simulations, we can classify the behavior of the moonlighting types into Blinker, Splitter and
Switch.
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1. Background

The term moonlighting comes from economics,
where it describes a person taking two jobs [1, 2].
In biology, it refers to a protein with at least two
unrelated, mechanistically different functions, which
are performed by the same domain in the protein.
These two functions should be independent of each
other, meaning that a mutation, which impedes one
function, should not affect the other.

Moonlighting is conceptually different from multi-
functional proteins, referring to, e.g., an enzyme
which has multiple different substrates [1, 3–6].

As a concept, moonlighting is used to describe a
rather large and diverse group of proteins. Moon-
lighting proteins have been discovered in many
different organisms, including bacteria, yeast, plants
and vertebrates [6]. In all of these organisms, moon-
lighting proteins have diverse first functions and also
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take very different secondary functions. It seems
that often metabolic enzymes moonlight, taking a
second function in signaling or regulation of, for
example, transcription or translation [6]. In some
cases these two functions link two related or depen-
dent processes. An example for this is Aconitase
from Mycobacterium tuberculosis [7–9], which needs
an iron cluster to perform its function in the TCA
cycle, where it converts isocitrate to cis-aconitate.
Upon losing this iron cluster due to low iron con-
centrations in the cell, it binds mRNA molecules to
upregulate the iron uptake into the cell (Fig. 1a).
Another example of a moonlighting protein linking
two related pathways is DLA2 from the chloroplast of
Chlamydomonas reinhardtii [10, 11]. This protein is a
part of the Pyruvate Dehydrogenase Complex (PDC),
which converts pyruvate to acetyl-CoA [10, 12]. The
acetyl-CoA is further converted to malonyl-CoA and
used to synthesize thylakoid membrane [13, 14]. If
acetyl-CoA can be directly produced from acetate, the
DLA2 can leave the PDC and bind mRNA, thereby
upregulating the translation of the D1 subunit of
Photosystem II, which is inserted into the newly syn-
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Fig. 1. Two examples of moonlighting proteins. A) Aconitase is a TCA cycle enzyme from Mycobacterium tuberculosis, which can bind
mRNA upon iron depletion [7–9]. B) Hexokinase in yeast cells has been found in the nucleus, binding the transcription factor Mig1
[16, 17].

thesized membranes (Fig. 1b). This way DLA2 links
a metabolic pathway to the regulation of translation
[10, 12]. Also in glycolysis moonlighting proteins
have been found, seemingly linking metabolism to
signaling. Hexokinase is the enzyme responsible for
trapping glucose in the cell, by converting glucose
to glucose-6-phosphate [15]. In yeast, this enzyme
has been found to bind the transcription factor Mig1
and take part in the repression of genes involved in
carbohydrate metabolism [16, 17]. A large group of
moonlighting proteins also seems to perform differ-
ent tasks outside and inside of the cell, for example
phosphoglucose isomerase, which is another enzyme
involved in glycolysis. This enzyme has several sec-
ondary functions when being secreted by the cell,
for example as Neuroleukin, which stimulates the
survival of embryonic neurons [18, 19].

For many moonlighting proteins, the mechanism
that makes them switch between their two func-
tions is not clear. There are cases, in which loss of
a cofactor (for example the iron cluster in aconi-
tase) or a modification on the moonlighting protein
itself, provokes the switch from one function to
the other. Many moonlighting proteins seem to
perform their different tasks in different compart-
ments of the cell, different cell types or intra- and
extra-cellularly.

Moonlighting seems to play an important role in
many cellular functions in different organisms and
has also been found in human cells [18, 19]. The dis-
covery of new moonlighting proteins has mostly been
based on chance encounters of a secondary function
of known proteins. Reports about moonlighting pro-
teins mostly describe the newly discovered function,

but a systematized view on the concept of moon-
lighting is missing. Here, we propose a classification
of moonlighting proteins by two classifiers, sort-
ing them into types according to their function in
the pathways they participate in and the factor that
switches their function. This leads to sixteen types
of moonlighting proteins. Using ODE modeling we
exemplarily simulated possible behaviors of these
sixteen types and analyzed the emerging system char-
acteristics. We find that most reported moonlighting
proteins can be described by our classification and
we propose the usage of this classification to make
communication on new findings more efficient.

2. Results

2.1. Classification of moonlighting proteins

To systematize the research on moonlighting pro-
teins, we propose a classification of these proteins
based on their function in the two pathways they par-
ticipate in and the factor that switches their function
and makes them change from one pathway to the
other.

The moonlighting protein can either be activat-
ing or inhibiting in each of these pathways. This
means there are four possible combinations, lead-
ing to four main classes of moonlighting proteins:
activating - activating (Type I), activating - inhibit-
ing (Type II), inhibiting - activating (Type III) and
inhibiting - inhibiting (Type IV) (see Table 1a). The
difference between Type II and Type III will be
explained below. To further specify the type of moon-
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Table 1a
Classification of moonlighting proteins by their function in path-

way A (primary function) and pathway X (secondary function)

Activating in Inhibiting
Pathway A Pathway A

Activating in Pathway X Type I Type III
Inhibiting in Pathway X Type II Type IV

A protein is seen as either being and activator or an inhibitor in
one of these pathways. See Figs. 3–6 for network examples and
simulations.

Table 1b
Classification of moonlighting proteins by the factor that switches

their function and causes a relocation of the protein

Factor
External Factor Type A
Change in Pathway A Type B
Change in Pathway X Type C
Equal Competition Type D

See Figs. 3–6 for network examples and simulations.

lighting protein, we used a second classifier based on
the character of the factor that switches the function of
the protein. This classification leads to four sub-types
of moonlighting proteins: external factor affecting
the moonlighting protein directly (Type A), change
in the first pathway (Type B), change in the second
pathway (Type C), equal competition between both
pathways (Type D) (see Table 1b). Combining these
two classifiers leads to a total of 16 moonlighting
types. This also justifies the difference between Type
II and Type III. The effect of the moonlighting protein
on the network depends on which pathway it serves
its primary function in. The primary function may
be defined as the function the protein serves in that
particular moment, as the effects of the switch will
be dependent on where the protein functions when
the switching occurs. The term primary function is
related to our investigation of cells. Objectively, we
cannot know what is primary in a biological sense,
we only know which function has been analyzed first
or most. However, to ease description, we used the
term here to express our perspective of investiga-
tion. In some cases, a primary and secondary function
could be assigned due to the evolutionary develop-
ment of a protein. In cases where this is not the case,
the classification of a moonlighting protein could be
context-dependent. A protein might be defined as
Type II in one case and could be defined as Type
III in another case.

The classification into sub-classes based on the
mechanism of switching the function of the moon-
lighting protein means that it will make a difference
for the regulation of the network whether the moon-

lighting protein is as an inhibitor or an activator in its
primary function.

It is important to point out that the terms inhibitor
and activator in this classification can be interpreted
very broadly, as a moonlighting protein can be an
enzyme or a signaling component and can therefore
also be activating and inhibiting in different ways. It
can, for example, serve as an enzyme, activating a
pathway by catalyzing a reaction inside it.

Likewise, the interpretation of external factor
(Type A) is very broad. The external factor can be
interpreted as every factor, which affects the moon-
lighting protein directly. In contrast to this, Type B
and Type C are changes within the pathway, affecting
the other proteins in the pathway.

To exemplify this classification and to be able to
show the effects of a moonlighting protein on the
pathways it takes part in, we used a small generic
network (see Fig. 2). In this network, the moonlight-
ing protein M fulfills functions in both pathways. The
pathways were named A and X and each consisting
of three components with two reactions happening
between them.

To analyze the behavior of the 16 moonlighting
types from our classification, we simulated simple
network motifs reflecting the functions and factors
used for the classification. The simple networks used
here are only examples of potentially more com-
plex networks involving moonlighting proteins and
are supposed to give a general overview of possible
behaviors of these networks.

The schematic two-pathway system shown in
Fig. 2 was used as a starting point for building

Fig. 2. Representation of the simple network model used to clas-
sify and simulate moonlighting proteins. The model has two
pathways, named pathway A and pathway X. A moonlighting pro-
tein M has a function in both pathways and can switch between
these. The final products of the pathways, C and Z, are used to
assess pathway behavior.
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Fig. 3. Network motifs and simulations of moonlighting proteins type I.A to type I.D. The type I moonlighting proteins are activating both
in pathway A and pathway X. The time courses of the exemplary networks were simulated until they reached a steady state. At the time
point indicated by the purple arrow, the switching factor was activated. The initial concentration of the moonlighting protein M was varied
for types B, C and D. The resulting time courses for C and Z are shown.

the individual networks representing the 16 moon-
lighting types. For each type of moonlighting
protein a possible mechanism realizing this type was
simulated.

2.2. Type I moonlighting proteins are activating
both pathways

The first class of moonlighting proteins, type I
moonlighting proteins (Fig. 3), are activating in both
pathways. This means, that they are necessary com-
ponents in both pathways. In the networks used
here to exemplify this, M is forming a complex
with B and Y, which is necessary to produce the
final products of the respective pathways. The basic
structure of the two pathways is the same in the
four sub types A to D, but the factor that switches
the function of the moonlighting protein from one

pathway to the other changes (see networks in
Fig. 3).

In type I.A (Fig. 3, upper row), the moonlighting
protein is switched by an external factor. An example
for this type is the Aconitase from Mycobacterium
tuberculosis [7–9], which was already described in
the introduction. The external factor here is a low
iron concentration, which leads to a loss of the iron
cluster in Aconitase. This switches its function from
an enzymatic reaction to mRNA binding.

For the simulation shown in Fig. 3 the exter-
nal factor completely switches the activity of the
moonlighting protein from pathway A to pathway
X. This is independent of the concentration of the
moonlighting protein, as the external factor switches
all of the available moonlighting protein.

For type I.B (Fig. 3, second row), the switch-
ing occurs when a change in pathway A releases
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the moonlighting protein from its first function and
makes it possible for the protein to perform another
function. A potential example for this was described
in the introduction as well, the DLA2 from Chlamy-
domonas reinhardtii [10–14]. A possible mechanism
for the switching of this protein is a substrate inhibi-
tion in its primary pathway, which sets DLA2 free to
bind mRNA.

To simulate the behavior of type I.B, a reaction
was added to pathway A. A binding between A and
B serves as switching factor for the moonlighting pro-
tein. This binding makes less A and B available for
the pathway, therefore also limiting the availability of
B to bind M. This leads to more M being available for
the binding of Y in pathway X, which leads to a higher
production rate of Z and a lower production rate of C.
This behavior depends on the relative concentration
of M. If M is available in lower concentration than B
and Y, the activation of the reaction A + B ->AB will
lead to a switch between the two pathways. When
more moonlighting protein is available, the effect of
this switching will become less pronounced, as the
moonlighting protein can then fulfill its function in
both pathways at the same time.

The type I.C (Fig. 3, third row) moonlighting pro-
teins are pulled over from their primary pathway A
into their secondary function in pathway X by a reac-
tion occurring in pathway X. This can for example be
a self-enforcing complexation involving the moon-
lighting protein.

In the simulation of this type we used a self-
enforcing binding reaction between Y and M. The
self-enforcement was used as the switch for the
moonlighting protein. Depending on the relative con-
centration of the moonlighting protein, it can either
lead to a switch between the two pathways or lead to
only a short activation of the second pathway. Like
for type I.B, at higher relative concentrations of M,
the moonlighting protein can fulfill both its functions
simultaneously.

The simplest case of two pathways sharing a pro-
tein is an equal competition, in which both pathways
have a reaction involving the moonlighting protein
(Type I.D, Fig. 3, lowest row).

For simulation of the equal competition both path-
ways were given the same reaction rates and therefore
the same strength in recruiting the moonlighting pro-
tein. The switch in this case is the activation of
pathway X. If the amount of moonlighting protein
is limiting, this leads to a reduction of the produc-
tion rate of C. At higher relative concentrations of
the moonlighting protein, the activation of pathway

X has very little to no effect on the concentration of
C and Z.

2.3. Type II moonlighting proteins are activating
in pathway A and inhibiting in pathway X

Type II moonlighting proteins are activating in
pathway A and inhibiting in pathway X (Fig. 4).
A possible realization of this type could be a
metabolic enzyme acting as transcriptional repressor.
The mechanisms of switching by which the type II
moonlighting proteins are further classified into sub
types are analogue to the ones for type I (see networks
in Fig. 4).

Type II.A (Fig. 4, upper row) describes a moon-
lighting protein, which is switched by an external
factor. M acts as an enzyme in pathway A and can
inhibit the production of Z by binding Y. Before
the External Factor is switched on, the moonlight-
ing protein acts as an enzyme in pathway A and C
is produced. Pathway X is also active and Z is pro-
duced, since M is not involved in this pathway yet.
Upon activation of the external factor, M binds Y and
sequesters it from the reaction, thereby temporarily
inhibiting the production of Z. Since M now can-
not fulfill its function as an enzyme in pathway A
anymore, the production of C also disappears.

For the type II.B (Fig. 4, second row) the switching
reaction is again the complex formation between A
and B. As this removes B from the reaction in pathway
A, M becomes available to inhibit the production of Z.
The concentrations of C and Z both decrease, as less
C is produced due to the complex formation between
A and B. If the relative concentration of M is higher,
the effect of the switch is less clear.

An example for a moonlighting protein which
can be classified as either type II.A or type II.B, is
the large subunit (LSU) of Rubisco from Chlamy-
domonas reinhardtii. In plants and green algae,
Rubisco fixes CO2. It consists of eight large and eight
small subunits. Under oxidizing conditions or when
the process of assembly is interrupted, the LSU can
bind any mRNA and repress its translation [20]. The
classification into type II.A or II.B depends on the
exact mechanism, which is not known yet, but might
be either an external factor (the oxidizing conditions)
or a change in pathway A, the translation and assem-
bly of Rubisco subunits.

For type II.C (Fig. 4, third row) the inhibition
occurs by M binding to Y and thereby sequester-
ing it. This reaction is reversible and self-enforcing.
The self-enforcement is the switching reaction and is
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Fig. 4. Network motifs and simulations of moonlighting proteins type II.A to type II.D. The type II moonlighting proteins are activating in
pathway A and inhibiting pathway X. The time courses of the exemplary networks were simulated until they reached a steady state. At the
time point indicated by the purple arrow, the switching factor was activated. The initial concentration of the moonlighting protein M was
varied for types B, C and D. The resulting time courses for C and Z are shown.

activated after the simulation reached a steady state.
This leads to the removal of M from pathway A,
where it is essential as an enzyme to convert B to
C and therefore to a decrease in concentrations of C.
The effect of the inhibition on Z strongly depends on
the rates of the formation of the complex YM and its
disassembly.

A similar behavior for the concentrations of C can
be seen in type II.D (Fig. 5, lowest row). Here, the
activation of the second pathway is the event, which
switches the moonlighting protein. Once pathway X
is active, the moonlighting protein is shared between
the two pathways, which leads to a loss of M as
an enzyme in pathway A. When more moonlighting
protein is available, the effect is less pronounced in
pathway A.

For many moonlighting proteins, the mechanisms
that cause the change from one function to the other

are not clear. An example of this is the hRoDH-E2
enzyme from human cells. This enzyme functions
as a retinol dehydrogenase in the cytoplasm and as
a transcriptional repressor in the nucleus [21]. How
these two functions are linked is not clear. It can
therefore only be classified as a type II moonlight-
ing protein, as it is activating in one pathway in its
function as a retinol dehydrogenase and inhibiting
in another pathway in its function as transcriptional
repressor.

The same problem in classification occurs for
the Glutamate racemase (MurI) from Mycobac-
terium tuberculosis. This enzyme is involved in the
cell wall biosynthesis and converts L-glutamate to
D-glutamate. It has also been found to inhibit DNA
gyrase function [22, 23]. Also here, the mecha-
nism of switching between the two functions is
not clear.
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Fig. 5. Network motifs and simulations of moonlighting proteins type III.A to type III.D. The type III moonlighting proteins are inhibiting
in pathway A and activating pathway X. The time courses of the exemplary networks were simulated until they reached a steady state. At
the time point indicated by the purple arrow, the switching factor was activated. The initial concentration of the moonlighting protein M was
varied for types B, C and D. The resulting time courses for C and Z are shown.

2.4. Type III moonlighting proteins are inhibiting
in pathway A and activating in pathway X

Type III is the inverted case of type II. The
moonlighting protein is inhibiting in pathway A and
activating in pathway X (Fig. 5).

For type III.A (Fig. 5, upper row) the moon-
lighting protein is at first inhibiting the production
of C in pathway A. When the external factor is
switched on, the inhibition is released and M starts
acting as an enzyme in pathway X. The release
of the inhibition leads to a spike in the produc-
tion of C, as precursors, which accumulated during
the inhibition, are used. This behavior is observed,
because the steps prior to the inhibition are not
controlled.

As for the other type B moonlighting proteins,
also for type III.B (Fig. 5, second row) the switching

reaction is the formation of a complex between A and
B. The activation of this reaction also here leads to
a decrease in the concentration of C, as A and B are
pulled out of the pathway.

In type III.C (Fig. 5, third row) the mechanisms,
which pulls M over into the pathway X, is a stronger
binding affinity of Y to M than of B to M. This bind-
ing affinity becomes stronger, which is the switching
reaction. Once this stronger binding affinity is acti-
vated, the inhibition of the production of C is partially
released, which leads to a spike in C. Since M is
now more likely to bind Y, the production of Z also
increases.

In the case of equal competition in type III.D
(Fig. 5, lowest row), the activation of the second path-
way also leads to a spike in C due to the release from
inhibition and a rapid activation of the production
of Z.
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Fig. 6. Network motifs and simulations of moonlighting proteins type IV.A to type IV.D. The type IV moonlighting proteins are inhibiting
in both pathways. The time courses of the exemplary networks were simulated until they reached a steady state. At the time point indicated
by the purple arrow, the switching factor was activated. The initial concentration of the moonlighting protein M was varied for types B, C
and D. The resulting time courses for C and Z are shown.

A problem occurs when trying to find examples for
the type III moonlighting proteins. The difference to
type II moonlighting proteins lies in the definition
of the initial pathway. Essentially, every moonlight-
ing protein classified as type II moonlighting protein
could instead be type III. The initial pathway (path-
way A) should be the main function of this protein.
For many moonlighting proteins, two functions have
been observed, but it is not always clear which func-
tion is the main function. The definition of the main
function is possibly problematic and debatable and
might be solved by looking at the evolutionary history
of a moonlighting protein.

2.5. Type IV moonlighting proteins are
inhibiting in both pathways

The moonlighting proteins of type IV are inhibiting
in both pathways (Fig. 6). The mechanism of inhi-

bition is the same for all four types in this group.
The moonlighting protein binds B and Y to form the
complexes BM and YM, which sequesters B and Y
from the pathway reactions.

For type IV.A (Fig. 6, upper row) the external factor
switches the function of M from binding B to bind-
ing Y. As the binding of M to B or Y only sequesters
part of the component from the pathway reactions,
the inhibited pathway is not blocked, but the produc-
tion of C or Z is decreased. Once the external factor
switches the moonlighting protein from pathway A
to pathway X, the production of C increases and the
concentration of Z increases, as the pathway becomes
active.

In type IV.B (Fig. 6, second row) the switch-
ing reaction is the same as in the other type B
moonlighting proteins. Also here, the concentra-
tion of C decreases, as does the concentration
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of Z, as the moonlighting protein inhibits its
production.

The type IV.C (Fig. 6, third row) moonlighting
protein shows a different behavior. As the inhibi-
tion is released from pathway A, the production of
C increases, while simultaneously the production of
Z decreases. This effect becomes stronger the more
moonlighting protein is available.

For type IV.D (Fig. 6, lowest row) a behavior simi-
lar to type IV.A could be observed. The first pathway
shows a slight increase, once the second pathway is
activated. This is due to the release from inhibition.
The second pathway is activated, but partly inhibited
and can only slowly overcome this inhibition.

No examples for this type of moonlighting protein
could be found in the literature. This could indicate
that this is not a motif used in cells or that it has not yet
been found in a biological system. Nevertheless, this
type of moonlighting protein might be an interesting
motif for synthetic biology.

2.6. General characterization of moonlighting
types

The effect of the moonlighting protein on the 16
exemplary networks can be classified by four cat-
egories: Switch, Blinker, Splitter or No Effect (see
Fig. 7). The classification of these categories was
inspired by [24], but needed to be adapted for moon-
lighting proteins. A switch is here classified as a
moonlighting protein, which deactivates or activates
a pathway.

A Blinker leads to a short burst or drop in path-
way activity, after which the levels of the measured
component (here C and Z) return to the same steady
state as before the switch of the moonlighting pro-
tein. This is due to the fact, that the total amount of
M stays constant. The total amount of M is given by

Mtotal = Mfree + MYM + MBM

where Mfree is the amount of free moonlighting pro-
tein, MYM is the portion of M bound to Y and MBM
is the portion of M bound to B.

A splitter splits its activity between two pathways.
Some moonlighting effects were also classified as
having no effect on the pathway.

Type I moonlighting proteins show very interesting
behaviors. Type I.A is always a switch between two
pathway activities, as the external factor completely
switches the function between these two pathways.
Type I.B and Type I.C act as a switch at low relative

concentrations of M, while at higher concentrations
Type I.B turns into a blinker for one of the pathways,
while type I.C becomes a blinker in both pathways.
Type I.D can serve as a splitter, meaning it reduces
the activity of one pathway, or both pathways, there-
fore splitting its activity between the two pathways.
This effect also disappears at higher relative con-
centrations. It is important to note that the behavior
observed in the simulations for the type D moonlight-
ing proteins is due to the simulation layout. To show
the effect of the switching, one pathway is seen as
inactive at the start of the simulation. The switch-
ing on of the second pathway is therefore not due to
the moonlighting protein, but it shows the effect the
moonlighting protein has. Therefore both pathways
are seen as equal in the classification.

For the type II moonlighting proteins, the effect
on pathway A can be seen as a switch for type A
to C, while for pathway X the moonlighting pro-
tein leads to a blinker behavior. In type II.B and II.C
higher concentrations of moonlighting protein lead
to a blinker in pathway A, meaning that for these
types at high relative concentrations of M both path-
ways show a blinker behavior. Type II.D serves as
a switch at low concentration, but looses this effect
at higher relative concentrations of M, as the pro-
tein is able to fulfill its function in both pathways
simultaneously.

In the type III moonlighting proteins can be classi-
fied as either switch or blinker, with the exception of
type III.C, which only has an effect on the pathways
at higher concentration, then serving as a blinker.

For type IV moonlighting proteins the classifica-
tion is similar to type III, with the exception of type
IV.C, which is a blinker also at low concentration.

The blinker behavior mostly originates from the
release from inhibition. As only one reaction in the
pathway is controlled by the moonlighting protein,
the prior reactions are still active and produce pre-
cursors. Once the inhibition is released, this leads to
a sudden burst of activity in the pathway. A similar
effect can lead to a sudden drop in activity, when an
inhibition is established, but prior reactions are left
uncontrolled. The inhibition can then be overcome,
as precursors outcompete the inhibitor.

These behaviors are also influenced by the rates
of the reactions. The simulations in Figs. 3 to 6
only show examples of this. A blinker can be a very
minor change in behavior, but will still be classified
as blinker, as changes in rates and concentrations
can lead to much stronger behavior changes in the
pathways.
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Fig. 7. General classification of the characteristics of Moonlighting Proteins on the individual pathways. The simulated behavior of the 16
exemplary networks was classified into four different types: Switch, Blinker, Splitter or No Effect.

3. Discussion

Moonlighting is a concept used to describe pro-
teins with diverse functions which perform two

independent tasks using the same domain. A clas-
sification can be helpful to systematize this diverse
concept and simplify communication about new dis-
coveries. We sought to classify moonlighting by the
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function the proteins can have in two pathways and
by the event that makes them switch from one func-
tion to the other. The resulting 16 types can be
used to describe existing and yet to be discovered
moonlighting proteins in the future. Through sim-
ulations of these types using a model of two very
simple pathways, we could show possible behaviors
of these 16 types and classify their behavior into four
groups.

The classification of the moonlighting proteins was
done using two aspects of the function of these pro-
teins. First, which function can it have in each of the
pathways (activating/inhibiting). Second, how does it
switch from one pathway to the other. For the switch-
ing factor, four options were considered: an external
factor, pathway A releasing the moonlighting protein,
pathway X pulling the moonlighting protein over or
equal competition. Using this classification, known
moonlighting proteins could be assigned one type.
Failure to assign a moonlighting protein to a type was
due to missing information. Especially the switching
factor is unknown in many cases.

Using a simple two-pathway model we simulated
the 16 types of moonlighting proteins and found
general behavior patterns. Only type I moonlight-
ing proteins show a switch behavior, as they are
able to switch the activity between two pathways.
Most other moonlighting proteins show a blinker
behavior, leading to only a short burst or drop in
activity. It was also obvious, that the behavior of the
moonlighting protein strongly depends on the rela-
tive concentration of the protein in comparison to the
other proteins of the pathway. When a moonlighting
protein is present in excess, it can serve both its func-
tions at the same time. This does of course not hold for
moonlighting proteins that are switched by an exter-
nal factor, as this always leads to a complete switch in
function.

The pathways shown here are only examples of
possible mechanisms of moonlighting proteins, many
more are theoretically and biologically possible. The
external factor in type A moonlighting proteins can
for example be the pH in the cell, as well as a location
change of the protein itself. The mechanisms for the
other types, which lie in the pathways themselves,
can also be of different nature then exemplified here.
Likewise, the activation and inhibition function used
to classify the moonlighting proteins into type I to
IV should be seen as very loose definitions of activa-
tion and inhibition. When a protein is necessary for a
pathway to function or enhances its performance, it
can be seen as activating in this pathway.

For some proteins, the assignment of primary and
secondary function could be problematic. It is often
not clear which function of the moonlighting protein
should be seen as its primary function. For some, this
might be possible with an evolutionary perspective,
while for other the primary and secondary function
could be context-dependent. In this case, also the
classification of the moonlighting protein into the
types proposed here could be context-dependent. This
could be in the nature of moonlighting proteins or due
to our limited understanding of their function.

The behaviors observed in the simulations are pos-
sible behaviors of these moonlighting proteins. These
are entirely dependent on relative concentrations and
parameters. The parameters used for the simulations
are, just as the concentrations, relative quantities.
The behavior observed for the moonlighting types is
dependent on the relative values of the parameters and
quantities. In this work, we show how the behavior
of the system changes due to changes in the concen-
tration of the moonlighting protein. For the reactions
containing the moonlighting protein, rates are formed
by a simple multiplication of the concentration of
the moonlighting protein times a rate constant. We
therefore did not perform parameter scans, which
might limit the biological insights gained from our
models. Since the importance of moonlighting pro-
teins is only beginning to emerge, experimentally
measured rates for the reactions are often not avail-
able. The rates and concentrations in our models
are therefore not actual biological rates, but were
chosen to exemplify possible behaviors of these
systems.

Some moonlighting proteins might serve more
than two functions. With the scheme presented here,
a classification of these proteins would be possible
by classifying them as two or three types, one for
each function and switch. As an example we could
imagine three pathways: A, X and Q. One type could
be defined for the switch between A and X and one
for the one between A and Q. A third type would
be necessary if a switch between X and Q is also
possible.

Further investigation into moonlighting proteins,
their function, the events that lead to the change in
their function and their role in metabolism, signal-
ing, development and disease will be essential in the
future.

We expect that this classification will help
researchers to better communicate and exchange
experimental results on moonlighting proteins and
give a better understanding of the concept.
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4. Materials and Methods

The simulations were performed using the Sti-
mator 0.9.110 package in python3. Analysis of the
simulation results was done using the numpy package
and visualization was carried out using the matplotlib
package.

The network models were assembled to reassemble
small possible network motifs. The complete reac-
tions for all 16 types can be found in the supplement.

To simulate the effect of the moonlighting protein,
the pathways had a constant influx and outflux of
components, meaning that there was a constant influx
rate of the first component of each pathway and a
constant outflux of the last. The total amount of the
moonlighting protein was kept constant to simulate
competition between two pathways.
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