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Exploring cyclic networks 
of multisite modification reveals 
origins of information processing 
characteristics
Thapanar Suwanmajo1,2, Vaidhiswaran Ramesh3 & J. Krishnan3,4*

Multisite phosphorylation (and generally multisite modification) is a basic way of encoding 
substrate function and circuits/networks of post-translational modifications (PTM) are ubiquitous 
in cell signalling. The information processing characteristics of PTM systems are a focal point of 
broad interest. The ordering of modifications is a key aspect of multisite modification, and a broad 
synthesis of the impact of ordering of modifications is still missing. We focus on a basic class of 
multisite modification circuits: the cyclic mechanism, which corresponds to the same ordering of 
phosphorylation and dephosphorylation, and examine multiple variants involving common/separate 
kinases and common/separate phosphatases. This is of interest both because it is encountered in 
concrete cellular contexts, and because it serves as a bridge between ordered (sequential) mechanisms 
(representing one type of ordering) and random mechanisms (which have no ordering). We show that 
bistability and biphasic dose response curves of the maximally modified phosphoform are ruled out 
for basic structural reasons independent of parameters, while oscillations can result with even just one 
shared enzyme. We then examine the effect of relaxing some basic assumptions about the ordering 
of modification. We show computationally and analytically how bistability, biphasic responses and 
oscillations can be generated by minimal augmentations to the cyclic mechanism even when these 
augmentations involved reactions operating in the unsaturated limit. All in all, using this approach 
we demonstrate (1) how the cyclic mechanism (with single augmentations) represents a modification 
circuit using minimal ingredients (in terms of shared enzymes and sequestration of enzymes) to 
generate bistability and oscillations, when compared to other mechanisms, (2) new design principles 
for rationally designing PTM systems for a variety of behaviour, (3) a basis and a necessary step for 
understanding the origins and robustness of behaviour observed in basic multisite modification 
systems.

Multisite phosphorylation wherein substrates are modified at multiple sites by kinases/phosphatases is fun-
damental to cellular biology. It represents a basic way of encoding substrate function in cellular systems, and 
is encountered in a wide variety of cellular contexts. The interest in multisite phosphorylation stems from the 
convergence of two distinct aspects: as a mechanism for conferring substrate identity and function on one 
hand, and as a complex biochemical information processor on the other. Multisite phosphorylation (and more 
generally multisite modification) represent basic circuits/networks of post-translational modification (PTM), 
which are encountered in many cellular contexts, and consequently understanding their information processing 
characteristics is of broad relevance and interest.

Multisite phosphorylation is a recurrent feature of cell signalling networks1–5, while serving to encode sub-
strate function6–8. It has important roles in a range of contexts such as the cell cycle regulatory system, Alzhei-
mer’s disease and inflammation8–12. A key focal point involves multisite modification where the kinases and/
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or the phosphatases are the same. An examination of double-site modification with a common kinase and 
phosphatase reveals variations along different axes. One axis is the ordering of modifications: the modification 
may be ordered (sometimes called sequential) or random depending on whether or not a specific order of modi-
fication is imposed. Another axis of classification stems from the modification mechanism itself: if the enzyme 
is released after every modification, it is called distributive, whereas if the enzyme remains bound it is referred 
to as processive. Combinations of both mechanisms may also be observed. Depending on combinations of the 
above features (modification network “topology” and enzymatic mechanism) and the commonality of kinases 
and/or phosphatases, multiple basic modification scenarios can be isolated even in the double site modification 
system. With an increase in number of modification sites, many more variations are possible.

Elucidating the dynamics and information processing characteristics of post-translational modification net-
works and circuits, presents many challenges, and is the focus of a number of studies (see13 for a recent survey). 
It is worth pointing out that basic chemical and physical factors along with sequestration of species are key 
ingredients responsible for the complexity of the resulting behaviour. There are many studies focussing on dif-
ferent aspects of information processing in multisite phosphorylation. The capability of exhibiting threshold-like 
behaviour even with similar catalytic constants for multiple modifications by an enzyme was shown in14. The 
surprising feature that bistability could be seen in double site modification was shown in15 and this was general-
ized to reveal an unlimited multistability as the number of modification sites was increased16. A range of related 
systems have been studied in this context17. The fact that simple ordered distributive mechanism contained an 
in-built trade-off creating the possibility of biphasic responses was demonstrated in18. Oscillatory behaviour has 
been revealed in different cases: in random mechanisms with a single kinase/phosphatase pair, and also resulting 
from the interplay of distributive and processive mechanisms in ordered modification systems, or even arising 
from an enzyme activation step19–21. Other studies have focussed on the presence or absence of oscillations in 
these systems22,23. Processive systems by contrast behave in a simpler way and exhibit a unique asymptotically 
stable steady state24–26. In a recent paper we examined multiple transitions in intrinsic behaviour which emerged 
as a consequence of modification mechanisms being part of pathways21. Other studies have studied a range of 
related aspects27–33.

A fundamental ingredient of multisite phosphorylation is the ordering of the modifications. We focus in this 
paper on a variant of multisite phosphorylation, corresponding to a basic ordering of the modifications, which 
has received little attention: the cyclic mechanism. To illustrate this we focus on the double site modification. 
When the order of phosphorylation and dephosphorylation are opposite, then we obtain the much studied 
ordered sequential mechanism. This is characterized by a single partial phosphoform analogues, which is a 
direct consequence of the ordering. There is however another basic ordered mechanism, one where the order of 
phosphorylation and dephosphorylation are the same (Fig. 1). This ordering results in two partial phosphoforms. 
This system combines specific features of ordered and random mechanisms: a specific ordering on one hand, 
and a network topology akin to random mechanisms on the other. We employ a structured systems approach 
to analyze different facets of the cyclic mechanism. We examine multiple variants of the basic cyclic mechanism 
with common/separate kinases and common/separate phosphatases, noting that the commonality or difference 
of modifying enzymes is a fundamental aspect of multisite modification. We then address the question as to what 
minimal augmentations in the cyclic mechanism (relaxing the strict requirement of ordering of modifications) 
can give rise to behaviour seen in random mechanisms. Our focus is on key characteristic information process-
ing: bistability, oscillatory behaviour and biphasic dose responses in the maximally modified phosphoforms. 
These have been extensively studied in other models, and are of natural interest in signalling pathways. We then 
comment on analogues of cyclic mechanisms when there are a greater number of modifications.

There are multiple reasons which justify the focus and approach of the study. Firstly cyclic mechanisms 
represent a very basic variant of multisite phosphorylation (based on a specific ordering of modifications). Thus 
they represent a basic model PTM system. Secondly, cyclic multisite phosphorylation/dephosphorylation are 
seen in multiple natural cellular contexts. One example is rhodopsin phosphorylation, which is responsible for 
dark adaptation34,35. This has an extra step of arrestin binding which maintains the cyclic structure. Mutations 
in rhodopsin kinase and arrestin are implicated in Oguchi’s disease36,37. Another example relevant to bacterial 
clocks, is the post-translational oscillator involving Kai proteins (with a cyclic structure), embedded in a tran-
scription–translation feedback loop38 (also see39 which has a similar structure, but with some extra steps). Thirdly, 
there are other ways in which a circuit very similar to the cyclic network can arise: this can happen if for instance 
the phosphorylation involves substrate binding to a scaffold, while dephophorylation occurs without binding 
to a scaffold. If an intermediate phosphoform is not released from the scaffold during phosphorylation, then 
we have a mechanism which is structurally essentially the same as the cyclic mechanism (note that this ensures 
that the phosphorylation and dephosphorylation act on different partial phosphoform analogues), with minor 
augmentations. Another way in which a similar modification logic as the cyclic mechanism can be generated 
is phosphorylation and dephosphorylation occur in different compartments, with only unmodified and fully 
modified forms shuttling (eg. see40). In our paper, we examine relaxations of the basic cyclic structure, to create a 
bridge between ordered and random mechanisms. This line of investigation may be relevant in multiple contexts 
which involve random mechanisms with some modification steps irreversible. In particular, the ERK signalling 
network involves phosphorylation at two sites, with phosphorylation (mediated by MEK) proceeding in the same 
order as dephosphorylation (mediated by MKP3)41. This ordering corresponds to a cyclic network, and different 
studies have considered other additional reactions built on to this15,30,42. Finally, our study serves as a basis for 
engineering chemical modification in synthetic biology to achieve specific information processing tasks43,44.

By examining cyclic models with different variants with separate/common kinases and phosphatases, we 
can obtain basic design insights into which combinations of basic ingredients enable or prevent certain types of 
behaviour. By systematically augmenting these circuits, we can identify the minimum augmentations (and the 
specific nature of the augmentations of the circuit) to enable different kinds of behaviour. Through this approach 
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we can also study the relationship between the cyclic mechanism, the ordered sequential mechanism and the 
random mechanism, recognizing that the cyclic mechanism is a bridge between those well-studied mechanisms. 
In this way, we are able to elucidate and synthesize the impact of ordering of modifications of these systems on the 

Figure 1.   Schematic of multi-site phosphorylation models. (a) Sequential distributive (double-site) 
phosphorylation mechanisms illustrating the basic steps. (b) Cyclic distributive double-site phosphorylation 
models with single kinase and phosphatase (model C1 ), multiple kinases and single phosphatase (model C2 ) 
and multiple kinases and phosphatases (model C3 ). (c) Modified cyclic models (described in (b)) with an extra 
enzymatic reaction. Models C11 , C21 , C31 involve an extra kinase-mediated step, while models C12 , C22 and C32 
involve an extra phosphatase-mediated step.
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overall behaviour. All in all, we are also able to draw a sharp boundary between the impossibility and possibility of 
different types of behaviour, and distill the interplay between reaction topology, commonality and sequestration 
of enzymes which enables different behaviour, through our approach. In addition to the relevance to systems and 
synthetic biology, the study also has relevance to the broader field of chemical information processing, which 
aims to dissect and engineer different patterns of information processing in chemical systems, with applications 
as diverse as analytical chemistry and chemical computation.

Models and methods
A (sequential) ordered mechanism (henceforth also referred to as sequential or ordered) of double site modifica-
tion where the order of phosphorylation is exactly opposite to the order of dephosphorylation is a mechanism 
which results in only one partial phosphoform (Fig. 1a). The random mechanism of double site modification has 
two intermediate phosphoforms, and reflects the fact that phosphorylation and dephosphorylation can proceed 
in any order. A cyclic mechanism represents specific ordering of phosphorylation and dephosphorylation: in 
double site modification it corresponds to the situation where the ordering of dephosphorylation is the same as 
that of phosphorylation (see Fig. 1b).

We use a double-site modification with a cyclic mechanism, as a basic focal point throughout the paper. We 
also briefly examine, cyclic mechanisms involving more than two site modifications. The basic cyclic mechanism 
(Fig. 1b) involves the unphosphorylated form (denoted A00 or just A) modified by a kinase in sequence to give 
A01 and A11 : this represents an ordering where one of the sites (whose modification status is represented by the 
second subscript) is modified first, after which the other site is modified. However since the site modified by the 
kinase first is also the first to be demodified by the phosphatase, this gives rise to the intermediate phosphoform 
A10 which is further modified to give A00 . This corresponds to a strict ordering of phosphorylation and dephos-
phorylation. Implicit in this model is the fact that phosphorylation and dephosphorylation occur primarily in 
specific sequences, and residual levels of any other phosphorylation or dephosphorylation is neglected. In this 
regard we note that if these other steps were included, when the residual levels of these other phosphorylation/
dephosphorylation steps are sufficiently weak (for fixed total amounts of species) the essential conclusions remain 
the same. We also examine cases where some of these assumptions regarding ordering are relaxed (see below).

The model of the cyclic modification network is built up as follows. All models of individual modification 
steps (phosphorylation, dephosphorylation) are described through widely-used models involving the relevant 
enzyme binding to substrate to form the complex which irreversibly modifies the substrate to the modified form 
(see Fig. S1 for a detailed schematic representation of the reactions): this assumes an excess of ATP. When a 
single kinase and single phosphatase act to perform all the modifications, we assume a distributive modification, 
wherein the enzyme unbinds from the substrate after effecting a single modification.

We examine multiple variants of cyclic mechanisms, based on the identities of the enzymes involved in 
multiple modifications, whether common or distinct (Fig. 1b). Thus we examine the common kinase-common 
phosphatase mechanism, the different kinase-common phosphatase mechanism as well as the different kinase-
different phosphatase mechanism. These variants are all relevant noting that (1) there are many instances of 
enzymes performing multiple modifications of a substrate (justifying the common kinase-common phosphatase 
variant) (2) kinases outnumber phosphatases are seen in genome-wide studies45 (justifying the different kinase, 
common phosphatase variant).

We also examine specific relaxations of the assumptions of the cyclic mechanisms (see Fig. 1c). For instance, 
we examine the case that one of the enzymes (either kinase or phosphatase) may not be subject to a specific 
ordering. This has the consequence of creating an extra reaction in the cyclic reaction network and we examine 
the consequence of this as well. The networks depicted in Fig. 1c consider the possibility that the extra reaction 
may be mediated by a kinase or a phosphatase. Additional cases of an added extra reaction to the cyclic network 
are considered and discussed in “Supplementary material”. We point out that the essential kinds of insights we 
draw are already seen in the networks in Fig. 1c.

The models for all these variations are built up in the same way, implementing a mass action description for 
the kinetics of the individual modification steps. The mass action description does not make a-priori assump-
tions regarding regimes of enzyme activity and thus offers a comphrehensive model of the original system. These 
models (all kinetic models) are presented in the “Supplementary material”. We defer the study of both stochastic 
and spatial aspects to a future study, once some basic aspects of modification kinetics are understood, and many 
of these aspects are most transparently understood in the ODE setting.

Parameters and the focal point of the analysis.  Our focal point is a range of specific qualitative 
behaviour (oscillations, multistability, biphasic responses of maximally modified phosphoforms) all of which are 
of experimental interest in natural or engineered biology. Our primary goal is to establish unambiguously, the 
presence or absence of these characteristics in the various networks considered. Thus our results involve a com-
bination of computational results which demonstrate the possibility of such behaviour on one hand, along with 
analytical results which establish the absence of behaviour for structural reasons, independent of parameters. In 
the former case we briefly discuss the ranges of parameters which enable the behaviour to be seen. Through a 
combination of the two approaches, and by applying this to multiple variants of the cyclic multisite module, we 
are able to sharpen the boundary between the absence and presence of different types of behaviour. This directly 
reveals what modification network characteristics (structural and parametric) enables certain behavior to be 
seen and allows us to determine minimum requirements for a network to demonstrate the behaviour.

In our computational work, enzyme-substrate unbinding constants are fixed at the same value for all enzyme 
substrate pairs. This does not introduce any essential restriction and allows for the entire range of qualitative 
behaviour we focus on, to be seen in the models considered. The remaining parameters are the catalytic constants, 
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the enzyme substrate binding constants, and total amounts of enzymes and substrate. We choose representative 
values for these parameters within plausible ranges studied in the literature, and study their effect if this results 
in the qualitative behaviour of interest. Our main computational goal is to establish the presence of different 
characteristic behaviour in the networks under consideration.

The models are simulated using the ode15s solver in MATLAB46. These MATLAB models were cross-vali-
dated with simulations of the same network in COPASI47. Note that the latter requires only specification of the 
network, parameters, and kinetics of individual steps. Bifurcation analysis of these models is performed using 
MATCONT48, after incorporating conservation conditions and eliminating certain variables. Computational 
studies are complemented by analytical approaches both on a given model, as well as variations (see Fig. 1), to 
pin down the origins of a particular observed behaviour.

Results
Basic cyclic networks.  Steady state dose responses of the cyclic model..  We first examine the cyclic model 
with a single kinase and single phosphatase (Fig. 2). For purposes of contrast, we compare the behaviour of a 
cyclic mechanism with that of an ordered (sequential) distributive model. The enzyme binding/unbinding and 
catalytic constants associated with both the fully modified substrate, as well as the unmodified substrate (and 
associated enzymes) are exactly the same in the two models. Furthermore the enzyme/substrate binding, un-
binding and catalytic constants for the relevant enzymes (kinase, phosphatase) and the partial phosphoform are 
exactly the same in the two models (note that the cyclic model has two partial phosphoforms). Figure 2a shows 
a monotonic dose response curve for the maximally modified phosphoform concentration as the total kinase 
amount is varied, in both the ordered sequential and the cyclic models, though the cyclic model has a quantita-
tively reduced output.

Behaviour of partial phosphoforms.  A clear difference is seen in the case of partial phosphoforms. In the ordered 
distributive model, the partial phosphoform exhibits a characteristic biphasic response, which is associated with 
the fact that the kinase both produces and converts the partial phosphoform: for lower concentrations of kinase, 
the former behaviour dominates, while the latter behaviour is seen for higher total kinase concentrations. In the 

Figure 2.   Steady-state dose–response curves in double site distributive phosphorylation with a single 
(common) kinase and a single (common) phosphatase: sequential distributive (model S1 ) and cyclic 
mechanisms (model C1 ). (a, b) Shows the steady-state input–output response curve of the concentration of 
the maximally phosphorylated substrate, App , as a function of the total concentration of kinase, Ktot in each of 
these models, while (c–e) shows the corresponding curve for the partially phosphorylated substrate, Ap (in the 
sequential distributive model) and A01 or A10 (in the cyclic model).
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case of the cyclic model, the two partial phosphoforms exhibit monotonic responses, with opposite characteris-
tics, one monotonically decreasing (which mirrors the unphosphorylated substrate A00 , also referred to below as 
A) and the other which is monotonically increasing (which mirrors the fully phosphorylated substrate A11 ). The 
origins of this behaviour is worth discussing further.

Analysis of partial phosphoform behaviour.  By examining the steady state of A01 + A01K , we find that 
[AK] ∝ [ApK] . Furthermore, since the steady state concentration of a complex is proportional to the product of 
the enzyme and the substrate, we find that [Ap] ∝ [A] for any non-zero total kinase concentration. We note fur-
ther that the cyclic model assumes no phosphatase acting on A01 . If a weak level of dephosphorylation is present 
in A01 , we find that when Ktot becomes very small, then [A01] will actually approach zero. In this case, however, 
for relatively small Ktot , this partial phosphoform will increase and saturate following which with increasing Ktot , 
a monotonically decreasing profile as discussed is observed. This can be summarized by saying that the partial 
phosphoform behaves essentially like that seen above except for small levels of kinase, where any residual action 
of a phosphatase (neglected in this model) may dominate, making the concentration of the partial phosphoform 
approach zero. An analysis of the steady state of A10 + A10P yields the fact that [A10P] ∝ [A11P] , from which it 
follows that [A10] ∝ [A11] , which yields a characteristic increasing profile for A10 mirroring that of A11.

Absence of bistability.  It is well known that the ordered (distributive) mechanism can result in bistability14,15 and 
analysis reveals the parameters which enable bistability49. In contrast, the cyclic mechanism for these parameter 
values results only in monostability (Fig. 3a). In fact a straightforward mathematical analysis (“Supplementary 
material”) reveals that the cyclic model will only produce a single steady state, irrespective of parameter values.

Another behaviour of interest is biphasic dose responses in the maximally modified phosphoform (e.g. in 
response to variation of total kinase concentrations), which have been shown both experimentally and theoreti-
cally. We had shown that the biphasic behaviour arises in the ordered distributive mechanism, because increas-
ing kinase concentrations can sequester partial phosphoforms in complexes, thus allowing more phosphatase 
to target the fully modified form18.

Absence of biphasic dose‑responses in the maximally modified phosphoform.  For corresponding parameters 
(where an ordered model exhibits a biphasic dose response), the cyclic model only exhibits a monotonically 
increasing dose response curve for the fully modified phosphoform (Fig.  3b). Direct mathematical analysis 
shows that biphasic dose response curves are not possible in the basic model independent of parameters (see 
“Supplementary material”).

The existence of oscillations.  The previous results point to structural features of the cyclic model, which result in 
complex information processing characteristic of sequential (and random) distributive models being prevented, 
and suggests that the cyclic model behaves in a very simple way. This is in line with the intuition that the cyclic 
model which have “disconnected” forward and reverse modification pathways, might behave comparably to a 
single site modification system. However, Fig. 4 shows that the cyclic model can exhibit oscillations. The sequen-
tial distributive double-site modification model has not been shown to intrinsically exhibit oscillations. In this 
case, the incorporation of an activation step of a shared enzyme in the distributive modification is sufficient to 
generate oscillations, even if the reverse modification is mediated by different enzymes21, though oscillations in 
the intrinsic ordered distributive model have been elusive. The cyclic model does not require an explicit enzyme 
activation step to produce oscillations. Oscillations were found to occur in regimes where the sequential dis-
tributive model exhibited bistability, though this is neither necessary nor sufficient.

Oscillations, bistability and biphasic responses in other cyclic models.  We then explored other aspects of the 
cyclic mechanism to isolate requirements for oscillations. We found (Fig. 4b) that a cyclic model with different 
kinases and a common phosphatase can indeed generate oscillations as well, though cyclic models with different 
kinases and phosphatases do not. Cyclic models with separate kinases and common or separate phosphatases 
will not exhibit either multistability or biphasic dose response curves for the maximally modified phosphoform 
(see “Supplementary material”).

Cyclic mechanisms and ordered mixed mechanisms.  The behaviour of the cyclic model, preventing multistabil-
ity, but generating oscillations is reminiscent of another mechanism we have studied, the mixed-mechanism20. 
The mixed mechanism for the ordered distributive double site modification has only one partial phosphoform, 
and this phosphoform is directly created and released only in one modification direction. The cyclic model has 
two different phosphoforms, and furthermore the structure allows for having common enzymes in one direc-
tion and separate enzymes in the other, generating oscillation, something which does not happen in the analo-
gous mixed model. The mixed model has a processive step, associated with a common enzyme: if the opposing 
modification is mediated by separate enzymes, oscillations will not result as the system is similar to a three step 
irreversible reaction network with separate enzymes (two adding a phosphatase group each, and one completing 
reversing this in one step). In such a network there is no common enzyme shared between phosphoforms (while 
acting distributively). This indicates an essential extra flexibility inherent in the cyclic mechanism vis-a-vis the 
mixed mechanism.

Augmentations to basic cyclic networks.  We now examine the cyclic model as a bridge between 
ordered and random mechanisms of multisite modification. Random mechanisms with different combina-
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tions of different/common kinase and different/common phosphatase can all exhibit both multistability and 
oscillations21. The ordered (distributive) model exhibits bistability, but has not been shown to intrinsically exhibit 
oscillations (there are theoretical studies which rule out oscillations in certain regimes23). The basic cyclic model 
exhibits oscillations but not bistability or biphasic behaviour. We explored the minimum additions to the cyclic 
model to obtain bistability and biphasic dose response curves. This amounts to relaxing some restrictive assump-
tions regarding ordering in the basic cyclic model. To do this, we examined the augmentation of either a single 
phosphorylation step (opposite a given dephosphorylation step) or a single dephosphorylation step (opposite a 
phosphorylation step). This is done for three classes of cyclic models (common kinase/common phosphatase, 
different kinase/common phosphatase and different kinase/different phosphatase). This results in a series of six 
models (see Fig. 1c) which we examine (from the focal point of our study, the behaviour of other variants, can 
for the most part mapped on to one of these models, with regard to bistability and oscillations; other remain-
ing cases can be analyzed in analogous terms: this is discussed in detail in “Supplementary material”). All these 
networks are characterized by having a cyclic network with an additional reaction, and essentially correspond to 
special cases of random mechanisms, where these steps are the dominant ones.

A single augmentation to the basic cyclic networks can enable realization of bistability.  Figure 5 focusses on the 
possibility of bistability. Figure 5a depicts one model with an extra phosphatase reaction and one model with 
an extra kinase reaction, in a cyclic mechanism with common kinase and common phosphatase. We see that 

Figure 3.   Steady-state dose–response curves in sequential distributive (model S1 ) and cyclic phosphorylation 
(model C1 ) models with different catalytic constants of phosphorylation reactions (see text). (a) Shows how 
bistability may be obtained in a sequential distributive model (1), while this behaviour is abolished in a cyclic 
model with a single kinase and single phosphatase (2). (b) Shows that the biphasic behaviour which can arise 
from a sequential distributive model (1) is not found in the cyclic model (2). [Dashed and thick lines represent 
unstable and stable steady states respectively, LP: denotes a limit point (saddle-node bifurcation)].



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:16542  | https://doi.org/10.1038/s41598-020-73045-9

www.nature.com/scientificreports/

the model C11 does not show bistability even with this augmentation of the cyclic mechanism, while model 
C12 readily exhibits bistability. Looking at both these cases carefully allows us to dissect the reasons for the 
different behaviour. Analytical work shows that in model C11, the new kinase reaction is still associated with 
the same substrate, and consequently the steady state equations have the same mathematical form as those of 
the basic cyclic mechanism (with altered parameters), for which bistability was precluded for structural reasons 
independent of parameters. On the other hand a single additional dephosphorylation in model C12 allows for 
bistability, because it results in a different enzyme substrate complex, which along with conservation is sufficient 
to generate bistability. These results also allows us to infer the behaviour of a different kinase reaction augmen-
tation (acting on A10 ) and a different phosphatase augmentation (acting on A11 ). The former can give rise to 
bistability (it being similar in structure to model C12), while the latter does not exhibit bistability (for the same 
reasons as model C11).

Similar insights can be seen the Fig. 5b focussing on models with different kinases and a common phos-
phatase. A single kinase augmentation in model C21 gives rise to bistability, making an interesting contrast to 
model C11, since the extra augmentation is in the same reaction in the network. Here however, owing to the fact 
that this involves a different kinase, a new enzyme substrate complex is created and that along with conservation 
can give rise to bistability (along with a biphasic response, discussed later). Again a single phosphatase augmen-
tation can give rise to bistability provided it acts on A01 rather than A11 . Finally Fig. 5c shows the relevant cases 
for the different kinase and different phosphatase network showing that bistability owing to an augmentation 
can arise as long as new enzyme substrate complex is created. From analysing all the cases above, we see that 
such an augmentation is sufficient, irrespective of whether the kinases or phosphatases are common or separate.

The augmented reaction acting in the unsaturated regime is sufficient for creating bistability.  We then examined 
whether the augmentation mentioned above can give rise to bistability, even if the additional reaction involved 

Figure 4.   Oscillatory behaviour in cyclic double-site phosphorylation models. (a, b) Shows how bistability 
may be obtained in a sequential distributive model while the cyclic model with common kinase and common 
phosphatase (model C1 ) is capable of generating sustained oscillations, for corresponding parameter values 
(see text). (c) Sustained oscillations can be found in the cyclic model with different kinases, and a common 
phosphatase (model C2 ) in a range of total concentration of K1,tot and this behavior is progressively reduced 
and eventually destroyed by increasing the total concentration of the kinase modifying the second site ( K2,tot ). 
[Dashed and thick lines represent unstable and stable steady states respectively; LP and H denote a limit point 
and Hopf bifurcation point respectively].
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negligible sequestration (i.e. negligible complex, owing to the modification being in the unsaturated regime). 
In such cases the rate of substrate modification is linearly proportional to the relevant free enzyme and sub-
strate concentration (this is obtained when the catalytic constant of modification becomes large). Computational 
analysis shows that in fact bistability can be obtained in all these cases (see Supplementary material, Fig. S2).

Oscillations in augmented cyclic networks.  In the case of cyclic mechanisms with different kinases and phos-
phatases (where oscillations are not seen), having one additional reaction (see Model C31) can give rise to 
oscillations. Furthermore this is true even if this extra reaction is in the unsaturated limit (see “Supplementary 
material”).

Figure 5.   Bistability in modified cyclic models with a minimal augmentation of a single enzyme mediated 
step. (a) Indicates that the cyclic model with common kinase/phosphatase and an extra kinase reaction (model 
C11 ) is incapable of generating bistability while the model with an extra phosphatase reaction (model C12 ) can 
exhibit bistability. (b) Depicts cyclic models with different kinases/common phosphatase and an extra kinase-
mediated (model C21 ) or phosphatase-mediated augmentation (model C22 ), both of which can exhibit bistability. 
(c) Shows the relevant cases for the different kinase/different phosphatase with kinase-mediated (model C31 ) or 
phosphatase-mediated augmentation (model C32 ), demonstrating that a single kinase or phosphatase mediated 
augmentation is sufficient for bistability. [Dashed and thick lines represent unstable and stable steady states 
respectively, LP: denotes a limit point].
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Biphasic dose responses in augmented cyclic networks.  Table 1 summarizes the cases for biphasic responses of 
the fully modified phosphoform as the total kinase concentration (and in the case of multiple kinases, each of 
the kinase concentrations) is varied. Model C11 precludes biphasic responses, irrespective of parameter values, 
as it has the same structure as the basic cyclic mechanism. Model C12 can readily show biphasic behaviour, since 
it demonstrates the key underpinning ingredients for this behaviour: kinase modifying intermediate phospho-
forms, and sequestering them in complexes, making phophatase more easily available as a consequence. This was 
studied in18 and is seen in model C12, since the phosphatase targets A01 (the phosphatase dephosphorylating A10 
is irrelevant for this).

The existence of robust biphasic responses.  Model C21 exhibits biphasic response in relationship to both total 
kinase concentrations. Particularly noteworthy here is the response to variation in the second kinase (K2) con-
centration. Here we find a robust biphasic response for all other parameter values. Furthermore, as the total con-
centration of K2 is increased towards infinity, the A11 concentration approaches zero. This is demonstrated ana-
lytically in “Supplementary material”. The biphasic response with respect to K1 is due to the fact that this reduces 
the production of A10 through the K2 pathway (which has the effect of a reduced sequestration of phosphatase 
by this substrate, also see “Supplementary material”). Model C22 also exhibits biphasic response to K2 variation.

Biphasic response to one kinase but not the other.  Both models C31 and C32 can exhibit a biphasic response to 
variation of K2 but not to K1 (see “Supplementary material”). This absence of biphasic response to variation of 
K1 is demonstrated analytically for both cases. Again Model C31 exhibits a robust biphasic response to variation 
of total amount of K2.

Biphasic dose responses in cyclic networks, with the augmented reaction in the unsaturated regime.  We probed 
the cases where biphasic responses could be obtained, by examining whether this remained true even if the aug-
mented reaction was in the unsaturated regime (negligible sequestration). We found that the biphasic response 
to K2 in models C12, C22 and C32 was completely eliminated, and analytical results demonstrated this. The 
biphasic response to K1 in model C21 could still be obtained. The biphasic response to K2 of models C21 and 
C31 could also still be obtained. This is consistent with a demonstration of robust biphasic responses in these 
models, which results from a direct competing effect due to the action of K2 on two legs of the network. This is 
demonstrated analytically in the “Supplementary material”.

The landscape of biphasic responses.  The landscape of biphasic responses (Table 1) can be viewed along two dif-
ferent axes (one in relation to the enzymes which elicit such a response, and one in relation to the requirements 
on the network/augmentation to achieve this). On one axis we have an entire range from biphasic response 
to all enzymes, to biphasic response to some enzymes, to the absence of biphasic responses. On another axis, 
we have different types of behaviour (ultimately tied to their origin): robust biphasic behaviour (essentially all 
parameters), biphasic behaviour seen even when the augmented reaction is in the unsaturated limit, to biphasic 
responses which depend on sequestration effects in this augmented reaction.

Combinations of different behaviour.  Our results show how a single augmentation to the cyclic mechanism can 
enable bistability and biphasic dose–response curves. Similarly, as seen in Fig. 6a, a single augmentation can 
enable oscillations in the one cyclic network which does not intrinsically exhibit it (the separate kinase, separate 
phosphatase case). Having isolated ingredients for each of the distinct behaviours (bistability, oscillations, bipha-
sic responses), we find that the requirements for each of these behaviours is distinct. This prompts the question 
as to whether combinations of these behaviour can be seen. Figure 6b shows the case of coexistence of bistability 
and oscillations, as well as biphasic and oscillatory behaviour. The coexistence of bistability and biphasic behav-
iour is already shown in Fig. 5b. Figure S2 further demonstrates that such combinations of behaviour can even 
arise when the augmented reaction acts far from saturation: this is exemplified by model C31 which can exhibit 
a combination of bistability and oscillations, even when the augmented reaction acts far from saturation.

Table 1.   A summary of biphasic behaviour for the fully modified substrate as the total kinase concentration is 
varied, in cyclic, distributive phosphorylation models with enzymatic augmentations (models C11, C12, C21, 
C22, C31, C32). An asterisk indicates that the biphasic behavior is impossible if the augmentation is in the 
unsaturated regime (see text). Also indicated are cases where robust biphasic behavior is obtained.

Input

K1,tot or Ktot K2,tot

Model C31 No Yes (robust)

Model C32 No Yes∗

Model C21 Yes Yes (robust)

Model C22 No Yes∗

Model C11 No

Model C12 Yes∗
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Cyclic mechanisms with number of modification sites greater than two.  We discuss cyclic mech-
anisms involving more than two modification sites. Recall that we described the cyclic mechanism in double 
site phosphorylation as an ordered mechanism where the order of phosphorylation and dephosphorylation are 
the same: this implies that the first site to be phosphorylated is the first to be dephosphorylated and the last site 
to be phosphorylated is the last to be dephosphorylated. This gave rise to a characteristic cyclic (irreversible) 
network structure seen previously, which was the basis of the observed behaviour. Now when we examine a 
larger number of modification sites, having the same order of phosphorylation and dephosphorylation still gives 
cyclic mechanisms, similar to what we have seen. However it is possible to have mechanisms where the order of 
phosphorylation and dephosporylation are not the same, still giving rise to cyclic networks of the type we have 
encountered.

Three modification sites.  We can summarize the overall result as follows: in a three site modification system, 
cyclic mechanisms require either (1) the first site phosphorylated to be the first site dephosphorylated or (2) the 
last site phosphorylated to be the last site dephosphorylated. In only such cases do we have the phosphoforms 
in phosphorylation and dephosphorylations to be distinct, with the reaction network having a cyclic structure 
as seen above.

This can be justified as follows. Without loss of generality, assuming the order of phosphorylation involves 
the first site (giving rise to A001 ), then the second site (giving rise to A011 ) and finally the third site (giving rise 
to the fully modified phosphoform A111 ). Now suppose the first site is dephosphorylated first, meaning that the 
first phosphoform in the dephosphorylation cycle is A110 . Notice that straightaway this implies, that whatever the 
remaining order of the dephosphorylation, the phosphoforms generated are distinct from those in the phospho-
rylation cycle, since they all have a zero in the last index (something none of the phosphoforms in the phospho-
rylation cycle have). There are two orderings for the dephosphorylation (a) A111 → A110 → A100 → A000 and 
(b) A111 → A110 → A010 → A000 . The former represents a cyclic mechanism which is an exact analogue of the 
two-site mechanism studied in the paper, while the latter represents a different cyclic mechanism in its own right.

Figure 6.   (a) Sustained oscillations can be seen in the cyclic phosphorylation model even with different kinase 
and different phosphatase with the introduction of a single kinase-mediated augmentation (model C31 ). (b) 
Complex information processing can be realized in cyclic phosphorylation with a single additional enzyme-
mediated step: (1) model C22 showing a combination of bistability and oscillations and (2) model C21 showing 
a combination of biphasic response and oscillations. Model C21 also shows a combination of bistability and 
biphasic responses (see Fig. 5c). [Dashed and thick lines represent unstable and stable steady states respectively; 
LP and H represent a limit point and a Hopf bifurcation point respectively].
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If the second site is dephosphorylated first, then there is only one possibility of a cyclic mechanism, involv-
ing the first site dephosphorylated next: this gives rise to A111 → A101 → A100 → A000 . We notice in this case 
that the last site to be phosphorylated is also the last site to be dephosphorylated. Note that if the third site is 
dephosphorylated after the second site, this would leave a phosphoform A001 common with the phosphorylation 
cycle, precluding a cyclic mechanism.

Finally the third site being the first to be dephosphorylated in the dephosphorylation cycle, means that the 
third site phosphorylation (in the forward cycle) and dephosphorylation (in the reverse cycle) are associated 
with a common phosphoform. Thus no cyclic mechanism arises in this case. Figure 7 depicts a variety of three 
site cyclic mechanisms showing how all of them conform to the basic criterion described above.

A higher number of modification sites.  The above characterization of the cyclic mechanism for three site modi-
fications does not account for all cyclic mechanisms, when the number of modification sites is greater than 3. To 
see this, we focus on a four site modification mechanism and assume without loss of generality that the phospho-
rylation order is first site followed by second site followed by third site followed by fourth site. Thus the reaction 
pathway can be described as A0000 → A0001 → A0011 → A0111 → A1111 . Consider a dephosphorylation order 
which is third site followed by first site followed by fourth site followed by second site. This gives the dephos-
phorylation pathway as A1111 → A1011 → A1010 → A0010 → A0000 . This is an example of a cyclic mechanism, 
and it is clear that the partial phosphoforms are non-overlapping. Furthermore this is an example where the 
first site phosphorylated is not the first site dephosphorylated, and the last site phosphorylated is not the last site 
dephosphorylated. In fact viewed as a group, the first two or three sites phosphorylated do not correspond to the 
first two or three sites dephosphorylated, and likewise the last two or three sites phosphorylated is not the same 

Figure 7.   A depiction of different cyclic triple-site phosphorylation networks (see text).
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as last two or three sites dephosphorylated. All in all, increasing the number of phosphorylation sites allows for 
multiple ways of creating cyclic mechanisms.

Summary of analysis
Our computational results above are complemented by analytical work. Typically we use analytical approaches 
for questions which cannot be addressed conclusively by computations. Thus we focus on cases where particular 
types of behaviour are ruled out irrespective of parameters. We also use analytical work in some cases to dem-
onstrate the presence of specific kinds of behaviour (biphasic responses, bistability).

The approach to the analysis is as follows. After writing down the steady state equations for all species 
(enzymes, substrates and complexes), and incorporating the conservation conditions for enzymes and substrate, 
a number of variables can be eliminated. This is done as follows. (1) Firstly, at steady state the concentration of 
complexes is proportional to the product of concentrations of the relevant (free) enzymes and substrates. (2) 
Using the conservation conditions for enzymes, and the expression for the complexes as discussed above, the 
free enzyme concentrations can be written in terms of substrate concentrations. This can be done for all relevant 
enzymes. (3) Substrate variables can all be written in terms of one substrate variable (say A11 ). This is done by 
matching the net catalytic conversion to a given substrate and the net catalytic conversion away from it. This 
amounts to the requirement of steady state for a substrate and its enzyme substrate complex. For instance in the 
basic cyclic mechanism (common kinase, common phosphatase) the steady state of A01 + A01K  implies that 
kc1[A00K] = kc2[A01K] . Noting point (i) above, we see immediately that at steady state [A00] ∝ [A11] . Similarly 
by examining the steady state for A11 + A11P implies kc2[A01K] = kc3[A11P] . In this manner all the substrate 
variables can be eliminated in terms of A11 . (4) The conservation condition can now be written in terms of one 
substrate variable A11 . We can make a number of inferences from this.

The same approach can be used for the case of distinct kinases and/or phosphatases and also for the case of 
augmentations of the cyclic mechanism. In the latter case, algebraically eliminating all substrate variables may 
be more tedious, but through the reduction process of eliminating variables, one can obtain reduced equations 
to infer the relevant conclusions.

From our analytical studies we demonstrate. (1) Absence of multistationarity in cyclic mechanisms with dis-
tinct/common kinases and distinct/common phosphatases. (2) Absence of the biphasic dose response curve for 
A11 in terms of specified total kinase concentrations in the basic cyclic models. (3) Absence of multistationarity 
for specific augmentations of the cyclic mechanism, while demonstrating its possibility in others. (4) Absence 
of biphasic dose response curves for specific models (C11) of the cyclic mechanism with common kinase and 
phosphatase, with one augmentation. (5) Absence of biphasic dose response curve for models (C22, C31, C32) 
of the cyclic mechanism with separate kinase and phosphatase, as the total amount of enzyme K1 is varied. (6) 
Absence of biphasic responses in models C12, C22 and C32 with respect to K or K2 when the additional reaction 
acted in the unsaturated limit. These various cases are studied in the “Supplementary material”.

Conclusions
Ordering of modifications is a fundamental aspect of multisite modification and in present in a range of con-
texts and guises. An example involving common kinases and phosphatases in double site modification is ERK 
phosphorylation/dephosphorylation by MEK/MKP3 where the order of phosphorylation is the same as that of 
dephosphorylation41, giving rise to a cyclic network core. It is also known that different kinases modifying the 
same substrate can also involve specific ordering50. This is by no means restricted to the same kinase performing 
multiple modifications: in fact ordering can also be observed with multiple kinases51. Finally, the same insights 
also apply to dephosphorylation, which can also be ordered or random52.

This paper explores the impact of ordering of modifications in multisite phosphorylation and focusses on 
cyclic distributive double site modification models, which represent a particular ordering of modifications where 
the order of phosphorylation and dephosphorylation are the same, resulting in two partial phosphoforms. Cyclic 
mechanisms are of interest because (1) they represent a particular ordering and consequently a model system for 
enzymatic multisite modification, and a basic post-translation modification network and can be a reference for 
engineering synthetic multisite modification (2) they are found in natural systems (3) they are, from a network 
perspective, a bridge between ordered sequential and random mechanisms (4) analysis of this system provides 
and consolidates insights into the origins of different types of information processing characteristics observed 
in ordered and random distributive mechanisms.

Our goal was to characterize the presence or absence of basic information processing characteristics, specifi-
cally multistability, oscillation and biphasic responses of the maximally modified form, and thus evaluate the 
impact of the ordering of modifications. To do this we aim to draw a sharp boundary between the presence or 
absence of a given behaviour and how it depends on network interactions (and any augmentations), as well as 
other ingredients (commonality of enzymes, enzyme sequestration) and thus infer the minimum requirements 
for a given behaviour. Our analysis is performed in double site modification networks (involving different vari-
ants of common/separate kinases/phosphatases) both because of the relevance to specific contexts, and because 
they represent tractable networks which can be transparently analyzed to reveal basic insights which generalize 
to a greater number of modification sites. The results are summarized in Fig. 8.

Oscillations.  Cyclic mechanisms with a common kinase and common phosphatase or separate kinases and 
a common phosphatase are able to readily give oscillations. In fact, even with separate kinases and phosphatases, 
an extra reversible reaction in the unsaturated regime can give rise to oscillations. The former cases are strictly 
monostable, reinforcing an aspect seen elsewhere20 that oscillations can occur in networks where multistationar-
ity is precluded for basic structural reasons.
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Figure 8.   (A) Schematic indicates the different classes of ingredients present in multisite phosphorylation 
(network topology, commonality of enzymes, enzymatic mechanism). A basic question is how these ingredients 
determine the information processing characteristics depicted in the figure. (B) Summary of qualitative 
behavior exhibited in different classes of double site phosphorylation networks with common kinase and 
common phosphatase, contrasting the cyclic networks’ behavior (this paper) with those of other networks 
studied in literature. (C) Summary of qualitative behaviours shown by basic and augmented double site cyclic 
networks. This is established through analytical and computational work in this paper (See text and Table 1 for 
details).
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Bistability.  Having a single reversible reaction augmenting the cyclic mechanism is sufficient for bistability. 
Furthermore this does not even require sufficient sequestration of enzymes/substrates in this extra reaction. All 
in all, a cyclic mechanism where one enzyme acts on two modification reactions, even if one of them is in the 
unsaturated limit, is sufficient for obtaining bistability.

Biphasic responses.  Biphasic responses in the maximally modified phosphoform stem from an in-built 
trade-off. This is absent in the basic cyclic mechanisms and consequently such biphasic responses are ruled out. 
With the presence of a single reversible reaction, we identify multiple categories of responses: (1) those where 
biphasic responses are ruled out for the kinase enzyme(s): in the case where there are two kinase enzymes, they 
are ruled out for both. In the case of two kinase enzymes, (2) those where biphasic responses are seen for one 
of the kinase enzymes but not the other (3) those where they are seen for both kinase enzymes. Viewed from 
another axes (the requirements on the augmented reaction), these biphasic responses can be categorized as 
either requiring the augmented reaction to be acting far from then unsaturated limit, to existing even if the aug-
mented reaction is in the unsaturated limit, and in some of the latter cases, exhibiting robust biphasic responses. 
The existence of robust biphasic responses stems from a basic structural feature in the network realizing a robust 
trade-off (for instance the enzyme catalyzing two competing pathways).

Biphasic responses have been experimentally observed in multiple contexts50,53–55. Bistability and oscillations 
have not yet been demonstrated for the basic modification systems in isolation, but are predicted from very basic 
considerations.

Contrast with other mechanisms.  Ordered sequential models with purely processive mechanisms of 
enzymatic modification result in a single globally stable steady state. The ordered sequential model with dis-
tributive modification can result in bistability with one or both enzymes being common to the different modi-
fications. Ordered sequential models with common kinases and phosphatases can generate biphasic responses. 
Oscillations have thus far been elusive. The random mechanism readily provides multistability and oscillations, 
with separate/common kinases and separate/common phosphatases21.

Cyclic mechanisms and ordered mixed mechanisms.  The ordered sequential mechanism with mixed 
mechanisms of modification (one direction of modification is distributive and the other processive), share a 
common characteristic of the basic cyclic mechanisms, of having a single steady state which can lose stability to 
a Hopf bifurcation. There too, biphasic responses are ruled out. The effective separation of phosphorylation and 
dephosphorylation legs (owing to the partial phosphoform released in only one leg in the mixed mechanism), is 
a common feature of the two systems. We find oscillations possible in the cyclic system even when the binding 
constants of the partial phosphoforms to relevant enzymes, is relatively low. If these binding constants for one 
of the partial phosphoforms were high, then the relevant partial phosphoform would hardly be present in free 
form (assuming moderate unbinding rates and sufficient enzyme), a feature reminiscent of the processive leg of 
the mixed mechanism model. We thus conclude that oscillations in the cyclic mechanism are not merely a simple 
echo of those in mixed mechanisms.

Cyclic mechanisms vs ordered sequential and random mechanisms.  The contrast with the 
ordered sequential distributive model shows straightaway that the presence of different phosphoforms, elimi-
nates a trade-off responsible for biphasic responses, and also multistationarity, but interestingly that this very 
feature can readily generate oscillations. The contrast with random modification mechanisms highlights that 
behaviour such as bistability and oscillations actually requires only a small number of underlying factors present 
in the random mechanism to achieve. It also straightaway points to multiple regions/corners in the parameter 
space where such behaviour is achieved.

The cyclic mechanism as an enabler of bistability and oscillations with minimal ingredi-
ents.  Non-trivial dynamical characteristics such as bistability and oscillations in multisite modification ulti-
mately rely on (1) a common enzyme in more than one modification step and (2) sequestration of enzymes in 
complexes, which is the source of non-linearity. Our analysis of cyclic mechanisms with a single augmented step 
in an unsaturated regime shows that it is possible (separate kinase, separate phosphatase case) to realize both 
bistability and oscillations in networks with a single common enzyme acting in only two steps, with one of them 
in the unsaturated limit. This represents a minimum combination of the factors outlined above. Random mecha-
nisms have more than one enzyme acting in multiple steps, while sequential ordered mechanisms (1) need at 
least one common enzyme for bistability and (2) have not been shown to exhibit oscillations intrinsically even 
with greater degrees of coupling of enzymes and sequestration.

The above results are relevant to both systems and synthetic biology, and their intersection. All the types of 
basic behaviour considered here (oscillations, multistability, biphasic responses) are being investigated experi-
mentally in either natural or engineered contexts involving multisite modification.

Systems biology.  Since multisite modification systems are part of signalling networks, there is a need to 
understand in detail (1) the intrinsic characteristics of multisite modification and (2) how they function as part 
of signalling pathways. In the context of (1), analyzing cyclic mechanisms is of interest, because it is encoun-
tered naturally (as seen, for example in37, where the compromising of phosphorylation is associated with certain 
disorders), and is also an example of different basic circuit containing multisite phosphorylation. It provides 
insights into the behaviour of circuits (for example random modification mechanisms), which we discuss below. 
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In addition, it also provides insights into variants or augmentations of multisite modification (e.g. phosphoryla-
tion dephosphorylation in different compartments, with intermediate phosphoform not shuttling, or one of the 
modification directions involving a scaffold), which exhibit a similar chemical modification logic.

A bottom‑up approach to understanding behaviour of random mechanisms.  Random mecha-
nisms of multisite modification with different degrees of commonality of enzymes are fundamental PTM circuits. 
Characterizing their behaviour, their dependence on parameters and “design principles” underlying different 
characteristic behaviour they exhibit is fundamental to understanding multisite modification systems in systems 
biology. While some aspects can be studied to an extent by exhaustive parametric scanning, understanding the 
sources and origins of different behaviour needs a much more concerted effort and prompts multiple questions. 
Do these arise from dominant interactions/subnetworks? Do they arise from non-trivial interactions between 
different sub-networks? What type of sequestration effects are important? What impact do these aspects have 
on the robustness of behaviour? As part of this effort, one needs to consider stripped down versions of the full 
random mechanism, where it is possible to characterize both the presence and absence of behaviour, as well as 
parametric dependence clearly. Cyclic mechanisms (with minimal augmentations) represent extreme stripped 
down versions in this regard. They represent tractable starting points from which augmentations can be added 
step by step (towards full random mechanisms), along with a clearer characterization of parametric depend-
ence in these simpler networks at every stage. Such a bottom-up approach implemented in stages can provide 
a distinct systematic way of understanding in depth the behaviour and its origins in random mechanisms. In 
this context, we also point out that the ERK phosphorylation/dephosphorylation by MEK/MKP3, involves a 
specific ordering giving rise to a cyclic network core, in addition to which other reactions are considered15,30,42. 
An approach of the type outlined allows for the systematic elucidation of additional layers overlaid on the cyclic 
network core (which in turn is determined by the ordering of the modifications), with respect to the introduc-
tion of new information processing characteristics.

Synthetic biology.  Viewed from a bottom-up synthetic chemical approach, we are able to isolate fairly sim-
ple circuits which can in principle, be engineered to achieve circuit behaviour. From the perspective of building 
life to understand it56, we can say that the construction of such circuits in-silico is an example of building basic 
ingredients with a view towards understanding the origins of different kinds of behaviour in more complex post-
translational modification circuits. The engineering of multisite phosphorylation in synthetic biology is being 
pursued in multiple directions experimentally43,44, and this in turn is one aspect of the engineering of reaction 
networks57,58. Our analysis shows that separating phosphorylation/dephosphorylation steps is a key enabler of 
oscillations. Implementing such a design principle (for example through the synthetic deployment of scaffolds 
for phosphorylation/dephosphorylation, or ensuring these happen in different compartments), could facilitate 
the creation of oscillatory circuits in cellular and cell-free systems. Our analysis in this paper also provides a 
template for the engineering of different circuits with different combinations of information processing charac-
teristics.

Chemical information processing.  The results are also relevant to chemical information processing 
more generally. While complex behaviour in chemical pathways and circuits has been long established, the fact 
that such behaviour can occur in more basic chemical modification scenarios, with the crucial role of species 
sequestration, is of more recent vintage. In such systems, determining the effect of sequestration and how it 
combines with basic chemical modification mechanisms, as well as the underlying modification network has led 
to multiple basic unanswered questions. By examining very basic modification networks and circuits therein, 
we are able to more sharply define the interplay between network ingredients, topology and sequestration to 
achieve certain behaviour. In this regard, being able to rule out the presence of such behaviour in circuits inde-
pendent of parameters is important, as it allows us to more sharply draw the boundary between the presence and 
absence of such behaviour. Further analysis can build on this to examine robustness of behaviour and how addi-
tional ingredients contribute to this. The role of different ingredients such as the commonality or distinctness 
of modification enzymes and how they contribute to the tuneability of the circuits is another important aspect. 
The realization of new chemical circuits to achieve different information processing tasks (including chemical 
computing) is being pursued in a range of non-biological avenues as well59–61.

All in all, the results are relevant to understanding important aspects of the chemical underpinning of signal-
ling circuits and their complexity, how they can be used to building new information processing circuits, and 
also in emerging areas which aim to bridge the living and the non-living, with a chemical focus.

Received: 4 May 2020; Accepted: 7 September 2020

References
	 1.	 Cohen, P. The regulation of protein function by multisite phosphorylation—A 25 year update. Trends Biochem. Sci. 25, 596–601 

(2000).
	 2.	 Holmberg, C. I., Tran, S. E. F., Eriksson, J. E. & Sistonen, L. Multisite phosphorylation provides sophisticated regulation of tran-

scription factors. Trends Biochem. Sci. 27, 619–627 (2002).
	 3.	 Deshaies, R. & Ferrell, J. Multisite phosphorylation and the countdown to S phase. Cell 107, 819–822 (2001).
	 4.	 Malleshaiah, M., Shahrezaei, V., Swain, P. & Michnick, S. The scaffold protein Ste5 directly controls a switch-like mating decision 

in yeast. Nature 465, 101–105 (2010).



17

Vol.:(0123456789)

Scientific Reports |        (2020) 10:16542  | https://doi.org/10.1038/s41598-020-73045-9

www.nature.com/scientificreports/

	 5.	 Derouiche, A., Cousin, C. & Mijakovic, I. Protein phosphorylation from the perspective of systems biology. Curr. Opin. Biotechnol. 
23, 585–590 (2012).

	 6.	 Walsh, C. Post-Translational Modification of Proteins (Roberts, Englewood, 1996).
	 7.	 Luciano, F. et al. Phosphorylation of Bim-EL by Erk1/2 on serine 69 promotes its degradation via the proteasome pathway and 

regulates its proapoptotic function. Oncogene 22, 6785–6793 (2003).
	 8.	 Mohapatra, D., Park, K. & Trimmer, J. Dynamic regulation of the voltage-gated Biochem Kv2.1 potassium channel by multisite 

phosphorylation. Soc. Trans. 35, 1064–1068 (2002).
	 9.	 Hanger, D. et al. Novel phosphorylation sites in tau from Alzheimer brain support a role for casein kinase 1 in disease pathogenesis. 

J. Biol. Chem. 282, 23645–23654 (2007).
	10.	 Brunner, M. & Schafmeier, T. Transcriptional and post-transcriptional regulation of the circadian clock of cyanobacteria and 

Neurospora. Genes. Dev. 20, 1061–1074 (2006).
	11.	 Qu, Z., Weiss, J. & MacLellan, W. Regulation of the mammalian cell cycle: A model of the G1 to S transition. Am. J. Physiol. Cell 

Physiol 284, C349–C364 (2003).
	12.	 Nash, P. et al. Multisite phosphorylation of a CDK inhibitor sets a threshold for the onset of DNA replication. Nature 414, 514–521 

(2001).
	13.	 Conradi, C. & Shiu, A. Dynamics of post-translational modifcation systems: recent progress and future challenges. Biophys J. 114, 

505–515 (2018).
	14.	 Gunawardena, J. Multisite protein phosphorylation makes a good threshold but can be a poor switch. Proc. Natl Acad. Sci. USA 

102, 14617–14622 (2005).
	15.	 Markevich, N., Hoek, J. & Kholodenko, B. Signaling switches and bistability arising from multisite phosphorylation in protein 

kinase cascades. J. Cell. Biol. 164, 353–359 (2004).
	16.	 Thomson, M. & Gunawardena, J. Unlimited multistability in multisite phosphorylation systems. Nature 460, 274–277 (2009).
	17.	 Feliu, E. & Wiuf, C. Enzyme-sharing as a cause of multi-stationarity in signalling systems. J. R. Soc. Interface 9, 1224–1232 (2012).
	18.	 Suwanmajo, T. & Krishnan, J. Biphasic responses in multi-site phosphorylation systems. J. R. Soc. Interface. 10, 20130742 (2013).
	19.	 Jolley, C., Ode, K. & Ueda, H. A design principle for a posttranslational biochemical oscillator. Cell. Rep. 2, 938–950 (2012).
	20.	 Suwanmajo, T. & Krishnan, J. Mixed mechanisms of multi-site phosphorylation. J. R. Soc. Interface. 12, 20141405 (2015).
	21.	 Suwanmajo, T. & Krishnan, J. Exploring the intrinsic kinetics of multisite phosphorylation as part of signalling pathways. J. R. Soc. 

Interface. 15, 20180109 (2018).
	22.	 Conradi, C., Mincheva, M. & Shiu, A. Emergence of oscillations in a mixed-mechanism phosphorylation system. Bull. Math. Biol. 

81, 1829–1852. https​://doi.org/10.1007/s1153​8-019-00580​-6 (2019).
	23.	 Conradi, C., Feliu, E. & Mincheva, M. On the existence of hopf bifurcations in the sequential and distributive double phosphoryla-

tion cycle. Math. Biosci. Engg. 17, 494–504 (2020).
	24.	 Salazar, C. & Hofer, T. Allosteric regulation of the transcription factor NFAT1 by multiple phosphorylation sites: a mathematical 

analysis. J. Mol. Biol. 327, 31–45 (2003).
	25.	 Conradi, C. & Shiu, A. A global convergence result for processive multisite phosphorylation systems. Bull. Math. Bio. 77, 126–155 

(2015).
	26.	 Eithan, M. & Shiu, A. An all-encompassing global convergence result for processive multisite phosphorylation systems. Math. 

Biosci. 291, 1–9 (2017).
	27.	 Chan, C. et al. Protein Scaffolds can enhance the bistability of multisite phosphorylation. PLoS. Comput. Biol. 8, e1002551 (2012).
	28.	 Kapuy, O., Barik, D., Sananes, M., Tyson, J. & Novak, B. Bistability by multiple phosphorylation of regulatory proteins. Prog. Biophys. 

Mol. Biol. 100, 47–56 (2009).
	29.	 Levchenko, A., Bruck, J. & Sternberg, P. Scaffold proteins may biphasically affect the levels of mitogen-activated protein kinase 

signaling and reduce its threshold properties. PNAS. 97, 5818–5823 (2000).
	30.	 Rubinstein, B., Mattingly, H., Berezhkovskii, A. & Shvartsman, S. Long term dynamics of multisite phosphorylation. Mol. Biol. 

Cell 27, 2331–2340 (2016).
	31.	 Kocieniewskia, P., Faederb., J. & Lipniackia, T. The interplay of double phosphorylation and scaffolding in MAPK pathways. J. 

Theor Biol. 295, 116–124 (2012).
	32.	 Liu, I., Bardwell, L. & Nie, Q. A combination of multisite phosphorylation and substrate sequestration produces switch-like 

responses. Biophys. J. 98, 1396–1407 (2010).
	33.	 Chickarmanea, V., Kholodenko, B. & Sauroa, H. Oscillatory dynamics arising from competitive inhibition and multisite phospho-

rylation. J. Theor. Biol. 244, 68–76 (2007).
	34.	 Kennedy, M. et al. Multiple phosphorylation of rhodopsin and the in vivo chemistry underlying rod photoreceptor dark adapta-

tion. Neuron 31, 87–101 (2001).
	35.	 Wang, T. & Montell, C. Phototransduction and retinal degeneration in Drosophila. Pflugers Arch. 454(5), 821–47 (2007).
	36.	 Fuchs, S. et al. A homozygous 1-base pair deletion in the arrestin gene is a frequent cause of Oguchi disease in Japanese. Nat. Genet. 

15(2), 175–8 (1995).
	37.	 Yamamoto, S., Sippel, K., Berson, E. & Dryja, T. Defects in the rhodopsin kinase gene in the Oguchi form of stationary night 

blindness. Nat. Genet. 15(2), 175–8 (1997).
	38.	 Johnson, C., Zhao, C., Xu, Y. & Mori, T. Timing the day: what makes bacterial clocks tick?. Nat. Rev. Microbiol. 15(4), 232–242 

(2017).
	39.	 Mori, T. et al. Elucidating the ticking of an in vitro circadian clockwork. PLoS Biol. 5(4), e93 (2007).
	40.	 Farooq, A. & Zhou, M. Structure and regulation of MAPK phosphatases. Cell Signal. 16(7), 769–79 (2004).
	41.	 Zhao, Y. & Zhang, Z.-Y. The mechanism of dephosphorylation of extracellular signal-regulated kinase 2 by mitogen-activated 

protein kinase phosphatase 3. J. Biol. Chem. 276, 32382–32391 (2001).
	42.	 Witzel, F. & Blüthgen, N. When more is less: Dual phosphorylation protects signaling off state against overexpression. Biophys. J. 

115, 1383–1392 (2018).
	43.	 O’Shaughnessy, E., Palani, S., Collins, J. & Sarkar, C. Tunable signal processing in synthetic MAP kinase cascades. Cell 144, 119–131 

(2011).
	44.	 Valk, E. et al. Multistep phosphorylation systems: Tunable components of signalling circuits. Mol. Biol. Cell 25, 3456–3460 (2014).
	45.	 Ghaemmaghami, S. et al. Global analysis of protein expression in yeast. Nature 425, 737–741 (2003).
	46.	 MATLAB. version 7.10.0 (R2010a) (The MathWorks Inc., Natick, Massachusetts, 2010).
	47.	 Hoops, S. et al. COPASI: A COmplex PAthway SImulator. Bioinformatics. 22, 3067–3074 (2006).
	48.	 Dhooge, A., Govaerts, W. & Kuznetsov, Y. Matcont: A Matlab package for numerical bifurcation analysis of ODEs. ACM Trans. 

Math. Softw. 29, 141–164 (2003).
	49.	 Conradi, C. & Mincheva, M. Catalytic constants enable the emergence of bistability in dual phosphorylation. J. Roy. Soc. Interface 

11, 20140158 (2014).
	50.	 Stepanov, A., Karelina, T., Markevich, N., Demin, O. & Nicholas, T. A mathematical model of multisite phosphorylation of tau 

protein. PloS One 13, e0192519 (2018).
	51.	 Lyons, N. A., Fonslow, B. R., Diedrich, J. K., Yates, J. R. III. & Morgan, D. O. Sequential primed kinases create a damage-responsive 

phosphodegron on eco1. Nat. Struct. Mol. Biol. 20, 194 (2013).

https://doi.org/10.1007/s11538-019-00580-6


18

Vol:.(1234567890)

Scientific Reports |        (2020) 10:16542  | https://doi.org/10.1038/s41598-020-73045-9

www.nature.com/scientificreports/

	52.	 Ramachandran, C., Aebersold, R., Tonks, N. K. & Pot, D. A. Sequential dephosphorylation of a multiply phosphorylated insulin 
receptor peptide by protein tyrosine phosphatases. Biochemistry 31, 4232–4238 (1992).

	53.	 Burack, W. & Sturgill, T. The activating dual phosphorylation of MAPK by MEK is nonprocessive. Biochemistry 36, 5929–5933 
(1997).

	54.	 Tian, Q. et al. Biphasic effects of forskolin on tau phosphorylation and spatial memory in rats. J. Alzheimer’s Disease 17, 631–642 
(2009).

	55.	 Perrett, R. M. et al. Signaling to extracellular signal-regulated kinase from erbb1 kinase and protein kinase c feedback, heterogene-
ity, and gating. J. Biol. Chem. 288, 21001–21014 (2013).

	56.	 Elowitz, M. & Lim, W. A. Build life to understand it. Nature 468, 889–890. https​://doi.org/10.1038/46888​9a (2010).
	57.	 Maguire, O. R. & Huck, W. T. S. On the importance of reaction networks for synthetic living systems. Emerg. Topics Life Sci. 3, 

517–527. https​://doi.org/10.1042/ETLS2​01900​16 (2019).
	58.	 van Roeckel, B. et al. Programmable chemical reaction networks: Emulating regulatory functions in living cells using a bottom-up 

approach. Chem. Soc. Rev. 44, 7465–7483 (2015).
	59.	 Katz, E. Molecular and Supramolecular Information Processing (Wiley, New York, 2012).
	60.	 Privman, V. & Katz, E. Enzyme-based logic systems for information processing. Chem. Soc. Rev. 39, 1835–57 (2010).
	61.	 Semenov, S. et al. Rational design of functional and tunable oscillating networks. Nat. Chem. 7, 160–165 (2015).

Acknowledgements
T. S. acknowledges support from Chiang Mai University. Funding to V. R. through a Presidential PhD scholarship 
at Imperial College is gratefully acknowledged.

Author contributions
T.S. and J.K. planned the study. T.S. carried out computational work, including code development. J.K. carried 
out the analytical work. V.R. contributed computational results. J.K. and T.S. analyzed the results. J.K. wrote the 
paper with input from T.S. J.K. revised the paper with input from V.R. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-73045​-9.

Correspondence and requests for materials should be addressed to J.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/468889a
https://doi.org/10.1042/ETLS20190016
https://doi.org/10.1038/s41598-020-73045-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Exploring cyclic networks of multisite modification reveals origins of information processing characteristics
	Models and methods
	Parameters and the focal point of the analysis. 

	Results
	Basic cyclic networks. 
	Steady state dose responses of the cyclic model.. 
	Behaviour of partial phosphoforms. 
	Analysis of partial phosphoform behaviour. 
	Absence of bistability. 
	Absence of biphasic dose-responses in the maximally modified phosphoform. 
	The existence of oscillations. 
	Oscillations, bistability and biphasic responses in other cyclic models. 
	Cyclic mechanisms and ordered mixed mechanisms. 

	Augmentations to basic cyclic networks. 
	A single augmentation to the basic cyclic networks can enable realization of bistability. 
	The augmented reaction acting in the unsaturated regime is sufficient for creating bistability. 
	Oscillations in augmented cyclic networks. 
	Biphasic dose responses in augmented cyclic networks. 
	The existence of robust biphasic responses. 
	Biphasic response to one kinase but not the other. 
	Biphasic dose responses in cyclic networks, with the augmented reaction in the unsaturated regime. 
	The landscape of biphasic responses. 
	Combinations of different behaviour. 

	Cyclic mechanisms with number of modification sites greater than two. 
	Three modification sites. 
	A higher number of modification sites. 


	Summary of analysis
	Conclusions
	Oscillations. 
	Bistability. 
	Biphasic responses. 
	Contrast with other mechanisms. 
	Cyclic mechanisms and ordered mixed mechanisms. 
	Cyclic mechanisms vs ordered sequential and random mechanisms. 
	The cyclic mechanism as an enabler of bistability and oscillations with minimal ingredients. 
	Systems biology. 
	A bottom-up approach to understanding behaviour of random mechanisms. 
	Synthetic biology. 
	Chemical information processing. 

	References
	Acknowledgements


