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In eukaryotes, DNA replication is initiated at many sites (origins) across the genome. This 

process is strictly regulated to ensure that there is never more than a single initiation event 

at each origin per cell cycle. In addition, the number and location of origins that fire in S-

phase are also regulated to ensure that the entire genome is replicated in a timely manner. 

Over- or under-replication causes genome instability [1], which appears to be an early event 

in cancer development [2–4]. The contributions of kinases to replication initiation control, 

both during the cell cycle and during DNA damage, are well established [5,6]. Here, we 

discuss how protein phosphatases can also contribute to DNA replication control: ensuring 

initiation only once per cell cycle and dictating the rate and location of origin firing. As many 

kinases involved in replication control are targets for new chemotherapies [7–9], 

understanding how these pathways are modulated by phosphatases may be critical to 

improve the clinical effectiveness of these drugs and may also provide insight into how 

tumours develop resistance to kinase inhibitors. 

1. Protein dephosphorylation can modulate a kinase response 

mailto:paz20@cam.ac.uk


Protein phosphorylation is a key mechanism to control the events of the cell cycle, and large-

scale protein dephosphorylation is required to reset the cell cycle during mitotic exit [10]. 

However, in S. pombe the majority of CDK substrates participate in rapid cycles of ATP 

turnover from S phase to mitosis, with a median phosphorylation half-life of just 2.2 minutes 

[11]. It is therefore likely that phosphatases are required to modulate the kinase response in 

other functionally important ways in addition to their role at mitotic exit [12]:  

Creating a thresholded switch 

The degree of coordination between kinase and phosphatase activities determines the 

amount of phosphorylated substrate (output) produced for a given change in enzymatic 

activity (input). Independent enzymatic regulation generates a hyperbolic response (Figure 

1A, left), but reciprocal enzymatic regulation e.g where the kinase inactivates the 

phosphatase or vice versa, generates an ultrasensitive, stepwise transition between a 

minimally and maximally phosphorylated substrate population, after a set activity threshold is 

exceeded (Figure 1A, middle). However, this regulatory configuration means that at input 

values close to the threshold, the transition may be inadvertently triggered by input ‘noise’. A 

bistable switch averts this as the output is dependent upon the proportion of phosphorylated 

substrate already present (hysteresis, Figure 1A, right). The substrate/product feedback 

loops on enzymatic activity that underpin such bistable regulation are exemplified by key 

regulators of the G2-M and G1-S-phase transitions (Figure 1B) [13]. The robustness of the 

transition between stable states can be enhanced by multi-site phosphorylation of the 

substrate (Figure 2A, top), as in the case for Sic1 in budding yeast [14]. The speed of the 

transition between bistable states can be enhanced by phospho-regulated positive feedback 

on substrate-kinase or phosphatase binding-sites (Figure 2B, top), for example, sequential 

kinase priming regulates phospho-degrons in mitosis [15,16] and phosphorylation can inhibit 

PP1 phosphatase binding [17].  

Ordering protein phosphorylation 



For cell cycle and in particular DNA replication control, the order in which proteins are 

phosphorylated is critical (see section 2 below). Multi-site phosphorylation of a substrate can 

not only determine the threshold for a switch but can also act to ensure the protein is 

activated/inactivated with a delay, as is the case for Sld2 (Figure 2A, top) [18]. Several 

studies also demonstrate that competition between substrates for kinases and phosphatases 

can lead to the ordering of substrate phosphorylation/dephosphorylation [11,19,20]. In S. 

pombe, the earliest S phase substrates are preferentially phosphorylated due to their 

abundance and cyclin-binding motifs, while increasing CDK activity in interphase orders 

subsequent substrate phosphorylation [11]. In budding yeast, both PP2AB55 phosphatase’s 

affinity for phospho-threonines in interphase [20], and the substrate’s susceptibility to Cdc14 

phosphatase in mitosis [19], are determinants of quantitative ordering. Therefore, differential 

substrate affinities for both kinases and phosphatases can play a crucial role in determining 

dephosphorylation and phosphorylation timings (Figure 2C). 

Protein phosphorylation is not only ordered in time, but also in space. Spatial variations in 

phosphatase and kinase activity can produce a specifically localised signal for example the 

phosphorylation of KNL1 at the kinetochore [21] or create a phosphorylation gradient, for 

example the localisation of the PP1 phosphatase generates a Pom1 kinase gradient in S. 

pombe length-sensing [22], or even create a phosphorylation wave, for example the 

propagation of CDK1 activity by Wee1/Cdc25 in Xenopus eggs [23] and Drosophila embryos 

[24], as reviewed in [12]. 

Ensuring a transient response 

While phosphorylation is often considered as switch, turning a protein on or off, dynamic 

phosphorylation turnover can also be inherently functionally important. For example, the 

dynamic Aurora B phosphorylation and PP2AB56 dephosphorylation of the kinetochore 

component NDC80 in mitosis promotes the association and dissociation of microtubule 

attachments, allowing for the selection of attachments that generate tension and the release 



of those which do not [25–27]. A substrate can be dynamically phosphorylated by a delayed 

negative feedback mechanism, such as kinase-dependent phosphatase recruitment (Figure 

2B, bottom), as has been shown for the PP2AB56 phosphatase [28]. 

In this review, we will investigate how DNA replication initiation is controlled and identify 

examples where phosphatases may be important to ensure the fidelity and regulation of this 

process. 

2. Once per cell cycle replication control and phosphatases 

Four sequential regulatory steps are required to achieve once-per-cell cycle DNA replication 

initiation [29]: 

(i) Replication origin licensing: a temporal period (late M/G1 phase) when the 

replicative helicase Mcm2-7 is loaded at origins in an inactive state 

(ii) Licensing inactivation: Further Mcm2-7 loading must be stopped before origin 

activation is permitted. 

(iii) Replication origin activation: Previously inactive ‘firing factors’ are activated in 

S-phase to trigger replication initiation at origins  

(iv) Initiation inhibition: Origin firing causes the loss of licensing and re-firing 

potential. 

Protein kinases are critical to regulate these events, but how these processes are ordered 

and separated requires temporal control of substrate phosphorylation and 

dephosphorylation. 

Kinase-regulation of origin licensing and firing 

The licensing reaction requires the origin recognition complex (ORC), together with Cdc6 

and Cdt1 to load Mcm2-7 complexes as head-to-head double hexamers around double-

stranded (ds) DNA at origins [30,31]. The licensing reaction is restricted to late mitosis/G1 

phase by inhibitory CDK phosphorylation. In yeast for example, S-phase CDK 



phosphorylates Mcm3, resulting in Mcm2-7 nuclear export [32] , and this kinase also 

phosphorylates and inhibits ORC [33]. As early as late G1 phase and throughout S/G2 

phase, Cdc6 is targeted for degradation by CDK-phosphorylation of a phospho-degron in 

Cdc6 [34–36]. This rapid and early targeting of multiple factors involved in licensing is critical 

to ensure licensing is switched off before initiation can begin. 

To initiate DNA unwinding and DNA synthesis at a replication origin, the Mcm2-7 double 

hexamer must be converted into active CMG (Cdc45/Mcm2-7/GINS) helicases and 

additional factors must be recruited, such as DNA polymerases [5] (see Movie 1). This step 

is triggered in S-phase by cell cycle kinases: S-CDK and DDK whose activity is higher in S 

than G1 phase [37]. The essential role of DDK in yeast is the direct phosphorylation of 

loaded Mcm4 and Mcm6 [38,39] which allows the recruitment of the firing factors Sld3/Sld7 

(Treslin/MTBP in humans) and Cdc45 to origins [40]. This DDK phosphorylation has recently 

been found to be functionally redundant with CDK1-dependent Mcm2-7 phosphorylation in 

mammals [41]. In yeast, CDK critically phosphorylates both Sld3 and another factor Sld2 

(RecQL4 in humans), which allows the binding of the tandem BRCT repeat protein 

Dpb11/TopBP1 [42]. Distinct BRCT-repeats of Dpb11 bind CDK-phosphorylated Sld2 and 

Sld3, forming a transient intermediate called the pre-initiation complex (pre-IC) that recruits 

Pol (the leading strand polymerase) and the CMG component GINS to origins [43]. The 

CDK phosphorylation of Sld3/Treslin has been shown to be conserved and important for 

origin firing in several metazoa [44–46] and CDK phosphorylation of Sld2/RecQL4 has also 

been shown to be critical in C. elegans [47]. 

After pre-IC formation, and Mcm10 recruitment [48,49], several initiation factors including 

Sld3/Sld7, Dpb11 and Sld2 are released from origins and initiation occurs [50]. It is not clear 

how important this release step is for origin firing to occur, although reducing the affinity of 

Sld3 for Cdc45 can promote replication [51]. It is possible that phosphatase-assisted 

dissociation of the pre-IC may enable replisome formation, and dissolve unproductive pre-

IC-like complexes such as those that form on Mcm2-7 tails [52].  



Phosphatase-dependent mechanisms to prevent re-replication  

Bistable cell cycle regulation by kinase and phosphatase activities is crucial to create distinct 

temporal windows for origin licensing and firing (Figure 3). It is also clear that to transition 

between periods of origin licensing and origin firing, the order of phosphorylation of key 

replication factors is critical. Licensing factors must be phosphorylated and inhibited before 

initiation factors are activated in S phase, and conversely, during mitotic exit, initiation 

factors must be deactivated and dephosphorylated before licensing factors. Any overlap 

between licensing and initiation could potentially lead to lethal re-replication. 

Resetting the replication reaction during mitosis 

To inactivate the kinases responsible for replication initiation from mitotic exit until G1/S 

phase, the cyclin subunits of CDK and the Dbf4 subunit of DDK are targeted for degradation 

by the APC/C [53–55]. Despite this, removal of the kinases to create a period of low 

DDK/CDK activity would not prevent replication initiation if their substrates remained 

phosphorylated during this period. Thus, phosphatases work together with ubiquitin-

mediated degradation to ensure the resetting of CDK/DDK substrates during mitosis. 

Several phosphatases directly oppose CDK phosphorylation during mitotic exit: PP2AB55, 

Cdc14 (in budding yeast) and PP1 (in metazoa) [10,56,57]. Whereas Cdc14 is a single-

subunit phosphatase with dual-specificity for Tyr and Ser/Thr phosphorylation [58], PP2A 

and PP1 are Ser/Thr phosphatases each with a diversity of regulatory subunits that greatly 

determine phosphatase specificity [59,60]. There are 15 PP2A regulatory subunit genes in 

human cells, while in dividing budding yeast there is only one B55 and one B56-type 

regulatory subunit expressed, Cdc55 and Rts1 respectively [59]. In yeast, both Cdc14 and 

PP2AB55 are tightly regulated in mitosis. Cdc14 is strictly sequestered and inhibited within the 

nucleolus prior to anaphase [10]. Cdc14 is released from inhibition in the nucleolus by the 

‘Cdc14 early anaphase release’ (FEAR) network, and its activity maintained by the Mitotic 

Exit Network (MEN) until G1 phase [10]. Cdc14 appears to be selective for phospho-serine 



CDK sites [61,62] in contrast to the PP2AB55 selectivity for phospho-threonines [20,63]. 

PP2AB55 is active in interphase but then largely inhibited in mitosis via the activity of 

Greatwall kinase [64,65] (Figure 1B and 3). PP2AB55 activity returns upon mitotic exit as CDK 

activity dissipates and PP1 counteracts Greatwall activity [66]. Other phosphatases, such as 

PP1 and PP2AB56, appear to be active during mitosis [12] but their direct contributions to 

CDK/DDK site dephosphorylation is unclear.  

Dephosphorylation during mitotic exit occurs in an ordered manner and substrate affinity for 

Cdc14 is a key determinant of this ordering in yeast [19]. As expected, firing factors are 

found to be inactivated prior to licensing factors [16]. For example, Sld2 in yeast is targeted 

by the sequential action of four kinases early in mitosis leading Sld2 to be targeted for 

degradation by Dma1/2 [16]. Conversely, phosphorylation that results in the degradation of 

the licensing factor Cdc6 by SCFCDC4 [34–36] is reversed by the sequential action of PP2AB55 

and Cdc14 phosphatases in yeast [67,68]. Orc6 dephosphorylation is also a result of both 

Cdc14 and PP2AB55 action in yeast [69] and occurs strikingly late in mitotic exit [19], 

consistent with delayed re-activation of licensing factors. Finally, in humans, PP1 

dephosphorylates Orc2 on its CDK sites at mitotic exit to allow ORC binding to chromatin in 

G1 phase [70–72]. Therefore, the binding and affinity of phosphatases towards licensing and 

firing factors is important for ordering dephosphorylation. 

Whether the dephosphorylation of DDK-modified Mcm2-7 complexes occurs prior to the next 

cell cycle, is unclear. CMG complexes that have completed replication are ubiquitinated on 

the Mcm7 subunit by SCFDia2 in yeast and CUL-2Lrr-1 and TRAIP/UBXN-3 ligases in metazoa 

[73]. Although this Mcm7 ubiquitylation does not appear to result in degradation, it does 

result in Cdc48 segregase dependent removal of the CMG from chromatin and CMG 

dissolution. In budding yeast, newly synthesised Mcm2-7 complexes are preferentially 

imported to the nucleus for licensing in G1 phase [74]. In human cells, although licensing of 

both new and parental Mcm2-7 occurs, parental Mcm2-7 form CMGs with higher efficiency 

[75] potentially indicating the presence of a replication-promoting modification from the 



previous cell cycle. This may suggest that it is CDK substrate regulation that plays a 

predominant role in re-replication control. 

Ordering replication protein phosphorylation in the G1/S phase transition 

Cyclin specificity contributes to the ordering of licensing factor inactivation prior to firing 

factor activation at the onset of S phase. In budding yeast, licensing factors are targeted and 

inactivated by G1-CDK [36,76,77], while firing factors are only targeted and activated by S-

CDK [16,78–80]. Furthermore, both Sld2 and Sld3 are predicted to have 10 CDK sites in 

addition to those directly essential for replication [18,78]. In the case of Sld2, it appears that 

phosphorylation of at least some of the other 10 CDK sites is required for T84 

phosphorylation [18], perhaps safeguarding against premature activation [81]. The 

contribution of phosphatases to the ordering of replication factor phosphorylation in this 

transition is largely unexplored. However, in human cells, Rif1-PP1 supresses Orc1 

phosphorylation in G1 phase, which prevents Orc1 degradation and the inhibition of 

licensing [82]. 

3. The role of protein phosphatases in modulating replication in time and space 

In most eukaryotic cells, the multitude of origins do not all fire at the beginning of S-phase. 

Although many origins are licensed in G1 phase, only a fraction of these (10% in mammalian 

cells) will be activated during a normal S-phase [83], with the rest remaining dormant, 

serving as back-up origins if local forks collapse due to DNA damage [84]. Origin activation 

(for those that fire) occurs throughout S-phase, resulting in differences in the temporal order 

of genome duplication, known as the replication timing (RT) programme. Importantly this RT 

programme is evolutionarily conserved between related species [85], is consistent within 

particular cell types [86]  and changes dramatically during development [87] and 

differentiation [88]. This RT program also has a spatial component: origins of similar firing 

times seem to cluster into replication foci within the nucleus during S phase [89–92]. 



From yeast to metazoa, the signal for early or late replication initiation of an origin is 

established in G1 phase during licensing [93,94]. Several studies suggest that the 

establishment of RT is dependent on the regulation of the chromatin context of origins [95–

98]  and early origins differentially bind to ORC [99,100] and load more Mcm2-7 [101]. A 

critical determinant of origin timing is the ability of these licensed origins to compete for a 

limiting pool of initiation factors [102,103]. The activatory subunit of DDK, Dbf4, and the pre-

IC initiation factors (Sld2, Sld3 and Dpb11) are stoichiometrically limiting for initiation in 

budding yeast and over expression of these factors, together with the Sld3 partner proteins, 

Sld7 and Cdc45, is sufficient to allow the early firing of late and dormant origins in yeast 

[102]. Importantly the vertebrate orthologues of these factors are also rate-limiting for 

replication initiation during early embryonic divisions [104].  

An interesting feature of these limiting initiation factors is that apart from Cdc45, they are not 

incorporated into replisomes and are released from origins during the initiation reaction (see 

section 2). The local recycling of these limiting factors during initiation may therefore 

influence which origins fire next. Indeed, there is some evidence that origins fire sequentially 

in what’s called the ‘domino model’ depending on local 3D chromatin structure [105], 

although the evidence for this model differs between studies [106–108]. 

Given the limiting nature of DDK (Dbf4) and CDK substrates (Sld2 and Sld3), the regulation 

of DDK and CDK activity or localisation can play an important role in the replication timing 

programme. Direct recruitment of Dbf4 to kinetochores and by the forkhead box transcription 

factors Fkh1/Fkh2 in yeast can drive the early firing of subsets of origins [109,110] while 

increased activation or inhibition of CDK alters replication initiation efficiency and RT 

progression [111,112].  

Phosphatases are also important regulators of DDK and CDK activity and therefore can play 

a role in determining the RT programme. Clinically important Wee1 inhibitors, which promote 

Cdc25-dependent dephosphorylation and activation of CDK (Figure 1B), speed up S-phase 



by increasing origin firing [113]. The chromatin binding protein Rif1 was also shown to 

regulate replication timing from yeast to mice/human cells [114–116]. A conserved feature of 

Rif1 is that it binds to the PP1 phosphatase [117] and initially in studies in yeast [118–120] 

and Xenopus extracts [121] it was shown that PP1 directly counteracts the DDK-dependent 

phosphorylation of Mcm2-7 at licensed origins. This Rif1-dependent recruitment of PP1 to 

chromatin delays the firing of subsets of origins [118,119]. DDK activity, which increases 

during S-phase, can disrupt the Rif1-PP1 interaction [118,119] and causes a feedback loop 

which allows for further origin firing as S-phase progresses (Figure 4). Rif1 also has roles in 

chromatin and nuclear organisation, which likely have additional effects on RT, 

independently of the regulation of licensed origins [117]. In yeast, Rif1 mutants also exhibit 

hyper-DDK phosphorylation of Sld3, although the physiological role of this regulation is not 

known [120].  In Drosophila, Rif1 is required to extend S-phase during the early embryonic 

divisions and the chromatin association of Rif1 is inhibited by Cdk1 [122]. In human cells the 

Rif1-PP1 interaction is counteracted by CDK [123], which together with the Drosophila 

studies provide direct linkage between the control of replication timing by CDK and DDK 

(through Rif1) (Figure 4).  

Given the striking influence of PP1 for determining the order of origin firing by locally 

opposing DDK phosphorylation, could there be a function for a phosphatase that opposes 

the S-CDK phosphorylation during interphase? Knock-down of the PP2A inhibitor, ENSA, in 

human cell lines drives the degradation of unphosphorylated Treslin, slowing S phase [124]. 

Conversely, in X. laevis egg extracts PP2A has been implicated as a positive regulator of 

DNA replication initiation [125], acting after origin licensing to aid Cdc45 recruitment and 

promote origin firing [126]. The substrate for PP2A in replication initiation has not been 

identified, but it is possible that PP2A counteracts Chk1, a checkpoint effector kinase that 

can phosphorylate Treslin in an unperturbed cell cycle [127] (see section 4). Furthermore, 

DUE-B, a metazoan-specific Cdc45-recruitment factor [128] also requires PP2A activity to 

bind to Mcm2-7 [129]. Therefore, while Rif1-PP1 delays replication initiation at licensed 



origins, PP2A may have positive and negative roles as a regulator of replication initiation 

through as yet unidentified targets. The activity of PP2A is influenced by nitrogen, carbon 

[130,131], methionine [132] and sphingolipid signalling [133,134], and responds to 

membrane growth and cell size in yeast [135,136]. Roles for PP2A in replication control 

might provide new links between metabolic pathways and genome duplication. 

4. Checkpoint inhibition of origin firing 

In the presence of DNA damage or fork stalling agents, checkpoint activation leads to 

inhibition of replication initiation [137]. In budding yeast, the effector checkpoint kinase 

Rad53 (analogous to Chk1 in humans) inhibits origin firing by targeting both kinase 

pathways (CDK and DDK) that activate origin firing [138,139]. Rad53 seems to inhibit DDK 

function by sterically blocking Dbf4 binding to Mcm2-7 in a phosphorylation-independent 

manner [140]. However, phosphorylation of the key CDK substrate, Sld3, by Rad53 prevents 

its interactions with other replication factors including Mcm2-7, Cdc45 and Dpb11, to prevent 

origin firing [40,138,139]. There are significant similarities in the mechanism of checkpoint 

inhibition of origin firing control in metazoa, including the checkpoint inhibition of the Sld3 

orthologue Treslin [127,141] and inhibition of DDK [142,143]. By inhibiting origin firing in S-

phase the checkpoint delays S-phase progression, preventing the accumulation of 

topological stress [144]. Interestingly, Dbf4/Sld3 are also inhibited by Rad53 outside of S-

phase and this checkpoint control also prevents re-replication in G2 and precocious 

replication in G1 phase [145].  

ATR-Chk1 and phosphatase-mediated inhibition of origin firing 

Phosphatases play a role in determining the outcome of the DNA damage response towards 

replication control. The human checkpoint kinases ATR-Chk1 not only directly target 

replication factors, such as Treslin, but also regulate CDK activity through the activation of 

Wee1 and inactivation of the phosphatase Cdc25 [146]. As described above, changes in 

CDK activity in S-phase affect origin firing rates. This pathway explains how inhibitors of the 



checkpoint kinases ATR-Chk1 and Wee1 stimulate origin firing, not only through increasing 

CDK activation, which regulates initiation directly, but also through CDK-dependent 

disruption of the Rif1-PP1 interaction [123] (Figure 4).  

An additional link between ATR-Chk1 and phosphatase regulation of CDK activity was 

recently described in human cells [147]. Phosphorylation of Wee1, by CDK and Plk1, leads 

to Wee1 degradation, increasing CDK activity [148]. This Wee1 phosphorylation is 

counteracted by PP2A-B55 [147]. In a CRISPR screen for genes that modulate the lethality 

of Chk1 inhibitors, loss of function of the PP2A-B55 inhibitor FAM122A suppressed the 

effect of Chk1 inhibitors and FAM122A was itself inactivated by Chk1. As a result, Chk1 

activation increases PP2A-B55 activity (via inhibition of FAM122A), which in turn 

decreases CDK activity (in part by stabilising Wee1) [147] (Figure 4). Therefore, Chk1 

inhibits CDK activity and regulates origin firing by multiple mechanisms including via the 

Cdc25 and PP2A phosphatases. 

Phosphatases permit replication resumption after checkpoint activation 

The checkpoint kinases inhibit replication and cell cycle progression to allow time to repair 

damage and remove DNA topological linkages [137,144]. The resumption of the cell cycle 

and DNA replication after repair has occurred must involve the inactivation of the checkpoint 

signalling cascade. In yeast, deactivation of the checkpoint-effector kinase Rad53 after DNA 

damage in S-phase requires the PP4 phosphatase Pph3 and the PP2C family phosphatases 

Ptc2/Ptc3 [149–151]. Failure to dephosphorylate and inactivate Rad53 prevents the restart 

of replication fork progression after DNA damage, inhibiting the completion of genome 

duplication [149]. The mechanism for this regulation of replisome progression and its 

reversal by phosphatases is not understood in mechanistic detail. PP2A phosphatases have 

also been implicated in the deactivation of Rad53 and the DNA damage response (DDR), 

which links DDR to metabolic pathways that regulate PP2A activity [152], but whether this 

regulation of the checkpoint kinases by PP2A is direct is not clear. 



How ATR-Chk1 are deactivated after replication stress in human cells and how this 

deactivation facilitates the completion of genome duplication is poorly understood. The 

PP2C phosphatase PPM1D (also known as Wip1 - wild-type p53-induced phosphatase 1) 

has been shown to dephosphorylate Chk1 and p53 after DNA damage [153]. Inhibition of 

PPM1D reduces DNA synthesis but whether this is due to a defect in S-phase entry or a 

direct effect of hyperactive Chk1 on DNA replication control is not known [153]. As 

PPM1D/Wip1 not only negatively regulates the DNA damage response but is also involved 

in the dephosphorylation of several tumour suppressors including p53, this phosphatase acts 

as an oncogene and is over-expressed in several tumour types [154]. 

Conclusion.  

Phosphatases ensure that kinase responses are robust, dynamic, appropriately timed and 

localised, which are critical features of DNA replication control. Although not fully 

understood, phosphatases have been shown to regulate multiple aspects of replication 

initiation. Many kinases involved in DNA replication control, such as ATR-Chk1 are important 

targets for the generation of new chemotherapies [155]. Phosphatases that counteract these 

kinase responses are emerging as important resistance genes and synthetic lethality targets, 

modulating the effectiveness of ATR/Chk1 kinase inhibitors in cancers [156,157]. 

Understanding how phosphatases regulate DNA replication will facilitate the discovery of 

new ways to exploit kinase inhibitors as a therapeutic strategy. 
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Figure legends  

Figure 1 – The regulatory relationships between kinases, phosphatases and their substrates 

modulate phospho-signalling 

A) The nature of the crosstalk between enzymes and substrates (top panel) generates 

different output responses to a range of input values (lower panel). In this instance, ‘input’ 

corresponds to an increase in kinase activity (or reduction in phosphatase activity) 

stimulated by factors outside the depicted network, and ‘output’ is the resulting proportion 

of phosphorylated substrate. 

B) Examples of substrate feedback loops within the G2-M (upper panel) and G1-S (lower 

panel) transitions, which create bistable responses to CDK phosphorylation. 

 

Figure 2 – Properties of the substrate can modulate phosphorylation dynamics. 

A) Multisite phosphorylation can transform graded phosphorylation into a switch-like 

response (green arrow) or quantitatively modulate functionality as a rheostat (red arrow)   

B) Reciprocal regulation of kinase/phosphatase binding sites on a substrate can promote 

bistability (green arrow) or disrupt it to promote rapid modification turnover (red arrow).  

C) Binding site affinity for kinases and phosphatases contributes to (de)phosphorylation 

ordering in competition with other substrates. 

 

Figure 3 – Regulation of DNA replication initiation in the cell cycle. 

Dynamic changes in CDK, DDK and opposing phosphatase activities during the cell cycle in 

budding yeast create windows permissive to origin firing (black) or licensing (white). 

Phosphorylation ordering of licensing and firing factors prevents these events from 



occurring simultaneously at transitions (pink regions). For example at the G1-S transition 

G1-CDK inhibits licensing before S-CDK activates origin firing. 

 

Figure 4 – Direct and indirect mechanisms of replication initiation control by kinases and 

phosphatases. See text for details. 

 

Movie legend 

Movie 1 - Replication initiation in S. cerevisiae 

Replication origins, recognised by ORC, are licensed in G1 phase, by the Cdt1/Cdc6-

facilliated loading of a double hexamer of Mcm2-7 proteins. Towards the end of G1, rising 

DDK can phosphorylate the double hexamer allowing the recruitment of Sld3 and Cdc45 at 

early firing origins. At some late firing origins, localised Rif1-PP1 phosphatase opposes initial 

DDK phosphorylation on MCMs which can only be overcome when DDK levels rise in late S 

phase. Upon S phase onset, S-CDK activity both inactivates licensing, and triggers firing by 

phosphorylating Sld3 and Sld2. Phosphorylated Sld2/Sld3 bind Dpb11 and recruit GINS and 

Pol to origins to form the transient Pre-Initiation Complex (Pre-IC). With the additional 

recruitment of Mcm10, the CMG helicase becomes activated and origin firing occurs. Sld2, 

Sld3 and Dpb11 are released from origins upon initiation and since they are limiting, they 

must be recycled to fire late origins: a step which remains CDK-dependent. 
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