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THRESHOLD TUNING BY A SINGLE KINASE THROUGH 
SPECIFIC FEEDBACK ARCHITECTURE 

 
Quincey A. Justman 

 

Abstract 

 Determining proper sensitivity to incoming signals is fundamental to all regulated 

biological responses, but how thresholds are established within eukaryotic signal 

transduction networks is not understood.  Here, we approach this question using chemical 

biology and single-cell western blotting, and then verify our conclusions with mathematical 

modeling.  Focusing on the bistable kinase network that governs progesterone-induced 

meiotic entry in Xenopus oocytes, we characterize glycogen-synthase kinase-3β (GSK-3β) as 

a dampener of progesterone sensitivity.  GSK-3β engages the meiotic kinase network 

through a double-negative feedback loop; this specific feedback architecture raises oocytes’ 

progesterone threshold in proportion to the strength of double-negative signaling.  These data 

demonstrate that intracellular signaling nodes can tune a system’s response threshold away 

from the basal EC50 established by ligand-receptor interactions.  Because oocytes actively 

depress their progesterone sensitivity, they can integrate additional signals into their decision 

to enter meiosis, an impossibility if they were maximally sensitive to one stimulus.  

Accordingly, we identify the branched-chain amino acid L-Leucine as a natural, sensitizing 

co-stimulus and show that an oocyte’s native progesterone threshold can be lowered under 

specific nutrient conditions.  In a chemical biology experiment that is conceptually similar to 

genetic epistasis, we show that L-Leucine adjusts oocytes’ progesterone thresholds in a GSK-

3β-dependent manner.  
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CHAPTER ONE.  SIGNAL TRANSDUCTION IN XENOPUS OOCYTE MATURATION 
 

 During the developmental transition from Stage I Xenopus laevis oocyte to 

fertilization-competent egg, entry into meiosis I (also called maturation) is both the first 

externally regulated step and an irreversible cell-fate commitment.  It is initiated by G2-

arrested stage VI oocytes in response to hormone: gonadotropin in situ and, historically, 

progesterone in tissue culture.  This extracellular signal triggers one meiotic cell cycle, taking 

oocytes from 8N to 4N (Xenopus laevis are tetraploid).  Like all other eukaryotic cell cycles, 

maturation is driven by Cdk1* and tightly regulated by other kinases.  Working together, 

these regulatory programs ensure an accurate segregation of genetic material under 

appropriate internal and external cellular conditions.   

 

INTERPHASE 

 In culture, progesterone-induced Xenopus oocyte maturation takes approximately 6-8 

hours to complete.  Very little is known about intracellular signal transduction in the first few 

hours, when the oocyte is progressing through G2.  Part of this knowledge gap stems from the 

fact that observations made in more tractable systems (e.g. mitosis in mammalian tissue 

culture and yeast) cannot be easily translated to Xenopus meiosis.  Xenopus presents 

technical challenges— the laevis genome is not sequenced, frogs are not genetically tractable 

or amenable to RNAi, few phospho-specific Xenopus cross-reactive antibodies exist.  But 

additional, more fundamental challenges point to key differences between meiosis and 

mitosis. 
                                                 
* Kinase names abbreviated in this chapter:  Cdk1: cyclin-dependent kinase 1 (also called cdc2 and cdc28); 
MAPK: mitogen-activated protein kinase; PI3K: phosphoinositide-3 kinase; GSK-3β: glycogen synthase 
kinase-3β; Rsk: ribosomal S6 kinase; PDK-1: phosphoinositide-dependent kinase-1; PKCζ: protein kinase C ζ; 
TOR: target of rapamycin; p70S6K: p70 kinase of ribosomal subunit S6. 
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 Meiosis vs. mitosis.  In canonical mammalian mitosis, cells arrest in G0 and move to 

G1 upon extracellular stimulus.  Mitogen-regulated kinase signaling during G0 and G1 causes 

large-scale changes in transcription, alters which transcripts are actively translated, and 

removes post-translational roadblocks to S-phase entry.  After this groundwork is laid, the 

cell crosses the “restriction point” at the G1-S transition and commits to proceeding through 

the cell cycle.  Because it follows the restriction point, G2 signaling is not responsive to 

extracellular cues.  Instead, it functions as a checkpoint, ensuring that M-phase entry does not 

occur until DNA replication is complete and accurate.   

 In contrast, Xenopus oocytes are arrested in G2 and enter M-phase in a hormone-

dependent manner.  This extracellular regulation suggests that meiotic G2 resembles mitotic 

G0/G1 in important ways.  However, studies seeking to establish roles for mitogen-regulated 

kinases in meiotic G2 present no clear analogy:  as discussed below, essential mitotic 

regulators are either not required during maturation (e.g. PI3K), not regulated by hormone 

(e.g. Akt), or regulated during M-phase exclusively (e.g. p42MAPK, GSK-3β).  Key 

downstream effectors of kinase activity also differ between the two systems:  oocytes are 

transcriptionally silent, relying instead on a large pool of maternal mRNA for protein 

synthesis.  Moreover, the meiotic restriction point occurs at the G2-M transition during 

maturation, suggesting that meiotic G2 functions as both a checkpoint and an integrator of 

internal and extracellular signals. 

 Other comparisons between mitotic and meiotic interphases break down as well.  

Importantly, the oocyte’s cell cycle is not limitlessly proliferative— instead of committing 

the cell to one clonal duplication event, meiotic interphase lays the groundwork for a cell-fate 



 3 

decision that initiates progression down a developmental path.  Because meiotic commitment 

is irreversible, a false start removes four unique individuals from the germline and wastes the 

energy spent during development from Stage I oocyte to maturation-competent Stage VI.  

Despite its crucial role in establishing the baseline efficiency of Xenopus reproduction, 

meiotic G2 signaling largely remains a black box.    

 

 Signal transduction during meiotic G2.  Biochemical and/or genetic 

characterization of progesterone-induced signal transduction during G2 is lacking.  The 

progesterone receptor has not been conclusively identified: although several candidates have 

been forwarded 1-3, no macromolecule has been shown to both 1) bind progesterone at a 

biologically relevant KD, and 2) be necessary and sufficient to induce maturation in a 

progesterone-dependent manner.  Early experiments with bead-conjugated progesterone 

demonstrated that the signal is received extracellularly4,5, arguing that canonical nuclear 

hormone receptors are not essential mediators of the progesterone signal in this system.  

Progesterone-dependent decreases in cellular cAMP concentration have implicated a GPCR 

coupled to pertussis-insensitive Gα6; however, no progesterone GPCR has been identified to 

date.  Some groups dispute that progesterone is a physiologically relevant stimulus: 

progesterone exists at low nanomolar concentration in Xenopus ovary tissue7,8, well below 

the EC50 observed in culture, and other hormones (e.g. testosterone, estrogen) can induce 

meiosis equally well. 

 Downstream from the putative progesterone receptor, pro-meiotic signal transduction 

is equally enigmatic.  For example, by analogy to other systems, it has been proposed that 

PI3Kγ could relay a putative GPCR-initiated signal through physical interaction with Gβγ1,9.  
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Indeed, overexpression of a membrane-localized PI3Kγ can induce Xenopus oocyte 

maturation in the absence of progesterone10,11.  However, this PI3Kγ signal is unusual in that 

it is not relayed through PI3K’s canonical downstream effector Akt; the active, S473-

phosphorylated form of Akt is not observed following progesterone stimulus in Xenopus 

oocytes (personal observations).  In the absence of both an endogenous upstream activator 

and known downstream signals, the physiological relevance of PI3K signaling is remains 

unclear.  Moreover, it is likely that progesterone elicits pro-meiotic signals that complement 

PI3K signaling; inhibiting PI3K with wortmannin only causes modest delays in the onset of 

meiosis1.  Similarly ambiguous over-expression data exist on Ras11, Raf-112-14, and Akt 15,16 

and TOR and p70S6K17, and Src 18 have been studied, inconclusively, as effectors or 

regulators of progesterone-dependent signaling.  In total, few signal transduction molecules 

are known to be regulated in a progesterone-dependent manner during G2, prior to M-phase 

entry (Figure 1.1).  

 

M-PHASE 

 Broadly speaking, progesterone-induced Xenopus meiosis I is driven by two 

regulatory programs:  activation of the MAPK cascade and activation of Cdk1•cyclin B.  

Accumulation of active MAPK and Cdk1 is gradual and concomitant; it occurs over several 

hours and reaches a stable maximum around germinal vesicle breakdown (GVBD; the 

germinal vesicle is equivalent to an oocyte’s nuclear envelope).  Each program is 

autonomous in the sense that microinjection of either Mos (the MAPKKK) or cyclin B into 

unstimulated oocytes is sufficient to activate both MAPK and Cdk1 and complete M-phase.  

The programs are also mutually dependent: inhibition of either MAPK or Cdk1 prevents 
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activation of both and abolishes M-phase.  These observations demonstrate the difficulty in 

placing one program upstream of the other or establishing a clear entry-point for 

progesterone-dependent G2 signaling.  Thus, although there is a general understanding of the 

driving force behind M-phase signaling, the list of molecular players is neither complete nor 

ordered. 

 

 Activation of the MAPK cascade.  Activation of a standard three-tiered MAPK 

cascade is a defining event of Xenopus meiosis I.  From upstream to downstream, it consists 

of Mos, MEK, and p42MAPK.  As described above, activation of the MAPK cascade is both 

necessary and sufficient to induce M-phase entry 19-22.  In Stage VI oocytes, p42MAPK exists 

at strikingly high concentrations, approx. 1.2µM, or approx. 1011 copies per cell 23.  

However, with the exception of MEK, the immediate substrates and downstream targets of 

the MAPK cascade are essentially unknown.  (MAPK appears to be MEK’s only substrate.) 

  During Xenopus meiosis I, the MAPK cascade is activated by Mos.  Mos has 

validated roles in Xenopus and mouse meiosis; its activity is likely restricted to the germline.  

Mos is an ancestral kinase of the tyrosine kinase-like class; it occupies the MAPKKK 

position of the MAPK cascade, analogous to the Raf family of oncogenes (also members of 

tyrosine kinase-like class).  One of the outstanding challenges in signal transduction is 

reconciling the complexity of MAPK cascade signaling— it connects a wide variety of 

upstream stimuli to downstream responses that are agonist-specific in target, amplitude, and 

duration —with its stereotyped structure.  The diverse set of oncogenic mutations among the 

Rafs, together with their differing clinical outcomes and distinct phospho-regulation, 

suggests one explanation:  the MAPKKK position may be a branch-point for signal 
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transduction, with each MAPKKK having specific substrates in addition to MEK24.  Mos 

may be a case in point:  replacing Mos with a high concentration of engineered Raf (ΔRaf-

ER) activates the MAPK cascade and induces maturation25.  However, at intermediate ΔRaf-

ER concentrations, cells remain in a grey area that is both G2- and M-like.  This intermediate 

steady-state is never observed in unperturbed oocytes, demonstrating that Raf does not 

phenocopy Mos perfectly, despite the common ability to phosphorylate MEK and activate 

the MAPK cascade.  This suggests that Mos alone can evoke a sharp G2-M transition at sub-

maximal stimulus (this is a hallmark feature of Xenopus oocyte maturation, see Chapter 2 for 

additional discussion).  An attractive explanation for this property of Mos signaling is the 

presence of additional, Mos-specific substrates that help enforce a separation between G2 and 

M. 

 As described above, the importance of Mos signaling during maturation has also been 

demonstrated directly by microinjection experiments:  injecting Mos into Stage VI oocytes 

induces meiosis in the absence of hormone stimulus 22(also see Fig. 4.6, for example).  With 

the benefit of hindsight, it can be appreciated that Mos microinjection directly stimulated 

maturation because Mos activation does not rely on upstream signaling.  Rather, Mos activity 

is controlled by its concentration.  Mos exists at undetectably low levels within G2 oocytes; it 

is translated off maternal mRNA stores in a tightly regulated manner during the G2-M 

transition22.  In resting oocytes, the poly-A region of mos 3’ UTRs are actively shortened and 

bound by a protein complex that includes Maskin, eIF4E, and cytoplasmic poly-adenylation 

element binding protein (CPEB).  This complex prevents translation initiation in at least two 

ways: it binds the 5’ cap of mos, sterically occluding translation initiation factors and it 

prevents association of eIF4E with eIF4G26.  Upon progesterone stimulus, the kinase Aurora 
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A induces a conformational rearrangement by phosphorylating specific sites on CPEB27.  

This altered conformation permits enzymatic extension of the mos poly-A tail, recruits 

additional eIF4G-binding factors, and ultimately promotes translation initiation as eIF4G is 

able to out-compete Maskin for mRNA and eIF4E binding28.  Although M-phase Mos 

concentrations have not been quantified, it has been proposed that the bulk of oocytes’ 

ribosomes are harnessed to translate Mos and other meiosis-specific factors during 

maturation†.  

 Once translated, nascent Mos is unstable until it is phosphorylated by an unknown, 

constitutively active kinase.  As phospho-Mos accumulates, signal transduction through the 

MAPK cascade begins.  The cascade’s three-tiered structure does not appear to drastically 

amplify the pro-meiotic signal.  Rather, it sharpens the dose-dependence of p42MAPK 

activity on Mos concentration23,29.  This allows p42MAPK regulation to be resistant to small 

fluctuations during G2 and M, when Mos concentrations are low (p42MAPK OFF) and high 

(p42MAPK ON), respectively.  Importantly, it also makes p42MAPK activity very sensitive 

to small changes in Mos level at the G2-M transition, when Mos concentrations are 

intermediate and rising.  Together, these functions repress premature activation of the MAPK 

cascade during G2, promote robust activation during the G2-M transition, and help sustain 

MAPK activation in M-phase. 

 During meiosis, full activation of the MAPK cascade is maintained at a constant level 

over time.  This requires continuous Mos translation.  Constant Mos translation, in turn, 

requires both active MAPK and active Cdk1. 

                                                 
† Because resting oocytes translate very actively, this hypothesis suggests that maturation-specific transcripts 
must outcompete others for available ribosomes.  Housekeeping (i.e. non-meiotic) genes are translated in a 
TOR-dependent manner; accordingly, ablating TOR-regulated translation with rapamycin accelerates M-phase 
entry in Xenopus oocytes. 
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 Cdk1 activation.  Cdk1 is the cell cycle engine, phosphorylating thousands of 

substrates in a temporally ordered way.  It exists as an obligate heterodimer, pairing with 

cyclins that are synthesized in specific phases of the cell cycle and destroyed in subsequent 

ones.  As the cell cycle progresses, different substrates are made available to Cdk1 and 

different cyclins tune its substrate affinity30.  Thus, Cdk1 both generates and enforces an 

ordered progression through the cell cycle. 

 During Xenopus meiosis I, formation of the Cdk1•cyclin B complex is an obligatory 

step in Cdk1 activation.  Analogous to Mos synthesis, translation of cyclin B mRNA (clb) is 

tightly repressed during G2 by a pre-initiation complex containing CPEB and Maskin31; 

however, a clear functional or temporal relationship between Mos and cyclin B translation 

has not been described.  Also, the upstream regulator that relieves repression of clb 

translation during the G2-M transition is not known.   

 As cyclin B is translated and the Cdk1•cyclin B complex forms, it engages a 

competing set of regulators.  To achieve complete kinase activation, an inhibitory 

phosphorylation installed during G2 must be removed from Cdk1’s Y15.  The 

phosphorylation state of Y15 is actively maintained; it is a function of opposing kinase and 

phosphatase activities32.  Cdc25C, a phosphatase, pushes the reaction “forwards,” toward 

dephosphorylation and M-phase33, while the kinase Wee1/Myt1 pushes the reaction 

“backwards” toward phosphorylation and G2 34. Accordingly, Wee1/Myt1 activity is high in 

G2, but low in M-phase; Cdc25C activity is low in G2, but high in M35.  The balance of 

kinase and phosphatase activities is adjusted during the G2-M transition in a self-potentiating 

manner: Wee1/Myt1 inhibits Cdk1 directly, and Cdk1•cyclin B inhibits Wee1/Myt1 
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indirectly; Cdc25C directly activates Cdk1, Cdk1•cyclin B activates Cdc25C indirectly, 

through Polo-like kinase.  This auto-regulation exaggerates small differences in cyclin B 

levels (and hence, Cdk1 activity) at the G2-M transition; the net effect is a nearly perfect 

division between G2 (Cdk1 OFF, phosphorylated) and M-phase (Cdk1 ON, 

dephosphorylated)36,37. 

 Within the context of this regulatory loop, the transition to M-phase may be kick-

started by RINGO/Speedy, a Cdk1 binding partner that has cyclin-like activity but no 

sequence homology to the cyclins.  RINGO/Speedy was identified by its potent ability to 

induce rapid M-phase entry in Xenopus oocytes38.  The Cdk1•RINGO/Speedy complex has 

been shown to install an inhibitory phosphorylation on Wee1/Myt1; this phosphorylation is 

necessary for timely M-phase entry39.  However, the overall regulation of RINGO/Speedy, its 

progesterone-dependence, and how its activity is restricted to the onset of M-phase is not 

understood to date. 

 As described above, Cdk1 activity and p42MAPK activity are mutually dependent.  

Maintaining Cdk1 activity during M-phase requires MAPK cascade signaling:  when a MEK 

inhibitor is introduced to M-phase cells, Cdk1 activity is lost (for example, see Fig. 4.7).  The 

molecular basis of this relationship is unclear, but may involve the kinase Rsk.  Rsk activity 

is necessary for sustained Cdk1 activity following GVBD 40,41; this may be a consequence of 

Rsk’s phosphorylation and inhibition of Wee1/Myt142.  The RSK activation sequence 

requires two p42MAPK phosphorylations, one PDK-1 phosphorylation, and 

autophosphorylation.  Rsk activation provides a link between p42MAPK and Cdk1 activity 

and also suggests a role for PDK-1 signaling during maturation. 
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THE G2-M TRANSITION 

 In summary, the defining signaling of M-phase can be drawn as two interconnected, 

positive-feedback-dependent regulatory programs (Figure 1.1).  The first consists primarily 

of direct protein-protein interactions between identified signaling molecules that work to 

reinforce Cdk1 activation.  The second operates over a longer range.  It consists of the Mos-

activated MAPK cascade and a series of unknown interactions that perpetuate Mos 

translation in a Cdk-dependent way.  This picture describes how signal transduction during 

M-phase is robust and reinforcing.  However, it lacks an upstream initiator that defines the 

relationship between hormone stimulus and M-phase entry.  What progesterone-dependent 

signal prompts the activation of Mos and/or cyclin B translation?   

 As described above, the kinase Aurora A (also called Eg2) initiates a conformational 

change in the mos translation initiation complex via CPEB phosphorylation, relieving its 

repression.  This regulatory pathway has been shown to play a key role in maturation:  

microinjection of Aurora A elicits rapid Mos accumulation in Xenopus oocytes and speeds 

the onset of M-phase by several hours43.  Biochemical studies have demonstrated that Mos 

translation is dependent on a single phosphorylation site on CPEB, S174.  Accordingly, 

S174A mutants fail to enter M-phase upon progesterone stimulus, while S174D mutants 

enter M-phase spontaneously, in the absence of progesterone27.  Following progesterone 

stimulus, S174 is phosphorylated in two stages: during G2, in a mos-independent manner and 

during M-phase when Mos-dependent signaling elicits hyperphosphorylation of CPEB.  

Aurora has been shown, in vitro and in vivo, to phosphorylate CPEB on S174. 

 However, if Aurora A is the kinase that coverts G2 progesterone-dependent signaling 

into mos translation initiation, the question of how Aurora A is activated prior to the G2-M 
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transition remains problematic.  In unstimulated oocytes, inhibitory phospho-regulation 

maintains Aurora A in an inactive conformation.  GSK-3β has been shown to bind, 

phosphorylate, and inhibit Aurora A in resting oocytes44.  During maturation, these activities 

are eliminated as upstream kinases phosphorylate and inhibit GSK-3β in a progesterone-

dependent way; under these conditions, Aurora A activates.  In a typical mammalian mitosis, 

GSK-3β is rapidly inhibited by Akt phosphorylation in response to mitogen and PI3K 

activation; it has been suggested that GSK-3β could play an analogous role in Xenopus 

oocyte maturation.  However, my work (presented in Chapter 4) demonstrates that GSK-3β 

signaling during maturation is fundamentally different: GSK-3β phosphorylation and 

inactivation is slow, occurring over hours, not minutes; GSK-3 inactivation occurs during M-

phase, downstream of Mos translation initiation; GSK-3β is not regulated by Akt, but rather 

by Mos, MAPK, and Cdk1.  The question of a G2-active, progesterone-dependent regulator 

of Mos translation remains unanswered.  Either Aurora A is activated through a GSK-3β-

independent mechanism during G2, or an additional kinase is responsible for the initiating 

first, Mos-independent phase of CPEB phosphorylation and translation initiation. 

 

CONCLUSIONS 

 At present, our understanding of Xenopus oocyte maturation is incomplete.  In 

particular, we have no molecular mechanism for linking the extracellular stimulus, 

progesterone, to the cell-fate decision it evokes.  However, mapping the progesterone-

dependent signal transduction network is not the only way to study Xenopus oocyte 

maturation.  In Chapters 2, 4, and 5, I will discuss studies that investigate how oocytes 
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interpret the progesterone signal and provide a quantitative description of how Xenopus 

oocytes make cell-fate decisions. 
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Figure 1.1.  Signal transduction during Xenopus oocyte maturation.  Components of the two M-
phase feedback loops are in grey boxes.  Pro-maturation kinases are indicated in blue (solid: over-
expression induces maturation; outlined:  over-expression promotes maturation).  Pro-interphase 
kinases are indicated in orange (solid: over-expression prevents maturation; outlined: over-
expression delays maturation).  Indirect interactions are indicated with dashed lines.
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CHAPTER TWO.  DESCRIBING BIOLOGICAL REGULATION FROM  
THE TOP, DOWN 

 

 In the previous chapter, I provided a “bottom-up” description of Xenopus oocyte 

maturation:  the conclusions presented were drawn from experiments that focused on 

individual kinases and their biochemical connections.  An alternative way to study signal 

transduction is from the top-down.  The “top-down” approach treats a signaling network like 

a black box and focuses instead on the relationship between a stimulus and the large-scale 

biological response it evokes.  This can be especially useful when the system is largely 

uncharacterized but the response is discrete and can be observed precisely, as is the case in 

Xenopus oocyte maturation.  

 

EARLY DEMONSTRATIONS OF HALLMARK BEHAVIORS 

 In Xenopus oocytes, maturation can be studied in a top-down manner, literally.  Stage 

VI oocytes are large (~1.5mm in diameter), opaque, and composed of two hemispheres: a 

dark animal pole and a light vegetal pole.  Sister chromatid separation requires breakdown of 

the germinal vesicle (the oocyte’s nuclear envelope); this produces a white scar on the dark 

animal pole that can be observed macroscopically.  Observing germinal vesicle breakdown 

(GVBD) across many oocytes demonstrates that M-phase entry is an all-or none 

phenomenon, in keeping with maturation’s role as a commitment step in development.  

 The ability to cleanly separate G2 oocytes from M-phase oocytes on a biochemically 

tractable scale has had important implications.  In early efforts to identify meiotic regulators, 

lysates prepared from progesterone-treated M-phase oocytes were injected into resting G2 

oocytes, evoking GVBD in the absence of progesterone.  Lysates prepared from these 
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recipient oocytes, in turn, could induce GVBD when injected into new resting G2 cells.  The 

opposite experiment produced null results: lysates prepared from progesterone-treated G2 

cells did not produce M-phase entry when injected into resting G2 cells.  These experiments 

demonstrated the existence of a “maturation promoting factor” (MPF), likely a protein or 

protein complex.  They also demonstrated several key properties of MPF:  MPF is active in 

M-phase cells; MPF encodes or regulates any cellular factors needed to keep it active; 

progesterone does not prime the cell for MPF activity; no G2 program exists to turn MPF 

activity off in G2 cells. 

 The cytoplasmic transfer experiments also revealed another property of meiosis:  it 

does not go backwards.  Intuitively, it makes sense that meiosis (i.e. sister chromatid 

separation) does not go backwards and re-form the spindle.  However M-phase signaling 

does not “go backwards” either, despite signal transduction’s inherent reversibility and 

proteins’ potential lability.  M-phase signaling is maintained following GVBD, such that 

lysate from a post-GVBD oocyte can still initiate meiosis in a resting G2 cell; M-phase 

signaling does not revert to a basal or G2-like state following the completion of GVBD.  

Serial microinjection experiments (in which lysate from progesterone-treated M-phase 

oocyte 1 is injected into G2 oocyte 2; following GVBD, lysate from oocyte 2 is injected into 

G2 oocyte 3; and so on) argued that progesterone did not produce a factor that was carried 

from oocyte to oocyte because each injection step produces a ~1:40-fold dilution.  Instead, 

MPF initiates a cellular program that is actively maintained in each oocyte; this program 

keeps M-phase oocytes from reverting back to G2.   

 In total, the cytoplasmic transfer experiments revealed that M-phase signaling is 

irreversible, autonomous (i.e. not progesterone-dependent), and binary (oocytes come to rest 
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as either GVBD-negative or GVBD-positive).  Subsequent biochemical fractionation 

experiments determined that MPF is the Cdk1•cyclin B complex and that MAPK and Mos 

have MPF-like activities, being necessary and sufficient to evoke meiotic entry.* 

 Having identified the molecules that are required for GVBD, a new question could be 

posed:  are the activities of Mos, MAPK, and Cdk1•cyclin B sufficient to explain the 

irreversible, autonomous, and binary character of M-phase signaling, or are additional 

cellular regulators required?  Importantly, this “sufficiency” question is not a biochemical 

one; it does not suggest a reconstitution experiment in which binary activation is assayed 

after purified Mos, MAPK, and Cdk1•cyclin B are combined in vitro because MAPK is not 

Cdk1’s substrate or vice versa.  Rather, it asks: in the context of a Stage VI oocyte, can a 

series of dependencies linking Mos, MAPK, and Cdk1•cyclin B explain the character of M-

phase signaling?   

 As I will describe in this chapter, the answer is yes.  Pioneering work from the Ferrell 

lab (Stanford) elucidated a network topology linking Mos, MAPK, and Cdk1•cyclin B that 

explains the all-or-none character of meiotic entry.  This work also demonstrated that 

irreversibility, autonomy, and switch-like behavior are functionally related.  It is published in 

two papers that I will discuss in depth1,2.  The approach that Ferrell and coworkers took has 

since been dubbed “systems biology.”  Systems biology studies quantitative behaviors that 

occur on a larger scale than the actions of their component parts.  It seeks to understand the 

causal relationship between these parts and the larger, emergent behavior exhibited by the 

whole. 

  

                                                 
* The Mos and cyclin B microinjection experiments discussed in the last chapter are essentially more focused 
versions of these original cytoplasmic transfer experiments.  
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A SYSTEMS-LEVEL DESCRIPTION OF M-PHASE SIGNALING  

 As I described above, it had been observed that following a progesterone stimulus, 

oocytes will either remain in G2 or progress through GVBD; they will not come to rest in an 

intermediate state.  This observation can be cast in a different light: progesterone 

concentration is a continuous variable; oocytes convert this continuous variable into a binary, 

all-or-none response.  How is this rheostat-to-switch conversion achieved?   

 

 Non-linearity in MAPK activation.  As described in Chapter 1, MAPK was observed 

to function as an MPF and GVBD requires high MAPK activity.  Given these observations, 

two models can explain oocyte’s switchlike response to progesterone.  In the first, steady-

state MAPK activity would scale with progesterone concentration and a downstream, 

MAPK-dependent threshold would convert graded MAPK activity to switchlike M-phase 

entry.  In this model, the amount of active MAPK in each oocyte would be roughly 

equivalent to the population’s average.  Alternatively, in the second model, the rheostat-to-

switch conversion would happen upstream of MAPK activation; steady-state MAPK activity 

would be all-or-none and perfectly correlated to GVBD.  In this model, MAPK would be 

either 0% or 100% active in individual oocytes and the ratio of ON to OFF cells would scale 

with progesterone concentration. 

 To distinguish between these models, Ferrell and Machleder conducted progesterone 

dose-responses and observed MAPK’s phosphorylation state.  They found that across 

populations, genetically identical oocytes exhibited a graded response to progesterone.  The 

relationship between progesterone concentration and MAPK phosphorylation is roughly 

Michaelian; this observation supports both models.  To observe MAPK activation within 
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individual oocytes, Ferrell and colleagues took advantage of oocytes’ large size: an oocyte 

contains roughly 50µg of soluble protein (this is roughly comparable to a confluent 6cm 

tissue culture dish).  They separated the lysate of each oocyte individually by large-format 

SDS-PAGE, performed anti-MAPK western blots, and observed the activation state of 

MAPK by phospho-shift.  This approach not only demonstrated that MAPK activation is 

non-linear with respect to progesterone concentration in single oocytes, but also that it is 

essentially all-or-none:  the phospho-shift approach provided a >90%-to-<10% ratio of 

MAPK’s dually-phosphorylated, active form to its unphosphorylated, inactive form.  These 

results support the second model, in which the rheostat-to-switch conversion happens 

upstream of the MAPK cascade, suggesting that M-phase signaling acts as a switch.  

Accordingly, bypassing progesterone stimulus by microinjecting Mos (MAPK’s upstream 

activator) produces an equally switch-like MAPK activation in single oocytes. 

 In previous work, Ferrell and colleagues had studied the relationship between Mos 

concentration and MAPK activation in vitro3,4.  They approximated this relationship with the 

Hill equation:  

€ 

θ =
LnH

KA
nH + LnH

 

The Hill equation was derived to describe the amount of cooperativity present when a 

macromolecule binds multiple ligands:  θ is the fraction of occupied binding sites, L is the 

ligand concentration, and nH is the Hill coefficient.  The Hill coefficient introduces non-

linearity into the relationship between stimulus and response; a Michaelian response has an 

nH of 1 and as nH rises, the relationship becomes more cooperative.  Applying the Hill 

equation to a multistep cascade obscures the physical meaning of the Hill coefficient (θ 
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becomes the percent active at steady state and L becomes the concentration of upstream 

activator) but it provides a measure of relative non-linearity. 

 In vitro, the Hill coefficient relating Mos concentration to MAPK activation is 

between 2.4 and 9.1.  In single oocytes, however, Ferrell and Machleder calculated the Hill 

coefficient relating progesterone concentration to MAPK activation to be 42.  This suggests 

that while the structure of the MAPK cascade imparts some non-linear character to the Mos-

MAPK relationship, placing the cascade in its cellular context produces a marked 

exaggeration of this non-linearity.  Ferrell proposed that MAPK’s all-or-none activation in 

vivo and M-phase’s irreversibility arise from a common mechanism:  positive feedback.  In 

effect, positive feedback would exaggerate the differences in MAPK activity between 

conditions of low Mos and high Mos by locking oocytes in an ON state following meiotic 

entry. 

 

 Positive feedback in M-phase signaling.  Positive feedback is a motif that is often 

posited but rarely observed directly in studies of cellular regulation.  In essence, formally 

demonstrating positive feedback requires the ability to distinguish the directionality of a 

signal, that is, where it comes from.  Positive feedback has a circular network topology, such 

that an intermediate is both up- and downstream of a signaling molecule at steady state.  This 

can create an autonomous, self-sustaining signal that, once active, does not require additional 

stimuli to impinge on the loop from the outside.   

 Positive feedback can be conclusively demonstrated in Xenopus M-phase largely 

because its signaling is autonomous:  the cytoplasmic transfer experiments demonstrated that 

maturation’s progesterone-dependence can be bypassed by adding exogenous MPF, 
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effectively starting M-phase in the middle of oocytes’ maturation program.  This observation 

divides signal transduction during oocyte maturation into two parts: signaling that is strictly 

progesterone-dependent (i.e. G2) and signaling that is strictly MPF-dependent (i.e. M-phase).  

This difference in dependencies provides an experimental handle for observing positive 

feedback because it is possible to observe where a pro-GVBD signal is coming from.  To 

demonstrate that all-or-none MAPK activation is maintained by positive feedback during M-

phase, Ferrell and coworkers needed to show that following M-phase entry, MAPK 

activation specifically arises from M-phase signals (Mos/MAPK/Cdk1-dependent, 

progesterone-independent), not from G2 signals (progesterone-dependent, Mos/MAPK/Cdk1-

independent).  Indeed, washout experiments revealed that if progesterone is removed 

following M-phase entry, oocytes retain 100% MAPK phosphorylation indefinitely.  This 

sustained activation is dependent on continuous Mos translation and MEK activity, 

demonstrating that MAPK phosphorylation is actively maintained through positive 

feedback2. 

 

 Bistability: a means of converting graded inputs into switch-like outputs.  

Oocytes’ ability to turn a graded progesterone signal into an all-or-none cell-fate decision 

suggests that maturation has a systems-level property called bistability.  Bistability prevents a 

system from coming to rest in an intermediate state.  To understand how this property can 

arise from a series of interconnected molecules, it is useful to turn to theory. 

 A system is bistable if it has two resting states with an activation barrier between 

them.  These states are “stable” in the sense that they act like attractors:  following small 

perturbations, the system will relax back into the state it started in; only large perturbations 

can cause switching from one stable state to the other.  Having two separate attractors allows 
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a system to turn a continuously varying input into a switch-like output.  In effect, the system 

does not measure the absolute quantity of a stimulus, but rather asks whether it is large 

enough to cause switching.  Switching between stable states requires a stimulus large enough 

to cross a threshold, that is, an unstable steady-state where the probability of relaxing to 

either stable state is 50%.   

 In a biochemical system, these stable states are often different concentrations of 

product.  “Stable,” however, does not mean “static,” just as “equilibrium” does not mean 

static.  In a stable state, flux through the pathway exists but product concentrations are 

maintained.  (For example, the lifetime of an individual MAPK phosphorylation is on the 

order of 5 minutes, but phospho-MAPK can persist at a constant concentration for days after 

responding to a progesterone stimulus.)  Thus, stable states are formally steady-states, in 

which the rate of product formation equals the rate of its destruction.   

 Because they are defined mathematically (dP/dt=0), stable and unstable steady-states 

can be calculated if the biochemical parameters of their underlying processes are known or if 

their relationships can be approximated.  This approach can demonstrate the viability of a 

putatively bistable mechanism and generate new, experimentally testable hypotheses.  For 

example, Ferrell’s observations of Xenopus oocyte maturation demonstrated that the 

relationship between Mos and MAPK contains both non-linearity and positive feedback.  

Representing these relationships mathematically allows the following hypothesis to be tested:  

given a system with two states (OFF and ON) and a positive feedback loop with non-linear 

character that reinforces the ON state, can the system be bistable? 
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 Treating the MAPK cascade as a single entity that can exist in an inactive form (C) or 

an active form (C*), these relationships can be captured in the following differential 

equation†: 

 

€ 

dC *
dt

= konC + f pos
C *nH

KnH + C *nH
− koffC * 

 

where fpos scales the strength of positive feedback, nH is the Hill Coefficient, and K is the 

equilibrium constant describing the C*-dependent positive feedback loop.  A bistable system 

requires three steady-states: two stable, one unstable.  These can be calculated by setting 

dC*/dt to zero or visualized by relating the rates of C* production and destruction to C* 

concentration, as follows: 

 

 

 

                                                 
† Importantly, this equation is not intended to reproduce M-phase in biochemical detail (indeed, given the lack 
of biochemical understanding, this would be inappropriate, see Chapter 1).  Instead, it describes causative 
relationships that have been observed experimentally.  For a comprehensive explanation of how the terms in 
this equation capture in vivo observations, see Appendix 2, Box 1. 
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In Figure 2.1, the intersections are points of equivalence between the production rate of 

C*(red) and its destruction rate (black).  Thus, there are three steady-states:  a low stable state 

(OFF), an intermediate unstable state (the threshold), and a high stable state (ON).  The 

derivative (dashed arrows) of the curve as it progresses towards a steady state determines that 

state’s stability: if it is increasing, the state is stable (closed circles); if it is decreasing, the 

state is unstable (open circles).  This graphical analysis demonstrates that this equation can 

produce bistable behavior, suggesting that a biological system where the ON state is 

reinforced by non-linear, positive feedback can act as a bistable switch.  Importantly, Figure 

2.1 also illustrates bistability’s parameter dependence.  Changing the parameters that 

describe kon, koff, C, C*, fpos, and nH can shift these curves and/or change their shape.  This 

can destroy one or more steady-states and thereby the system’s bistability.  Consequently, 

bistability is not the only behavior available to this system of equations.  Based on the 

parameters chosen, this system can produce monostable OFF, monostable ON, or bistable 

behavior.   

 These different behaviors have different biological correlates.  In a monostable OFF 

system, small fluctuations are filtered out of the response when the system is resting and OFF; 

the ON state can only be reached transiently because any small decrease in signal will send 

the system back to the OFF state.  In a monostable ON system, the reverse is true.  Describing 

a biological process as a series of equations can suggest new experiments by illustrating non-

native behaviors that are, in principle, available to a biological system.  For example, 

graphing these relationships demonstrates quickly and clearly that if this model of oocyte 

behavior is correct, then bistability should be very sensitive to changes in the destruction rate 

of Mos.  Increasing this rate in vivo could produce a monostable OFF system; decreasing it 
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could produce a monostable ON system, etc.  Testing these hypotheses requires methods to 

distinguish bistability from monostability in vivo. 

  

 Hysteresis.  In a bistable system, switching from one steady state to the other 

requires a shift in the system’s dynamics, from favoring OFF to favoring ON or vice versa.  

Notably, switching between stable states is not creative or destructive: as the system 

progresses from OFF to ON (or vice versa), the OFF stable state still exists and the structure of 

the system has not changed, components have not been added or removed.  Directly 

visualizing such a change in dynamics is difficult or impossible experimentally.  To visualize 

them indirectly, hysteresis experiments are performed. 

 In a hysteresis experiment, the goal is to show that each stable state responds to 

stimulus uniquely, demonstrating that the system’s underlying dynamics are different.  For 

example, if OFF and ON are established by dynamics that are biased in different directions, 

they should have different dose-responses.  Moreover, the dose-responses should be different 

in a specific way:  once the system is ON, its stability should require less input to keep it ON; 

the dose-response of ON system (moving to OFF) should shift left vs. the OFF system (moving 

to ON).  If the dynamics favor the ON state very strongly, the ON-to-OFF dose-response curve 

can shift past the y-axis, rendering the system irreversible: it no longer needs stimulus to 

remain active (in this situation, the OFF state still formally exists but the system cannot access 

it).  The ability of one system to exhibit two dose-responses based on its initial conditions is 

called hysteresis.   

 Hysteresis is the defining observable feature of bistable biological systems.  

Importantly, hysteresis also demonstrates a non-destructive mechanism for encoding cellular 
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“memory:”  genetically identical cells exposed to identical stimuli will respond differently if 

they have made different cell-fate decisions.  Thus, to generate switch-like behavior, 

bistability must “remember” the cell’s state prior to stimulation.  Importantly, this also 

provides a buffer against perturbations of signal strength, a property that can enforce the uni-

directionality of a developmental pathway during cell-fate commitment.  Bistability can, in 

principle, explain the irreversible, autonomous, and like-like character observed in M-phase 

signaling during Xenopus oocyte maturation. 

 Ferrell’s washout experiments demonstrating positive feedback also show that pro-

GVBD signaling becomes progesterone-independent in M-phase2.  Mos-dependent positive 

feedback sustains M-phase signaling even in the absence of progesterone, its initiating signal.  

This observation demonstrates oocytes exhibit hysteresis in their progesterone response.  

More specifically, their hysteresis is so extreme that M-phase entry is irreversible.  Thus, 

although they can reach the same steady-state and elicit the same M-phase signals, the 

progesterone dose-responses of G2 and M-phase oocytes are driven by fundamentally 

different dynamics.  Xenopus oocyte maturation is bistable. 

 

 Future directions.  Ferrell’s work on Xenopus oocyte maturation showed that the 

relationships between Mos, MAPK, and Cdk1 can produce bistable behavior in progesterone-

treated Stage VI oocytes.  This work was ground breaking because it provided one 

mechanism that explained two common, systems-level phenomena: the cell’s ability to turn a 

graded stimulus into a switch-like response and its ability to “remember” its ground state.  

This mechanism is based on a shift in dynamics, rather than the addition or subtraction of 

components.  In short, this work demonstrated a new way to study signal transduction. 
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 It also provides a framework for refining our understanding of Xenopus oocyte 

maturation.  While we may have a definitive list of kinases that provide the driving force 

behind oocytes’ bistable response to progesterone stimulus, several other systems-level 

properties that refine this switch’s behavior have not been investigated.  For example, 

Xenopus oocyte maturation happens on a specific timescale, but the molecular determinants 

of timing have not been indentified.  This would be an interesting area of study, especially 

given that pathways linking Mos/MAPK activation and Cdk1•cyclin B complex formation 

are not well understood on the molecular- or systems-level.  These pathways may contain 

novel mechanisms that link timing and with cell-fate decision making.  Accumulation of 

Mos, active MAPK and active Cdk1 in progesterone-treated oocytes is strikingly slow for a 

signal transduction event.  While gradual M-phase entry is not excluded by maturation’s 

switch-like steady-state behavior, reconciling these observation challenges intuition. 

 Likewise, the relationship between the switch-like behavior of single oocytes and the 

graded behavior of genetically identical oocyte populations is not understood.  Hill 

coefficients read out how populated possible states are at equilibrium; a high nH demonstrates 

a de-population of intermediate states and hence a more coherent equilibrium response.  The 

single oocyte nH (~ 42) demonstrates that within single cells, the equilibrium behavior of the 

1011 individual MAPK molecules is remarkably coherent; across populations, however, the 

behavior of individual oocytes is variable and graded (nH=1 to 2.5).  What explains this 

variability in oocyte-to-oocyte progesterone response?  Progesterone-dependent signaling 

may exaggerate oocyte-to-oocyte differences in the behavior of the M-phase switch.  

Bypassing progesterone-dependent signaling and inducing maturation by Mos microinjection 
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produces a population nH ≥ 5.1.  This response is significantly more coherent than 

progesterone-induced oocyte maturation.     

 This cell-to-cell variation in progesterone response is a demonstration of individual 

differences in oocytes’ progesterone thresholds.  Determining proper sensitivity to incoming 

signals, that is, setting thresholds, is fundamental to all regulated biological systems.  For 

example, evolving a switchlike response has little utility if that response is not activated in a 

precise way.  As described in Chapter 1, it is unclear how oocytes receive a progesterone 

signal or relay it to the meiotic switch.  However, I will present new data in Chapters 4 and 5 

that demonstrates how the meiotic switch interprets this signal’s strength, that is, how the 

meiotic switch sets its progesterone threshold. 

 

UNDERSTANDING  SYSTEMS-LEVEL EXPERIMENTS 

 Ferrell’s work on Xenopus oocyte maturation shows how systems biology bootstraps 

quantitative molecular-level observations (e.g. steady-state MAPK activation is all-or-none 

in single oocytes) into a mechanism describing how the system behaves as a whole.  It is a 

clear and elegant demonstration of how theory and experiment can work together in certain 

experimental contexts.  As in most disciplines, a good systems experiment requires a well-

focused question and the right model system.  Good model systems for systems biology meet 

four criteria: 

   
1.  “The system” is well defined; clear criteria exist for describing which 

macromolecules and/or cellular processes contribute to the behavior being 
studied.  (For example, in Xenopus oocyte maturation, “the system” is either a 
single, intact oocyte or MPF-dependent, progesterone independent M-phase 
signaling.)  
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2.  The perturbation or stimulus (progesterone) can be manipulated precisely and its 
system-level effect (M-phase entry) is clearly defined and observable.   

 
3.  Experiments can be conducted either at a true steady-state (as is the case in 

Xenopus oocyte maturation) or can be time-resolved at an interval that captures 
the system’s behavior accurately. 

 
4.  There is a clear, quantitative readout of the system’s dynamic behavior, usually a 

molecular proxy (e.g. Mos, Cdk1, and MAPK activation or GVBD in the case of 
Xenopus oocyte maturation). 

 

To understand the interplay between theory and experiment in systems-level approaches 

more generally, it can be helpful to draw comparisons between systems biology and two well 

established disciplines: biochemistry and genetics. 

 

 Systems biology vs. genetics.  In a genetics experiment, a perturbation is made on 

the DNA level and a phenotype is scored on the protein, cellular, or organismal level.  A 

change in scale is inherent in the genetic approach.  Even with a small change in scale— 

from DNA to protein —a single mutation is amplified into multiple protein copies and two 

major cellular programs, transcription and translation, intervene in between the perturbation 

and where the observation is made.  Systems biology is similar; both systems biology and 

genetics observe how higher-order cellular programs interpret a targeted perturbation.  In a 

systems biology experiment, perturbations are usually made on the molecular level, then the 

perturbation’s effect is observed on the systems-level as it proceeds forward from this altered 

ground state.  The major difference between these approaches is that while a genetic 

phenotype may be qualitative, a systems biology “phenotype” must be quantitative so that 

proposed mechanisms explaining the perturbation’s effect on behavior can be tested 

mathematically. 
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 Systems biology vs. biochemistry.  In biochemistry, there is no change in scale 

between perturbation and observation:  all experimentation is molecular-level (usually 

protein-level).  However, there are important similarities between systems biology and 

biochemistry.   

 In an enzyme kinetics experiment, some steps in the reaction are observable while 

others are obscured.  However, specific experimental approaches can characterize these 

hidden steps.  By varying reaction conditions with a particular mechanism in mind, data can 

be generated that allow for mathematical derivation of physical values that describe 

unobservable states, their order, their relative contribution to the overall reaction etc.  In 

systems biology experiments, the concerted action of the system is observed, but the dynamic 

interactions of the macromolecules that comprise it are obscured.  Similar to enzyme 

kinetics, mechanistic descriptions of these dynamics can be derived mathematically from 

experimental data.  Accordingly, the hypothetical mechanism dictates the overall 

experimental setup, the treatment of experimental variables, and the point of observation in a 

systems biology experiment.  Importantly, however, the analogy to biochemistry ends there.  

Systems mechanisms and derived values often represent the net function of many unknown 

biochemical steps.  As such, they are not strict biochemical parameters and do not have clear 

physical, molecular equivalents (see, for example, discussion of the Hill equation earlier in 

this chapter). 

 

 Interpreting systems biology experiments.  Given the lack of clear physicality in 

systems mechanisms, the relationship between experiments and conclusions can give a 
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disconcertingly circular quality to systems biology logic.  However, because systems 

observations are quantitative, math can provide completely independent confirmation or 

negation of a hypothetical mechanism, as was the case for bistability in Xenopus oocyte 

maturation.  Mathematical modeling can also provide two general descriptions of the 

mechanism’s quality and biological relevance.  

 First, the tolerances of a systems behavior can be mapped rapidly by panning through 

many possible parameter values in silico.  This can provide intuition for whether a behavior 

is robust and general (a more viable biological mechanism) or fragile and very dependent on 

parameter choice (a less viable biological mechanism).   

 Second, mathematical analysis can also single out certain variables as strong 

contributors to a system’s behavior.  For example, in the bistability mechanism described 

above, the Hill coefficient essentially determines behavior because it controls the curvature 

of the M* production curve.  The width of this S-shape determines how many possible M* 

destruction rates can produce bistable behavior.  In principle, these observations can be tested 

biologically to provide independent verification that a systems behavior is understood 

mechanistically. 

 More generally, translating experimental results into mathematical models requires 

very precise thinking about what biological experiments conclusively show.  For example, if 

X inhibits Y, does X slow down the production of Y or does it accelerate Y’s destruction?  In 

the A-B-C cascade, if the activation of C is dependent on A, does B relay the signal linearly?  

These kind of questions can be very informative when designing biological experiments. 
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CHAPTER THREE.  USING SMALL MOLECULES TO STUDY 
KINASE ACTIVITY IN VIVO 

 

 In the previous chapter, I discussed top-down methods for studying how molecular-

level perturbations act on a biological system.  When the perturbation is a native stimulus, 

interpreting how the system responds to it can be relatively straight-forward.  However, 

perturbations can also be non-native, in the form of genetic mutations or small-molecule 

modulators of protein activity.  Interpreting the biological consequences of these non-native 

perturbations can be less clear and special challenges arise when small molecules are applied 

in a cellular context.  In this chapter, I will discuss using ATP-competitive protein kinase 

inhibitors in vivo, but these themes could be applied to many chemical biology problems.   

 

 Signaling in eukaryotic kinase networks.  Protein kinases are a large enzyme 

family that installs phosphate groups on specific Serines, Threonines, or Tyrosines of target 

substrates.  These phosphorylation events regulate substrate activity directly (by inducing 

conformational changes) or indirectly (by altering binding surfaces and/or cellular 

localization).  Kinases often regulate other kinases.  When they are arrayed in networks, 

kinases are integral to converting extracellular signals into cellular responses.  In essence, 

kinase activity encodes information; as such, their regulation is precise and their activity, 

accurate.  Outside of regulatory constraints, many kinases play causative roles in oncogenesis 

and tumor progression.   

 Kinases are attractive, if enigmatic, drug targets.  Elaborate kinase networks have 

been mapped and specific kinase activities are required for many cellular processes.  Despite 

this wealth of information, however, there is no clear understanding of why eukaryotic signal 
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transduction works the way it does.  For example, many kinases and network architectures 

are conserved from yeast to man.  If the goal of signal transduction is to relay an extracellular 

signal to the nucleus linearly, then activating a kinase cascade can be compared to knocking 

over a string of dominoes.  Why has evolution selected for energetically costly, many-step, 

branching, apparently redundant networks (discussed in Chapter 1) rather than two-domino 

motifs, as in bacterial two-component systems?  In kinase cascade A-B-C, how is kinase C 

biologically different than its direct upstream activator, kinase B?  In essence, it is largely not 

understood how the activity of single kinases contributes to the larger, selectable function of 

signal transduction networks in situ.  Answering this question has important basic science 

implications.  It is also a necessary part of predicting the therapeutic efficacy of kinase 

inhibitors in the clinic.  

 When interrogating the function of specific kinases in vivo, small molecule inhibitors 

have significant advantages over standard genetic approaches:  they can act on the same 

timescale as any experiment; they can be applied at any concentration; the zero timepoint and 

the “minus drug” control are essentially the native system, intact and unperturbed.  One 

major goal of chemical biology is to generate a suite of small molecule inhibitors that 

specifically and potently target each kinase in a signal transduction network.  Effectively, this 

would allow the activity of each kinase to be tuned at will: rapidly and to whatever percent 

maximum is required by the experiment.  This would indeed be a powerful and ground-

breaking experimental approach, but it faces two major challenges:  generating truly specific 

kinase inhibitors is very difficult and cellular context can complicate interpretation of small 

molecule experiments. 

 



 37 

 Kinase inhibitor specificity.  There are more than 500 kinases in the human 

genome; they can be divided into nine families based on sequence.  Kinases are structural 

homologs and have regions of high sequence and structure identity.  Importantly, they 

catalyze identical chemistry.  Given that the surface area occluded by a drug-like molecule is 

small and interactions must be potent, building a specific kinase inhibitor is a significant 

challenge.   

 Most kinase inhibitors are ATP-competitive heterocycles that form at least two 

critical hydrogen bonds with specific regions of kinases’ ATP-binding pockets1.  Because 

their binding mode is relatively well understood and heterocycle scaffolds are synthetically 

accessible, medicinal chemists have produced large numbers of potent, ATP-competitive 

kinase inhibitors that are quite similar.  Certain chemical scaffolds are known to have affinity 

for some kinases and disfavor binding others, so selectivity can be pushed in a chosen 

direction, then affinity can be optimized for a kinase of interest.   

 When kinase inhibitor IC50’s are generated in vitro against large panels of purified 

kinases, the biochemical baseline of the kinase inhibitor specificity problem can be observed.  

The in vitro IC50 profiles of some compounds are easily understood:  they cross-inhibit 

kinases that are closely related to their targets, but inhibit few others (e.g. Gefitinib, an FDA-

approved EGFR inhibitor)2,3.  However, other binding profiles are more difficult to predict or 

rationalize.  Many compounds show significant cross-inhibition of kinases outside the 

target’s family and these off-target binders are similarly unrelated by sequence (e.g. BAY-

43-9006, a Raf1 and VEGFR inhibitor)3.  Interestingly, when these diverse binding profiles 

are compared to those of inhibitors based on the same scaffold, significant overlap is 

observed.  This suggests that inhibitors can reveal similarities in the structure or dynamics of 
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kinase ATP-binding pockets that cannot be predicted by sequence.  Comparing many binding 

profiles demonstrates that some kinases can be inhibited by a surprising diversity of small-

molecule scaffolds (e.g. Lck) and that some unrelated kinases are often co-inhibited, despite 

changes in small-molecule scaffold (e.g. GSK-3β and Cdk1).  These observations point to the 

difficulty of predicting or designing an ATP-competitive kinase inhibitor’s specificity. 

 In vitro IC50 profiles demonstrate that at a given concentration, a kinase inhibitor 

binds its target kinase and several others at varying affinities.  The effective number of off-

target kinases scales with inhibitor concentration, such that an inhibitor is more selective if it 

is applied at a lower concentration.  In vivo, this picture is complicated by several factors that 

can push the inhibitor’s apparent selectivity up or down.  These include the relative 

concentrations of target and off-target kinases (e.g. if the off-target kinases exist at very low 

concentrations, their effect can be negligible), their absolute concentrations (e.g. high 

concentrations of target kinase may require high inhibitor concentrations), and their KM’s for 

ATP (in vitro IC50 curves are generated at very low ATP concentrations to obscure 

differences in KM; at high, cellular ATP levels, differences in KM can change the apparent 

potency of inhibitors).  Moreover, if the off-target kinases do not participate in the biological 

process being studied, inhibiting them may be unobservable from the perspective of specific 

experiments. 

 

 Flying blind in vivo.  Even if a kinase inhibitor is perfectly selective from the 

perspective of the kinome, using it in vivo carries important caveats.  Most experimental 

handles are designed to visualize the activity or location of macromolecules; adding 

biochemical or fluorescent handles doubles the size of kinase inhibitors and changes their 
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drug-like properties drastically.  Consequently, most small molecules are not directly 

observable when applied to cells and truly off-target (i.e. non-kinase) effects cannot be 

catalogued in an unbiased way.   

 Perhaps more importantly, the influence of cellular context on the bioactivity of small 

molecules cannot be directly visualized.  Cells act on and react to small molecules; they also 

perform their own chemistry.  For example, well-appreciated discrepancies exist between 

intracellular and extracellular small-molecule concentration: cells actively pump certain 

foreign small molecules out, lowering their intracellular concentrations; alternatively, cells 

can concentrate very tight small-molecule binders of abundant proteins (e.g. phalloidin, an 

actin binder).  Cells also metabolize certain small-molecules, converting them either into 

their active form (in the case of pro-drugs) or by-products that are usually inactive but can 

also be toxic.  Because these processes are not directly observable, it can be difficult to 

distinguish between a truly negative result (e.g. the activity of kinase X is not required for 

effect Y) and an ineffective small-molecule treatment. 

   

7AIPM.  

  In Chapter 4, I will present data from experiments that 

use a 7-azaindolyl-pyrazinyl-maleimide (7AIPM) to inhibit the 

kinase GSK-3β in Xenopus oocytes.  7AIPM is a derivative of 

the general kinase inhibitor staurosporin; it was synthesized as 

part of a 66-molecule panel designed to identify specific 

inhibitors of GSK-3β4.  7AIPM’s Ki for GSK-3β is 25±1nM.  

When applied to a panel of 80 kinases, it only significantly 

Figure 3.1. 7AIPM, a 
GSK-3β  inhibitor 
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inhibits GSK-3β when applied at 10µM.  This panel included Cdk1, Aurora A, MEK, 

MAPK, PDK-1, PKA, eight PKCs, Akt, Rsk, p70S6K, and Lck.   

 Oocytes are very resistant to small-molecule treatment; they are filled with yolk 

platelets, which may act as hydrophobic sinks.  If small-molecules partition in to yolk 

platelets, their cytoplasmic concentration may be much lower than anticipated.  Thus, 7AIPM 

was applied at micromolar concentrations in my experiments.  However, in addition to the 

biochemical data described above, two lines of argumentation suggest that 7AIPM’s activity 

comes from inhibiting GSK-3β in oocytes.  First, treating cells with 7AIPM produces a gain 

of function.  Second, mathematical modeling perfectly recapitulates the effects of applying 

7AIPM in vivo; in this model, 7AIPM treatment is approximated by setting GSK-3β activity 

to zero.  These data will be discussed in detail in Chapters 4 and 5. 
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CHAPTER FOUR.  REGULATING THE PROGESTERONE  
THRESHOLD OF XENOPUS OOCYTES 

 

 As described in my Acknowledgements (p. iii), the work presented in this chapter  
is in press at Science as part of a manuscript entitled “Tuning the Activation Threshold of a 
Kinase Network by Nested Feedback Loops,” done in collaboration with Hana El-Samad 
(computational work), and Zach Serber and Jim Ferrell (advice and help conducting the 
experiment shown in Figure 4.6). 
 

FORWARD.   

 The project described in this chapter began with the idea that a dose-response curve is 

a quantitative, information-rich phenotype.  In Xenopus oocyte maturation, the progesterone 

dose-response curve reads out the concerted action of progesterone-induced signaling in a 

quantitative way.  The behavior of the individual oocytes that comprise each data point is all-

or-none.  The dose-response curve’s EC50 represents the population’s average progesterone 

threshold and defines the progesterone sensitivity of the signal transduction network.  The 

Hill coefficient of an oocyte population’s dose-response describes its coherence in cell-fate 

decision-making.  Given that these factors work together to determine how many high-

quality eggs a frog lays, perhaps this particular dose-response curve has been selected for.  

When I started this project, I wanted to understand how the activity of individual kinases 

contributes to the shape of the oocytes’ progesterone dose-response curve.  I reasoned that 

even a partial answer to this question would provide insight into the relationship between 

progesterone and the Xenopus meiotic switch (Chapters 1 and 2) and describe how single 

kinases can contribute to network-level behavior (Chapter 3).  

 The kinase GSK-3β became the focus of my work.  GSK-3β occupies a unique place 

in many extracellularly-regulated signal transduction networks:  it is constitutively active in 

resting cells and represses downstream responses.  In response to upstream stimuli, GSK-3β 
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is inactivated (by phosphorylation on Serine 9), allowing a signal to pass downstream.  Its 

upstream regulators are diverse, including Ca2+, amino acids, insulin, and growth factors1.  It 

potentiates equally diverse downstream responses, from cell-cycle progression to changes in 

translation and metabolism.   

 In placing GSK-3β in a signal transduction network, the cell engages in an atypical 

form of kinase signaling.  Instead of activating activators (“positive signaling”), as is usually 

the case, it represses a repressor (“double-negative signaling”).  Although both signals have a 

net positive effect, their characters are fundamentally different.  In a basic way, the 

unstimulated behavior of a positive signaling motif is passive (all activators are OFF) while in 

double-negative signaling, the unstimulated behavior actively maintains the OFF state (the 

repressor is ON).  Upon stimulation, a positive signaling motif contains all the information it 

needs to pass the signal downstream (activators activate activators).  Double-negative 

signaling, however, requires a second signal that is primed for activation once the upstream 

repression is relieved.  In the case of GSK-3β, this second signal comes in form of 

phosphatase activity: the inhibitory phosphate GSK-3β installs on its substrates must be 

removed for signal transduction to proceed.  It is unclear whether this phosphatase activity is 

constitutive or up-regulated by a parallel pathway in response to stimulus. 

 The work presented in this chapter establishes a role for GSK-3β in determining 

oocytes’ progesterone sensitivity during maturation.  In setting a threshold, networks prevent 

aberrant activation at low stimulus and enforce activation when a sufficiently strong stimulus 

is received.  The work presented below draws two major conclusions:  1) a network’s 

threshold is a function of its structure; and 2) biological thresholds are flexible, they can be 

tuned to match cellular conditions. 
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 These studies were possible because the progesterone thresholds of Xenopus oocytes 

are biologically observable and mathematically understood.  At steady-state, an oocyte’s cell-

fate decision reads out whether its progesterone threshold has been crossed.  Moreover, 

because Xenopus oocyte maturation is irreversible, the cell-fate decision reads out a single 

threshold crossing event (moving from G2 to M), rather than some undefined balance of two.  

Ferrell’s work establishing this system as bistable also provides an operational definition of 

this threshold:  it is the unstable steady-state that separates the two stable steady-states, G2 

and M.  

 For clarity, note that a threshold is a steady-state phenomenon by definition.  To 

interpret most of the following experiments properly, it is important to realize that they were 

conducted at steady-state and provide no kinetic information.  If one system has a lower 

threshold than another, it is not necessarily activated earlier or faster, it is simply activated at 

a lower agonist concentration.  Similarly, bistability is a steady-state phenomenon; the 

transition from OFF to ON can be gradual across time (in Xenopus oocyte maturation, the 

transition from G2 to M takes hours).  The studies presented here observe the G2-M transition 

indirectly, then extrapolate the system’s underlying dynamics (see Chapter 2 for discussion).  
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THRESHOLD TUNING BY A SINGLE KINASE THROUGH SPECIFIC FEEDBACK 
ARCHITECTURE 

 

 Determining proper responsiveness to incoming signals is fundamental to all 

biological systems, but how thresholds are established within complex signaling networks is 

not understood.  Here, we demonstrate that intracellular signaling nodes can tune a 

systemʼs response threshold away from the basal EC50 established by ligand-receptor 

interactions.  Focusing on the bistable kinase network that governs progesterone-induced 

meiotic entry in Xenopus oocytes, we characterize glycogen-synthase kinase-3β (GSK-3β ) 

as a dampener of progesterone responsiveness.  GSK-3β engages the meiotic kinase 

network through a double-negative feedback loop; this specific feedback architecture raises 

the progesterone threshold in proportion to the strength of double-negative signaling.  We 

also identify a natural co-stimulus, L-leucine, and show that an oocyteʼs native progesterone 

threshold can be lowered under specific nutrient conditions, indicating that oocytes integrate 

additional signals into cell-fate decisions by modulating progesterone responsiveness.   

 

 To respond to environmental cues appropriately, biological systems establish precise 

response thresholds.  It is unclear how metazoan signal transduction networks exert control 

over EC50 because stimulus and response are separated in space and time: rapid receipt of the 

signal often occurs extracellularly, while downstream responses occur on longer timescales 

and require cell-wide coordination.  Xenopus oocyte maturation, the irreversible, 

progesterone-induced resumption of meiosis I2-4, provides a classic example of a 

physiological response with a well-defined threshold—oocytes treated with a supra-threshold 

concentration of progesterone undergo maturation while those treated with a sub-threshold 

concentration do not.  A maturing oocyte crosses its response threshold during the 
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interphase-to-M-phase transition, hours after the progesterone signal is received at the cell 

surface5.  Following meiotic entry, active signal transduction becomes progesterone 

independent.  Rather, it is critically dependent on the kinase Mos6, and positive feedback 

through a pro-meiotic kinase network (including Mos, MEK1, p42 MAPK, and 

Cdk1•cyclinB, Fig. 4.1) that functions as a bistable switch5,7.  This observation divides 

maturation into two functional sub-systems:  the progesterone-dependent, Mos-independent 

signaling that occurs during interphase and the progesterone-independent, Mos-dependent 

signaling that drives M-phase via positive feedback.  How do oocytes specify the 

progesterone concentration that initiates transit between these two signaling regimes?  

 Depending on environmental factors (e.g. temperature and season) and internal 

factors (e.g. a frog’s physiology and nutritional status), different doses of hormone are 

required to induce ovulation in vivo or oocyte maturation in vitro.  We reasoned that while 

receptor number and ligand affinity establish a basal EC50 for the system, specific 

intracellular kinases may tune the oocytes’ progesterone thresholds.  Sarkissian and 

colleagues demonstrated that progesterone-dependent inactivation of GSK-3β (by 

phosphorylation on Ser 9) is an obligatory step in oocytes’ cell-fate induction.  

Overexpression of GSK-3β can prevent progesterone-induced Mos translation8 and we 

observed that it uncouples MAPK and Cdk1 activation, rendering M-phase entry incomplete 

(see Chapter 5 for discussion).  Given the observation that GSK-3β acts at the transition 

between interphase and M-phase, we hypothesized that GSK-3β could regulate oocytes’ 

progesterone threshold.  To test this prediction, we measured progesterone dose-responses in 

the presence and absence of 7-azaindolyl-pyrazinyl-maleimide (7AIPM), a potent and 

specific GSK-3β inhibitor9.  Constant inhibition of GSK-3β produced a gain-of-function: the 
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system’s progesterone responsiveness was doubled by 7AIPM-treatment (Fig. 4.2A and 

Appendix 1, Fig. S1).  This lowered threshold brings the oocytes’ in vitro EC50 closer to the 

low nM progesterone concentrations measured in intact Xenopus ovaries10,11.  Single-cell 

experiments indicated that maturation retains its all-or-none, irreversible character in 

7AIPM-treated oocytes (Fig. 4.2B and Appendix 1, Fig. S2); thus, each mature oocyte reads 

out a single threshold-crossing event, progesterone-induced M-phase entry.  Taken together, 

these results indicate that GSK-3β activity dampens overall progesterone responsiveness by 

raising the thresholds of individual Xenopus oocytes.  

 We set out to understand, at the level of network architecture, how GSK-3β regulates 

oocytes’ progesterone thresholds.  Based on the division between interphase and M-phase 

sub-systems and the observation that total GSK-3β levels remain constant during maturation 

(Appendix 1, Fig. S3), we envisioned two possible mechanisms that center on two negative 

regulatory connections placed in series.  First, GSK-3β could dampen progesterone-

dependent interphase signaling until it is inactivated in a feed-forward manner, prior to 

meiotic entry (Fig. 4.3, top).  Alternatively, feedback-mediated GSK-3β inactivation could 

alter the M-phase kinase network itself, producing higher progesterone threshold as an 

emergent property of the GSK-3β-regulated system (Fig. 4.3, bottom). 

 To verify that these mechanisms were sufficient to raise a bistable system’s threshold, 

we built two theoretical models; one contained feed-forward regulation, the other, feedback 

(this modeling is discussed at length in Chapter 5 and Appendix 2).  We treated Mos 

translation and GSK-3β inactivation explicitly, but aggregated the interphase and M-phase 

sub-systems into single variables because they act in a unified way on the systems-level.  

Modeling both mechanisms revealed that each provides a general solution for dampening a 
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system’s responsiveness (Fig. 4.3, right panels).  In an analytical treatment, we proved 

mathematically that a raised threshold is a structural feature of bistable systems containing 

double-negative regulation  (see the Supporting Online Material of our in press publication); 

this is not dependent on parameter choice or how the double-negative regulation 

implemented (e.g. inhibiting a forward-reaction vs. accelerating a back-reaction. 

 To determine which mechanism is in play during Xenopus oocyte maturation, we 

defined where GSK-3β activity is integrated into the progesterone-responsive signaling 

network.  First, we conducted a timecourse of GSK-3β inactivation at high progesterone 

concentration.  We found that GSK-3β inactivation (by phosphorylation on Ser 9) and p42 

MAPK activation occur on similar timescales and that maximum inactivation of GSK-3β 

occurs during M-phase (Fig. 4.4, also see12).  Accordingly, GSK-3β inactivation correlated 

precisely with the decision to enter M-phase in individual progesterone-stimulated oocytes 

(Appendix 1, Fig.S4).  To determine if M-phase signaling is necessary for GSK-3β 

inactivation, we initiated maturation in the presence of PD98059, a potent and specific MEK 

inhibitor. PD98059 treatment reduced average GSK-3β phosphorylation over 5-fold (Fig. 

4.5, left); single oocyte analysis revealed a precise correlation between MEK inhibition, 

GSK-3β activity, and reduced ability to enter M-phase as population (Fig. 4.5, right).  

 To verify that GSK-3β regulation is a direct consequence of M-phase signaling, we 

initiated meiosis in the absence of progesterone by microinjecting oocytes with Mos or non-

degradable cyclin B1 (∆90).  We found that GSK-3β inactivation was equivalent to the 

mature progesterone-treated controls on the single-cell level (Fig. 4.6), demonstrating that 

signals originating within the M-phase feedback loop are sufficient to elicit maximum GSK-

3β inactivation; progesterone-dependent interphase signaling is not required.  These 
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observations highlight the importance of M-phase feedback in GSK-3β regulation and 

suggest that GSK-3β may alter the steady-state expression levels of meiotic kinases and/or 

the signaling dynamics of the meiotic kinase network.  However, single-oocyte western 

blotting shows that 7AIPM treatment does not alter steady-state M-phase levels of Mos, 

phospho-p42 MAPK, or dephosphorylated Cdk1 (Appendix 1, Fig. S5).  Therefore, we 

hypothesized that GSK-3β tunes network dynamics by participating in M-phase network 

itself.   

 This led us to ask whether GSK-3β inactivation displays switch-like behavior.  In 

equivalently stimulated cells, phospho-Ser 9 was either nearly undetectable or maximal at 

steady-state; no intermediate levels are observed on the single cell level (Fig. 4.7A and B, 

top).  Further, while the maximum level of GSK-3β phosphorylation was progesterone-

independent, the percentage of cells exhibiting maximal GSK-3β phosphorylation increased 

with increasing progesterone.  These observations demonstrate that GSK-3β inactivation is 

ultrasensitive with respect to progesterone concentration in single oocytes.  This behavior 

mirrors that of p42 MAPK activation during Xenopus oocyte maturation7 (Fig. 4.7A and B, 

bottom).  

 In mature oocytes, positive, Mos-dependent feedback is sufficiently strong to 

maintain meiotic commitment after progesterone is removed5.  If GSK-3β inactivation is an 

integral component of the feedback that actively maintains meiosis, its phospho-regulation 

should display the same extreme hysteresis.  To test this, we induced maturation, then 

removed the progesterone stimulus and relied on feedback to maintain signaling within the 

meiotic kinase network.  Under these conditions, GSK-3β inactivation displayed hysteresis:  

Ser 9 phosphorylation was sustained at its maximum level in the absence of progesterone 
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(Fig. 4.7C).  Moreover, hysteresis was MEK-dependent:  when PD98059, a potent and 

selective MEK inhibitor, was added to the washout, GSK-3β activity was restored to 

interphase levels (Fig. 4.7D).  These data indicate that induction and maintenance of GSK-3β 

inactivation requires feedback through the meiotic kinase network.  GSK-3β inactivation also 

displays the same emergent behaviors as the other known biochemical components of the 

network: switch-like regulation and hysteresis.  Taken together, these results define GSK-3β 

as a node in a MEK-dependent double-negative feedback loop that is likely driven by the 

bistable, positive feedback within M-phase oocytes. 

 These results provide experimental verification of the feedback regulation model 

presented in Figure 4.3 (bottom panel).  The signal-dampening property of double-negative 

feedback can be understood intuitively:  when progesterone levels are low, the GSK-3β-

dependent branch of the double-negative feedback dominates, repressing the translation of 

Mos.  Under these conditions, more progesterone is required to accumulate sufficient Mos to 

engage the positive feedback loop and the Mos-dependent branch of the double-negative 

feedback loop.  This illustrates a remarkable layering of function in bistable systems:  input 

EC50 is regulated by relationships that are not strictly input dependent.  

 Why do oocytes employ GSK-3β to down-regulate their basal progesterone response?  

Raising a threshold may allow a cell to integrate several signals, an impossibility if it were 

maximally responsive to only one.  The branched-chain amino acid L-leucine, a nutritional 

marker, has been shown to regulate translation via kinases that require GSK-3β inhibition for 

activity13-15.  To ask whether L-leucine-dependent signals can be integrated into oocytes’ 

decision to mature, we conducted progesterone dose-responses in the presence and absence 

of extracellular L-leucine.  Although L-leucine has no detectable pro-meiotic activity on its 
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own (data not shown), L-leucine co-treatment lowered the oocytes’ progesterone threshold, 

demonstrating cooperation between nutritional signals and cell-cycle entry (Fig. 4.8A and B).  

Given the similar dose-responses exhibited by the Leucine and 7AIPM-treated oocytes (Fig. 

4.8A vs. Fig. 4.2A), we asked how 7AIPM and L-leucine affect progesterone responsiveness 

in combination.  Analogous to genetic epistasis experiments, if nutrient signaling is mediated 

by GSK-3β regulation, we would expect that the L-leucine+7AIPM co-treatment would have 

no greater effect on progesterone threshold than 7AIPM or L-leucine alone.  However, if 

nutrient signaling is mediated through a GSK-3β-independent pathway, the two stimuli 

would have an additive or synergistic effect.  As shown in Fig. 4.8C, the effect of L-

leucine+7AIPM co-treatment on progesterone responsiveness is indistinguishable from that 

of 7AIPM alone.  These data suggest that Leucine and GSK-3β form a common pathway that 

up-regulates oocytes’ progesterone responsiveness during maturation.  They also provide one 

explanation for the very low progesterone concentration observed Xenopus ovaries:  in situ, 

bathed in blood, oocytes may receive diverse signals that work in concert to amplify the 

existing progesterone signal.  This would allow the nutritional status of the mother to be 

reflected in the number of eggs she produces.  

 Much attention has focused on the ubiquity of simple dynamical motifs that can 

produce emergent behaviors in biological systems16-28.  Here, we demonstrate that linking 

apparently redundant motifs (intracellular positive feedback and double-negative feedback) 

tunes a bistable system’s response threshold.  A striking number of biological networks 

contain nested positive and double-negative feedback loops17,19,21,24, suggesting that feedback 

may be a general mechanism for modulating biological responsiveness.  These observations 

provide a new explanation for the complexity seen in signal transduction networks:  if 
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multiple stimuli act upon components of linked feedback loops, cells can dynamically tune 

their responsiveness to match their environment.   

  

AFTERWARD.   

 When I initially conceived this project, it was less focused and more descriptive.  I 

wanted to take a broad, chemical biology approach to mapping this pathway, pairing many 

target kinases with potent, specific inhibitors.  Target kinases would either be down-regulated 

during maturation (e.g. PKA, GSK-3β) or would have been shown to influence maturation 

without being strictly required (e.g. PI3K, PDK-1, PKCζ, TOR, p70S6K, Aurora A, Raf-1, 

and Src).  Inhibitors would have low nanomolar potency in vitro, would be relatively specific 

biochemically, and would not cross-inhibit other progesterone-regulated kinases.  The initial 

assay would be identical to Fig. 1C and D:  pools of oocytes would be equilibrated in 

inhibitor or buffer, then treated with progesterone and scored at steady-state for M-phase 

entry.  The goal would be to identify the broad, systems-level effect of each “arrow” in the 

progesterone-dependent signaling network.  If sufficiently potent and selective inhibitors are 

identified or synthesized, the systems-level function of all of the kinases listed above could 

be interrogated in this way. 

 I think this kind of approach, whether applied to Xenopus oocyte maturation or a 

similarly quantitative behavior in yeast or mammalian tissue culture, could provide valuable 

insight into the complexity of eukaryotic signal transduction networks.  Drawn on paper, they 

look over-determined and strikingly non-parsimonious.  However, this statement suggests 

that we know what signal transduction networks have evolved to do.   I propose that we 

don’t.  Most basically, clonal cells do not naturally sit in salt water, awaiting a single, 



 52 

constant, high-concentration stimulus.  Instead, cells have evolved to respond to many 

irregular, simultaneous stimuli in a coherent and adaptive way.  Perhaps in understanding the 

tolerances in a given cellular response— its sensitivity, its timing, its adaptability, its ability 

to amplify or suppress noise, its ability to enforce a stable decision, etc. —we will better 

understand the evolutionary pressures behind eukaryotic signal transduction and network 

structure. 
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Figure. 4.1. Overview of signal transduction during Xenopus oocyte maturation.  Kinases with 
demonstrated systems-level roles are indicated in black; direct biochemical connections are 
designated by black arrows.  Progesterone-dependent, Mos-independent interphase signaling is 
indicated in grey; progesterone-independent, Mos-dependent M-phase signaling is indicated within 
the white box.
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Figure 4.2.  Small molecule inhibition of GSK-3β lowers Xenopus oocytesʼ progesterone 
response threshold.  A. Progesterone dose-responses were conducted in the presence of 7AIPM 
(pink and red) or DMSO  (grey and black).  The cell-fate decisions of individual oocytes were analyzed 
at steady-state.  Results from three independent, paired (+/-7AIPM) dose-responses are plotted, 
representing 2221 oocytes scored individually (error bars represent Standard Error).  For non-
normalized dose-responses and experimental details, refer to Appendices 1 and 3.  Inset.  Composite 
progesterone dose-responses from the three independent experiments shown in A.  DMSO-treated 
oocytes (grey and black):  EC50=1.00 (normalized), nH=2.3. 7AIPM -treated oocytes (pink and red):  
EC50=0.43 (normalized to DMSO control), nH=2.3.  B. Representative single-cell western blots reveal 
the all-or-none cell-fate decisions of individual oocytes +/-7AIPM treatment.  The phosphorylation 
state of Cdk1 (Tyr15, inhibitory) and p42 MAPK (Tyr 204, activating) was scored in individual, steady-
state oocytes after treatment with sub-maximal progesterone.
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Figure 4.3. Feed-forward vs. Feedback models for GSK-3β-dependent progesterone 
desensitization.  These models relate the activity of GSK-3β (G) to interphase (I) and M-phase (M) 
signaling.  Relative signal strength (i.e. the amount of downstream signal per unit of progesterone) is 
indicated by the thickness of the blue and red arrows.  The red arrow designates the threshold-
regulation step.  Right panels: the black curve models the input dose-response curve of the native 
bistable system; the red curve models 7AIPM treatment.
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Figure 4.4.  GSK-3β inactivation, Mos accumulation, and p42 MAPK activation occur on similar 
timescales.  Oocytes were synchronized with high progesterone stimulus.  At the timepoints 
indicated, pools of oocytes were lysed in unison and western blotted.  At 9.5 hr GVBD was 100%.
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Figure 4.5.  MEK inhibition prevents GSK-3β inactivation.  Oocytes were pre-treated 
with PD98059 (a MEK inhibitor) or DMSO  for 18hr, stimulated with progesterone, then lysed 
individually  at steady-state.  The phosphorylation state of GSK-3β (Ser9, inhibitory) within 
each oocyte was quantitated by  CCD camera (left).  Dots represent the phospho-GSK-3β 
signal from individual oocytes; lines indicate population average; PD98059 pre-treatment 
reduces average GSK-3β Ser 9 phosphorylation 5.26-fold (p<0.0001).  Loss of MAPK 
phosphorylation, MEKʼs direct downstream substrate, demonstrates PD98059 efficacy 
(western blots, right, a representative sample of all oocytes scored).  DMSO  treatment: 
71.2% M-phase; PD98059 treatment: 10.9% M-phase.
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Figure 4.6.  Mos or cyclin B is sufficient  to elicit maximum GSK-3β inactivation and M-
phase signaling.  Oocytes were microinjected with Mos or non-degradable cyclin B1 (∆90) 
then lysed individually after GVBD.  Each lane contains lysate from a single oocyte.
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Figure 4.7.  M-phase GSK-3β inactivation is switch-like, MEK-dependent, and 
irreversible.  A and B. GSK-3β inactivation exhibits non-linear progesterone dependence in 
single cells.  Oocytes were treated with progesterone, then lysed individually at steady-state.  
The phosphorylation state of GSK-3β (Ser9, inhibitory) within each oocyte was scored (A, a 
representative sample of all oocytes tested), then quantitated by CCD camera (B, top, red).  
Lanes indicated by “+” were treated with 1.5µM progesterone.  Dots represent the phospho-
GSK-3β signal from individual oocytes; lines indicate population average.  The single-cell 
quantitation of MAPK phosphorylation is included for reference (B, bottom, blue).  C and D. 
GSK-3β inactivation displays MEK-dependent hysteresis.  After GVBD, oocytes were 
washed extensively over 18 hrs., then lysed individually.  The phosphorylation state of 
GSK-3β (Ser9) within each oocyte was scored by western blot (C, a representative sample 
of all oocytes tested).  In D, the MEK inhibitor PD98059 was added during the washout 
period, then phospho-GSK-3β (Ser9) was quantitated by densitometry after western 
blotting .  PD98059 treatment during M-phase arrest reduces average GSK-3β Ser 9 
phosphorylation 6.36-fold (p<0.0001). DMSO treatment: 86.4% M-phase; PD98059 
treatment: 4.2% M-phase.
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Figure 4.8.  Extracellular L-leucine lowers Xenopus oocytes  ̓ progesterone response 
threshold.  A. Progesterone dose-responses were conducted in the presence of L-leucine 
(blue) or its absence (grey  and black).  The cell-fate decisions of individual oocytes were 
analyzed at steady-state.  Results plotted represent 1290 oocytes scored individually  (error 
bars represent Standard Error).  Control (grey and black):  EC50=1.00 (normalized), nH=3.2.  
Leucine-treated oocytes (blue):  EC50=0.57 (normalized to control), nH=3.1.  B. 
Representative single-cell western blots reveal the steady-state response of individual 
oocytes to progesterone at steady-state, +/-L-leucine.  C. L-leucine and 7AIPM are epistatic 
with respect to progesterone threshold regulation.  Oocytes were treated with DMSO (n=91), 
L-leucine (n=92), 7AIPM (n=89), or L-leucine+7AIPM (n=89) prior to progesterone stimulus.  
Error bars represent Standard Error.  Cell-fate decisions were scored at steady-state.  “*” 
indicates p<0.05; “***” indicates p<0.0001; “N.S.D” indicates no significant difference.  More 
stringent χ2 analysis reveals that all values are statistically  different except 7AIPM and 
7AIPM+Leu. 
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CHAPTER FIVE.  MATHEMATICAL MODELING OF GSK-3β  ACTIVITY  
DURING XENOPUS OOCYTE MATURATION. 

 

ACKNOWLEDGEMENT.   

 As described in my Acknowledgements (p. iii), the models presented in this chapter 
were built and tested by Hana El-Samad, in collaboration with Kevan Shokat and me.  They 
are part of a more comprehensive analysis of the threshold adjustment mechanisms 
discussed in Chapter 4; this analysis is in press at Science as part of a manuscript entitled 
“Tuning the Activation Threshold of a Kinase Network by Nested Feedback Loops.”  
 

 In the previous chapter, I discussed our work studying the relationship between the 

structure of a bistable network and its threshold.  In vivo, we observed that inhibiting GSK-

3β with 7AIPM produces an increase in progesterone sensitivity during Xenopus oocyte 

maturation.  We went on to elucidate a network architecture linking Mos activation and 

GSK-3β inhibition through double-negative feedback.  With the model I will present in this 

chapter, we asked whether the relationships that form this network architecture are sufficient 

to raise a bistable system’s threshold.  Specifically, we asked:  is a raised threshold a 

necessary consequence of imposing double-negative feedback on a positive feedback-driven 

bistable switch? 

 To answer this question, we turned to Ferrell’s model of a bistable system that has 

two states (effectively ON and OFF), with positive feedback enforcing the ON state1,2.  As 

described in Chapter 2, this model describes the behavior of the MAPK cascade during 

Xenopus oocyte maturation.  It is: 

 

€ 

dC *
dt

= konC + f pos
C *nH

KnH + C *nH
− koffC * 
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This model treats the MAPK cascade as a single entity that can exist in an inactive form (C) 

or an active form (C*).  In this model, fpos scales the strength of positive feedback, nH is the 

Hill Coefficient, and K is the equilibrium constant describing the C*-dependent positive 

feedback loop.   

 In our models (presented below), we focus more tightly on Mos and model its 

translation and degradation explicitly.  This allows us to incorporate an important biological 

observation:  progesterone stimulus produces an increase in Mos accumulation by increasing 

its translation rate.  Using this approach, Ferrell’s model of Xenopus oocyte maturation 

becomes two coupled differential equations: 

 

€ 

dM
dt

= koff
M *M *−γMM − kon

M M + f pos
M *nH

M *nH +EC50
nH

+
stimn

stimn + Ks
n  

€ 

dM *
dt

= kon
M M − koff

M *M *−γM *M * 

 

where M is unstable, newly synthesized Mos; M* is phosphorylated, stabilized Mos; γM is the 

destruction rate of M; γM* is the destruction rate of M*; EC50 is the M* concentration that 

elicits half-maximal production of M through feedback; stim is the progesterone 

concentration; and Ks is the concentration of progesterone which elicits half-maximal M 

production (in the absence of feedback).  In this model, we assume that γM is much greater 

than γM* to allow for Mos accumulation.  We also assume that the progesterone stimulus 

saturates.   

 To incorporate the GSK-3β-dependent double-negative feedback loop we identified 

in Chapter 4, we added the variable G* (active, dephosphorylated GSK-3β) and terms that 
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described the two negative relationships that describe its regulation and activity:  1) G* 

represses stim-dependent M production; and 2) M* represses G*: 

 

€ 

dM
dt

= koff
M *M *−γMM − kon

M M + f pos
M *nH

M *nH +EC50
nH

+
stimn

stimn + Ks
n

kstim

1+
G *
KG*

 

 
 

 

 
 

n1

€ 

dM *
dt

= kon
M M − koff

M *M *−γM *M * 

€ 

dG *
dt

= kon
G (Gt −G*)
KM *
n2 + M *n2

− koff
G*G * 

 

This is our model of Mos’s behavior during Xenopus oocyte maturation; I will refer to it as 

the XOM model in the discussion that follows.  For clarity, Figure 5.1 maps the XOM 

variables onto the simplified signal transduction network.  These relationships are also 

described in Appendix 2, Box 1. 

 To understand how G* regulates this model’s threshold, first we identified a set of 

parameters that produces bistable, irreversible behavior.  As described in Chapter 2, models 

driven by a Hill-like term amplified by fpos can produce three steady-state behaviors:  

bistable, monostable ON and monostable OFF.  Analogous to Ferrell’s model, the Hill 

coefficient that relates M* concentration to M production (nH) largely determines which 

behavior the system exhibits (Fig. 5.2).  Ferrell has quantified the population Hill coefficient 

relating microinjected Mos concentration to steady-state MAPK phosphorylation to be 5 in 

vivo; he used that value for the Hill coefficient in his models of Xenopus oocyte maturation.  

Similarly, we used it when analyzing our model.  It generates bistable, irreversible behavior 

over a wide range of other parameter values.  The parameters that describe the other variables 
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were chosen for ease of use, such that the do not disrupt the bistable, irreversible behavior 

when nH=5.  For a parameter list, see Appendix 2, Table 1.  Note that because most of these 

other variables are aggregates of many biochemical steps; they do not have precise physical 

equivalents.   

 The XOM model captures the fundamental features of oocytes’ response to 

progesterone:  bistability and irreversibility.  To understand how G* activity regulates this 

system’s stim threshold, we mimicked 7AIPM treatment by setting G* to zero.  In every case, 

for every behavior (e.g. monostable, bistable), setting G* to zero lowers the system’s 

threshold.  This can be proved mathematically (see the Supporting Online Material of our 

paper in press) and appreciated graphically, looking at the system’s dose-response curves.  

When G*=0, the system is at its maximum sensitivity (Fig. 5.3, red curves), this basal 

sensitivity is established by the positive feedback loop.  At non-zero G*, three terms describe 

the strength of double negative feedback:  kon
G, KG* and KM*.  Manipulating these variables to 

produce any increase in double-negative feedback (over zero) shifts the curve to the right 

away from its maximum sensitivity (Fig. 5.3, black curves).  These results demonstrate that 

imposing double-negative feedback on a bistable switch will always raise its threshold, 

validating the mechanism we proposed based on our biological observations in vivo.  

 This model can also provide insight into two other questions.  The first illustrates how 

modeling can disprove a biological mechanism; the second shows how modeling can extend 

analysis beyond what is currently possible in experimental systems. 

 

TESTING PROPOSED MECHANISMS:  THE XOM MODEL VS. GSK-3β  OVEREXPRESSION.   
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 In the previous chapter, I described my work with 7AIPM, a GSK-3β inhibitor.  In 

both experiment and modeling, 7AIPM treatment increases oocyte’s progesterone threshold 

without perturbing oocyte’s bistability or changing the population’s Hill coefficient.  This 

consistency between model and experiment demonstrates that we understand the major 

system-level behavior of native GSK-3β in the context of progesterone-induced Xenopus 

oocyte maturation: it dampens progesterone sensitivity.   

 Exploring GSK-3β regulation further, we conducted the opposite experiment:  we 

increased intracellular GSK-3β concentrations by microinjecting the active kinase into single 

oocytes.  Prior to our study, Sarkissian et al. defined GSK-3β as a negative regulator of 

maturation.  When excess exogenous GSK-3β is microinjected into Xenopus oocytes, 

progesterone-induced meiotic entry is abolished3.  This can be viewed as raising the 

progesterone threshold to infinity:  though they presumably retain the progesterone 

receptor(s), oocytes over-expressing GSK-3β are no longer responsive to progesterone.  This 

is consistent with GSK-3β’s role as a dampener of progesterone sensitivity.  We repeated 

confirmed that our XOM model recapitulates this result.  Indeed, the model shows that at 

high G*, the system retains a theoretical ON state but progesterone stimulus can no longer 

prompt the system to access it; the activation threshold is raised to infinity and the system is 

no longer sensitive to progesterone (Fig. 5.4, black vs. blue curves).  

 Additional modeling revealed that if G* levels are increased gradually from wild-

type, the system transitions abruptly from bistable but less responsive to input (vs. wild-type) 

to unresponsive (Fig. 5.4, red curves).  When we performed the analogous microinjection 

experiment in oocytes, we made a striking observation that deviated from the predictions of 

the model:  moderate increases in GSK-3β caused oocytes’ hallmark switchlike behavior to 
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become graded on the single-cell level.  Specifically, we observed inter-mediate levels of 

both phospho-MAPK and phospho-Cdk1 in single oocytes at steady state (Fig. 5.5A).  Also, 

the tight coupling between MAPK activation and Cdk1 activation is lost in many oocytes— 

excess GSK-3β renders cell-fate decisions incomplete (Fig. 5.5B).  This experiment 

establishes GSK-3β as the first negative regulator shown to perturb the stable states of this 

system to our knowledge. 

 We asked whether comparing our XOM model to the experiment could shed light on 

these new data.  In the XOM model, bistability is only dependent on M* (chiefly, the Hill-

equation like term in the equation describing M production).  However, these microinjection 

results demonstrate that there is a regime in which bistability is also dependent on G*— an 

additional regulatory connection exists, it can be accessed when G* is increased.  The XOM 

model does not contain this connection, thus, it cannot capture the behavior of this system at 

supra-physiological GSK-3β concentration. 

 These results are in keeping with GSK-3β’s role in signal transduction.  It is a crucial 

signaling node that links diverse upstream kinases to specific downstream responses.  To 

date, dozens of GSK-3β substrates have been identified; many have roles in both cell cycle 

progression and development.  More generally, overexpression often allows kinases to gain 

function in unpredictable ways, either by accessing to new substrates or by up-regulating 

pathways downstream.  Together, these observations and our modeling suggest that GSK-

3β’s disruption of bistability is a result of off-pathway signaling:  if over-expressed GSK-3β 

exerted all its systems-level activity through the regulation of Mos translation, then Fig. 5.4 

would capture the system’s behavior.  However, our experiments do not match Fig. 5.4, 

illustrating that GSK-3β can gain new function at super-physiological concentrations. 
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 This analysis illustrates how modeling can test the sufficiency of a proposed 

biological mechanism.  While the regulatory connections present in the XOM model are 

sufficient to explain GSK-3β’s role in suppressing the progesterone sensitivity of Xenopus 

oocytes, the XOM model is not sufficient to explain GSK-3β’s gain-of-function when it is 

over-expressed.  Given that these new functions disrupt the hallmark behavior of this system, 

they may be worth pursuing in future study, although it can be a challenge to attribute 

specific functions to an over-expressed kinase in a “broken” system. 

 

PROGNOSIS:  WHY EVOLVE A FEEDBACK-BASED MECHANISM OF THRESHOLD REGULATION?   

 In Chapter 4, I described two models of threshold regulation, one based on a feed-

forward signal transduction motif, the other feedback.  Our data confirmed that the feedback 

mechanism operates during Xenopus oocyte maturation, showing that the meiotic switch 

contains both a positive feedback loop (for driving bistability) and a negative feedback loop 

(for regulating the progesterone threshold).   

 In addition to Xenopus meiosis, a striking number of biological networks contain 

nested positive and double-negative feedback motifs, suggesting that feedback may be a 

general mechanism for modulating biological thresholds.  Many of these loop systems 

govern decisions that are points-of-no-return (e.g. Xenopus oocyte maturation, p53 

regulation, developmental patterning, and Cdk1 activation).  Both feed-forward and feedback 

signaling can regulate a system’s threshold— when moving forward inappropriately comes at 

significant cost, does double-negative feedback convey function that cannot be achieved by 

feed-forward regulation?   
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 To address this question in vivo, a feed-forward pathway would need to be engineered 

and benchmarked against the natural, feedback system.  At minimum, a fair comparison 

between the natural and engineered systems would require precise equivalence in 

progesterone EC50, bistability (i.e. both ultrasensitivity and irreversiblity), GSK-3β and Mos 

expression levels, and basal expression noise.  This would be prohibitively difficult, but 

comparing the function of these systems by modeling is relatively straightforward. 

 To build a feed-forward model, we began with our XOM model.  To convert it from 

feedback to feed-forward regulation, we broke one regulatory connection (M*’s inhibition of 

G*) and made another (stim’s inhibition of G*).  The result is this model, termed XOM-FF: 

 

€ 

dM
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= koff
M *M *−γMM − kon

M M + f pos
M *nH

M *nH +EC50
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stimn
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G *
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dM *
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M *M *−γM *M * 

€ 

dG *
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G (Gt −G*)
KM *
n2 + stim *n2

− koff
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To enforce a fair comparison between the XOM and XOM-FF models, all parameters 

describing them were identical except those that define G*’s inhibition.  These were allowed 

to float until the overall progesterone EC50’s of the two systems were identical.  This 

produced two models with equivalent deterministic behavior and stimulus sensitivity but 

different regulatory mechanisms. 

 Given these two benchmarked models, we asked if their precise equivalence is 

retained when challenged with a non-ideal input.  To this end, we simulated the cell-fate 



 

 71 

decisions of individual “oocytes” executing either feed-forward or feedback regulation while 

the progesterone stimulus and GSK-3β activity fluctuated stochastically.  In the feed-forward 

regulation model, stochastic fluctuations in GSK-3β activity were converted into irreversible 

changes in cell-fate at sub-threshold stimulus in 47 out of 100 simulated maturations (Fig. 

5.6, red curves, representative traces shown).  In contrast, small changes in GSK-3β activity 

were buffered by the meiotic kinase network in the feedback regulation model, allowing cell-

fate decisions to accurately reflect the magnitude of progesterone stimulus in 98 out of 100 

simulated maturations (Fig. 5.6, black curves, representative traces shown).  These 

simulations suggest that regulating a threshold through feedback preserves the switch’s 

precision, whereas regulating it with a feed-forward motif amplifies the system’s noise. 
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Figure 5.1.  Complete model of Xenopus oocyte maturation (XOM). Terms in red dominate in the 
OFF state (interphase).  Definitions:  stim is an aggregate of all interphase signaling; M is newly 
synthesized Mos; M* is an aggregate of stabilized Mos and all Mos-dependent signaling; G* is active 
GSK-3β; kon designates activation terms; koff designates inactivation terms; γ designates destruction.  
To model 7AIPM treatment, G* was set to zero.  
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Figure 5.2.  Classes of dynamical behavior the XOM model can produce.  Percent maturation 
(ON) as a function of progesterone concentration was modeled as the strength of M*-dependent 
positive feedback was varied; all other parameters were identical.  As fpos increases, the XOM model 
transitions from a graded response (left), to a monostable-OFF response, to an all-or-none response 
with hysteresis (indicated with downward arrows and dashed lines), then to an irreversible response 
(right, indicated with horizontal arrows and dashed lines). 
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Figure 5.3.  A raised threshold is inherent to the XOM networkʼs structure and independent of 
parameter choice.  In all, the red curve depicts the behavior of the 7AIPM-treated XOM model 
(G*=0).  Simplified switch topologies are indicated above.  A. As konG approaches zero, the native 
networkʼs behavior approaches the plus-7AIPM model.  B. As KM* approaches infinity, the native 
networkʼs behavior approaches the plus-7AIPM model.  C. As KG* approaches zero, the native 
networkʼs behavior approaches the plus-7AIPM model.  
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Figure 5.4.  The responsiveness of the XOM model at increasing Gt concentrations.
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Figure 5.5.  GSK-3β over-expression uncouples MAPK and Cdk1 activation and makes M-
phase entry  less switch-like.  Buffer or active GSK-3β  protein was microinjected into oocytes prior 
to treated with 1.5µM progesterone.  Oocytes were lysed individually at steady-state, western blotted 
(B, a representative sample of all oocytes scored).  Phospho-signals were quantitated, then 
normalized to actin levels to account for injury during microinjection (A).  Endogenous GSK-3β and 
exogenous, GST-tagged GSK-3β were quantitated by CCD camera after conducting separate 
western blots of these samples (data not shown).
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Figure 5.6.  Double-negative feedback buffers fluctuations in GSK-3β activity.  The behaviors of 
individual “oocytes” executing feed-forward (red curves) and feedback (black curves) circuits were 
simulated; progesterone stimulus and GSK-3β activity were subject to stochastic fluctuations during 
the simulations.
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APPENDIX I.  SUPPLEMENTARY DATA 

 The data presented were collected in support of the observations made in Chapters 
4 and 5.  As described in my Acknowledgements (p. iii), this work is in press at Science as 
part of a manuscript entitled “Tuning the Activation Threshold of a Kinase Network by 
Nested Feedback Loops.”  
 
Figure S1.  Effect of small-molecule GSK-3β  inhibition on progesterone dose-
response.  Oocytes were dissected manually from Xenopus ovaries then incubated with 
100µM 7AIPM or DMSO for 20 hours prior to adding progesterone.  Oocytes were induced 
to mature by progesterone treatment (concentration range: 1nM to 1µM); 7AIPM or DMSO 
was included in the progesterone solution during maturation.  After 18hr, oocytes were 
inspected individually for GVBD; single cell western blots of a sub-set of oocytes confirmed 
M-phase signaling in mature, GVBD-positive oocytes (data not shown).  Unscaled 
progesterone dose-responses from the three independent experiments compiled in Fig. 4.2 are 
plotted individually.  Red and pink:  7AIPM-treated; black and grey:  DMSO-treated.  Error 
bars indicate S.E.M.  The p-value for each experiment validates statistically significant 
differences between the EC50’s of 7AIPM-treated and control (DMSO-treated) oocytes. 
 
Figure S2.  7AIPM treatment does not effect M-phase irreversibility.  Oocytes were 
treated with 1µM progesterone for 18 hours +/- 100µM 7AIPM.  After GVBD, oocytes were 
washed in multiple baths for a total of 24 hours, then lysed individually.  Where indicated, 
7AIPM was added during maturation and the washout period.  Lysates prepared from single 
oocytes were analyzed by western blot for phospho-p42MAPK. 
 
Figure S3.  Total GSK-3β  levels remain constant during maturation.  3µM progesterone 
was added to oocytes; individual oocytes were lysed at the timepoints indicated.  Total GSK-
3β in each oocyte was scored.  
 
Figure S4.  GSK-3β  inactivation correlates with M-phase signaling and morphology 
on the single-cell level.  Each lane contains lysate from a single oocyte treated with sub-
maximal progesterone; lane lines are included for clarity. 
 
Figure S5.  7AIPM-treatment does not alter the steady-state levels of M-phase 
markers.  DMSO-treated and 7AIPM-treated oocytes were stimulated with sub-maximal 
progesterone, lysed individually at steady-state, then western blotted as indicated. 
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APPENDIX 2.  MODEL DETAILS. 
 

 
 

Box 1.  Rationale behind each term of the XOM model. 
 
 

The XOM model:  
 
   A      B         C                    D       E  F 

 
   G      H             I

 

 
           J   K 

 
 
Definitions:  All interphase signaling is aggregated into the term stim; M is 
newly synthesized Mos; all Mos-dependent signaling is aggregated into the term 
M*; G* is active GSK-3β; kon designates activation terms; koff designates 
inactivation terms; γ designates destruction.  To model 7AIPM treatment (Fig. 
1C and 2A), G* is set to zero. 

 
 

Term Definition Rationale Reference 
A Conversion of M* to M 

 
  

B Destruction of M Assumption: the destruction rate of M>>>M*.  
This assumption allows for the accumulation of 
M*, analogous to Mos accumulation prior to 
meiotic entry in Xenopus oocytes. 
 

Bioessays 19, 23, 
for example.   

C Conversion of M to M* 
 

  

D Production of M due to 
positive feedback 
 

Assumption: M saturates.  As required by 
bistability, M-phase signals reach a stable 
maximum. 
 
This is the core of the Ferrell model.  It 
generates bistable behavior. 
 

Nature 426, 460, 
Science 280, 895, 
and Fig. 4.5, 4.6, 
and 4.7 of this 
work. 
 

E Stimulus-dependent 
accumulation of M 
 

Assumption: M saturates.  Mos levels reach a 
maximum in vivo. 
 
This term explicitly models Mos translation 
during meiotic entry.  
 

Fig. 4.4 of this 
thesis and other 
published work. 

F Inhibition of M 
accumulation due to 

This term describes the branch of double-
negative feedback downstream of GSK-3β. 

This relationship 
was characterized 
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G* activity 
 

in this work in Fig. 
4.5, 4.6, 4.7, and 
5.5.  See also 
Genes Dev 18, 48. 
 

G Conversion of M to M* 
 

  

H Conversion of M* to M 
 

  

I Destruction of M* Assumption: the destruction rate of M>>>M*.  
See also A, above. 

Fig. 4.4 shows Mos 
accumulation.  
Also see Bioessays 
19, 23.   
 

J G* activation, scaled 
by 1/M* 
  

This term describes the branch of double-
negative feedback upstream of GSK-3β. 
 

This relationship 
was discovered in 
this work as 
described in Fig. 
4.5, 4.6, and 4.7 
 

 K Inactivation of G* Gt levels are constant, as we observe in vivo. Fig. S5 of this 
work. 
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Table 1.  Parameters used for the XOM model. 
 
Parameter Value Significance 

Stim varied Progesterone stimulus 

Gt 15 Total GSK-3β (G+G*) 

G 0 Phosphorylated, inactive GSK-3β 

G* 15 Dephosphorylated, active GSK-3β 

M 0 Dephosphorylated, inactive Mos 

M* 0 Phosphorylated, stabilized, active Mos 

 0.1 Rate of Mos dephosphorylation 

 0.2 Rate of Mos phosphorylation 

 0.1 Degradation rate of dephosphorylated Mos  

 0.01 Degradation rate of phosphorylated Mos 

 5 Maximal strength of Mos-dependent positive feedback 

 5 Hill coefficient of Mos-dependent positive feedback, value reported in 

Science 280, 895 and Nature 426, 460. 

 35 Progesterone concentration that elicits half-maximal active Mos, derived 

from in vivo measurements in this study (Fig. S2) 

 0.1 Rate of GSK-3β phosphorylation  

 2 Maximal rate progesterone-stimulated Mos translation 

 3 Hill coefficient of Mos translation 

 12 GSK-3β concentration that elicits half-maximal inhibition of Mos 

translation, calculated to recapitulate the in vivo data of Fig. S2. 
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 2 Maximal rate of GSK-3β activation, calculated to recapitulate the in vivo 

data of Fig. S2.  

 1 Hill coefficient of Mos’s inhibition of GSK-3β activation 

 1 Mos concentration that elicits half-maximal inhibition of GSK-3β 

activation, calculated to recapitulate the in vivo data of Fig. S2. 

  2 Hill coefficient of stimulus 

  0.95 Stimulus concentration that elicits half maximal Mos translation 
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Table 2.  Parameters used for the XOM-FF model. 

Parameter Value Significance 

Stim varied Progesterone stimulus 

Gt 15 Total GSK-3β (G+G*) 

G 0 Phosphorylated, inactive GSK-3β 

G* 15 Dephosphorylated, active GSK-3β 

M 0 Dephosphorylated, inactive Mos 

M* 0 Phosphorylated, stabilized, active Mos 

 0.1 Rate of Mos dephosphorylation 

 0.2 Rate of Mos phosphorylation 

 0.1 Degradation rate of dephosphorylated Mos  

 0.01 Degradation rate of phosphorylated Mos 

 5 Maximal strength of Mos-dependent positive feedback 

 5 Hill coefficient of Mos-dependent positive feedback, value reported in 

Science 280, 895 and Nature 426, 460. 

 35 Progesterone concentration that elicits half-maximal active Mos, derived 

from in vivo measurements in this study (Fig. S2) 

 0.1 Rate of GSK-3β phosphorylation  

 2 Maximal rate progesterone-stimulated Mos translation 

 3 Hill coefficient of Mos translation 

 12 GSK-3β concentration that elicits half-maximal inhibition of Mos 

translation, calculated to recapitulate the in vivo data of Fig. S2. 
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 2 Maximal rate of GSK-3β activation, calculated to recapitulate the in vivo 

data of Fig. S2.  

 1 Hill coefficient of Mos’s inhibition of GSK-3β activation 

 19 Mos concentration that elicits half-maximal inhibition of GSK-3β activation, 

calculated to recapitulate the in vivo data of Fig. S2. 

  2 Hill coefficient of stimulus 

  0.95 Stimulus concentration that elicits half maximal Mos translation 
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APPENDIX 3.  METHODS. 

 

Tables of recipes and useful reagents follow. 

 

XENOPUS OOCYTE CULTURE 

 After dissection, ovaries should be stored in OR2 supplemented with antibiotics.  

Place ovary pieces on a dissecting plate (a petri dish containing solidified 2% agarose in 

OR2) and cover them with OR2.  Under a dissection scope, identify Stage VI oocytes 

optically (large, approx. 1.5mM in diameter, well separated dark and light hemispheres, often 

a white equatorial band).  Manually dissect them away from the iridescent, vasculated 

vitelline membrane using two pairs of Dumont Biologie Tip tweezers: grasp the stalk of the 

oocyte with one pair, then make a hole in the vitelline membrane and peel the resulting 

membrane sheet away from the oocyte with the other pair.  The oocyte will deform but not 

burst.  If a piece of the vitelline membrane sticks, use the surface tension of the buffer to 

separate it from the oocyte, or push it into the agarose of the dissecting plate.   

 Store isolated oocytes in 6cm tissue culture dishes, on a bed of 2% agarose (in OR2) 

covered in OR2.  Inclusion of the agarose bed prevents the oocytes from sticking to the dish 

and decreases their propensity to stick to each other.  Oocytes can be incubated at 18˚C with 

gentle rocking for at least three days, though most experiments should be conducted the day 

after dissection.  Each day, apoptotic (grey-white and puffy) and “deflated” oocytes should 

be identified optically and removed from the culture.  After many batches of unresponsive 

oocytes produced failed experiments, I developed a quality control step that can be 

implemented before experimentation.  The day of dissection, treat ~24 oocytes with very 
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high progesterone (3µM) for 18hr.  If all the progesterone-treated oocytes do not exhibit 

GVBD, the parent batch of oocytes should be discarded. 

  

PROGESTERONE DOSE-RESPONSES 

 Dissolve progesterone (Sigma cat. no. P6149) in dry EtOH (Goldshield) to provide a 

1.5mM stock, then store it, wrapped in parafilm, at -80˚C.  This stock should be brought to 

room temperature before opening, then serially diluted into dry EOH for use in dose-

responses.  To increase reproducibility, these dilutions should be made for each experiment, 

immediately prior to conducting it.  Importantly, each batch of oocytes has its own 

progesterone EC50, therefore each dose-response must be generated from isogenic cells.  

Also, oocyte quality decreases with time in culture, so all paired dose-responses must be 

conducted in a single experiment, on one day. 

 In my work, all dose-responses included a zero-progesterone (i.e. EtOH only) control 

and EtOH volume was held constant for each condition.  Dose-responses were set up 

overnight in OR2, then cell-fate decisions were assayed after approx. 18hr of progesterone 

stimulus at 18˚C.  Meiotic entry was either scored visually (GVBD), biochemically (by 

producing lysate from each oocyte for western blotting), or both.  For most experiments, 

several internally consistent observations were made of each oocyte.    

 

PREPARING OOCYTE LYSATES 

 Oocytes are lysed in a modified version of a buffer used by the J.V. Ruderman lab 

(see below for recipe).  Immediately prior to use, solid DTT, 1:100 dilutions of Sigma 

phosphatase inhibitor cocktails I and II, and Roche mini-complete protease tablets (1 tablet 
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per 5mL lysis buffer) should be added.  The buffer should always be kept ice cold.  Two lysis 

procedures follow.  The second takes less hands-on time the day of the experiment, vastly 

more hands-on time when lysates are to be western blotted. 

 

  Standard lysis.  Using a plastic transfer pipette, move single oocytes (in OR2) from 

the culture dish to individual Eppendorf tubes.  Remove virtually all OR2 from the tubes 

using a gel-loading tip, taking care not to scrape or poke the oocytes, then set the tubes on 

ice.  Add 20µL ice cold lysis buffer, physically disrupting the oocytes with the pipette tip.  

Spin the lysed oocytes in a microfuge at 14,000 RPM for 20 min. at 4˚C.  Meanwhile, make 

and label 20µL aliquots of 2X Laemmli sample buffer. 

 Remove cleared lysates from the centrifuge very carefully and place them on ice 

immediately.  The spin floats a yolk layer that is very easy to disrupt and if the lysate is 

warmed even briefly, the separation between yolk and lysate is not clean.  Yolk can make 

SDS-PAGE gels run aberrantly.  Avoiding both the yolk layer and the pelleted cell debris, 

remove 15µL of cleared lysate and add it directly to a prepared aliquot of sample buffer.  

Boil 5 min., then store at -80˚C.  Lysates prepared in this manner begin degrading after a 

month at -80˚C. 

 

 Freeze-thaw lysis. Using a plastic transfer pipette, move single oocytes (in OR2) 

from the culture dish to individual Eppendorf tubes.  Remove virtually all OR2 from the 

tubes using a gel-loading tip, taking care not to scrape or poke the oocytes, then set the tubes 

on ice.  Add 20µL ice cold lysis buffer, then drop into liquid N2.  After freezing, store at -

80˚C for up to two weeks.  Thaw frozen oocytes on a bed of ice, vortexing to speed the 
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process and help disrupt the oocytes.  Once thawed, proceed with the above instructions, 

beginning at the microfuge spin. 

 

WESTERN BLOTTING 

 I followed standard western blot protocols that are widely available (e.g. download-

able from Cell Signal Technology).  The notes below summarize what I’ve learned about 

generating publication-quality western blots. 

 

 Lysate.  Good western blots begin with high quality lysate: 20-50µg (per lane) of 

protein in buffer, without large amounts of lipids, nuclei acids, or chunks.  I think it’s good 

practice to quantitate lysates by Bradford assay and load an equal amount of protein in each 

lane.  Gels will also run better if the volume of sample is not wildly different from lane to 

lane.  Sample volumes can be equalized with 1X sample buffer (diluted with lysis buffer, if 

you really want to be rigorous).  

 

 SDS-PAGE gels.  In my work, oocyte lysates were separated by SDS-PAGE using 

Criterion (Biorad) Bis-Tris gels and MES running buffer.  This buffer-gel combination 

proved to be crucial.  In my experience, Bis-Tris gels separate lysate more cleanly than Tris-

HCl gels.  By western, Bis-Tris gels produce sharper, better-resolved bands.  This can be 

important when studying multiple kinases, as they tend to be roughly equivalent in molecular 

weight.  As with all SDS-PAGE gels, resolution is best and “smiling” is minimized when the 

gels are run relatively slowly, at around 150V rather than 200V. 
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 Transfer.  Gels were transferred to nitrocellulose using the Criterion wet transfer rig:  

95V for 30min in Towbin buffer containing 20% MeOH.  This high voltage requires the 

transfer buffer to be cold (4˚C or below, with an ice pack in the rig).   

 

 Ponceau S stain.  As described above, sample quality largely determines the quality 

of any western blot.  In my work, lysate quality was always confirmed visually by Ponceau S 

stain after transferring to nitrocellulose.  This stain should reveal robust but well resolved 

bands that are roughly equivalent in intensity between lanes.  In my work, lane-to-lane 

differences reflect oocytes’ size differences.  A tip:  if you transfer to nitrocellulose and your 

Ponceau S stain doesn’t reveal robust pink bands, you didn’t load enough sample on your 

SDS-PAGE gel or your transfer didn’t work.  In a standard, narrow-well SDS-PAGE gel, 

each well should contain 20 to 50µg of protein. 

 

 Blocking.  Blots were blocked with 5% nonfat dry milk in TBST for at least 45min. 

at room temperature or overnight at 4˚C.  It is possible to over-block, but it takes hours at 

room temperature. 

 

 Primary Antibody Incubation.  In my experience, primary antibodies fall into two 

categories:  those that work the first time, following the manufacturers’ instructions (often 

these are made by Cell Signaling Technology), and those that don’t.  For the latter, I’ve 

included a section on troubleshooting below.  In general, a good starting place for primary 

antibodies is a 1:1000 dilution into TBST containing 5% BSA, incubated overnight at 4˚C, 
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rocking.  The volume of the antibody solution can be small, but should cover the entire 

bottom of the blotting container when it is horizontal. 

 

 Washes.  Washes are done in relatively high volume, as high as manageable in a 

blotting container.  After the primary incubation, blots are washed 3 times; after the 

secondary incubation, blots are washed 5 times.  Each wash is done for 5 min. at room 

temperature, rocking. 

 

 Secondary Antibody Dilution.  Secondary antibodies are available from Santa Cruz.  

I used  mouse anti-goat IgG-HRP, SCBT sc-2354 (used at 1:2500-1:5000 dilution) and goat 

anti-rabbit IgG-HRP, SCBT sc-2054 (used at 1:5000-1:20,000).  To avoid increasing 

background signal, don’t incubate for longer than necessary. 

 

 Developing film.  For most of blots, I used Thermo’s SuperSignal West DURA 

reagent.  It is more sensitive than PICO but less sensitive than FEMTO.  There are two big 

advantages of this reagent over FEMTO.  First, it has better signal-to-noise.  (For example, if 

you expose an un-probed blot with DURA, you will get a perfectly clean X-ray film unless 

you expose for many minutes.  Even short exposures with FEMTO will produce significant 

background).  Second, DURA continues to luminesce robustly for well over an hour (as 

opposed to FEMTO which falls off noticeably after 10 min.).  This allows for both longer 

exposures (better signal-to-noise) and more time in the darkroom to get the best exposure 

possible.  



 92 

 I think it’s important to get a range of exposures if you’re trying to troubleshoot an 

antibody or really understand your data.  It will characterize problems and data trends in a 

helpful way.  

 Finally, note that you can always re-expose a blot and that it’s easier to move from a 

less sensitive developing reagent to a more sensitive one. 

 

 Data collection with the Alpha Innotech.  The Alpha Innotech uses a CCD camera 

and is much more quantitative than film.  It’s also significantly less sensitive.  For example, 

an antibody that produces a robust signal on film after 5 seconds of exposure (using DURA) 

might take 5 minutes in the Alpha Innotech to produce any signal at all(using FEMTO).  Part 

of this sensitivity problem is the fact that the blot sits over a foot away from the lens during 

exposure.  Building a stage to reduce this distance is probably a good idea. 

 To focus the lens, I zoom in on a piece of newsprint (middle adjustment wheel on the 

lens) then manually adjust the focus (bottom adjustment wheel on the lens) so I can see the 

detail and pixelization sharpen.  To collect an exposure, make sure the filter wheel is empty 

(set it to 1 “chemi-luminescence” or look up into the camera lens from inside the chamber) 

and that the aperture (f-stop, the top adjustment wheel on the lens) is as open as possible 

(f/1.8).  Close the chamber door and verify the internal light is off, then expose.  I usually 

start with a 5-10 minute exposure.  The Alpha Innotech can expose for up to an hour, though 

the FEMTO reagent dies off much more quickly than that. 

 To optimize an exposure, click the “saturation” button.  Red pixels indicate areas that 

are under-exposed; the green pixels indicate areas of over-exposure.  Make sure that the 

region you’re measuring is not under-exposed or over-exposed; regions of improper exposure 
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will skew your data .  The “measurement” menu has many options for quantitation.  I always 

used the spot densitometry tool and kept the measurement area equal across all samples 

within a blot.  Note that you can adjust the brightness, contrast, and gain (there are sliders in 

their own window).  Importantly, this only adjusts the image on the screen not the exposure; 

changing the brightness and contrast in this way will not change your densitometry data.  I 

find that it helps to “brighten” the image during quantitation— it’s easier to see what you’re 

doing if the exposure is low. 

 If you’ll be using the Alpha Innotech a lot, it’s worthwhile to design your experiment 

to ensure your signal will be in the camera’s linear range.  Take lysate as use normally 

prepare it, then dilute it serially.  Run your western and expose on the Alpha Innotech.  Make 

sure the densitometry is as linear as your dilutions. 

 

 Using the same blot with multiple, well-characterized antibodies.  I never probe 

the same blot with multiple antibodies unless I understand how each antibody works by 

itself.  Also, I never blot with multiple primaries at the same time, diluted into the same 

buffer.  This can produce strange results that aren’t reproducible.  I’ve had good luck with 

three different strategies (alone and in combination) for probing the same blot with multiple 

antibodies. 

 

1.  If the desired targets are of very different molecular weight, the blot can be cut 

horizontally and the different pieces can be treated separately.  I always use a fresh 

razor blade to do this.  Be careful using lab scissors.  Rust reacts badly with 

developing reagents. 
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2.  Use primaries raised in different species.  Blot with the less sensitive antibody.  

After developing, rinse off the developer.  Quench the secondary antibody by 

incubating the blot with 0.4% sodium azide for an hour or more.  I add the azide 

(diluted 1:25 from a 10% stock (w/v) in water) directly to the solution containing the 

next primary antibody.  Note that if you make 10% azide stock, it will gradually lose 

potency and even, counter-intuitively, grow things.  Keep it relatively fresh. 

 

3.  In a worst case scenario, blot sequentially with two antibodies raised in the same 

species.  This only works well if the antibodies are of drastically different 

sensitivities.  Ideally, one should require a minute of exposure (using DURA) and 

other should be visible in seconds with PICO.  Blot with the less sensitive antibody 

first.   

 

TROUBLESHOOTING WESTERN BLOTS. 

 When trying out a new antibody, always put a positive control and/or a negative 

control on your blot.  Preferably both.  On the same blot.  Note that antibodies are enigmatic, 

non-linear reagents.  A modest change in dilution (from 1:500 to 1:2000, say) can make or 

remove difficulties in unpredictable ways.  When I’m trying a new primary antibody for the 

first time, I run a large number of very small westerns.  I cut a blot vertically, into several 

strips that have three lanes:  a positive control, a negative control, and a ladder.  I’ll try a 

range of dilutions (usually 1:100, 1:250, 1:500, 1:1000, 1:2500, 1:5000, 1:10,000 and 

1:20,000) and two different dilution buffers:  TBST+5% BSA and TBST+5% milk.  I’ll start 
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developing with PICO, then move to DURA, and, if necessary, finally FEMTO, getting 

several exposures with each reagent.  This approach allows me to hone in on a promising 

western protocol pretty quickly.  All of the suggestions that follow assume that the secondary 

antibody is not causing problems. 

 

No signal:  Ensure that you have loaded enough protein on your SDS-PAGE gel and 

that your transfer worked.  Try exposing with a more sensitive developing reagent or 

for a longer time.  On your next western, try a lower dilution of primary antibody. 

 

Cross-reacting bands:  Strongly cross-reacting bands can effectively dilute your 

primary antibody solution.  If a strongly cross-reacting band is of clearly different 

molecular weight than your target, try trimming your blot to remove it and re-expose 

to primary.  If there are many cross-reacting bands, try lowering your primary 

concentration and/or diluting the primary in TBST+5% milk rather than BSA.  This 

will drastically reduce the overall signal and can enforce specificity.  Finally, spend a 

bit of time in the darkroom.  Get very low exposures to see if your target is the 

strongest band under any of the primary antibody conditions.  If it’s not, you may be 

out of luck. 

 

Non-specific, robust signal:  Try higher dilutions of your primary.  I’ve gone as 

high as 1:20,000.  Try doing the primary incubation at 4˚C (first overnight, then try 

shorter times).  Also, try diluting the primary antibody in TBST+5% milk rather than 

BSA.  If it’s possible to reduce your secondary concentration, do that as well.  When 
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in the darkroom, try hard to get a film that is not overexposed and contains some 

detail.  This can help diagnose the problem more specifically.  Finally, keep in mind 

that some antibodies cross-react with milk (e.g. anti-pY) or BSA.  Gelatin can also be 

used as a blocking reagent at low concentration. 

 

Non-specific, weak signal:  Troubleshooting this is hard.  Do a very long exposure 

to see if you can see anything at all.  I’ve had some luck with very low antibody 

dilutions (e.g. 1:200) in TBST+5% milk.  Loading more lysate is also a possibility. 

 

Speckled blots:  Sometimes primary antibodies crash out of solution and produce 

speckles on blots.  Spinning the primary antibody stock hard (14,000 RPM, 30 min., 

4˚C) before diluting it can help. 
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TABLE 3.  BUFFERS AND REAGENTS FOR XENOPUS OOCYTE WORK  
 
Buffer Components  Notes 
JVR lysis buffer 
plus Tris 

65mM Tris pH 7.5 
50mM NaF 
40mM β-glycerophosphate 
10mM EDTA 
10mM Na-pyrophosphate pH 7.2 
1mM NaVO4 
5mM DTT*  
Protease Inhibitor tablet*  
Sigma Phosphatase Inhibitor Cocktails 1 (P2850) 
and 2 (P5726)* 
 

*added fresh each time.  5mM 
DTT is approx. 4mg/5mL of 
buffer. 
 
Used Roche complete mini 
protease inhibitor tablets (0.5-1 
tablet/5mL buffer) 
 
Diluted phosphatase inhibitor 
cocktails 1:100 

Stocks for JVR 
lysis buffer  

1mM Tris pH 7.5 
100mM NaF 
500mM β-glycerophosphate 
100mM EDTA pH>9.0 
100mM Na-pyrophosphate pH 7.2 
100mM Na3VO4 
 

These stocks avoid solubility 
problems 
 

OR2 Solution A (10X final): 
48.2g NaCl (825mM) 
1.85g KCl (25mM) 
2.68 Na2HPO4•7H20 (10mM) 
11.92g Hepes (50mM) 
Dissolve in 800mL water, pH to 7.8 (add base), 
then adjust vol. to 1L. 
 
Solution B (10X final): 
1.45g CaCl2•2H20 (10mM) 
2.05g MgCl2•6H20 (10mM) 
Dissolve in 1L water. 
 

For 1X OR2, dilute solutions A 
and B 1:10 in ddH20 and add 
Gentamicin to 50µg/mL). 
 

 



 98 

 
TABLE 4.  BUFFERS AND REAGENTS FOR SDS-PAGE AND WESTERN BLOTTING 
 
Ponceau S stain 0.1% solid Ponceau S (w/v) in 5% Acetic Acid in H20. 

 
Coomassie stain 30%MeOH, 10% Acetic Acid, 0.1% Coomassie ( or “to taste”) 

 
Strong destain 30% MeOH and 10% Acetic Acid 

 
Weak destain 10% MeOH and 7% Acetic Acid. 

 
Azide for quenching HRP 
based westerns 
 

10% Sodium Azide in water, use at ≤50X and inc. at RT for at least 1hr or 
overnight at 4˚C 

Running buffer 20X XT-MES (Biorad 161-0789) 
 

Criterion XT gels 10-12% Bis-Tris, 26 well comb, 15µL 1.0mm. Cat no (for 10%): #345-0113 
 

Protein ladder Precision Plus protein standards (Biorad 161-0374) 
 

mouse anti-goat IgG-HRP 
 

Santa Cruz Biotechnology (SCBT) sc-2354 (use 1:2500-1:5000) 
 

goat anti-rabbit IgG-HRP 
 

SCBT sc-2054 (use 1:5000-1:20,000) 

Mos antibody MosXe, SCBT sc-86 (use 1:1000 in milk) 
 
 

pERK (Y204) antibody SCBT sc-7976 (goat, use 1:2500) and sc-7976-R (rabbit, use 1:10,000-
20,000) 
 

pGSK-3β (S9) antibody SCBT sc-11757-R (have only used rabbit, other species available, 1:500-
1000) 
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TABLE 5.  SMALL MOLECULES  
 
Compound Catalog number Dilution 
7AIPM (GSK-3β inhibitor XI) EMD Biosciences cat. no. 361553 

 
10mM in DMSO (used at 200X) 

Cycloheximide (high purity) EMD Biosciences cat. no. 239764 
 

100mg/mL in MeOH (used at 
10,000-1000X) 
 

PD98059 (MEK inhibitor) EMD Biosciences cat. no. 513000 
 
 

30mM in dry DMSO (used at 
200X) 
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