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Digital Biology Converted from Graded Stimuli

Stimulus ResponseCONVERSION

Division

Cyclin

Conly L. Rieder - Wadsworth Center

All-or-none character. 

Cells must avoid “half-way” completion of mitosis; returning to a “G2 state”. 



What About Mitosis, its Inputs and Outputs?

Cdk4/cyclin D1 Cdk4/cyclin D2

Cdk6/cyclin D1 Cdk6/cyclin D2

Cdk2/cyclin E

Cdk2/cyclin A

Cdk1/cyclin B

Cdk1/cyclin A

Cyclin-dependent kinases (CDKs) are heterodimeric 
complexes composed of a regulatory subunit (cyclin), 
bound by its catalytic counterpart.



What About Mitosis, its Inputs and Outputs?

Cdc2/cyclin B

X wee1-50

cdc25-22

WT S. pombe

Paul Russell - Scripps Research Institute

Cdk1/cyclin B

+-

http://www.scripps.edu/mb/russell/projects.html
http://www.scripps.edu/mb/russell/projects.html


INACTIVE

ACTIVE

Cyclin binding is essential 
to CDK activation, but post-
translational modifications 
truly engineer the “wiring” 
of the M-phase circuit.



Where is positive 
feedback built in to 
the CDK1 oscillator
circuit?
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Where is positive 
feedback built in to 
the CDK1 oscillator
circuit?

So, we have both 
positive and double-
negative feedback 
in this circuit.



What is the steady-state response of CDK1 to cyclin B?
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Cell Biological and Molecular Markers Exhibit Hysteresis
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going up
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M phase

interphase

Hysteresis in CDK1 Activation



bistability

hysteresis

positive feedback



To oscillate, CDK1 must be inactivated

CDK1

Polo

APC

positive feedback negative feedback



A Cell Biologist’s Motivation Through Modeling

What about the anaphase-promoting complex-mediated negative-feedback loop?

If CDK1 activity is reduced, how is APC activity maintained and remaining cyclin degraded?

CDK1 activity is sustained and cell extracts remain in 
M phase at steady state, even as cyclin B levels are reduced.



A Cell Biologist’s Motivation Through Modeling

3) There is positive feedback intrinsic to APC activation, separate from the CDK1 module.

Some simplified possibilities:

1) The CDK1 -> APC activation loop is long enough for CDK1 inactivation to not cause 
    immediate APC inactivation.

2) The degradation of an inhibitor brings about APC activation, so CDK1 activity is not 
    required to maintain APC activity.

Does not force the APC system to sustain activity.

What inhibitor, and what is degrading it?

CDK1 activity is sustained and cell extracts remain in 
M phase at steady state, even as cyclin B levels are reduced.



Could this double-negative (positive) feedback make APC activation hysteretic?

MPF

Cdc20
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Hysteresis in APC-Cdc20 Activation??

Attaining incremental CDK1 activites will be the experimental challenge here.



The CDK1/Wee1/Cdc25 System IS Bistable.

There is hysteresis in CDK1 
activation: for some concentrations 
of cyclin, there are two discrete 
states; the thresholds for the ON- 
and OFF-states are different.

Wiring the switch this way ensures either interphase or M phase; 
there is no “settling” to an intermediate state.

Summary-Part I

There may be sources of positive feedback in APC activation, and thus, 
its response may be bistable relative to CDK1 activity.
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Positive Feedback: Simple Relationships 
Eliciting Complex and Decisive Responses 
in Many Biological Oscillatory Contexts



“Pulsatile”  -  oscillations of CDK1 activity in the embryo; 
           much like an action potential in a neuron;
           no transcription necessary;
           driven by rapid modifications of regulatory enzymes.

Biological Oscillators Are Diverse in Form and Function



The somatic cell cycle circuitry has the same core components as an embryo, 
but the early embryonic cell cycle has no gap/growth phases, so oscillations 
are very rapid.



In what system can we biochemically scrutinize these oscillations?

Adding positive feedback, however, 
recovers sustained oscillations.

APCCdc2/Cyc B

positive feedback

In a modeled two-component system, a loss of positive 
feedback cannot facilitate oscillations.

no positive feedback

Cdc2/Cyc B APC



+

“cycling” egg extract

How to make
a Xenopus egg 

extract



monostable system

POSITIVE FEEDBACK

0’ 120’

Oscillations of MPF Activity in Cycling Egg Extracts:
What is the Systems-level Logic of This Oscillator?

phospho-histone H1

180’ 230’60’

bistable system

negative feedback oscillator? relaxation oscillator?



What is the Dynamical Relationship Between 
Cyclin B, CDK1, & APC?

    

The stimulus-response of CDK1(Cyclin B) overshoots the steady-state hysteresis loop. 

Is hysteresis merely a byproduct of the positive feedback, and the system really never 
needs to apply it, or does it infer the importance of positive feedback in the circuit?



How might a positive-
feedback-insensi t i ve 
mutant of CDK1 affect 
the M-phase circuit?

How will this affect the 
systems-level oscillator?

Predicted to enable a 
premature activation of 
CDK1AF kinase activity.
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XCDK1AF

CDK1AF Accelerates Oscillations in a Cycling Egg 
Extract and Reduces Interphase Length
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CDK1AF Accelerates Oscillations in a Cycling Egg Extract, 
Reduces Interphase Length, and Induces Damping

n=4



Does a CDK1AF-accelerated Extract Properly 
Relay Between  M- and S-phases?

XCDK1WT (200 nM)      

XCDK1AF (200 nM)      

WT

AF

DNA synthesis is eventually disrupted



Bypassing positive feedback in CDK1 
activation:

As a consequence:

• The discreteness between 
  interphase and M-phase periods 
  is compromised. 

• DNA synthesis is inhibited.

• induces damping of CDK1 activity.

• reduces interphase length.

• accelerates oscillations in a
  cycling egg extract.

Summary-Part II
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Dynamical Studies in Embryonic Extracts

Embryos possess a positive-plus-negative feedback CDK1 oscillator. 
How different is the systems-logic of the CDK1 module in somatic cells?
Is it more like a series of dependent, more highly-regulated switches?



Cell cycle progression in the EARLY EMBRYO:

An autonomous oscillator, running just like a CLOCK - “Oscillations of M-phase-promoting 
activity independent of the completion of many of the cell cycle events.”

Cell cycle progression in SOMATIC CELLS:

Sets of dependent reactions, just like DOMINOES - “Any fusion between two interphase cells 
at different stages of the cell cycle, the advanced nucleus (in G2) waits for the completion of 
events in the retarded nucleus (in G1) before progressing in the cell cycle.”



growth periods & checkpoints enabled; 
quiescence, differentiation, senescence

no growth or checkpoints until after 
division 12 (MBT), approximately 6 hpf

nocodazole-treated embryos



no growth or checkpoints until after 
division 12 (MBT), approximately 6 hpf

growth periods & checkpoints enabled; 
quiescence, differentiation, senescence



...the earliest embryo......and the adult organism?

Do the design principles underlying the M-phase circuit differ between...

Is positive feedback a biochemical necessity for proper M-phase control, from embryo to adult?

Somatic Controls = f(Transcriptional regulation? Checkpoints? Positive Feedback?)

CDK1-cyclin B+ CDK1-cyclin B+

Positive Feedback?Transcriptional regulation? Checkpoints?



If this IS the case, then the somatic system may very well depend on positive feedback...

2 nM/min, 0 nM AF

2 nM/min, 100 nM AF

2 nM/min, 50 nM AF

EARLY EMBRYO example

0.08 nM/min, 0 nM AF

0.08 nM/min, 100 nM AF

0.08 nM/min, 50 nM AF

SOMATIC CELL example

Simplest Case: Consider the Rate of Cyclin Synthesis & [CDK1AF]



Negative-Feedback Loops and the Cell Cycle:
From Early Embryo to Adult

• 16 coupled ordinary differential equations
ksynth (cyclin) - “stimulus parameter”
kdest (APC-Cdc20 & APC-Cdh1) - “destruction parameter”

• 44 parameters total
• scripted in Mathematica
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ksynthcyclin = 0.0002 nM/min
kdestcyclin = 0.000015 nM/min
period ≈ 200K min

ksynthcyclin = 0.2 nM/min
kdestcyclin = 0.015 nM/min
period ≈ 1K min

The “Somatic” Model & its Overshoot of the Hysteresis Loop
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CDK1 activity
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1) Early mitosis?

2) Increased frequency?

3) Some damping?

4) Cdc20 activity maintained?

5) Cdh1 activity period reduced? 



YFP-Lamin A1
MBS-Red

CFP-CDK1WT (not shown)

YFP-Lamin A1
MBS-Red

CFP-CDK1AF (not shown)

YFP-Lamin As A Nuclear Biosensor

How will the positive-feedback short-circuit affect NEB/division/NER? 



Cyclin B1-YFP
MBS-Red

CFP-CDK1AF (not shown)

YFP channel aloneCyclin B1-YFP
MBS-Red

CFP-CDK1WT (not shown)

YFP channel alone

Cyclin B1-YFP As A Negative-Feedback & CDK1 Sensor

CDK1AFCDK1WT



Which mitotic cyclins are involved in the aberrant M-phase-like/interphase-
like oscillations that were observed in single cells during the live-cell imaging?

How can we dissect what is going on in large a population of cells WITHOUT 
extreme perturbation (even asynchronous), but WITH molecular sensitivity?

The BANE of CELL BIOLOGISTS: If not working in egg extracts, or “imaging” live 
individual cells with limited sets of sensors, we are working with cell populations.
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Single-Cell Analysis of Cyclin B1 Content



Single-Cell Analysis of Cyclin B1 Content

CDK1AF causes MORE cells 
to enter an M-phase-like 
state, though they are 
expressing INTERMEDIATE 
levels of cyclin B1
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Single-Cell Analysis of Cyclin A2 Content

CDK1AF causes an 
accumulation of M-phase-
like cells that are devoid of 
cyclin A2



With cyclin A2 absent from the perturbed, M-phase-like populations, cyclin B1 
is the sole mitotic cyclin driving the abnormal CDK1AF-induced oscillations.

Are these cells experiencing a G2-M defect,                                                                       or are they daughter cells with 
 an M exit-G1 initiation defect.

?



No, but they do begin to 
pile up between 2N and 
3N DNA content, and lose 
both G1 and G2/M DNA 
content cells. Cells seem 
to be rapidly moving from 
G1 to S phase.
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During observed, repeated 
NEB/NER cycles, are cells 
reduplicating DNA?



Live-Cell Analyses of G1-, S-, and M-phase Progression

S end/G2 start (8:32:34 PM)

M (10:12:12 PM)

⋲1.75 hG2 duration

cytokinesis/G1 start (10:53:20 PM)

⋲0.67 hM duration

CDK1WT-transfected
w/MBS & PCNA-YFP

cytokinesis/G1 start (11:02:07 PM)

CDK1AF-transfected
w/MBS & PCNA-YFP

S start (7:25:51, 7:31:48 AM)

⋲8.5 hG1 duration

S start (2:30:31 AM)

⋲3.5 hG1 duration

NEB (3:57:57, 4:27:42 PM)

⋲2.0 hS duration



Live-Cell Analyses of G1-, S-, and M-phase Progression

Median G1 length
8.7 h

Median G1 length
5.0 h



Does CDK1AF cause early mitosis in a cell population released from thymidine?



1) Early mitosis?

2) Increased frequency?

3) Some damping?

4) Cdc20 activity maintained?

5) Cdh1 activity period reduced? 



Bypassing the positive feedback loops responsible for CDK1 activation with 
CDK1AF causes multiple cellular defects within a SOMATIC CELL type, including: 

exchanges of M-phase-like and interphase-like periods with intermediate M-phase 
phosphorylation states;

periods of cyclin B stability and instability, when there should only be ONE per cell cycle;

Summary-Part III

a rapid oscillatory behavior that emerges from cells that divide, and either enter an M-phase-like 
state from G1 (16% of the time)

Positive feedback in CDK1 
activation provides discrete M- 
and S-phases in the embryonic 
context (to oscillate properly).

                                                        , or cells shorten G1 (by approx. 4 h), induce a precocious S phase,           
t    then stimulate an M-phase-like state (84% of the time).

Positive feedback in CDK1 
activation ensures a sufficient G1 
period, and thus, a properly 
delayed S phase onset in the 
somatic context (no oscillation).
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