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START to 

We	
  will	
  actually	
  start	
  with	
  mitosis	
  and	
  then	
  move	
  to	
  the	
  beginning	
  of	
  the	
  cell	
  cycle.	
  	
  	
  This	
  might	
  seem	
  a	
  bit	
  backward,	
  but	
  historically	
  
studies	
  on	
  mitosis	
  revealed	
  the	
  cri<cal	
  regulators	
  of	
  the	
  cell	
  cycle.	
  	
  This	
  informa<on	
  then	
  guided	
  the	
  studies	
  of	
  G1	
  and	
  S-­‐phase.	
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using biochemical and genetic techniques to study cell biology
cell cycle regulation
chromosome segregation
cell cycle checkpoints
control of DNA replication
DNA replication
sister chromatid cohesion
primarily will focus on model systems (yeasts, egg extracts, and a 

bit on vertebrate cells).

Some topics covered in this class



Research papers are primary sources.

Goal is to apply the knowledge you gain in 
class to solve biological problems.

Very little memorization/regurgitation on 
exams.  



You’ll	
  find	
  everything	
  on	
  the	
  blackboard	
  
site.



Questions? 

Post on Discussion 
Groups for each Prof.

 or

Contact Professor 
directly by e-mail

You	
  can	
  direct	
  ques<ons	
  to	
  me	
  via	
  the	
  discussion	
  group	
  we	
  have	
  set	
  up.	
  	
  This	
  also	
  encourages	
  you	
  to	
  discuss	
  ques<ons	
  amongst	
  
yourselves.



Questions? 
Four ways:

post questions on Blackboard site

e-mail me

Thursday from 1:30 to 3 pm in Biochemistry office.

Set up a meeting with me and come out to RGN. 

Although	
  I	
  strongly	
  urge	
  you	
  to	
  discuss	
  the	
  material	
  amongst	
  yourselves	
  first,	
  you	
  can	
  contact	
  me	
  directly,	
  or	
  we	
  can	
  meet	
  in	
  person.



Evaluation
20% 1st mini Exam
 January 24th
 Based on my first 5 lectures 

30% 2nd Exam
 February 14th
 Based on all my lectures

20% 3rd mini Exam
 Date TBA (likely early March).                                                                                    
 Based on Dr. Baetz’s first lectures

30% 4th Final Exam 
 During the final exam slots
 Based on all of Dr. Baetz’s lectures

 

The	
  first	
  mid-­‐term	
  is	
  soon!	
  	
  So	
  pay	
  aHen<on	
  early	
  on.	
  	
  The	
  point	
  of	
  the	
  early	
  mid-­‐term	
  is	
  so	
  you	
  can	
  know	
  if	
  you	
  are	
  on	
  track	
  and	
  you’ll	
  
get	
  a	
  taste	
  of	
  the	
  type	
  of	
  exams	
  you’ll	
  see.	
  	
  We	
  hope	
  to	
  have	
  the	
  marks	
  posted	
  for	
  the	
  first	
  exam	
  before	
  the	
  next	
  class	
  (on	
  January	
  28th).



Past students have struggled on BCH4125 
exams.

I will include one or two practice questions 
at the end of each lecture that we will 
discuss at the start of the next class.

Spending time going over the lecture slides 
and notes before and after each class will 
help you engage with the material.

Ask questions!

Good	
  luck!	
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Raw Scores average: 25

high score: 42

The	
  results	
  from	
  last	
  year’s	
  midterm.	
  	
  Although	
  we	
  did	
  curve	
  the	
  scores	
  somewhat,	
  it	
  doesn’t	
  feel	
  great	
  geOng	
  a	
  50%	
  or	
  lower!	
  	
  Hopefully	
  
the	
  class	
  average	
  will	
  be	
  higher.	
  	
  We’ve	
  decided	
  to	
  include	
  two	
  shorter	
  mid-­‐terms	
  to	
  help	
  you	
  improve	
  your	
  marks.



Adam Rudner
My lab studies how cells regulate chromosome segregation and 

assemble chromosome structures

Contact me via the blackboard site or 
arudner@uottawa.ca



Slides

My lecture slides will be posted the evening before the lecture.
Updates may appear after the lecture.

I will post the slides as pdf and powerpoint files, 
but the powerpoint may have formatting issues (I create the 

presentations in keynote and convert to powerpoint).



Two Midterms

mini-midterm on January 24th worth 20%, based on first five lectures

longer midterm on February 14th worth 30%, 
based on all my lectures

Everything we talk about in the class could be on the exam

I expect you to read the papers I assign and understand them (not 
memorize each figure)

In general, I’m interested in testing if you can apply what you’ve 
learned to new problems.

There	
  will	
  be	
  two	
  midterms.	
  	
  The	
  first	
  will	
  be	
  short,	
  so	
  you’ll	
  have	
  ample	
  <me	
  to	
  complete	
  it,	
  the	
  second	
  will	
  be	
  a	
  bit	
  
longer.



Suggested papers

Required papers

I will suggest one or two papers for each class that 
contain some of the experiments/concepts that I will 
discuss during the lecture.  Obviously reading these 
before class will help you understand the material.

There are three required papers for my lectures.  These 
papers will help you focus on important techniques and 
concepts.  You are responsible for being very familiar with 
the papers for the exam, though you are not expected to 
memorize the figures.



Paper 1

Russell, P., & Nurse, P. (1986). cdc25+ functions as an inducer in the 
mitotic control of fission yeast. Cell, 45(1), 145–153.

This paper will be discussed in Lecture 3.  A set of questions are 
posted with the paper to help guide you in reading and 

understanding the paper.

I suggest you read it once before Lecture 3, try to answer the 
questions, and then read it again after class.  

I suggest you work together to answer the questions I assign for 
each paper.



Textbooks 

Molecular Biology of the Cell, Alberts et al. 5th Edition, 2008 (4th or 3rd may be OK, but a bit 
out of date).  Key chapters are 17, 16 and 20.

The Cell Cycle: an introduction, Andrew Murray and Tim Hunt, 1993 (out of date, but a great 
introduction to the logic of the cell cycle)

The Cell Cycle: Principles of Control, David O Morgan, 2007 (very current, but mainly a 
reference book to get a short blurb on specific topics).

http://books.google.com/books?id=_7ygQAOK1DUC&printsec=frontcover&dq=the+cell
+cycle&sig=ACfU3U3FQ3LxG8uDxE-gklwdfM9JlgXLIQ#PPP1,M1

http://books.google.com/books?id=_7ygQAOK1DUC&printsec=frontcover&dq=the+cell+cycle&sig=ACfU3U3FQ3LxG8uDxE-gklwdfM9JlgXLIQ#PPP1,M1
http://books.google.com/books?id=_7ygQAOK1DUC&printsec=frontcover&dq=the+cell+cycle&sig=ACfU3U3FQ3LxG8uDxE-gklwdfM9JlgXLIQ#PPP1,M1
http://books.google.com/books?id=_7ygQAOK1DUC&printsec=frontcover&dq=the+cell+cycle&sig=ACfU3U3FQ3LxG8uDxE-gklwdfM9JlgXLIQ#PPP1,M1
http://books.google.com/books?id=_7ygQAOK1DUC&printsec=frontcover&dq=the+cell+cycle&sig=ACfU3U3FQ3LxG8uDxE-gklwdfM9JlgXLIQ#PPP1,M1
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Lecture 1 - Dominoes and Clocks



Outline of Today’s Lecture

1. The events and logic of the cell cycle.

2. Cell fusion experiments suggested a key 
factor regulates mitosis.

3. The discovery of MPF in frogs.

4. A brief introduction to using biochemistry 
to understand biological mechanism.

Outline	
  of	
  this	
  
lecture.



three choices for cells

proliferation differentiation cell death

Cells	
  have	
  three	
  choices:	
  To	
  proliferate,	
  to	
  differen<ate	
  and	
  to	
  undergo	
  cell	
  death.	
  	
  All	
  three	
  are	
  cri<cal	
  during	
  development.	
  A	
  fourth	
  
op<on	
  is	
  for	
  cells	
  to	
  remain	
  quiescent	
  and	
  not	
  make	
  any	
  of	
  these	
  three	
  choices.



Why study cell division?

Development requires proliferation

Early	
  development	
  requires	
  rapid	
  cell	
  prolifera<on.	
  	
  In	
  the	
  early	
  development	
  of	
  amphibian	
  embryos,	
  a	
  single	
  large	
  fer<lized	
  egg	
  rapidly	
  
divides	
  into	
  thousands	
  of	
  smaller	
  cells.
Photo	
  from	
  cover	
  of	
  The	
  Cell	
  Cycle,	
  by	
  David	
  O	
  Morgan.



Stem cells retain the ability to proliferate 
Why study cell division?

Stem	
  cells	
  retain	
  the	
  ability	
  to	
  proliferate.	
  	
  Understanding	
  how	
  this	
  occurs	
  in	
  these	
  specialized	
  cells	
  is	
  s<ll	
  poorly	
  understood,	
  and	
  is	
  
cri<cal	
  to	
  the	
  future	
  success	
  of	
  stem	
  cell	
  therapy	
  and	
  regenera<ve	
  medicine.
Photo	
  from	
  hHp://www.itmonline.org/arts/antler.htm



Cancer is a disease of excessive cell division

Why study cell division?

Cancer	
  cells	
  divide	
  uncontrollably	
  as	
  is	
  seen	
  in	
  this	
  picture	
  of	
  cervical	
  carcinoma.	
  	
  The	
  dark	
  spots	
  are	
  the	
  nuclei	
  of	
  cells.	
  	
  Clearly	
  the	
  
carcinoma	
  has	
  many	
  many	
  more	
  cells	
  than	
  the	
  normal	
  <ssue.	
  	
  The	
  carcinoma	
  is	
  also	
  invading	
  into	
  the	
  <ssue	
  below	
  the	
  epithelium.
Photo	
  from	
  MBOC,	
  	
  3rd	
  Edi<on.



Why study cell division?

A terrific scientific story

This	
  lecture	
  (and	
  the	
  next)	
  will	
  tell	
  the	
  story	
  of	
  how	
  three	
  different	
  research	
  programs	
  led	
  to	
  the	
  current	
  view	
  of	
  how	
  the	
  cell	
  cycle	
  works.	
  	
  
Work	
  on	
  amphibian	
  and	
  marine	
  invertebrate	
  oocytes,	
  fission	
  and	
  budding	
  yeast	
  all	
  led	
  to	
  the	
  result	
  that	
  the	
  inner	
  workings	
  of	
  the	
  cell	
  
cycle	
  are	
  conserved.	
  	
  In	
  2001,	
  Tim	
  Hunt,	
  Paul	
  Nurse	
  and	
  Lee	
  Hartwell	
  shared	
  the	
  Nobel	
  prize	
  in	
  physiology	
  and	
  medicine	
  for	
  this	
  work.	
  	
  
My	
  lectures	
  will	
  focus	
  primarily	
  on	
  these	
  three	
  systems	
  -­‐	
  though	
  remember	
  this	
  process	
  is	
  highly	
  conserved,	
  and	
  most	
  of	
  what	
  we	
  know	
  
about	
  how	
  cells	
  grow	
  and	
  divide	
  has	
  come	
  from	
  work	
  on	
  model	
  systems	
  like	
  these.



1. Grow
2. Duplicate chromosomes
3. Segregate chromosomes
4. Divide

cell division

chromosome duplication

chromosome segregation
cell growth

Four critical tasks

In	
  the	
  most	
  simplified	
  cell	
  cycle	
  there	
  are	
  four	
  cri<cal	
  tasks	
  that	
  a	
  cell	
  must	
  accomplish.	
  	
  Cells	
  must	
  double	
  in	
  size,	
  duplicate	
  their	
  
chromosomes,	
  segregate	
  their	
  chromosomes	
  and	
  divide.	
  	
  Cell	
  growth	
  is	
  a	
  con<nuous	
  process,	
  while	
  the	
  three	
  other	
  events	
  occur	
  at	
  
dis<nct	
  <mes	
  during	
  the	
  cell	
  cycle.
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Yet	
  another	
  view	
  of	
  a	
  simplified	
  cell	
  cycle.	
  	
  Cells	
  transi<on	
  from	
  G1	
  (Gap	
  or	
  Growth)	
  phase	
  to	
  S	
  (DNA	
  Synthesis)	
  phase	
  to	
  G2	
  phase	
  to	
  M	
  
(Mitosis)	
  phase.	
  	
  If	
  we	
  were	
  actually	
  looking	
  at	
  cells	
  not	
  much	
  changes	
  between	
  G1,	
  S	
  and	
  G2	
  (other	
  than	
  the	
  cell	
  increasing	
  its	
  mass),	
  
while	
  drama<c	
  events	
  occur	
  during	
  mitosis.	
  	
  The	
  cells	
  round	
  up,	
  the	
  nuclear	
  envelope	
  breaks	
  down,	
  chromosomes	
  condense	
  and	
  are	
  
segregated	
  on	
  the	
  mito<c	
  spindle.



Mitosis

Interphase

Ocen	
  the	
  cell	
  cycle	
  is	
  broken	
  up	
  into	
  Interphase	
  and	
  Mitosis.	
  	
  Interphase	
  includes	
  G1,	
  S	
  and	
  G2.	
  	
  This	
  dis<nc<on	
  comes	
  mainly	
  from	
  
observa<ons	
  of	
  cells	
  -­‐	
  liHle	
  changes	
  during	
  interphase.



Mitosis

Interphase

A	
  picture	
  of	
  an	
  interphase	
  cell.	
  	
  The	
  DNA	
  (in	
  the	
  nucleus)	
  is	
  stained	
  in	
  blue,	
  while	
  the	
  microtubules	
  are	
  stained	
  in	
  green.	
  	
  Interphase	
  
microtubules	
  are	
  largely	
  cytoplasmic.
Photo	
  comes	
  from:	
  	
  hHp://mitchison.med.harvard.edu/research/researcharea.html?area=2



Mitosis

Interphase

early pro-metaphase

pro-metaphase

metaphase

prophase

early anaphase

anaphase

The	
  stages	
  of	
  mitosis.	
  	
  Again,	
  DNA	
  is	
  in	
  blue,	
  microtubules	
  in	
  green.	
  	
  No<ce	
  how	
  the	
  microtubule	
  array	
  has	
  changed	
  compared	
  to	
  
interphase	
  cells.	
  	
  In	
  prophase	
  microtubules	
  are	
  found	
  in	
  both	
  the	
  cytoplasm	
  and	
  the	
  nucleus,	
  the	
  nuclear	
  envelope	
  begins	
  breaking	
  down	
  
and	
  the	
  spindle	
  poles	
  separate	
  and	
  nucleate	
  the	
  mito<c	
  spindle.	
  Condensa<on	
  of	
  chromosomes	
  begins	
  in	
  early	
  pro-­‐metaphase,	
  and	
  de-­‐
condensa<on	
  begins	
  in	
  early	
  anaphase.
Photos	
  are	
  from	
  Conly	
  Rieder:	
  	
  hHp://www.wadsworth.org/bms/SCBlinks/web_mit2/res_mit.htm



time

adult vertebrate cell

early embryonic divisions

fission yeast

budding yeast

SSG1 G1G2 G2M M

Organisms organize their cell cycles differently

Four	
  different	
  cell	
  cycles.	
  	
  The	
  typical	
  adult	
  dividing	
  vertebrate	
  cell	
  divides	
  once	
  every	
  24	
  hours.	
  	
  Mitosis	
  is	
  only	
  about	
  1	
  hour	
  long,	
  while	
  
the	
  three	
  other	
  phases	
  are	
  each	
  6-­‐8	
  hours	
  long.	
  	
  Early	
  embryonic	
  cycles	
  are	
  fast,	
  as	
  fast	
  as	
  8	
  minutes	
  in	
  the	
  fly,	
  Drosophila	
  melanogaster,	
  
and	
  about	
  30	
  minutes	
  in	
  the	
  frog,	
  Xenopus	
  laevis.	
  	
  These	
  cycles	
  have	
  no	
  G1	
  or	
  G2	
  and	
  switch	
  between	
  S	
  phase	
  and	
  mitosis.	
  	
  Their	
  main	
  
aim	
  is	
  to	
  rapidly	
  take	
  a	
  large	
  fer<lized	
  egg	
  (which	
  is	
  full	
  of	
  nutrients,	
  mRNAs	
  and	
  proteins)	
  and	
  turn	
  it	
  into	
  many	
  smaller	
  cells	
  as	
  rapidly	
  as	
  
possible.	
  	
  Fission	
  and	
  budding	
  yeast	
  divide	
  once	
  every	
  75	
  to	
  120	
  minutes.	
  	
  Their	
  cell	
  cycle	
  organiza<on	
  is	
  quite	
  different.	
  	
  Fission	
  yeast	
  
have	
  a	
  long	
  G2	
  phase,	
  while	
  an	
  almost	
  non-­‐existent	
  G1	
  phase.	
  	
  In	
  fact	
  S	
  phase	
  can	
  ini<ate	
  preHy	
  much	
  right	
  acer	
  or	
  even	
  during	
  cell	
  
division.	
  	
  Budding	
  yeast	
  have	
  a	
  long	
  G1	
  phase,	
  and	
  virtually	
  no	
  G2	
  phase.	
  	
  In	
  the	
  budding	
  yeast	
  cycle	
  the	
  mito<c	
  spindle	
  will	
  assemble	
  
during	
  the	
  end	
  of	
  DNA	
  replica<on.



Four Coordination Problems in the Cell Cycle

1. Completion - how do cells know when one phase of the cycle is 
complete?

2. Alternation - how do cells keep the cycle in order?

3. Coordinating size and division - how do cells maintain the size 
they want to be? 

4. Coordinating development/apoptosis and division - how do cells 
grow into organs and organisms?

Four	
  important	
  ques<ons	
  that	
  will	
  be	
  touched	
  on	
  during	
  this	
  
course.



domino theory clock theory

Two	
  theories	
  for	
  how	
  the	
  cell	
  cycle	
  works.	
  	
  In	
  the	
  domino	
  theory	
  one	
  event	
  is	
  dependent	
  on	
  comple<on	
  of	
  previous	
  event.	
  	
  This	
  model	
  is	
  
based	
  largely	
  on	
  models	
  for	
  bacteriophage	
  assembly	
  where	
  the	
  assembly	
  of	
  one	
  structural	
  protein	
  depends	
  on	
  the	
  assembly	
  of	
  a	
  prior	
  
structural	
  protein.	
  	
  Early	
  researchers	
  wondered	
  if	
  there	
  would	
  be	
  a	
  direct	
  connec<on	
  between	
  the	
  structural	
  events	
  of	
  the	
  cell	
  cycle.	
  	
  In	
  
this	
  model	
  stages	
  cannot	
  be	
  skipped	
  -­‐	
  in	
  the	
  same	
  way	
  that	
  if	
  a	
  domino	
  is	
  removed,	
  the	
  cascade	
  of	
  falling	
  dominoes	
  will	
  end.	
  	
  In	
  the	
  clock	
  
theory	
  a	
  central	
  regulator	
  (or	
  clock,	
  or	
  engine)	
  controls	
  the	
  passage	
  through	
  different	
  cell	
  cycle	
  phases.	
  	
  In	
  this	
  model	
  there	
  is	
  no	
  
dependency	
  between	
  the	
  different	
  transi<ons	
  and	
  a	
  given	
  stage	
  can	
  be	
  skipped.	
  	
  In	
  the	
  simplest	
  example	
  the	
  engine	
  would	
  operate	
  
autonomously	
  and	
  there	
  would	
  be	
  no	
  feedback	
  from	
  comple<on	
  of	
  cell	
  cycle	
  events.
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domino theory
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Another	
  way	
  to	
  think	
  about	
  the	
  domino	
  and	
  clock	
  theory.	
  	
  In	
  the	
  domino	
  theory	
  one	
  gene,	
  here	
  gene	
  X,	
  could	
  control	
  passage	
  from	
  G1	
  to	
  
S,	
  and	
  a	
  different	
  gene,	
  gene	
  Y,	
  passage	
  from	
  S	
  to	
  G2.	
  	
  in	
  this	
  model	
  S	
  could	
  never	
  be	
  skipped	
  because	
  the	
  “substrate”	
  of	
  gene	
  Y	
  is	
  S-­‐
phase.	
  	
  In	
  the	
  clock	
  theory	
  a	
  central	
  regulator,	
  here	
  the	
  clock,	
  controls	
  passage	
  through	
  the	
  cycle.	
  	
  The	
  same	
  basic	
  mechanism	
  controls	
  
passage	
  through	
  the	
  en<re	
  cycle,	
  so	
  changes	
  in	
  the	
  clock	
  could	
  change	
  the	
  order	
  of	
  the	
  cycle.	
  	
  In	
  this	
  model	
  the	
  different	
  events	
  depend	
  
on	
  the	
  func<on	
  of	
  the	
  clock,	
  not	
  on	
  each	
  other.



vides a visual marker of the position
of the cell in the cycle.
We have taken advantage of these

features of the S. cerevisiae cell cycle
in the isolation and characterization of
150 temperature-sensitive mutants of
the cell division cycle (cdc mutants).
These mutants are temperature-sensi-
tive in the sense that they are unable
to reproduce at 36°C (the restrictive
temperature) but do grow normally at
23 °C (the permissive temperature); the
parent strain from which they were
derived reproduces at both tempera-
tures. These mutations define 32 genes,
each of whose products plays an essen-
tial role in the successful completion
of one event in the mitotic cycle (2).
Although our genetic dissection of the
cell cycle is in its early stages, the
phenotypes of the mutants already ex-
amined provide information on the in-
terdependence of events in the cycle.
We shall discuss the conclusions that
can be derived from the mutant pheno-
types in the context of the following
question: How are the events bud
emergence, initiation of DNA syn-
thesis, DNA synthesis, nuclear migra-
tion, nuclear division, cytokinesis, and
cell separation coordinated in the yeast
cell cycle so that their sequence is
fixed? WVhile it is not necessarily the
case that all events in the cell cycle
are ordered relative to one another in
a fixed sequence, it is reasonable to as-
sume that these events are, since their
proper order is essential for the pro-
duction of two viable daughter cells.

It has been pointed out by Mitchi-
son that two possible mechanisms exist
for ordering a fixed sequence of cell
cycle events relative to one another
(3). First, there may be a direct causal
connection between one event and the
next. In this case, it would be neces-
sary for the earlier event in the cycle
to be completed before the later event
could occur. For example, the "product"
of the earlier event might provide the
"substrate" for the later event, as in
a biochemical pathway, or the com-
pletion of the earlier event might acti-
vate the occurrence of the later event.
We shall refer to this model as the
"dependent pathway model" (Fig. 2).
A second possibility is that there is

not a direct causal connection between
two events, but that they are ordered
by signals from some master timing
mechanism. In this model it would not
be necessary for the earlier event to
be completed before the later event
could occur, although the two events
11 JANUARY 1974

NM

Ct to~~~'0
Fig. 1. The sequence of events in the cell
division cycle of yeast: iDS, initiation of
DNA synthesis; BE, bud emergence; DS,
DNA synthesis; NM, nuclear migration;
mND, medical nuclear division; IND, late
nuclear division; CK, cytokinesis; CS, cell
separation. Other abbreviations: G1, time
interval between previous cytokinesis and
initiation of DNA synthesis; S, period of
DNA synthesis; G2, time between DNA
synthesis and onset of mitosis; and M, the
period of mitosis.

would normally occur in the proper
order because of the activity of the
timer. This model has appeared fre-
quently in the literature in one guise or
another, and two specific ideas have
been presented concerning a possible
timing mechanism. One invokes the
accumulation of a specific division pro-
tein (4) and another a temporal se-
quence of genetic transcriptions (5).
We shall refer to this model as the "in-
dependent pathways model" (Fig. 2).

It is important to note that these two
possible models relate, strictly speak-
ing, to the dependence or independence
of events in the cell cycle taken two at
a time. It is quite possible that the cell
cycle is controlled by a combination of
the two models, with some events re-
lated to one another in a dependent

dependent pathway model

A - B --C - D --E --F

independent pathways model

A
/ B

C

K~~~~~~ r~~~~~E
-~~~~~~~~F

Fig. 2. Two models to account for the
ordering of cell cycle events.

pathway and others in independent
pathways.

It should be possible to distinguish
between these fundamentally different
models by specifically inhibiting one
and only one event of the cell cycle.
If an event is dependent upon the prior
occurrence of an earlier event, a spe-
cific block of the earlier event should
prevent the occurrence of the later
event. If, on the other hand, the two
events are independent of one another,
then a specific block of the earlier
event should not prevent the occurrence
of the subsequent event. Indeed, studies
employing inhibitors that act specifical-
ly on one event of the cycle, such as
DNA synthesis or mitosis, have already
provided some information on the in-
terdependence of cell cycle events.
However, the temperature-sensitive cdc
mutants of S. cerevisiae permit more
detailed conclusions, both because of
the greater number of specific cell cycle
blocks in a single organism and be-
cause of the greater assurance that a

single gene defect directly affects one
and only one event in the cell cycle.

Mutations Affecting the Cell Cycle

Cell division cycle mutants of S.
cerevisiae were detected among a col-
lection of temperature-sensitive mu-
tants by looking for mutants in which
development was arrested at the re-
strictive temperature at a specific stage
in the cell cycle, as evidenced by the
cellular and nuclear morphology (6).
The phenotype of each mutant class is
described in Table 1 by the sequence
of events that occurs in a cell when it
is shifted from the permissive temper-
ature to the restrictive temperature at
the beginning of the cell division cycle
(that is, at cell separation, see CS in
Fig. 1). The initial defect in a mutant
is defined as the first cell cycle event
(among those which can presently be
monitored) that fails to take place at
the restrictive temperature. The events
for which initial defects have been
found in mutants include the initiation
of DNA synthesis, bud emergence,
DNA synthesis, medial nuclear division,
late nuclear division, cytokinesis, and
cell separation. Information on the in-
terdependence of steps in the cell di-
vision cycle is obtained by observing
which events in the first cell cycle at
the restrictive temperature occur or do
not occur after arrest at the initial de-
fect.
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A third version

Hartwell, et al., 1974

Yet	
  another	
  depic<on	
  of	
  the	
  two	
  models.	
  	
  This	
  comes	
  from	
  the	
  suggested	
  reading	
  for	
  
Thursday.



+ ?
G2 M

What happens when a G2 and a M cell are fused?

Cell fusion experiments gave first hints 
of the logic of the cell cycle

Rao and Johnson, 1970
Johnson and Rao, 1970

Early	
  experiments	
  by	
  Rao	
  and	
  Johnson	
  fused	
  cells	
  at	
  different	
  stages	
  of	
  the	
  cell	
  cycle.	
  	
  These	
  cell	
  fusion	
  don’t	
  ocen	
  occur	
  in	
  nature,	
  but	
  by	
  
looking	
  at	
  what	
  happens	
  to	
  the	
  different	
  nuclei	
  in	
  the	
  fused	
  cell	
  (which	
  is	
  called	
  a	
  heterokaryon).	
  	
  These	
  heterokaryons	
  don’t	
  survive,	
  and	
  
the	
  point	
  of	
  the	
  experiment	
  is	
  to	
  look	
  at	
  them	
  in	
  the	
  short	
  term.	
  	
  What	
  do	
  you	
  think	
  happens	
  when	
  a	
  G2	
  cell	
  is	
  fused	
  with	
  a	
  mito<c	
  cell?



+

G2 M

The M nucleus prematurely induces mitosis in the G2 nucleus

Cell fusion experiments gave first hints 
of the logic of the cell cycle

Rao and Johnson, 1970
Johnson and Rao, 1970

The	
  G2	
  nucleus	
  is	
  driven	
  immediately	
  into	
  mitosis	
  and	
  its	
  chromosomes	
  condense	
  (though	
  not	
  perfectly),	
  its	
  nuclear	
  envelope	
  breaks	
  
down	
  and	
  it	
  builds	
  a	
  mito<c	
  spindle.	
  	
  This	
  result	
  led	
  to	
  the	
  idea	
  of	
  mitosis	
  promo<ng	
  factor	
  (MPF)	
  -­‐	
  an	
  ac<vity	
  in	
  the	
  mito<c	
  cell	
  that	
  can	
  
drive	
  the	
  G2	
  cell	
  into	
  mitosis.	
  	
  MPF	
  suggests	
  that	
  the	
  clock	
  theory	
  may	
  hold	
  because	
  the	
  G2	
  cell	
  immediately	
  enters	
  mitosis	
  -­‐	
  poten<ally	
  
skipping	
  important	
  events	
  in	
  G2.



Mitosis Promoting Factor (MPF)

+

G1 + M G2 + MS + M

Rao and Johnson, 1970; Johnson and Rao, 1970
MPF	
  will	
  drive	
  any	
  cell,	
  a	
  G1,	
  S	
  or	
  G2	
  cell	
  into	
  mitosis.	
  	
  The	
  condensed	
  G1	
  chromosomes	
  only	
  contain	
  half	
  the	
  amount	
  of	
  DNA	
  (they	
  
haven’t	
  been	
  replicated)	
  and	
  condensing	
  S	
  phase	
  chromosomes	
  leads	
  to	
  their	
  complete	
  fragmenta<on	
  probably	
  due	
  to	
  unligated	
  Okazaki	
  
fragments.	
  	
  The	
  G1	
  and	
  S	
  phase	
  fusions	
  also	
  support	
  the	
  clock	
  theory:	
  in	
  the	
  G1	
  +	
  M	
  experiment	
  S-­‐phase	
  is	
  completely	
  skipped,	
  and	
  in	
  the	
  
S	
  +	
  M	
  experiment	
  S-­‐phase	
  is	
  not	
  completed	
  when	
  the	
  cells	
  enter	
  mitosis.
Photos	
  come	
  from	
  original	
  Rao	
  and	
  Johnson	
  ar<cle.



  

Conclusions

1. Mitosis is “dominant” to other phases of the cell cycle.  A factor 
or factors promote mitosis.

The	
  main	
  conclusions	
  from	
  these	
  
experiments.	
  



  

G1 S

What happens when a G1 and a S cell are fused?

+ ?

Rao	
  and	
  Johnson	
  (the	
  experimenters)	
  also	
  did	
  the	
  following	
  experiment:	
  they	
  fused	
  a	
  G1	
  and	
  G2	
  cell.	
  	
  They	
  saw	
  
that....



  

G1 S

+

S nucleus induces S-phase in G1 nucleus

the	
  G1	
  nucleus	
  were	
  driven	
  into	
  S-­‐phase	
  and	
  the	
  the	
  S	
  nucleus	
  “waited”	
  for	
  the	
  G1	
  nucleus	
  to	
  “catch	
  up”	
  before	
  entering	
  mitosis.	
  	
  When	
  
both	
  nuclei	
  were	
  finished	
  with	
  replica<on,	
  together	
  they	
  con<nued	
  in	
  the	
  cell	
  cycle.



  

G1 S

+

S nucleus induces S-phase in G1 nucleus
then waits for the G1 nucleus to “catch up”

the	
  G1	
  nucleus	
  were	
  driven	
  into	
  S-­‐phase	
  and	
  the	
  the	
  S	
  nucleus	
  “waited”	
  for	
  the	
  G1	
  nucleus	
  to	
  “catch	
  up”	
  before	
  entering	
  mitosis.	
  	
  When	
  
both	
  nuclei	
  were	
  finished	
  with	
  replica<on,	
  together	
  they	
  con<nued	
  in	
  the	
  cell	
  cycle.



  

G1 S

+

S nucleus induces S-phase in G1 nucleus
then waits for the G1 nucleus to “catch up”

before going into mitosis together

the	
  G1	
  nucleus	
  were	
  driven	
  into	
  S-­‐phase	
  and	
  the	
  the	
  S	
  nucleus	
  “waited”	
  for	
  the	
  G1	
  nucleus	
  to	
  “catch	
  up”	
  before	
  entering	
  mitosis.	
  	
  When	
  
both	
  nuclei	
  were	
  finished	
  with	
  replica<on,	
  together	
  they	
  con<nued	
  in	
  the	
  cell	
  cycle.



  

Conclusions

1. Mitosis is “dominant” to other phases of the cell cycle.  A factor 
or factors promote mitosis.

2. S-phase is “dominant” to the G1 phase.  A factor or factors can 
induce S-phase.

The	
  main	
  conclusions	
  from	
  these	
  
experiments.	
  



  

S G2

What happens when a S and a G2 cell are fused?

+ ?

Rao	
  and	
  Johnson	
  (the	
  experimenters)	
  also	
  did	
  the	
  following	
  experiment:	
  they	
  fused	
  a	
  S	
  and	
  G2	
  cell.	
  	
  They	
  saw	
  
that....



  

S G2

G2 nucleus does not undergo a second round of 
DNA replication, but “waits” for S nucleus.  

Suggests a block to re-replication.

+

The	
  G2	
  nucleus	
  was	
  not	
  driven	
  into	
  S	
  phase,	
  but	
  it	
  did	
  wait	
  for	
  the	
  S	
  phase	
  nucleus	
  to	
  finish	
  replica<on	
  before	
  the	
  2	
  nuclei	
  con<nued	
  in	
  
the	
  cell	
  cycle.



  

Conclusions

1. Mitosis is “dominant” to other phases of the cell cycle.  A factor 
or factors promote mitosis.

2. S-phase is “dominant” to the G1 phase.  A factor or factors can 
induce S-phase.

3. Active DNA replication blocks entry into mitosis.  The existence 
of feedback controls or “checkpoints.”  Do checkpoints ensure 
completion of specific events in the cell cycle?

The	
  main	
  conclusions	
  from	
  these	
  
experiments.	
  



  

Conclusions

1. Mitosis is “dominant” to other phases of the cell cycle.  A factor 
or factors promote mitosis.

2. S-phase is “dominant” to the G1 phase.  A factor or factors can 
induce S-phase.

3. Active DNA replication blocks entry into mitosis.  The existence 
of feedback controls or “checkpoints.”  Do checkpoints ensure 
completion of specific events in the cell cycle?

4. S-phase nucleus is not “dominant” to G2 nucleus.  A block to re-
replication?  Does mitosis remove this block, allowing G1 nuclei to 
go into S-phase, and explain the alternation between S and M?

The	
  main	
  conclusions	
  from	
  these	
  
experiments.	
  



G1

domino theory

S G2

gene 
X

gene 
Y

gene 
Z

M

clock theory

S

G1

G2

M

Which model is best supported by these experiments?

Which	
  model	
  is	
  supported	
  by	
  each	
  of	
  these	
  
experiments?



Which model is supported by M fusions?

+

G1 + M G2 + MS + M

Which	
  model	
  is	
  supported	
  by	
  M	
  
fusions?



Cell fusion experiments support both models

M-phase cell drives new 
nucleus into mitosis

(CLOCK)
+

G2 M

Cell	
  fusion	
  experiments	
  support	
  both	
  models.	
  The	
  G2	
  +	
  M	
  fusions	
  support	
  the	
  clock	
  theory,	
  the	
  G1	
  +	
  S	
  fusions	
  support	
  both	
  the	
  clock	
  and	
  
domino	
  model,	
  and	
  the	
  G2	
  +	
  S	
  fusions	
  support	
  the	
  domino	
  model.



  

G1 S

Which model is supported by G1 + S fusions?

+

Which	
  model	
  is	
  supported	
  by	
  G1+S	
  
fusions?



Cell fusion experiments support both models

S-phase cell drives G1-
phase nucleus into S-phase, 
but waits for it to complete 

DNA replication before 
proceeding into mitosis

(BOTH)

+

+

G2 M

G1 S

M-phase cell drives new 
nucleus into mitosis

(CLOCK)

Cell	
  fusion	
  experiments	
  support	
  both	
  models.	
  The	
  G2	
  +	
  M	
  fusions	
  support	
  the	
  clock	
  theory,	
  the	
  G1	
  +	
  S	
  fusions	
  support	
  both	
  the	
  clock	
  and	
  
domino	
  model,	
  and	
  the	
  G2	
  +	
  S	
  fusions	
  support	
  the	
  domino	
  model.



  

S G2

Which model is supported by S + G2 fusions? 

+

Which	
  model	
  is	
  supported	
  by	
  S+G2	
  
fusions?



Cell fusion experiments support both models

G2-phase cell waits for S-
phase nucleus to finish 
DNA replication before 
proceeding into mitosis

(DOMINO)

+

+

+

G2 M

G1 S

S G2

M-phase cell drives new 
nucleus into mitosis

(CLOCK)

S-phase cell drives G1-
phase nucleus into S-phase, 
but waits for it to complete 

DNA replication before 
proceeding into mitosis

(BOTH)

Cell	
  fusion	
  experiments	
  support	
  both	
  models.	
  The	
  G2	
  +	
  M	
  fusions	
  support	
  the	
  clock	
  theory,	
  the	
  G1	
  +	
  S	
  fusions	
  support	
  both	
  the	
  clock	
  and	
  
domino	
  model,	
  and	
  the	
  G2	
  +	
  S	
  fusions	
  support	
  the	
  domino	
  model.



Cell cycle biochemistry in frogs and invertebrates

I’ll	
  next	
  focus	
  on	
  experiments	
  done	
  in	
  oocytes	
  of	
  frogs	
  and	
  marine	
  invertebrates	
  (sea	
  urchins,	
  clams	
  and	
  
starfish).	
  	
  



Early divisions are fast and synchronous

Huw  Williams and Jim Smith

Early	
  divisions	
  are	
  fast	
  and	
  
synchronous.



Early divisions are fast and synchronous
(notice the surface contraction waves)

Huw  Williams and Jim Smith

Early	
  divisions	
  are	
  fast	
  and	
  
synchronous.



Oocyte 
maturation

Growing 
oocyte

Progesterone

Meiosis I Meiosis II
arrest

Fertilization

Fertilized
egg

First 
cleavage

Early Development

early embryonic divisions

S M MS

The	
  meio<c	
  divisions	
  in	
  frog	
  oocytes.	
  	
  The	
  immature	
  oocyte	
  grows	
  un<l	
  it	
  reaches	
  its	
  mature	
  size	
  and	
  they	
  arrest	
  in	
  prophase	
  of	
  meiosis	
  I.	
  	
  
Oocyte	
  matura<on	
  is	
  triggered	
  by	
  the	
  ac<on	
  of	
  progesterone	
  -­‐	
  this	
  triggers	
  the	
  first	
  meio<c	
  division	
  (Meiosis	
  I),	
  ejec<on	
  of	
  the	
  first	
  polar	
  
body,	
  and	
  arrest	
  in	
  metaphase	
  of	
  the	
  second	
  meio<c	
  division	
  (Meiosis	
  II).	
  	
  Mature	
  oocytes	
  are	
  then	
  lain	
  by	
  the	
  frog	
  and	
  await	
  fer<liza<on.	
  	
  
At	
  fer<liza<on,	
  the	
  second	
  meio<c	
  division	
  occurs,	
  the	
  second	
  polar	
  body	
  is	
  ejected	
  and	
  the	
  female	
  and	
  male	
  pro-­‐nuclei	
  fuse	
  and	
  the	
  one-­‐
celled	
  embryo	
  begins	
  its	
  rapid	
  embryonic	
  divisions.	
  	
  This	
  will	
  come	
  up	
  a	
  few	
  <mes	
  in	
  my	
  series	
  of	
  lectures,	
  so	
  its	
  worth	
  trying	
  to	
  
remember	
  this!



Oocyte 
maturation

Progesterone

Meiosis I Meiosis II
arrest

Researchers wondered if a cytoplasmic factor 
regulated oocyte maturation

Since	
  oocyte	
  matura<on	
  is	
  triggered	
  by	
  a	
  hormone,	
  people	
  wondered	
  if	
  there	
  was	
  a	
  soluble	
  cytoplasmic	
  factor	
  or	
  factors	
  that	
  trigger	
  this	
  
process.



Maturation Promoting Factor (MPF) is a 
cytoplasmic inducer of oocyte maturation

Progesterone

MPF

MPF

Transfer 
cytoplasm

Transfer 
cytoplasm

Yoshio Masui, Canada’s contribution to early cell cycle research

Early	
  researchers	
  discovered	
  that	
  cytoplasm	
  transferred	
  from	
  a	
  mature	
  oocyte	
  into	
  an	
  immature	
  oocyte	
  would	
  trigger	
  oocyte	
  matura<on	
  
(independent	
  of	
  progesterone).	
  	
  The	
  ac<vity	
  present	
  in	
  the	
  cytoplasm	
  was	
  called	
  Matura<on	
  Promo<ng	
  Factor	
  (MPF).	
  	
  Matura<on	
  
triggered	
  by	
  MPF	
  created	
  more	
  MPF,	
  because	
  the	
  ac<vity	
  did	
  not	
  decrease	
  with	
  serial	
  cytoplasmic	
  transfers	
  -­‐	
  sugges<ng	
  that	
  the	
  MPF	
  
present	
  in	
  the	
  first	
  mature	
  oocyte	
  was	
  not	
  geOng	
  diluted	
  during	
  the	
  transfers.



?

What is MPF?

cytoplasmic transfer assay:

oocyte maturation

MPF	
  was	
  first	
  defined	
  as	
  an	
  ac<vity,	
  so	
  biochemical	
  methods	
  seemed	
  most	
  appropriate.	
  	
  Extracts	
  of	
  eggs	
  could	
  be	
  made,	
  frac<onated,	
  
and	
  the	
  frac<ons	
  tested	
  in	
  the	
  oocycte	
  matura<on	
  assay.	
  	
  On	
  paper	
  a	
  good	
  idea,	
  but	
  it	
  was	
  exceedingly	
  difficult	
  because	
  the	
  matura<on	
  
assay	
  is	
  so	
  <me	
  consuming.	
  	
  Other	
  methods	
  (to	
  be	
  discussed)	
  discovered	
  the	
  molecular	
  components	
  of	
  MPF.



Meiosis I Meiosis II
arrest

Oocyte First 
mitosis

Second 
mitosis

M
PF

 a
ct

iv
ity

MPF activity is high in meiosis and mitosis.

This	
  assay	
  did	
  allow	
  researchers	
  to	
  figure	
  out	
  when	
  MPF	
  was	
  high	
  in	
  cells,	
  and	
  if	
  it	
  could	
  be	
  found	
  in	
  other	
  cell	
  types.	
  	
  They	
  measured	
  MPF	
  
ac<vity	
  at	
  different	
  stages	
  of	
  oogenesis	
  and	
  early	
  embryonic	
  divisions	
  using	
  the	
  cytoplasmic	
  transfer	
  assay	
  described	
  on	
  the	
  previous	
  
slide.	
  	
  They	
  found	
  that	
  MPF	
  ac<vity	
  was	
  high	
  during	
  metaphase	
  of	
  meiosis	
  I,	
  during	
  the	
  prolonged	
  arrest	
  in	
  metaphase	
  of	
  meiosis	
  II,	
  and	
  
during	
  metaphase	
  of	
  each	
  embryonic	
  division.	
  	
  In	
  addi<on,	
  cytoplasm	
  from	
  other	
  cells	
  in	
  mitosis	
  (other	
  vertebrates	
  and	
  even	
  yeast)	
  
contained	
  MPF	
  ac<vity.	
  The	
  cytoplasmic	
  transfer	
  assay	
  was	
  also	
  used	
  to	
  (par<ally)	
  purify	
  the	
  protein	
  components	
  of	
  MPF.



M-phase cell drives new 
nucleus into mitosis+

Are
Mitosis Promoting Factor (MPF)

and
Maturation Promoting Factor (MPF)

the same thing?

Mitosis	
  Promo<ng	
  Factor	
  and	
  Matura<on	
  Promo<ng	
  Factor	
  appear	
  to	
  have	
  similar	
  
ac<vi<es.



Other researchers became interested in early divisions of oocytes 
because they are synchronous, fast and happen in such large cells

Hara, Tydeman and Kirschner, 1980
One	
  of	
  the	
  first	
  <me-­‐lapse	
  movies	
  of	
  early	
  cleavages	
  in	
  Xenopus	
  embryos.	
  No<ce	
  the	
  sperm	
  entry	
  point	
  and	
  the	
  surface	
  contrac<on	
  
waves	
  that	
  ini<ate	
  from	
  this	
  posi<on.



typical cell at 1000X magnification
(30µM diameter)

3 cm

Just how big are Xenopus oocytes?

These	
  cells	
  are	
  big.	
  	
  A	
  typical	
  skin	
  cell	
  is	
  about	
  
30µM.



typical cell
(30µM)

Xenopus oocyte
(1 mm)

A	
  Xenopus	
  oocyte	
  is	
  1	
  mm	
  in	
  
diameter.



typical cell
(30µM)

Xenopus oocyte
(1 mm)

same size nucleus 
in both cells

But	
  the	
  diameter	
  in	
  these	
  two	
  cells	
  are	
  about	
  the	
  same	
  size.	
  	
  



volume
cytoplasm:nucleus

(assuming a 10µM nucleus) 

typical cell
(30µM)

Xenopus oocyte
(1 mm)

27

1,000,000

What influence does the nucleus have 
on early divisions in oocytes?

This	
  size	
  difference	
  is	
  even	
  more	
  exaggerated	
  if	
  you	
  take	
  the	
  volume	
  of	
  the	
  cells	
  into	
  account.	
  	
  One	
  was	
  to	
  think	
  about	
  this	
  is	
  the	
  ra<o	
  of	
  
cytoplasmic:nuclear	
  volume.	
  	
  Its	
  about	
  27	
  for	
  skin	
  cells,	
  but	
  1,000,000	
  for	
  the	
  oocyte!



The nucleus is important for determining 
the plane of division

but do other nuclear events (replication, chromosome 
condensation, mitotic spindle assembly) affect progression 

through the cell cycle?

Researchers	
  knew	
  that	
  the	
  nucleus	
  was	
  important	
  for	
  determining	
  the	
  plane	
  of	
  division.	
  	
  This	
  is	
  apparent	
  when	
  the	
  nucleus	
  is	
  not	
  in	
  the	
  
center	
  of	
  the	
  cell.	
  	
  This	
  is	
  one	
  of	
  the	
  ways	
  asymmetric	
  divisions	
  are	
  generated.	
  	
  Addi<onal	
  experiments	
  were	
  done	
  that	
  deliberately	
  
changed	
  the	
  posi<on	
  of	
  the	
  nucleus	
  in	
  oocytes	
  and	
  this	
  could	
  drama<cally	
  change	
  the	
  posi<on	
  of	
  cleavage.	
  	
  But	
  does	
  the	
  nucleus,	
  and	
  
events	
  in	
  the	
  nucleus,	
  direct	
  other	
  key	
  events	
  in	
  the	
  cell	
  cycle?	
  	
  This	
  is	
  the	
  ques<on	
  that	
  Hara	
  et	
  al.	
  asked.



domino theory clock theory

The	
  influence	
  of	
  the	
  nucleus	
  on	
  the	
  division	
  plane	
  supports	
  which	
  
model?
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old reprints at the Hubrecht. Each night John and I would take

home several reprints, dating back almost 100 years and a trail of

nearly forgotten experiments from Schulze to Ancel and

Vitemberger pointed to rotation of the egg cortex as being in-

volved in setting up the embryonic axes.

At this time the “egg rotation” literature was forgotten and

unknown. There were several reasons. First, mechanical rotation

of the cortex or physical displacement seemed distinctly medi-

eval, as an explanation for something as tangible as the specifi-

cation of embryonic tissues. Second, experiments by Adam

Curtis had shown that the determinants for the dorsal axis lay in

the cortex and were transplantable, though no one had repeated

these difficult experiments. Third, the important cortical element

in these transplantation experiments was supposed to reside in

the grey crescent, which John and I liked to refer to by the Dutch

name for the Holy Ghost, since the grey crescent was obviously

of transcendental importance but seemed without substance.

Fourth, the experimental protocols for rotating eggs were dis-

tinctly unimpressive, since the eggs had to be continually turned

over as they rotated freely within the vitelline envelope. The latter

problem, we solved by finding that large polymers like Ficoll would

dehydrate and reduce the perivetelline space and hold the eggs

in any position, an innovation that simplified many experiments

with fertilized eggs. We carried out several experiments that

showed that twinning and axis reversal was related to cytoplasmic

displacements in highly reproducible ways, and this was the

beginning of our modern understanding of axiation in Xenopus.

I was lucky enough to be able to come to Holland with my whole

family and could stay 7 months, experiencing 7 months of seem-

ingly constant Dutch weather. My wife loved Holland and made a

successful attempt to learn the language. John, who came without

his family left after 3 months. In my monolingual existence in the

lab I unfortunately absorbed little of the surrounding culture. In the

lab John and I met another pivotal figure for us, Koki Hara, who for

years had dedicated himself to making time lapse movement of

developing eggs. Koki was an artist at micromanipulation and at

cinematography. His nervous quiver at 40X magnification was

about equal to mine at 1X. This discrepancy was a challenge for

me to design methods that would work for my modest abilities.

Koki and I finally had a bit of a showdown over the ability to remove

the vitelline membrane from newly fertilized eggs without punctur-

ing them. Using Ficoll, I found that I could be as quick and as

successful as he was. I think at that point Koki realized the

foreboding power of biochemistry. Koki’s movies changed my

view of the world, for they were not just beautiful but they revealed

processes unappreciated by anyone else. In one movie he

showed me dissociated axolotl embryos with isolated blastomeres

dividing in unison until suddenly, at the midblastula stage division

became asynchronous and slower. That movie in itself became

the inspiration for experiments I later did with John Newport on the

midblastula transition. After John Gerhart returned to California,

Koki and I continued to collaborate on experiments to see the

effect of colchicine on early cortical events in the egg related to the

axiation problem. I was stunned by the results. In one simple

movie the entire autonomous oscillator of the cell cycle was

revealed. The eggs of course did not cleave but instead showed

rhythmical contractions timed with the cell cycle in cleaving eggs.

When we enucleated the eggs by tying them in half with baby hair,

the enucleated half also heaved up and down with the same

periodicity as cleavage in the unperturbed eggs.

I wrote to John back in Berkeley, that a process governing the

cell cycle must exist separately from the known events of the cell

cycle, such as mitosis and DNA replication. The only known

chemical phenomenon that could explain this was maturation

promoting factor. Therefore, when I returned to the US to take up

Genesis of an enucleate fragment by constricting a Xenopus zygote
with a baby hair.

Marc Kirschner John Gerhart Geert Ubbels Koki Hara

An enucleated zygote

Does synchronous division depend on the nucleus?

Hara	
  et	
  al.	
  wondered	
  if	
  the	
  synchronous	
  divisions	
  depended	
  on	
  the	
  nuclei	
  of	
  the	
  embryo.	
  	
  The	
  basic	
  experimental	
  set	
  up	
  was	
  to	
  create	
  
embryos	
  that	
  lacked	
  a	
  nucleus	
  by	
  spliOng	
  the	
  embryo	
  in	
  half	
  using	
  a	
  hair.



Hara, Tydeman and Kirschner, 1980

The enucleated embryo doesn’t cleave

The	
  data	
  in	
  the	
  paper	
  showing	
  the	
  enucleated	
  embryo	
  doesn’t	
  cleave,	
  but	
  the	
  nucleated	
  embryo	
  
does.



Hara, Tydeman and Kirschner, 1980

a normal embryo



Hara, Tydeman and Kirschner, 1980

although the enucleated embryo doesn’t cleave, it does bounce!

The	
  bouncing	
  enucleated	
  embryo	
  filmed	
  by	
  <me	
  
lapse.



Proc. Natl. Acad. Sci. USA 77 (1980)

FIG. 2. Twelve sequential still pictures reproduced from a 16-mm time-lapse film, showing periodic changes in the height of an unfertilized
Xenopus egg activated by pricking (vitelline membrane removed). Letters a-i correspond to those in Fig. 1 Lower. Numerals indicate time
(min) after activation. Each picture includes reflection of the egg in the supporting glass surface.

It is apparent from Fig. 1 that the "darkest" zone of the
surface contraction wave (minimum in light intensity) moves
from the pole to the equator at the same time the egg rounds
up and that the maximum in egg height corresponds to the
progress of the wave to the equator. In normal cleavage, the
maximum height of the egg in the rounding up phase coincides
with the appearance of the furrow. The furrow progresses also
at about 60 gm/min, delayed 15-20 min from the start of the
surface contraction wave. In the present case, however, the egg
does not divide but instead goes into a relaxation phase.

Fertilized Eggs Arrested with Colchicine or Vinblastine
Show Periodic Surface Contraction Waves. Fertilized eggs
that are injected with 30 nl of 10 mM colchicine (giving an in-
ternal concentration of about 0.3 mM) at 20 min after fertil-
ization showed no sign of cleavage but exhibited the same pe-
riodic surface waves as did activated eggs. The same result could
be obtained by incubating fertilized eggs in vinblastine sulfate,
to which the egg is somewhat permeable. Eggs dejellied 10 min
after fertilization and showing a clear sperm entrance spot by
20 min after fertilization were demembranated, transferred
into a solution of vinblastine sulfate (0.2 g/liter in 25% modified
amphibian Ringer's solution), and filmed. No cleavage oc-
curred, but periodic surface contraction waves were observed.
An example of the height measurements as a function of time
for a demembranated fertilized egg incubated in vinblastine
is shown in Fig. 3.
The Nucleus Is Not Required for Periodic Surface Con-

traction Waves. Because the surface contraction waves were
observed in eggs with either a haploid maternal nucleus (needle
activated) or a diploid zygote nucleus (fertilized), we deter-
mined whether nuclear expression was required at all for pro-
ducing the periodic surface activity by examining the waves
in non-nucleated fragments of fertilized eggs. The non-nu-
cleated fragments were produced by constriction of a fertilized
egg with a newborn human hair, according to the procedure
utilized by Spemann in 1901 (18). Eggs with a clear sperm en-

trance spot (Fig. 4a) were demembranated at 30 min after
fertilization. At 40 min, a constriction was made as precisely
as possible along the plane of bilateral symmetry through the
animal pole and sperm entrance spot (Fig. 4b), with the ex-
pectation that the fusing pronuclei would be trapped in one of
the two halves of the egg. It took about 5 min for the slow,
steady process of constriction to produce two separated and
uninjured halves (Fig. 4c). The halves were filmed side by side.
Only one of the two halves cleaved and continued to cleave at
the expected times, whereas the other remained as a single cell
(Fig. 4 d, e, and f). Histological examination of 10 eggs fixed
at one division after constriction revealed that, without ex-
ception, the noncleaving fragment contained neither a nucleus
nor an aster whereas the cleaving fragment contained both
nuclei and asters.

Analysis of the film, however, revealed that the noncleaving
fragment showed periodic surface activities, including rounding
up and relaxation, with approximately the same frequency as
the cleavage cycle in the cleaving fragment (Fig. 5). There was,
however, a small phase difference between the two egg frag-
ments: the peak of cell height in the non-nucleated fragment
occurred 6-8 min later than cleavage in the nucleated frag-
ment. However, the average "cleavage" interval in the two
fragments was nearly identical, the mean (+SD) interval be-
tween the maxima of height in the non-nucleated fragment

8-

-Tx 7]_0

a) x

0 5 10 15 20 25 30
Time after fertilization, min X 10'

Fl(t. .3. Periodic surface activities in a fertilized, demembranated
egg incubated in vinblastine, expressed as changes in egg height
(21 0C).
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Although cytokinesis did not occur, 
surface contraction waves of enucleated zygotes 

follow the same timing as cleavage of normal zygotes. 
Is there a cytoplasmic factor that acts as a clock?

Hara, Tydeman and Kirschner, 1980

Enucleated	
  zygotes	
  s<ll	
  underwent	
  surface	
  contrac<on	
  waves	
  on	
  the	
  cell	
  cortex	
  even	
  though	
  they	
  cannot	
  divide.	
  	
  These	
  waves	
  happen	
  at	
  
the	
  same	
  <me	
  as	
  the	
  sister	
  zygote	
  that	
  contains	
  the	
  nucleus	
  divides.	
  	
  This	
  experiment	
  suggested	
  a	
  cytoplasmic	
  clock	
  that	
  regulates	
  some	
  
aspects	
  of	
  the	
  cell	
  cycle.
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  waves	
  on	
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MPF activity is high in meiosis and mitosis.
Is MPF the cytoplasmic factor that regulates synchronous divisions?

Is	
  MPF	
  the	
  cytoplasmic	
  factor	
  that	
  regulates	
  synchronous	
  
divisions?



high
MPF

low
MPF

THE
CELL

CYCLE
ENGINE

downstream events
of mitosis

downstream events
of interphase

Chromosome condensation
Nuclear envelope breakdown
Spindle assembly

Chromosome segregation
Cell division
Chromosome decondensation
Nuclear envelope assembly
DNA replication
Centrosome duplication

A simple model for how changes in MPF 
drive key cell cycle events 

The	
  idea	
  of	
  MPF	
  led	
  to	
  the	
  following	
  model	
  that	
  hypothesized	
  oscilla<ons	
  in	
  MPF	
  ac<vity	
  is	
  the	
  main	
  driver	
  of	
  key	
  cell	
  cycle	
  
events.



high
MPF

low
MPF

mitosis
interphase

replicated 
chromosomes

duplicated 
MTOC

metaphase

mitotic 
downstream 

events

interphase 
downstream 

events

Another depiction of the model

Another	
  way	
  of	
  presen<ng	
  the	
  
model.
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gene 
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S
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Does MPF support the domino or clock theory?

Which	
  model	
  is	
  supported	
  by	
  
MPF?



MPF is a key part of the clock

S

G1

G2

M

?

?

MPF

MPF	
  clearly	
  supports	
  the	
  clock	
  theory.	
  	
  It	
  was	
  hypothesized	
  to	
  be	
  the	
  center	
  of	
  the	
  “cell	
  cycle	
  
engine”.



What is MPF?

high
MPF

low
MPF

THE
CELL

CYCLE
ENGINE

downstream events
of mitosis

downstream events
of interphase

Researchers	
  next	
  wondered	
  what	
  the	
  molecular	
  composi<on	
  of	
  MPF	
  was.	
  	
  Is	
  it	
  a	
  single	
  protein?	
  	
  Many	
  proteins?	
  Finding	
  MPF	
  and	
  
manipula<ng	
  it	
  cells	
  is	
  the	
  only	
  way	
  to	
  really	
  prove	
  that	
  it	
  exists.



Next class:

the identity of MPF............

Hartwell, Culotti, Pringle and Reid.  Genetic control of the cell 
division cycle in yeast. Science (1974) vol. 183  pp. 46-51.

and

The Demise of Bill and the Salvation of Doug

suggested reading:

Next	
  class	
  we’ll	
  talk	
  about	
  how	
  researchers	
  started	
  figuring	
  out	
  what	
  MPF	
  is.	
  	
  Two	
  very	
  different	
  approaches	
  were	
  used:	
  a	
  biochemical	
  
approach	
  that	
  tried	
  to	
  purify	
  MPF	
  from	
  extracts,	
  and	
  gene<c	
  approaches	
  that	
  sought	
  to	
  characterize	
  how	
  the	
  cell	
  cycle	
  worked.	
  	
  Both	
  
ended	
  up	
  in	
  the	
  same	
  place.	
  	
  The	
  suggested	
  reading	
  for	
  next	
  <me	
  is	
  a	
  review	
  by	
  Lee	
  Hartwell	
  that	
  explains	
  how	
  he	
  used	
  budding	
  yeast	
  to	
  
begin	
  to	
  decipher	
  how	
  the	
  cell	
  cycle	
  func<ons,	
  and	
  a	
  brief	
  fic<on	
  piece	
  that	
  illustrates	
  the	
  strengths	
  and	
  weaknesses	
  of	
  biochemistry	
  and	
  
gene<cs.



Additional Reading:
Rao et al. Mammalian cell fusion: studies on the regulation of DNA synthesis and mitosis. Nature (1970) vol. 225 
(5228) pp. 159-64.

Johnson et al. Mammalian cell fusion: induction of premature chromosome condensation in interphase nuclei. 
Nature (1970) vol. 226 (5247) pp. 717-22.

Hara et al. A cytoplasmic clock with the same period as the division cycle in Xenopus eggs. Proc Natl Acad 
Sci USA (1980) vol. 77 (1) pp. 462-6.  Paper showing surface contraction waves occur in activated 
enucleated embryos.

Kirschner. A visit to the Hubrecht laboratory. Int J Dev Biol (1999) vol. 43 (7) pp. 629-31.  A short personal history of 
early Xenopus experiments.

Wasserman et al. A cytoplasmic factor promoting oocyte maturation: its extraction and preliminary characterization. 
Science (1976) vol. 191 (4233) pp. 1266-8.  One of the many Masui papers on MPF.

Murray et al. Dominoes and clocks: the union of two views of the cell cycle. Science (1989) vol. 246 (4930) pp. 
614-21

Some	
  references.	
  	
  The	
  short	
  Kirschner	
  paper	
  is	
  an	
  easy	
  read,	
  and	
  the	
  Murray	
  review	
  is	
  dense,	
  but	
  covers	
  much	
  of	
  the	
  same	
  material	
  I’m	
  
covering.

The	
  suggested	
  reading	
  for	
  this	
  week	
  in	
  the	
  Hara	
  et	
  al.	
  paper	
  which	
  was	
  the	
  first	
  indica<on	
  that	
  a	
  cytoplasmic	
  and	
  soluble	
  factor	
  regulated	
  
cell	
  cycle	
  progression	
  independent	
  of	
  nuclear	
  events.

If	
  you	
  are	
  interested	
  or	
  confused,	
  I’d	
  also	
  strongly	
  recommend	
  the	
  Chapter	
  on	
  the	
  Cell	
  Cycle	
  in	
  MBOC.



S + M
S M

+

Rao and Johnson fused S and M phase cells together and saw that the M phase nucleus 
drove the S phase nucleus into mitosis.  The photo below shows what the chromosomes from 
the fused cell looked like. 

A. What happened to the S-phase nucleus’ chromosomes (they are the upper ones)?  Why?

B. Propose a model for how an S-phase cell prevents mitosis from happening.

C. What would happen to a cell that has two rounds of S-phase with no intervening mitosis? 

D. What would happen to a cell with two mitosis with no intervening S-phase?  

E. What would happen to cells that don’t undergo cytokinesis, but still alternate S and M 
phases?

F. Extra credit - can you think of examples of normal cells that behave as in B, C and D?

Some	
  sample	
  ques<ons	
  that	
  you	
  can	
  think	
  about	
  and	
  be	
  able	
  to	
  answer.	
  	
  Definitely	
  discuss	
  them	
  with	
  your	
  friends.	
  	
  I	
  will	
  go	
  over	
  the	
  
answers	
  in	
  class	
  on	
  Thursday.



Early on researchers realized that MPF activity was associated with high levels of histone H1 
kinase activity, and this was exploited as an easy assay when researchers were studying 
MPF.  Histone H1 is the linker histone, which binds to the DNA between nucleosomes.

A. If histone H1 were a true substrate of MPF, what process do you think it might have 
regulated?  Propose what MPF phosphorylation might do to histone H1 and chromatin 
structure.

B. An eager graduate student, Marion, maps 12 sites of phosphorylation (which are all serine 
and threonine residues) on histone H1 and mutates them to alanine.  Why?  What phenotype 
do you think she expects to see when she expresses this mutant version of histone H1?

C. Despite all her hard work, she sees no phenotype in her cells.  Propose one reason why.

D. Do you think histone H1 could be the only target of MPF phosphorylation?  Explain.

histone H1

Some	
  sample	
  ques<ons	
  that	
  you	
  can	
  think	
  about	
  and	
  be	
  able	
  to	
  answer.	
  	
  Definitely	
  discuss	
  them	
  with	
  your	
  friends.	
  I	
  will	
  go	
  over	
  the	
  
answers	
  in	
  class	
  on	
  Thursday.





Biological Phenomenon

MECHANISM

?

How to figure out the mechanism of a biological process?

Before	
  we	
  get	
  into	
  the	
  details	
  of	
  what	
  MPF	
  is,	
  I	
  wanted	
  to	
  talk	
  briefly	
  about	
  how	
  researchers	
  go	
  from	
  biological	
  phenomenon	
  to	
  
mechanism,	
  which	
  is	
  the	
  goal	
  of	
  cell	
  biological	
  research.



Biological Phenomenon

In vitro assay (cell free)

Biochemical Approach:

The	
  biochemical	
  approach	
  begins	
  by	
  defining	
  an	
  in	
  vitro	
  assay,	
  which	
  is	
  usually	
  cell	
  free	
  and	
  performed	
  in	
  a	
  test	
  tube,	
  but	
  in	
  the	
  case	
  of	
  
MPF,	
  is	
  done	
  on	
  immature	
  oocytes	
  dissected	
  from	
  female	
  frogs.	
  	
  In	
  some	
  respects	
  the	
  immature	
  oocytes	
  are	
  ac<ng	
  like	
  liHle	
  tubes	
  for	
  this	
  
assay.	
  The	
  goal	
  of	
  any	
  in	
  vitro	
  assay	
  is	
  to	
  recapitulate	
  some	
  aspect	
  of	
  a	
  biological	
  process,	
  and	
  be	
  set	
  up	
  in	
  a	
  way	
  that	
  allows	
  for	
  it	
  to	
  be	
  
dissected.



Biological Phenomenon

In vitro assay (cell free)

fractionation & purification

Biochemical Approach:

An	
  assay	
  is	
  dissected	
  by	
  frac<ona<on	
  and	
  then	
  purifica<on.	
  	
  Does	
  the	
  assay	
  depend	
  on	
  one	
  protein	
  or	
  factor,	
  or	
  many?	
  	
  Can	
  that	
  protein	
  
be	
  purified	
  to	
  homogeneity	
  and	
  then	
  iden<fied?	
  	
  For	
  any	
  frac<ona<on/purifica<on	
  you	
  need	
  an	
  ac<vity	
  that	
  you	
  measure	
  in	
  an	
  assay.	
  	
  
For	
  example	
  for	
  MPF,	
  the	
  ac<vity	
  was	
  oocyte	
  matura<on	
  and	
  the	
  assay	
  was	
  injec<ng	
  cytoplasm	
  or	
  frac<onated	
  cytoplasm	
  into	
  immature	
  
oocytes.	
  	
  Early	
  on	
  people	
  recognized	
  that	
  MPF	
  was	
  associated	
  with	
  histone	
  H1	
  kinase	
  ac<vity,	
  so	
  people	
  thought	
  MPF	
  was	
  a	
  protein	
  
kinase,	
  so	
  they	
  ocen	
  also	
  measured	
  H1	
  kinase	
  ac<vity	
  (which	
  is	
  much	
  easier	
  than	
  measuring	
  oocyte	
  matura<on).



Biological Phenomenon

In vitro assay (cell free)

fractionation & purification

reconstitution

Biochemical Approach:

Once	
  your	
  factors	
  are	
  purified,	
  the	
  high	
  road	
  of	
  biochemistry	
  is	
  to	
  recons<tute	
  your	
  ac<vity	
  with	
  pure	
  components.	
  	
  This	
  confirms	
  that	
  all	
  
you	
  need	
  to	
  make	
  a	
  reac<on	
  go	
  is	
  the	
  components	
  you	
  add.	
  	
  The	
  classic	
  example	
  of	
  this	
  is	
  Arthur	
  Kornberg’s	
  recons<tu<on	
  of	
  DNA	
  
replica<on.	
  	
  Recons<tu<on	
  tells	
  you	
  a	
  lot	
  about	
  what	
  factors	
  are	
  sufficient	
  for	
  a	
  process,	
  but	
  doesn’t	
  necessarily	
  tell	
  you	
  that	
  par<cular	
  
proteins	
  are	
  necessary	
  for	
  the	
  process	
  in	
  vivo.



Biological Phenomenon

In vitro assay (cell free)

fractionation & purification

reconstitution

MECHANISM

Biochemical Approach:

The	
  end	
  goal	
  of	
  a	
  biochemical	
  approach	
  is	
  to	
  tell	
  you	
  something	
  about	
  the	
  molecular	
  mechanism	
  of	
  a	
  par<cular	
  process.	
  	
  In	
  the	
  example	
  
of	
  MPF,	
  people	
  wondered	
  what	
  sort	
  of	
  protein	
  or	
  proteins	
  triggered	
  oocyte	
  matura<on,	
  and	
  if	
  the	
  same	
  proteins	
  also	
  triggered	
  entry	
  into	
  
mitosis.	
  	
  Knowing	
  the	
  ac<vity	
  of	
  the	
  proteins	
  that	
  composed	
  MPF	
  would	
  open	
  up	
  the	
  field	
  of	
  cell	
  cycle	
  research	
  because	
  it	
  was	
  assumed	
  
knowing	
  what	
  MPF	
  was	
  would	
  lead	
  to	
  finding	
  all	
  the	
  downstream	
  targets	
  that	
  were	
  needed	
  for	
  each	
  cell	
  cycle	
  transi<on.



Biological Phenomenon

In vitro assay (cell free)

fractionation & purification

reconstitution

MECHANISM

Biochemical Approach:

cloning

Frac<ona<on	
  and	
  purifica<on	
  can	
  also	
  lead	
  to	
  the	
  cloning	
  of	
  the	
  gene	
  or	
  genes	
  that	
  encode	
  proteins	
  involved	
  in	
  a	
  par<cular	
  process.	
  	
  Its	
  
important	
  to	
  remember	
  that	
  some<mes	
  the	
  ac<vi<es	
  measured	
  are	
  not	
  always	
  proteins,	
  so	
  there	
  isn’t	
  always	
  a	
  gene	
  to	
  clone!	
  	
  With	
  
current	
  methods	
  (in	
  par<cular	
  mass	
  spectrometry)	
  cloning	
  of	
  genes	
  encoding	
  candidate	
  proteins	
  happens	
  quickly,	
  and	
  allows	
  
recons<tu<on	
  and	
  frac<ona<on	
  to	
  proceed	
  more	
  rapidly.



Biological Phenomenon studied with Biochemistry

1. Metabolic enzymes.  
How is glucose converted to glucose-6-phosphate?

2. DNA replication

You	
  may	
  be	
  more	
  used	
  to	
  Biochemistry	
  helping	
  to	
  discover	
  things	
  like	
  the	
  metabolic	
  enzymes.	
  	
  Things	
  like	
  hexokinase	
  which	
  converts	
  
glucose	
  to	
  glucose-­‐6-­‐phosphate.	
  	
  Researchers	
  likely	
  set	
  up	
  a	
  simple	
  assay	
  for	
  this	
  process	
  and	
  purified	
  the	
  enzyme	
  responsible.	
  	
  Purifying	
  
MPF	
  uses	
  biochemistry	
  to	
  understand	
  a	
  complicated	
  cell	
  biological	
  process	
  -­‐	
  oocycte	
  matura<on	
  which	
  probably	
  requires	
  100	
  of	
  proteins,	
  
but	
  the	
  matura<on	
  assay	
  allowed	
  researchers	
  to	
  look	
  for	
  key	
  regulators	
  of	
  the	
  process.	
  	
  The	
  hope	
  was	
  knowing	
  the	
  iden<ty	
  of	
  MPF	
  would	
  
then	
  lead	
  to	
  finding	
  the	
  proteins	
  downstream	
  that	
  induce	
  all	
  the	
  major	
  changes	
  during	
  matura<on.



“Implicit in the devotion to purifying 
enzymes is the faith of a dedicated 
biochemist of being able to 
reconstitute in a test tube anything a 
cell can do.”      Arthur Kornberg

Arthur	
  Kornberg	
  popularized	
  this	
  approach.	
  	
  He	
  was	
  the	
  first	
  person	
  to	
  try	
  and	
  recons<tute	
  a	
  very	
  complicated	
  cell	
  biological	
  process	
  -­‐	
  
DNA	
  replica<on.	
  	
  



?

What is MPF?

In vitro assay (“cell free”):

oocyte maturation

MPF	
  was	
  first	
  defined	
  as	
  an	
  ac<vity,	
  so	
  biochemical	
  methods	
  seemed	
  most	
  appropriate.	
  	
  Extracts	
  of	
  eggs	
  could	
  be	
  made,	
  frac<onated,	
  
and	
  the	
  frac<ons	
  tested	
  in	
  the	
  oocycte	
  matura<on	
  assay.	
  	
  On	
  paper	
  a	
  good	
  idea,	
  but	
  it	
  was	
  exceedingly	
  difficult	
  because	
  the	
  matura<on	
  
assay	
  is	
  so	
  <me	
  consuming.	
  	
  Other	
  methods	
  (to	
  be	
  discussed)	
  discovered	
  the	
  molecular	
  components	
  of	
  MPF.



What is MPF?

material to fractionate:

Meiosis II 
oocytes (high MPF)

buffer removed
and packed

crushed and lysed 
by gentle centrifugation

cytoplasm removed
with syringe

lipid

yolk

frog egg cytoplasm

The	
  material	
  used	
  to	
  frac<onate	
  was	
  extracts	
  of	
  mature	
  oocytes	
  that	
  are	
  arrested	
  in	
  metaphase	
  of	
  meiosis	
  II.	
  	
  People	
  knew	
  these	
  had	
  
high	
  MPF	
  ac<vity.	
  	
  The	
  oocytes	
  were	
  collected,	
  packed	
  in	
  a	
  tube	
  and	
  then	
  crushed	
  by	
  high	
  speed	
  centrifuga<on.	
  	
  The	
  contents	
  separate	
  
into	
  three	
  phases:	
  lipid,	
  cytoplasm	
  and	
  yolk.	
  	
  MPF	
  was	
  present	
  in	
  the	
  cytoplasm	
  which	
  is	
  a	
  good	
  thing	
  because	
  it	
  is	
  tricky	
  to	
  frac<onate	
  
lipids	
  and	
  yolk!



What is MPF?

fractionation:

cytoplasm removed
with syringe

fractionated extract
chromatography

The	
  cytoplasm	
  was	
  then	
  frac<onated	
  primarily	
  by	
  column	
  chromatography.	
  	
  I’m	
  showing	
  one	
  column	
  in	
  this	
  cartoon,	
  but	
  the	
  actual	
  
purifica<on	
  involved	
  many	
  columns.	
  	
  Chromatography	
  separates	
  the	
  components	
  of	
  the	
  cytoplasm	
  into	
  different	
  frac<ons	
  based	
  on	
  
intrinsic	
  proper<es	
  of	
  proteins	
  -­‐	
  charge,	
  size,	
  hydrophobicity.	
  



What is MPF?

reconstitution:

?

oocyte maturationfractionated extract

	
  Each	
  frac<on	
  was	
  then	
  tested	
  in	
  the	
  matura<on	
  assay.	
  	
  The	
  hope	
  was	
  to	
  eventually	
  have	
  a	
  frac<on	
  that	
  contained	
  only	
  MPF	
  that	
  could	
  
support	
  oocyte	
  matura<on.



Meiosis II 
oocytes (high MPF)

buffer removed
and packed

crushed and lysed 
by gentle centrifugation

cytoplasm removed
with syringe

lipid

yolk

fractionation by 
chromatography fractions

?

test fractions in 
maturation assay

What is MPF?

Here	
  is	
  the	
  whole	
  work	
  flow.	
  	
  



Meiosis II 
oocytes (high MPF)

buffer removed
and packed

crushed and lysed 
by gentle centrifugation

cytoplasm removed
with syringe

lipid

yolk

fractionation by 
chromatography fractions

?

test fractions in 
maturation assay

What is MPF?

The	
  frac<on	
  that	
  contained	
  MPF	
  was	
  then	
  frac<onated	
  further	
  on	
  addi<onal	
  
columns.



An example of the best MPF purification scheme:
(though it was published a year after the identity of MPF was already determined!)

Labbe et. al., Cell 1989

This	
  is	
  a	
  table	
  showing	
  the	
  best	
  purifica<on	
  of	
  MPF	
  that	
  was	
  performed.	
  	
  Acer	
  a	
  high	
  speed	
  spin	
  and	
  six	
  columns	
  MPF	
  was	
  purer,	
  but	
  not	
  
pure	
  enough	
  to	
  iden<fy	
  the	
  components	
  of	
  MPF.	
  	
  Note	
  that	
  H1	
  kinase	
  ac<vity	
  was	
  measured	
  in	
  parallel	
  with	
  oocyte	
  matura<on	
  ac<vity.	
  
At	
  the	
  <me	
  researchers	
  were	
  preHy	
  sure	
  they	
  were	
  the	
  same	
  thing,	
  but	
  not	
  yet	
  posi<ve.


