
Course Instructor
Bruce Hay
haybruce@caltech.edu

Teaching Assistants

Muhammad Abdullah Jauhar
mjauhar@caltech.edu

Emma J. Olinger
eolinger@caltech.edu

Cherise Wong
cherisewong@caltech.edu

Indeever Madireddy
imadired@caltech.edu

Weekly problem sets (lowest score
eliminated): 60%
Midterm: 20%
Final: 20%





Grades only

Cannot be used for Bi1 credit



1: an introduction and some odds and ends
   
   1. DNA as the genetic material

   2. The nature of the gene

   3. Genes have alleles

   4. Genes lie on chromosomes. 

   5. Mitosis and Meiosis: Information preservation vs shuffling

   6. Polar body diagnosis of disease

   7. Beginnings of....Telomeres, aging, cancer, and cloning



Nucleotide 

phosphate

pentose sugar

- nitrogenous base:

A T G C



Nucleotides



Phosphodiester Bonds

…nucleotides are the monomers in 
nucleic acids,

…linked by phosphodiester bonds 
between the sugar (number 3 carbon) 
of one nucleotide and the phosphate 
of the other.



DNA is a double stranded molecule and 
orients in an anti-parallel fashion,

…orientation is with respect to the phosphodiester bonds.



Hydrogen Bonds
…strands are held together by hydrogen bonds,

5’ 3’

3’ 5’

...weak bond, about 3% of covalent bond.

…because the complementary strands of DNA 
are held together by weak bonds the two 
strands can be separated using ATP and multi-

protein machines

…when separated, the strands can act as 
templates for replication.



Eukaryotic cells (big linear chromosomes) have multiple
replication origins



Prokaryotes cells (small circular chromosomes) have a
single replication origin



DNA synthesis occurs 5’-3’

DNA synthesis is initiated
using RNA primers, which
are ultimately degraded.



Replication

A- a-

B- b-

-A -a

-b-Brepresents gene A,
from one parent. represents same 

gene from the 
other parent, 
codes for the 
same protein, 
may have a 
slightly different 
DNA sequence.Homologous Chromosomes

ALLELES = different versions 
(sequence) of the same gene
haploid = one copy of the chromosome/cell
diploid = two copies of the chromosome/cell

A pair of
Sister chromatids

Each line here 
Is a double helix

Centromere



Eukaryotes typically have multiple, distinct linear
chromosomes



Central Dogma

DNA

RNA

Protein

transcription

replication

translation

Dogma: Information flows
from DNA to RNA to protein.
The genome is constant except
when mistakes are made.

Incomplete!!!!
Many new observations show
that information flows from
proteins to RNA and to DNA,
and from RNA to DNA

Genomes engage in active 
modification
In other words, your genome
is often subject to modification
from the environment. And
this can be adaptive. Metabolism, division,

Differentiation, reproduction



n = # of basic 
chromosome types 
= 2 (A/a type, B/b type)

Diploid cell = 2n
Haploid cell = 1n

Mitosis generates
clones of cells

INTERHPASE PROPHASE

S PHASE

DNA
REPLICATION

ANAPHASE

TELOPHASE

METAPHASE

Homologs do not pair
Sister chromatids align

IDENTICAL
DAUGHTER CELLS

Sister chromatids
disjoin

Cytokinesis

MITOTIC CYCLE (high fidelity creation of identical clones)



Chromosome segregation, the kinetochore and centromere



Sexual reproduction, meiosis, and the creation of genetic 
diversity



Sexual reproduction - The need for a reductive division
during meiosis

This is not good !!!

gametes

zygote

gametes

zygote

Reduction 2n     1n - meiosis

A normal diploid

One set of chromosomes (1n), haploid
Two sets of chromosomes (2n), diploid



A
a

B

b

Interphase I Prophase I

S phase
Chromosome

replication

Metaphase I
Homologs pair

Alignment is random

Meiotic cycle--the beginning

A
a

B

b

A
a

b

B

A A a a

b bB B

A Aa a

b bB B



n = # of basic 
chromosome types 
= 2 (A/a type, B/b type)

Diploid cell = 2n
Haploid cell = 1n

Mitosis generates
clones of cells

MITOTIC CYCLE

INTERHPASE PROPHASE

S PHASE

DNA
REPLICATION

ANAPHASE

TELOPHASE

METAPHASE

Homologs do not pair
Sister chromatids align

IDENTICAL
DAUGHTER CELLS

Sister chromatids
disjoin

Cytokinesis
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Meiosis without recombination. Independent assortment of homologs to different 
Poles creates gamete diversity

2n (n = # of diff chromosome pairs)

The two possible alignments
of nonhomologous
chromosomes at metaphase I

Anaphase I

Metaphase II

Anaphase II



MEIOTIC RECOMBINATION: SHUFFLING OF
DNA BETWEEN HOMOLOGOUS CHROMOSOMES
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First meiotic division

Se cond  meiotic division

Segregation o f A-a at the first
meiotic division

1. Segregation of A-a at the second
meiotic division
2. New gamete  combinatio ns of
the A and  B genes

Meiotic recombination
allows for shuffling of
alleles of genes that reside
on different versions of the
same homologous
chromosome



Sex utilizes two powerful mechanisms to create 
genetic diversity in progeny

Independent segregation of homologous chromosomes during meiosis 1. 
Possible gamete types = 2n, where n = # of chromosome types

Recombination between homologous chromosomes results in
shuffling of alleles of genes on the same chromosome

from one homolog to the other

It is extraordinarily unlikely that two offspring of a pair of parents, 
resulting from independent fertilizations, will be genetically

identical.....

(....but you could still be a clone)



Sexual reproduction, meiosis, and the creation of
genetic diversity



But note.....new developments now allow creation of sperm-
sperm progeny and egg-only progeny

(in mice)





Patrick Steptoe, a surgeon; Robert Edwards, a physiologist; and 
Jean Purdy, a nurse and embryologist



~ 17 million worldwide











MEIOTIC RECOMBINATION
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First meiotic division

Second meiotic division

Segregation of A-a at the first
meiotic division

1. Segregation of A-a at the second
meiotic division
2. New gamete combinations of
the A and B genes

meiotic recombination allows
for shuffling of alleles of genes
that reside on the same
chromosome



A=N
a=CF





The inconstant genome: Telomeres



DNA synthesis occurs 5’-3’

DNA synthesis is initiated
using RNA primers, which
are ultimately degraded.











Telomeres at the ends of chromosomes that have undergone 
DNA replication (two dots per chromosome end)

Telomeres shrink with age



The 3’ overhang at the end of a chromosome telomere is protected by a
cap composed of multiple proteins. This keeps it from being

degraded and/or recognized as a DNA break







Chromosomes that lack telomeres appear to the cell as 
DNA damage. The cell attempts repair by ligating any

nearby ends together as a “quick fix” 
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ALL cancers reactivate 
telomerase or an alternative 
pathway that serves the same 
function









telomerase is necessary but not sufficient
for cancer



Being able to divide only a finite number of times provides a hard stop
on lifespan, but also works to prevent cancer



In normal reproduction

- Sperm and oocytes retain telomere length
due to the activity of telomerase

- The offspring will have the same length telomeres
as the parents



Although the clone of sheep A (Dolly) could have been created using only sheep A, sheep B and C were used in the
cloning process in order to ensure that Dolly was truly a clone and the not the result of unexpected mating.

Nucleus removed
From egg cell

Cell with DNA fused
Into enucleated egg cell

Implantation into
The surrogate mother

Birth of clone of 
Sheep A (Dolly)



In cloned animals

- Oocytes are enucleated

- Donor cells are somatic cells. No telomerase
activity is present.

- Shorter telomere length in these somatic cells
compared to sperm/oocyte



somatic cells (udder cell from Dolly’s clone mother/father)
(no telomerase)

crisis

immortal cells (telomerase on)

What is Dolly’s age?
Germ cells (telomerase high)

Telom
ere length

senescence
Cell divisions

Dolly

Nature 399:316-317

Telomere length of cells in Dolly?

- Comparable to that of a six year older control (sheep live to be
about 12 normally)










