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THEMES

1. Continuation of How Do Genes Work - Parts One and Two
2. What is Hemophilia?
3. How Is Hemophilia Inherited?
4. What is the Pedigree Pattern of a Sex-Linked Gene?
5. How Find a Disease Gene When It is Not Known Where

the Gene is Expressed?
6. What Vectors Can Be Used For Cloning DNA?
7. What Are the Advantage of Using a Virus Vector For

Constructing Genome Libraries?
8. How Make a Library of the Human Genome?
9. How Find a Gene With Only a Knowledge of the Protein

Sequence?
10. What is Chromosome Walking & What Role Did it Play in

Cloning the Factor VIII Gene?
11. How Use DNA Testing to Detect Factor VIII Disease

Alleles?
12. How Isolate a Factor VIII cDNA Clone?
13. How Produce Factor VIII Protein For Use as a Drug?



How Do Genes Work (Lecture 3 Continued)

� Replication 2 Gene Activity to
Function &
Phenotype

Gene Activity

Protein

Function

Phenotype
(Trait)

A Gene is NOT Expressed Unless A Functional
Protein Produced!

Function ¢
Trait



DNA Replication Occurs Semi-Conservatively

1. DNA Structure Allows DNA Sequence to Be Maintained
by Complementary Base Pairing

2. Each Strand Serves as a Template for the Synthesis of
a Complementary Strand

3. New DNA Molecules are Precise Copies of Parental DNA
- Each Containing One Newly Synthesized Complementary
Strand

Meselson & Stahl, PNAS, 1957



PCR is A Cyclical Process of DNA Replication

Repeat Steps or Cycle

DNA Fragments All The Same Size
Primer-Sequence-Primer

Diagnostic For Amplified
DNA Sequence

2n Molecules
of DNA

where n =
Number of

Cycles

Requires
1. Template
2. Primers
3. Knowledge

of Specific
Sequence

4. Nucleotides
5. Heat-

Stable
DNA
Polymerase

6. Cycler



Using PCR in Crime Scenes

DNA Doesn’t “Lie” !!

Suspect Victims Crime
Scene

“Match”
What is

Probability
That This
Will Occur
by Chance?

OS = Suspect
CS = Crime Scene
RG & NB = Victims



How Do Genes Work - Mutations!

� Replication
Mistakes?

2 Gene Activity to
Function &
Phenotype

Gene Activity

Protein

Function

Phenotype
(Trait)

A Gene is NOT Expressed Unless A Functional
Protein Produced!

Function ¢
Trait



New Base Pair C mispairs with A

DNA Replication is Precise
But Mistakes or Mutations Can Occur!!

Gene A

Replication1

Replication2
Gene A’

Allelic Variant

Rare Base
Mismatch

Change DNA Sequence From A = T to G   C

∴ Change Protein Amino Acid Sequence ➩ Alter Function!

Big Tomato to Small Tomato

See
Mutation As
Change in
Phenotype



Mutation in Genes Are Rare
But Are Inherited (1 out of 107 replications)

One Gene Per
Gamete
    ♀+ ♂

Two Genes per
Somatic Cells

Mutation in the
Cystic Fibrosis Gene

How Follow Inheritance?
What Allows Disease To Be Followed?

DNA Marker or 
Fingerprint!



Spontaneous Mutations Give Rise To Alleles, or
Different Forms of the Same Gene, And result in
Small DNA Sequence Changes (e.g., SNPs or Single

Nucleotide Polymorphisms)

Alleles

Can Follow These
Traits With DNA
Markers As Well



Mutations Can Occur Different Ways

1. Base-Pair Change
2. Insert or Delete Base

(Indel)
3. Move Gene, or Part

of Gene, to New
Location (Switches
Change)!

Function of
Protein

Lost and/or
Changed

∴

Phenotype
Changes



Human Genetic Disorders Occur As a Result of Mutations

Dominant Recessive

Need One Allele Need Two Alleles



Nature, October 10, 2010

• Sequenced Genomes of ~900 individuals
• From Seven Different Global Populations
• Found 250-300 Loss-Of-Function Mutations (KOs) Per Person
• 10-8 bp Mutations per Generation (30 per Genome)



Pedigrees Can Be Used To Follow Disease Genes in Human Families

Followed
By

Bleeding
Phenotype

Recessive Sex Linked



Pedigrees Can Be Used To Determine If
a Trait is Dominant or Recessive

Each Type of Inheritance Predicts
Specific Results in Each Generation



Muscular Dystrophy
Huntington Disease

Sickle Cell Anemia
Cystic Fibrosis
Tay-Sachs Disease

Dominant

Recessive



Genetic Diseases Can Be Followed in Families Using
Molecular Methods (e.g., DNA Blots or PCR)

DNA Fingerprints



PCR Can Be Used To Analyze Genes During Pregnancy



PCR Can Be Used To Analyze Mutant Gene in A
Single Embryo Cell Before Pregnancy

What is The
Implication of
This Procedure

Considering That
The Human

Genome Has Been
Sequenced?

PGD
Pre-

Implantation
Genetic
Diagnosis

Sex Determination
in 8-cell Embryo!



“Mutations” Can Also Occur By
Large Chromosomal Changes

These changes affect many genes!
e.g. Down’s Syndrome (3 Chromosome #21s)



A Down’s Syndrome Karyotype

Three Chromosome
# 21s

Increases With Age
of Mother



How Does A Gene Lead To A Phenotype?

1 mRNA Synthesized
by Transcription

2 mRNA Translated
into Protein by
Translation of The
Genetic Code

• Complementary to
Transcribed, Non-Sense
Strand

• Same Sequence As Sense
Strand

Genetic Code on mRNA
Translated to Protein

Sequence

∴ Sequence of Gene
   Sequence of mRNA
   Sequence of Protein

Know Sequence
Know Protein

Engineer New Protein

2



The Genetic Code is Universal!

How Know?

Know Sequence of Gene-Know Sequence of Protein
Using Genetic Code

Big Implication For Genetic Engineering! Can Make Genes,
Genomes & Specify Proteins Wanted! Can Express Genes

From One Organism in Another!

Design An Experiment to Show Code is Universal!

For RNA, The Ts are replaced by Us.

1. Universal
2. Triplet
3. Punctuation
4. Degenerate



An Elaborate Cellular Machinery Requiring
Thousands Of Genes is Required To

Produce Proteins Encoded By Specific
Genes!!

It takes Genes
to Express

 (and Replicate)
A GENE!!!



How Do Genes Work & What are
Genes in Context of…

1. What is a Gene?
2. What is the Anatomy of a gene?
3. How Does the Gene Replicate?
4. How Does the Gene Direct

Synthesis of a Protein?
5. Does the Gene Work

Independently of other Genes?
6. What is the Sequence &

Structure of the Protein?
7. How does it work in cell?
8. Does the Protein Structure imply

any Potential “Harm”?
9. Does the Gene Change the

organism? Fitness?
Need Science-

Based Questions &
Science-Based
Solutions-NOT
OPINIONS!

There’s NO HOCUS POCUS
all hypothesis are testable!!

“Behind” All Traits!
Same Processes!

Thinking About The Consequences of GMOs



The Nuts & Bolts of Genetic
Engineering

The Factor VIII Story: From Gene
To Genetic Screening To Drug



A Case Study of Cloning Genes and mRNAs
Reference:  Lawn & Vehar, Sci. Amer., January, 1986 

 (Potentially Lethal Disease)



Human Genetic Disorders Occur As A Result
of Mutations: Change Code-Alter Protein

Sickle-Cell Anemia



Hemophilia Has Been Known As An
Inherited Disease For >2500 Years!

Old Testament-Circumcisions

Royal Family-Europe

a = activated form



Genesis 17:10-14

Abraham was circumcised at 93 and gave birth to Isaac at 99.
His wife - Sarah - was 90!

First Reference to Hemophilia is in the Old Testament



Clotting Factors Such As Factor VIII Play A Critical
Role in This Process

A Cascade Of Events After
Wounding Leads to A Fibrin Clot



How Does Blood Clot After Wounding?
Eight

Proteins/Genes
Required:

1. Factor VII
2. Factor XI
3. Factor IX
4. Factor VIII
5. Factor X
6. Protein C
7. Prothrombin
8. Fibrinogen

What Happens If Any Of
These Proteins Or Genes

Are Mutated?
Ü

No Blood Clot!
Anti-Thrombin Deficiency
(At-III) genetic disease

Anti-Thrombin??

Cascade

Post-translational
ModificationInactive Active

Hemophilia A

Hemophilia B

ATryn® 2009



Hemophiliacs Have Mutations In Either Factor
VIII or Factor IX Genes

Hemophilia A Defective Factor VIII Gene 1/10,000 males
Hemophilia B Defective Factor IX Gene 1/30,000 males

Hypothesis For High Frequency in Males? Both Genes On X-Chromosome ♀Ú♂’s



Hemophilia A and B Genes (Traits) Are Sex Linked

1. Males Obtain Detective Gene From Mothers

2. 50% of Sons Of A Maternal Carrier Have The Defective Gene

Note:

Original
Mutation



Factor VIII and Factor IX Genes are Closely
Linked on the X Chromosome

The X chromosome has ~1500 Genes (2008) and
150,000,000 bp (150 Mb)

Note: Factor VIII gene is
closely linked to
Colorblindness Gene.

Factor IX
Factor VIII

ADL Gene



Hemophilia A and B Inheritance

Parents    2n

Meiosis

Gametes    n

Fertilization

  Children  2n

Sex-Linked Inheritance
♀Carriers → 1/2 Sons + No Daughters!

Only One X-Chromosome is ♂

Meiosis &
Gamete

Formation

Fertilization



What Was Known About Factor VIII
Before Gene Cloned?

1. Blood Protein (But Perhaps Synthesized Elsewhere!)

2. Could be purified in small amounts from >20 Liters of
human blood +cow blood + pig blood

3. Short Stretch of Proteins Sequenced = Known Protein
Sequence!

4. Hemophilia A could be treated by blood transfusions from
normal individuals, ∴ clotting factor in blood.

∴ How to go From Protein to Gene



The Problem For Factor VIII- Not Known Where Gene is
Expressed ∴  Must Use Genome Library

How Find Gene & cDNA?
Protein → Gene → mRNA → Drug !

Key:
Protein

Sequence
Known

Early 1980’s

1.
2.

3.

4.
5.
6.

Key Concept

ä

How Clone A Gene When You Don’t Know
Where it is Expressed !



Knowledge of the Protein Sequence and the
Genetic Code Makes it Possible to Identify a Gene

2. Gene → Protein Using Sequencing
and Genetic Code

3.  Just Sequence Everything + Identify
Protein- GenBank Huge

∴ 1. Protein → Gene → Drug
or

Genomics GenBank

2011

12

Factor VIII Strategy (1985)



1.Make Genome Library
Because Factor VIII
Gene in Genome!

2.Purify Protein from
Blood- that’s where it
works (wasn’t known
where made)

3.Reverse Translate using
the genetic code a
portion of the protein
sequence

4.Synthesize a DNA probe
complementary to Factor
VIII gene corresponding
to protein sequence

5. Screen Genome Library
Entire Gene on The Clone?

1.Use Gene probe to
screen cDNA
library for Factor
VIII cDNA clone

2.How know what
mRNA to use to
make cDNA library?

3.Use gene probe to
probe RNA blots
containing mRNA
from all major
organs (liver,
kidney, blood, etc.)

4.Find Factor VIII
mRNA in liver-
male, liver- secrete
into blood

    Why Need cDNA?
Story continued

Steps Required to Clone Factor VIII
Gene and cDNA

Want cDNA to Manufacture Factor VIII as
a Drug to Treat Hemophilia A!

Genomic
Clone
Probe

Library

Gene cDNA



How to Construct a Human Genome
Library to Find the Factor VIII Gene?

If It is Not Known Where Gene is Active
Can “Look” to Genome Instead of mRNA to

Find + Clone Gene!

Step One



Vectors Used in Genetic Engineering Have
Similar Conceptual Properties

But are Used in Different Situations

     Plasmids vs. Bacteriophage Vectors
1. Replicate
2. Selectable
3. Can be used to insert foreign genes/restriction sites
4. Easily isolated + transferred back to cells



Plasmid vs. Bacteriophage Vectors
for Cloning DNA Fragments

Natural
Infection Process

“Artificial” Transformation
Process



One of First Genome Sequences

Structure of the λ Phage and Its Genome
Not Needed

49 kb

How Can the Genome “fit” into the Head? 



λ Phage Infects E.coli & Destroys (Lyses) cells



Lysed Cells Can Be Seen as Clear
Plaques on Agar Plates

2. Selectable Marker is
Bacterial Cell Destruction

& Plaque Formation

1. Each Plaque is a
Virus Clone

Representing One
Viral Infection!

Plaque

Plaque



Advantages of λ Virus as a
 Vector for Cloning DNA

1. Long DNA Segments can be Cloned (~20kb) Need fewer
clones for whole Genome!

2. Can clone DNA Segments in Viral Genome & Self-Assemble
with viral proteins into virus in a test tube!

 ∴ Make Recombinant Viruses in the Lab!

3. Use “Natural” Infection process to Generate Large
Number of Clones for a Eukaryotic Genome Library.

   Much higher efficiency for getting recombinant DNA →
bacterial cells compared with DNA transformation.

   ∴ set more clones per amount of recombinant DNA!



Using a Bacterial Virus To Clone the Human Genome

One Clone per Plaque

Mixture of Plaques =
Library With All Human
DNA Sequences
Represented



Cloning the Human Genome and Screening
for the Factor VIII Gene

     Why Partial Digestion? An Important Concept!
     What is Complete & Partial Digestion?

Need 200,00 Phage with 15 kb inserts
for Complete Human DNA Library
(3x109/1.5x104 = 2x105)

Note Overlapping
Fragments

Human DNA Why?

What’s the probability of having any sequence in this library?



An EcoRI Restriction Enzyme Site is Found Only
Once in the Human Genome:

a. Yes
b. No



What is the Purpose of Partial Digestion of Human DNA?

1. Complete Digestion Produces fragments that are too small to clone in λ
virus (need 20Kb)

2. Complete Digestion would create huge genome libraries with large #
clones to screen

3. Complete Digestion would break up genes of different DNA fragments-
particularly if human genes big- ∴ would have one gene on many
different clones- parts separated !

4. Complete Digestion provides no way to find neighbors of clones in
genome- what’s next to gene in chromosome!

Partial Digestion Produces A series of Large, Overlapping DNA Fragments/ Clones

 Can connect one clone with another!! Build up clones of each chromosome!!

Sau 3A= 4bp= 5’GATC3’     ∴ 1 site every 280bp if digest to completion = 1x107

DNA fragments
Eco RI= 6bp= 5’GAATTC3’ ∴ 1 site every 3100 bp if digest to completion (cleaves

every site) = 972,000 DNA fragments

20kb!EcoRI Principle of
Genome

Sequencing
Too!!



Constructing a Human Genome Library by  Partial Digestion
Creates a Set of Overlapping DNA Fragments/ Clones

∴ An overlapping set for each of the 24 chromosomes would allow
clones to be ordered from beginning to end by restriction
mapping because each chromosome contains one DNA molecule !

Notice: Each Fragment Overlaps!

Partial Sau3A
Random Set If
Overlapping DNAs ∴ Can Go From One to Next to Next!



How Find the Factor VIII
Gene in a Human
Genome Library?

Step Two



A Specific Gene Can Be Identified in a Genome Library
if the Amino Acid Sequence of its Protein is Known
Because of the :

a. Double Helical Structure of DNA
b. Antisense Strand DNA Sequence
c. Genetic Code
d. Mutant Gene Phenotype



Factor VIII Protein → Gene

How many Combinations of Synthetic Probes?

2x3x2x1x2x2x2=96

Using the Factor VIII Protein Sequence and Genetic Code as a
Guide to Synthesize a Factor VIII Probe

Sequence
Purified
Protein

1. Use
Genetic
Code

2. Make Several
Probes All Codon
Combinations!

3. One Will Be
Correct Probe



Using the Genetic Code to go From Protein
Sequence to Gene Sequence

1. Need Amino Acid Sequence of Part of the Protein

2. Need DNA Sequences Representing all Codon Combinations

3. Synthesize DNA Sequence Probes!

N C
5’ 3’

2  2  1 1 2
= 8 Codon Combinations

Mixed Probes
(Contains All 8

Sequence
Combinations)



Probes Can Identify Genes in a Genome Library
Because They Are: ?

a. Synthetic
b. Complementary to Specific DNA Sequences
c. Contain the Correct Amino Acid Sequence
d. Are Non-Radioactive



Finding The Factor VIII Gene Or Part of Gene!!

Human Genome
Library Clones

Master
Plate

Purify Factor
VIII Genomic
Clone

Sequence To See If it
Matches Probe/Protein

Probes



The Result-The Factor VIII Gene is Huge- 186,000 bp- The Probe
Identified a Clone Containing Only One Part of Gene !!!   Why?

How Find Clones with Rest of Gene? Key Question !

Remember - the library contains overlapping DNA clones ∴ can

               use one part of first clone to re-screen library &

               “walk” to other gene regions- using restriction maps &

               sequencing (compare with protein sequence) as guides!

Sequence ----------> GenBank

Clone Identified
with Probe

Overlapping Clones/DNAs

Doesn’t Contain Entire Gene!



Finding the Entire Factor VIII Gene?
Walking & Sequencing

Walking up and down Genes and Chromosomes

How know Find Complete Factor VIII Gene? Key
Concepts

Compare Protein & DNA Sequences

Basis of Genome Projects & Whole Genome Sequencing

Step Three



The Factor VIII Gene Was Found To Be
Very Large

• 186,000 Nucleotides in Length (Won’t
Fit in One Phage Clone)

• 25 Introns

• 9,000 Nucleotide Coding Sequence
(cDNA)

• 2,351 Amino Acids in Protein
Factor VIII Gene

X Chromosome



Factor VIII Gene Probes/ Sequence Can
Be Used to Characterize Mutant Genes

& Do DNA Testing for Carriers

Use DNA Gel Blots (or PCR) & Factor VIII
Probes to Investigate Presence of

Mutant Alleles in Families (carriers)

Mutations Arise
Independently in

Families

Human DNA From
Different Individuals

Genomic or cDNA
Clone Probe

Loss of a TaqI site
in Factor VIII Gene

M   N  N  N   N   N 

RFLP

Hemophilia Relatives

Complete

Mutations in Factor Gene

Point Mutation
Once Gene & cDNA Identified!



Factor VIII Mutations Occur Throughout the Gene

Need To Screen Across the Gene for Markers -- Family Specific

[Haemophilia  11, 481-491 (2005)]



Factor VIII Protein Structure & Positions Where
Mutations Disrupt Protein Function and Lead to Hemophilia



How is a Specific Gene Detected in Genome?
DNA can be Transferred “in situ” to paper

& annealed with radioactive probes

DNA Blots!

Probe Represents a
Cloned Fragment

from Genome with a
Unique Sequence!



Using PCR and RFLPs (Markers) to Detect the
Hemophilia A Disease Allele/ Gene

Only Can Do This With a Knowledge of DNA Sequence of Wild-type
(Normal) and Disease Genes (Can Vary family to Family)

1. Use PCR to amplify a
specific Factor VIII
gene region

2. Use restriction enzyme
(BcL I) to distinguish
between normal allele
(1 site) & disease allele
(no site)

   =   = Normal allele

   -   = Disease allele

The 21st

Century
Approach!

1. Sequence
the Entire
Gene &
Find

Mutation

2. Then
Synthesize
Probes to

Test Family
Members
Using PCR



Use Gene Probe to Test for Disease
Gene Prenatally

Ultrasound Picture



Using PGD to Detect Hemophilia A Disease Alleles

Mother is a

Carrier XHXh

1. Test for Male
Embryos

2. Test for Presence
of Hemophilia A
Disease Alleles!

XhY



Genetic Screening Issues
•Why Screen For Genes?

•When is a Test Accurate Enough?
•Mandatory or Voluntary Screening?

•Who Should Be Tested?
•Employer & Insurance Company Testing?

•Testing for Genetic Diseases With No Cures??
•How Ensure Privacy & Confidentiality?

•Obligations to Inform Others (Spouse/Sibling)
of Genetic Disorder Knowledge?

•Protection From Genotype Discrimination?

•Genetic Databases??



How Find Factor VIII mRNA to
Generate a cDNA for Protein

Production in Host Cells?

     Recall: Eukaryotic Genes Provide
Obstacles for Efficient Protein
Production in Genetically
Engineered Cells!  Reasons???

Step Four 



Making the Drug
Need cDNA  Not Gene

Factor VIII Gene Can Be Used to Find Out Where It is Active Using RNA Blots

Factor VIII
Gene Is Highly
Active in Liver!

RNA Blot Is Like a DNA
Blot Except That RNA is
on Gel & Blotted

Could Also Use PCR (RT-PCR)



Using Factor VIII Gene Probe to Identify Factor
VIII cDNA clone

 Factor VIII cDNA �

 Used to Make Drug !

Factor VIII
Liver mRNA 

Liver cDNA Library 

Screen Liver cDNA Library 



A cDNA is made by using:

a. Primers
b. mRNA
c. DNA Polymerase
d. All of above



The sequence of a cDNA clone is the same as:

a. The Sense Strand of the Corresponding Gene
b. The mRNA Template
c. The Antisense (Template Strand) of the

Corresponding Gene
d. The Sense and Antisense Strands of the

Corresponding Gene Minus Introns



Use Expression Vector to Allow cDNA to
Produce Protein in Host Cell

Factor VIII cDNA

Bacterial Gene Promoter/Switch



A Factor VIII Drug/“Cure”
Making Factor VIII in Mammalian Cells

Purify Factor VIII
Protein!

Factor VIII cDNA

Why Mammalian Cells?



Using Factor VIII to Treat Hemophilia

Formation of a Blood Clot

A Triumph of Genetic Engineering



Recombinant Factor VIII

Factor VIII gene cloned in 1983

Factor VIII (recombinant) approved as drug in 1993!
Ten years from gene → drug! (Off Patent in 2011)



A Patent on YOUR Factor VIII Gene!



An Individual Should Be Allowed to Patent the
Factor VIII DNA Sequence:

a. Yes
b. No



The Factor VIII Story -- A Summary
1. Purify Small Amounts of Factor VIII
2. Obtain Partial or Complete Amino Acid Sequence
3. Use the Genetic Code to Synthesize Degenerate DNA Probes
4. Isolate Factor VIII DNA Clones Complementary to Probe in Genome

Library
5. Determine if Factor VIII Clones Contain the Complete Gene By

Sequencing and Comparing With Protein Sequence
6. If Not, “Walk” to Obtain Overlapping DNA Clones That Collectively

Contain the Factor VIII Gene
7. Sequence Clones To Determine Where the Factor VIII Gene Starts

and Stops
8. Use Factor VIII Genome Probe to Find Out What Body Organ/Tissue

Expresses the Factor VIII Gene
9. Make a cDNA Library From the Target Organ/Tissue and Isolate a

Factor VIII cDNA Clone
10. Sequence the Factor VIII cDNA Clone and Compare With Factor

VIII Gene Sequence to Map its Anatomy (I.e., introns, exons,
swtiches) and Ensure That it Contains the Complete Protein Coding
Sequence

11. Use Factor VIII cDNA and/or Genome Fragments as a Probe to Find
RFLP Markers For Disease Alleles -- Or Sequence Disease Alleles to
Find Relevant RFLP Markers By Comparison With Wild-Type
Sequence

12. Insert Factor VIII cDNA Into an Expression Vector and Synthesize
Factor VIII Protein in Host Cells (e.g., Mammalian Cells)


