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These Molymod® phospholipid models enable your students to explore the amphipathic 
structure of phospholipids, the most abundant lipids in membranes. The set contains all of 
the atoms and bonds needed to construct five phospholipids and compare and contrast 
the chemical make-up of their hydrophilic heads and hydrophobic tails. The phospholipid 
models can be used separately or with the Phospholipid & Membrane Transport Kit©.

Also see Water Kit© (page 3) and Phospholipid & Membrane Transport Kit© (above).

Phosphatidylserine

Let your students discover the spontaneous formation of membranes 
for themselves, using this kit featuring the amphipathic structure of 
phospholipids, with their hydrophilic heads and hydrophobic tails. Your 
students will explore the chemical structure of a phospholipid and then 
construct a phospholipid monolayer, micelle and bilayer, leading to an 
understanding of the plasma membrane structure. Additional components 
of this kit allow students to construct lipid bilayers and consider the role of 
transport proteins in moving ions and small molecules across membranes.  
Lessons and activities are available online at 
3dmoleculardesigns.com
1-Group Set $50 (PMTK-01)  
3-Group Set $138 (PMTK-03) Also see Water Kit© (page 3).

Phosphorylated Na+/K+ PumpPhospholipid Structure

Phospholipid Modeling Set $275 (PLMS-01)    •     Phosphatidylcholine $65 (PLMS-A)   
Phosphatidylserine $63 (PLMS-B)                       •     Phosphatidylinositol $68 (PLMS-C) 
Phosphatidylethanolamine $61 (PLMS-D)        •     Sphingomyelin $67 (PLMS-E) 

Phosphatidylinositol Phosphatidylcholine Sphingomyelin Phosphatidylethanolamine

!     WARNING: CHOKING HAZARD

CAUTION: Science Education Product
Please see bottom of page 17 for details.

!

!

     WARNING: CHOKING HAZARD

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

Indicates 
Double Bond Not eligible for discounts

Phospholipid & Membrane Transport Kit©

Phospholipid Modeling Set
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Your students will discover the cubic nature of salt crystals, efficient lattice 
packing, high melting temperature, brittleness, cleavage planes and more with 
these models. Each ion model has 6 embedded magnets to simulate ionic 
bonding. The 4x4x4 lattice contains 64 ions - 32 sodium and 32 chloride. The 
3x3x3 lattice contains 27 ions - 13 of 1 type of ion and 14 of the other. 
(Water molecules are not included.) 

While playing with these appealing magnetic water molecules your students 
will understand concepts that are often difficult to learn. They will explore 
hydrogen bonding, make ice, dissolve salt, evaporate water, explore transpiration, 
create ethanol and much more. Each Water Kit© cup includes pieces for 12 water 
molecules, 1 sodium, 1 chloride, 1 ethane and 1 hydroxyl group. All atoms are 
correctly magnetized to reflect their positive or negative charges. 
Lessons and activities are available online at 
3dmoleculardesigns.com
10-Cup Set $580 (WK-10)    •   8-Cup Set $472 (WK-08)
6-Cup Set $360 (WK-06)      •   1-Cup $62 (WK-01)

4x4x4 Lattice $316 (NACL-04) 
3x3x3 Lattice $150 (NACL-03) 3x3x3 Lattice

Use the Water Kit and NaCl together!

4x4x4 Lattice

Also see Phospholipid & Membrane Transport Kit© (page 2).

!

!

     WARNING: CHOKING HAZARD

     WARNING: SMALL MAGNETS

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

!

!

!

     WARNING: CHOKING HAZARD

     WARNING: SMALL MAGNETS

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

!

Water Kit©

NaCl Lattice©
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Take your students beyond the simple lock-and-key concept of enzyme action with this 
dynamic, multifunctional kit. Color-coded foam pieces represent enzymes, a variety of 
substrates and inhibitors. Your students will use this kit to discover the specificity of 
substrate binding, how enzymes catalyze either catabolic or anabolic reactions and the 
effect of various inhibitors on enzyme action.

Each Enzymes In Action Kit© 1-group set contains 10 foam pieces (2 gray, 2 green, 
2 orange, 1 red, 1 tan, 1 purple and 1 blue) and 1 sheet of stickers. 

Teacher notes and student handouts are available online at 
3dmoleculardesigns.com 
12-Group Set $144  (EAK-12)   •   6-Group Set $78 (EAK-06)   •   3-Group Set $42  (EAK-03) !

!

     WARNING: CHOKING HAZARD

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

Enzymes In Action Kit©

Also see Substrate Specificity Kit© (below).

Substrate Specificity Kit©

Help your students achieve that “aha moment” with this simple but elegant kit that 
demonstrates the highly-specific interaction between a substrate and an 
enzyme. With the Substrate Specificity Kit© students:

	 Use color-coded functional groups to construct a substrate and 	
examine its chemical properties.

	 Use a mini toober to engineer an enzyme active site specific to 	
the substrate constructed.

	 Explore different types of specificity including stereochemical 		
specificity and absolute specificity.

	 Discover how subtle changes in enzyme structure can potentially 
have a significant impact on substrate binding in the active site.

Lessons and activities are available online at 
3dmoleculardesigns.com 

Also see Enzymes in Action Kit© (above).Substrate Specificity Kit $58 (SSK-01)

!

!

     WARNING: CHOKING HAZARD

     WARNING: SMALL MAGNETS

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

!

Amino Acid Building Block Models

!     WARNING: CHOKING HAZARD

CAUTION: Science Education Product
Please see bottom of page 17 for details.

These Amino Acid Building Block Models from Molymod® enable your students 
to explore the basic structure of amino acids — the building blocks of proteins. 
The kit contains all of the atoms and bonds needed to construct 2 models of 
a generic amino acid. Side chains are represented by the green spheres. The 2 
amino acids can be joined by a peptide bond to make a dipeptide — splitting 
out a water molecule. Activities for using the models are available online.

Amino Acid Building Block Models $16.50 (AABB)  Not eligible for discounts
Also see Amino Acid Starter Kit© (page 5).
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The Amino Acid Starter Kit Poster© allows students to connect the chemical 
structure of each amino acid side chain as it is commonly represented in textbooks. 
The poster features the same dual color scheme as the Amino Acid Starter Kit©. 
Each atom of the side chain is color-coded according to atom type and each base is 
color-coded to reflect the overall chemical property of the side chain.

Also see Amino Acid Starter Kit© (above) and Genetic Codon Posters© (page 8).

Amino Acid Starter Kit Poster©

Your students will explore the primary, secondary and tertiary structure of proteins 
with this captivating kit. They will learn the chemical properties and atomic 
structure of the 20 amino acid side chains through the kit’s dual coloring scheme. 
Understanding protein structure begins with this unique combination of atomic 
and chemical properties. With the kit’s engaging, hands-on activities your students 

will gain a basic knowledge of protein folding before discovering the importance of 
secondary structure and active sites.  

Each 1-group set includes 1 chemical properties circle, 1 amino acid side chain chart, 
22 amino acids and clips, 1 1-meter mini toober and 6 hydrogen bond connectors. 

Teacher notes, student handouts and interactive Jmol visualization tools are available 
online at 3dmoleculardesigns.com
Project Lead the Way© selected the Amino Acid Starter Kit© for its BioMedical Sciences™ Program.
 

To increase your students’ understanding of 
proteins, see the ß-Globin Folding Kit© and 
Map of the Human ß-Globin Gene© (page 7), 
Insulin mRNA to Protein Kit© (page 6), David 
Goodsell Cellular Landscapes (page 18-19), 
Amino Acid Starter Kit Poster© (below) and 
Genetic Codon Posters© (page 8).

Amino Acid Starter Kit Poster© (24” x 29”) $32 (AASKP) 

Tertiary Structure

Secondary Structure

Active Site

Atom Color Key

Carbon

Nitrogen

Oxygen

Sulfur

Amino Acid Property Key
Amino acid clip color and name color indicate property

 Clips attach to mini toobers in 3D Molecular Designs’ kits
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3dmoleculardesigns.com
...where molecules become real TM

6-Group Set $438 (AASK-06)    •   5-Group Set $375 (AASK-05) 
3-Group Set $231 (AASK-03)    •   1-Group Set $79 (AASK-01)

“I can never again teach protein structure without toobers–they make it 
much easier for students to SEE protein folding!”

!     WARNING: CHOKING HAZARD

CAUTION: Science Education Product
Please see bottom of page 17 for details.

Amino Acid Starter Kit©
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By using the insulin protein as a starting point, teachers can weave together 
a broad range of biology topics including the flow of genetic information, 
biochemistry and protein structure, cellular organelles, anatomy, physiology 
and cell biology of glucose homeostasis, energy metabolism, the endocrine and 
digestive systems, recombinant DNA technologies and new approaches to monitor 
blood glucose levels and control diabetes. 

6-Group Set  $336 (INSFK-06) 
3-Group Set  $189 (INSFK-03)  
1-Group Set    $72 (INSFK-01)  

Insulin Poster $29 (INSP) Also see Insulin mRNA to Protein Kit© (above).

It’s best if your students first use the Amino Acid 
Starter Kit© (page 5) before using the Insulin mRNA 
to Protein Kit©. Also see Insulin Model and Insulin 
Poster© (below), ß-Globin Folding Kit© (page 7) and 
Genetic Codon Posters© (page 8).

The Insulin mRNA to Protein Kit© helps your students understand that the specific 
sequence of amino acids in a protein is encoded by the specific sequence of nucleotides 
in the corresponding gene. After using the bioinformatics map to search for the 
nucleotide sequence that encodes the amino acid sequence of insulin, your students will 
fold a physical model of the 3-D structure of the insulin protein, using mini toobers (1 for 
the A-chain and 1 for the B-chain) and a folding map.   

Each 1-group set includes student mRNA map, student folding map, 2 mini toobers, 
side chains, plastic clips, support posts, endcaps and an assortment of parts to mark and 
connect the chains. 

Teacher notes, student handouts and interactive Jmol visualization tools are 
available online at 3dmoleculardesigns.com 

The hormone insulin is an important regulatory protein that helps control blood sugar levels by 
signaling cells to take up glucose circulating in the blood. Our alpha carbon backbone model 
of insulin – now printed in more durable plastic – features a 51-amino acid peptide with a 
longer B chain (orange) composed of an alpha helix and a beta strand, and a shorter A chain 
(purple) consisting of two alpha helices. The two chains are linked together by three disulfide 
bonds formed between the three pairs of cysteine side chains displayed in the model. Bring the 
basic principles of primary, secondary, tertiary and quaternary levels of protein structure to life 
in your classroom by exploring the structure of the insulin model.
5” Plastic Model $65 (INSPM) 
This model can be used as an accurate smaller scale template when using the Insulin mRNA 
to Protein Kit© (above). It can break if abused.

!     WARNING: CHOKING HAZARD       CAUTION: Science Education Product      
Please see bottom of page 17 for details.

Insulin mRNA to Protein Kit©

Insulin Poster©

Insulin Model

Preproinsulin    > 
Proinsulin    > Insulin    

Active insulin is a 51 amino acid peptide hormone, 
made up of a B-chain (20 amino acids) and an A-chain 

(31 amino acids).  It is initially synthesized as one long, 
continuous protein composed of a pre- or signal sequence (24 

amino acids), the B-chain (31 amino acids), the C-peptide (35 amino 
acids) and the A-chain (20 amino acids).  Following its synthesis by a 

ribosome, preproinsulin in cut up by a series of proteases to generate the 
�nal, active form of the hormone.  A protease �rst clips the pre-signal from the 

N-terminal end of the protein.  The remaining protein folds up into a compact structure that 
is stabilized by the formation of covalent disul�de bonds.  Subsequent clipping in two places 

by proteases found in the Golgi releases the C-peptide from the functional insulin protein.  
When released into the bloodstream, insulin binds to speci�c insulin receptor proteins 

found in the membranes of muscle cells and fat cells and stimulates the uptake of 
glucose by these cells (see Cell Biology). 

INSULIN
A Unifying Theme 

in the Life Sciences

RECOMBINANT
INSULIN

• Glucose as Fuel • The Digestive System 
• The Endocrine System

NUTRITION

MOLECULAR 
BIOLOGY  

• Gene Structure • Transcription 
• Protein Synthesis

CELL BIOLOGY
  • Glucose Transporters • Membrane Tra�cking

  • Recombinant Insulin • Glucose 
Monitoring Devices • Insulin Pumps

DIABETES 
and BIOTECHNOLOGY 

BIOCHEMISTRY
• Protein Structure • Membrane Receptor 

Proteins • Signal Transduction

A Balancing Act  
Glucose is the major fuel molecule that powers your cells.  It 
normally circulates in your bloodstream at a concentration of 
90-110 mg/dL.  Following a big meal, your blood glucose level 
can rise to 140 mg/dL or higher.  This increase in glucose 
concentration triggers the release of the peptide hormone 
insulin from the pancreas into the bloodstream.  Circulating 

insulin regulates the concentration of glucose in the blood 
stream by (i) stimulating the liver to convert some of the glucose 

into glycogen, a storage form of glucose, and (ii) stimulating 
other cells, like muscle, to take up glucose from the bloodstream.  

In both cases, the concentration of circulating glucose is decreased 
toward the normal level.

Split Ge . . . nes  
The human insulin gene is located on chromosome 
11. Like other eukaryotic genes, it is split up into 
exons (3) and introns (2).  When RNA polymerase 
transcribes the insulin gene, it initially makes a 1,858 
nucleotide long precursor mRNA.  As this precursor 
mRNA is transported out of the nucleus, the two 
introns are spliced out to generate the 353 nucleo-
tide long mature mRNA.  As this insulin mRNA is 
bound by a ribosome and translated into protein, 
the pre-signal – the �rst 24 amino acids of the 
protein – directs the ribosome to the endoplasmic 
reticulum.  Preproinsulin is then extruded into the 
lumen of the endoplasmic reticulum as it is being 
synthesized.  It is then processed into the �nal, 
active form of the hormone by a series of proteo-
lytic cleavages.  For a stunning illustration of this 
�ow of genetic information see David Goodsell’s 
Machinery of Life (Springer, 2009; page 73).

A-Chain

B-Chain

Controlling Diabetes
People with Type I diabetes do not produce functional 
insulin and therefore must control their blood 
glucose levels through glucose monitoring and 
insulin injections.  Biomolecular engineering 
continues to develop new technologies useful in 
monitoring and managing glucose homeostasis.  
Current in-home tests consist of a main digital 
meter unit and disposable test strips that are 
inserted into the meter.  These strips consist of 
multiple layers, electrodes, and chemicals such as 
glucose oxidase and potassium ferricyanide.  When 
a drop of blood is placed on the strip, (i) the 

glucose in it reacts with the glucose oxidase to 
produce gluconic acid, (ii) which then reacts with the 

ferricyanide to form ferrocyanide, (iii) which is in turn 
oxidized by the electrodes, (iv) to generate an electric 

current that is directly proportional to the amount of 
glucose in the bloodstream.  This current is then read and 

displayed by the meter.  Combined with insulin pumps that 
release controlled amounts of insulin into the blood, this 

technology enables diabetics to maintain more control over their 
blood glucose levels.

Insulin receptors — and GLUTs
Insulin stimulates the uptake of glucose from the blood stream by muscle and 
fat cells in a surprisingly indirect way — by increasing the number of glucose 
transporter proteins (GLUTs) present in the membranes of these cells.  When insulin 
binds to its speci�c receptor protein in the membrane of a cell, it triggers the 
phosphorylation of a series of proteins — that in turn phosphorylate other proteins.  
The net result of this “signal transduction cascade” is the movement of storage vesicles, 
whose membranes are saturated with GLUTs, to the cell surface where they fuse with 
the cell membrane.  The resulting increase in the number of GLUTs in the cell’s mem-
brane then allows glucose to enter the cell.  As glucose levels in the blood fall, insulin 
levels fall, and GLUTs are removed from the cell membrane by endocytosis and returned to 
their intracellular storage compartment.   To see an animation of this process, visit 
http://cbm.msoe.edu/teachRes/animations.html.

 

New Approaches for Treating Diabetes
From 1922 to the 1980’s, the insulin used by diabetic patients was puri�ed from 
cows or pigs.  While these were not identical to the human form of the hormone, 
they e�ectively regulated glucose levels in human patients.  With the advent of 
recombinant DNA technologies, it became possible to synthesize human insulin in 
bacteria.  In 1978, Genentech and City of Hope National Medical Center scientists 
produced human insulin using recombinant DNA technology.  This was done by 
chemically synthesizing genes for the two chains of insulin and inserting them into 
E-coli.  The process was licensed to Eli-Lilly to develop and re�ne.  By 1980, clinical studies 
for the new drug had begun, and as of 1982, Eli-Lilly’s Humulin became the �rst genetical-
ly engineered drug approved by the FDA.  For a detailed history of recombinant insulin 
see Stephen Hall’s Invisible Frontiers: the Race to Synthesize a Human Gene (Oxford, 1987). Copyright 3D Molecular Designs - All Rights Reserved - 2009, 2014, 2018       Version 1.3
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Proteins become real in your students’ hands as they fold 3 mini toober β-globin 
fragments and discover the primary, secondary and tertiary structure in this model. 
Maps guide your students in folding the mini toobers into β-globin’s 3-D shape. Use 
the folded mini toober model of β-globin to discuss protein structure, the important 
role of hemoglobin in oxygen transport and the lasting effects of a single amino acid 
mutation on a protein. The kit includes mini toobers, folding map guides, amino acid 
side chains, heme group, iron atom, oxygen atoms and an assortment of parts to 
mark and connect the fragments. The folding kit can be used successfully by 6 to 9 
students working in 3 teams. 
Lessons and activities are available online at 
3dmoleculardesigns.com

It’s best if your students first use the Amino Acid Starter Kit© (page 5) before using the 
β-Globin Folding Kit©. Also see Map of the Human β-Globin Gene© (below). 
  

Don’t just tell your students about triplet codons, reading frames 
or introns and exons. Let them discover these eukaryotic gene 
features as they explore the Map of the Human β-Globin Gene©. 
Starting with the protein sequence, students work backward 
to discover the β-globin gene. Student maps can be used by 
individuals or small groups and are available in sets of 1, 3 or 12. 
One teacher’s map comes with every combo. The teacher’s map 
features highlighted reading frames and mutation sites. 
All maps are laminated. 
Teacher notes, instructions and student handouts are 
available online at 3dmoleculardesigns.com

1 Student and 1 Teacher Map Combo $60 (BGGM-01S-01T)
3 Student and 1 Teacher Map Combo $95 (BGGM-03S-01T)
12 Student and 1 Teacher Map Combo $248 (BGGM-12S-01T)

Folding Kit $212 (BGFK)

Reduced level of β-Globin protein is made due to inefficient donor splice site (β+ thalassemia).

Reduced level of β-Globin protein is made due to inefficient donor splice site (β+ thalassemia).

Reduced level of β-Globin protein is made due to inefficient donor splice site (β+ thalassemia).

Reduced level of β-Globin protein is made due to inefficient donor splice site (β+ thalassemia).

Reduced level of β-Globin protein is made due to inefficient donor splice site (β+ thalassemia).
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 H  L  L  L  T  Q  L  C  S  L  A  T  S  N  R  H  H  G  A  P  D  S  *  G  E  V  C  R  Y  C  P  V  G  Q  G  E  R  G  *  S  W  W  *  G  P  G  Q  V  G  I  K  V  T  R  Q  V  *  G  D  Q  *  K  L  G  M  W  R  Q  R  R  L  L  G  F  *  *  A  L  T  L  S  A  Y  W  S  I  F  P  P  L  G  C  W  W  S  T  L  G  P  R  G  S  L  S  P  L  G  I  C  P  L  L  M  L  L  W  A  T  L  R  *  R  L  M  A  R  K  C  S  V  P  L  V  M  A  W  L  T  W  T  T  S  R  A  P  L  P  H  *  V  S  C  T  V  T  S  C  T  W  I  L  R  T  S  G  *  V  Y  G  T  L  D  V  F  F  P  L  L  F  Y  G  *  V  H  V  I  G  R  G  E  V  T  G  Y  S  L  E  W  E  T  D  E  *  L  H  Q  C  G  S  L  R  I  V  L  V  S  F  I  C  C  S  *  Q  L  F  S  F  V  *  F  L  L  S  F  F  F  F  S  A  I  F  T  I  I  L  N  A  L  T  L  C  I  T  K  G  N  I  S  E  I  H  *  V  T  *  K  K  T  L  H  S  L  P  S  T  L  L  F  G  I  Y  V  C  L  F  A  Y  S  *  S  P  Y  F  I  F  F  Y  F  *  L  I  H  N  H  Y  T  Y  L  W  V  K  V  *  C  F  N  M  C  T  H  I  D  Q  I  R  V  I  L  H  L  *  F  *  K  M  L  S  S  F  N  I  L  F  C  L  S  Y  F  *  Y  F  P  *  S  L  S  F  R  A  I  M  I  Q  C  I  M  P  L  C  T  I  L  K  N  N  S  D  N  F  W  V  K  A  I  A  I  F  L  H  I  N  I  S  A  Y  K  L  *  L  M  *  E  V  S  Y  C  *  *  Q  L  Q  S  S  Y  H  S  A  F  I  L  W  L  G  *  G  W  I  I  L  S  P  S  *  A  L  L  L  I  M  F  I  P  L  I  F  L  P  Q  L  L  G  N  V  L  V  C  V  L  A  H  H  F  G  K  E  F  T  P  P  V  Q  A  A  Y  Q  K  V  V  A  G  V  A  N  A  L  A  H  K  Y  H  *  A  R  F  L  A  V  Q  F  L  L  K  V  P  L  
T  F  A  S  D  T  T  V  F  T  S  N  L  K  Q  T  P  W  C  T  *  L  L  R  R  S  L  P  L  L  P  C  G  A  R  *  T  W  M  K  L  V  V  R  P  W  A  G  W  Y  Q  G  Y  K  T  G  L  R  R  P  I  E  T  G  H  V  E  T  E  K  T  L  G  F  L  I  G  T  D  S  L  C  L  L  V  Y  F  P  T  L  R  L  L  V  V  Y  P  W  T  Q  R  F  F  E  S  F  G  D  L  S  T  P  D  A  V  M  G  N  P  K  V  K  A  H  G  K  K  V  L  G  A  F  S  D  G  L  A  H  L  D  N  L  K  G  T  F  A  T  L  S  E  L  H  C  D  K  L  H  V  D  P  E  N  F  R  V  S  L  W  D  P  *  C  F  L  S  P  S  F  L  W  L  S  S  C  H  R  K  G  R  S  N  R  V  Q  F  R  M  G  N  R  R  M  I  A  S  V  W  K  S  Q  D  R  F  S  F  F  Y  L  L  F  I  T  I  V  F  F  C  L  I  L  A  F  F  F  F  L  L  R  N  F  Y  Y  Y  T  *  C  L  N  I  V  Y  N  K  R  K  Y  L  *  D  T  L  S  N  L  K  K  N  F  T  Q  S  A  *  Y  I  T  I  W  N  I  C  V  L  I  C  I  F  I  I  S  L  L  Y  F  L  L  F  L  I  D  T  *  S  L  Y  I  F  M  G  *  S  V  M  F  *  Y  V  Y  T  Y  *  P  N  Q  G  N  F  A  F  V  I  L  K  N  A  F  F  F  *  Y  T  F  L  F  I  L  F  L  I  L  S  L  I  S  F  F  Q  G  N  N  D  T  M  Y  H  A  S  L  H  H  S  K  E  *  Q  *  *  F  L  G  *  G  N  S  N  I  S  A  Y  K  Y  F  C  I  *  I  V  T  D  V  R  G  F  I  L  L  I  A  A  T  I  Q  L  P  F  C  F  Y  F  M  V  G  I  R  L  D  Y  S  E  S  K  L  G  P  F  A  N  H  V  H  T  S  Y  L  P  P  T  A  P  G  Q  R  A  G  L  C  A  G  P  S  L  W  Q  R  I  H  P  T  S  A  G  C  L  S  E  S  G  G  W  C  G  *  C  P  G  P  Q  V  S  L  S  S  L  S  C  C  P  I  S  I  K  G  S  F  V  

(  )

  AGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTT

(  )

No β-Globin protein is made due to non-functional donor splice site (β0 thalassemia).
The GU preceding this mutation becomes a new donor splice site that is used 40% of the time (β+ thalassemia).

S  Q  C  Q  K  S  Q  G  Q  V  R  L  S  S  L  R  P  H  P  V  E  P  H  P  R  V  G  Q  S  T  P  R  S  R  E  G  R  S  Q  G  W  A  *  K  S  G  Q  S  H  L  L  L    

YYYYYYYYYNCAG

G

D

Hemoglobin Hiroshima

Replacing histidine (H) with aspartic acid (D)
eliminates a salt bridge to the alpha chain

and eliminates the Bohr effect.

C

P

Hemoglobin Shanghai

Proline disrupts the alpha helix and
results in unstable hemoglobin.

A

D

Hemoglobin Shepherds Bush

Negative charge introduced into BPG binding site.
Reduced BPG binding results in increased O2 affinity.

      ---+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+
62150 62200 62250 62300 62350 62400 62450 62500 62550 62600 62650 62700 62750 62800 62850 62900 62950 63000 63050 63100 63150 63200 63250 63300 63350 63400 63450 63500 63550 63600 63650

a
b
c

3 Forward
  reading
frames

β-Globin mRNA
begins here.

1        2       3        4       5        6       7        8        9      10 20 30

T

V

Sickle Cell Anemia

62265

A

62279

A A

62283 62388

EXON  I

INTRON        EXON
G

Acceptor Splice Site

40 50 60 70 80 90 100

EXON  II

INTRON  I INTRON  II INTRON  II INTRON  II INTRON  II INTRON  II INTRON  II INTRON  II

EXON  III

110 120 130 140

Splicing Mutations

62540 6356162206

Donor Splice Site

EXON  INTRON
C
AAG GU   

A
G

Consensus 
Acceptor Splice Site

Consensus
Donor Splice SiteNote: all introns begin with GU and end with AG. The average length of the 53 ORFs (Open Reading Frames) in Intron II is 15 codons.

The longest ORF in this intron is 73 codons (62653-62871).

   A  S  A  R  R  A  K  D  R  Y  G  C  H  H  L  D  L  T  L  W  S  H  T  L  G  L  A  N  L  L  P  G  A  G  R  A  G  A  R  A  G  H  K  S  Q  G  R  A  I  Y  C  L    
   P  V  P  E  E  P  R  T  G  T  A  V  I  T  *  T  S  P  C  G  A  T  P  *  G  W  P  I  Y  S  Q  E  Q  G  G  Q  E  P  G  L  G  I  K  V  R  A  E  P  S  I  A  Y    

TCGGTCACGGTCTTCTCGGTTCCTGTCCATGCCGACAGTAGTGAATCTGGAGTGGGACACCTCGGTGTGGGATCCCAACCGGTTAGATGAGGGTCCTCGTCCCTCCCGTCCTCGGTCCCGACCCGTATTTTCAGTCCCGTCTCGGTAGATAACGAA
 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+------

GTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTT

CAGGTTGATGATTTGACCCCCTATAATACTTCCCGGAACTCGTAGACCTAAGACGGATTATTTTTTGTAAATAAAAGTAACGTTACTACATAAATTTAATAAAGACTTATAAA

V  Q  L  L  N  W  G  I  L  *  R  A  L  S  I  W  I  L  P  N  K  K  H  L  F  S  L  Q  *  C  I  *  I  I  S  E  Y  F  T    
K  S  N  Y  *  T  G  G  Y  Y  E  G  P  *  A  S  G  F  C  L  I  K  N  I  Y  F  H  C  N  D  V  F  K  L  F  L  N  I  L  L
S  P  T  T  K  L  G  D  I  M  K  G  L  E  H  L  D  S  A  *  *  K  T  F  I  F  I  A  M  M  Y  L  N  Y  F  *  I  F  Y  * 

621006205062000
61981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---

63700 63750
63773

     TGTAAACGAAGACTGTGTTGACACAAGTGATCGTTGGAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGGCAATGACGGGACACCCCGTTCCACTTGCACCTACTTCAACCACCACTCCGGGACCCGTCCAACCATAGTTCCAATGTTCTGTCCAAATTCCTCTGGTTATCTTTGACCCGTACACCTCTGTCTCTTCTGAGAACCCAAAGACTATCCGTGACTGAGAGAGACGGATAACCAGATAAAAGGGTGGGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTCAGGAAACCCCTAGACAGGTGAGGACTACGACAATACCCGTTGGGATTCCACTTCCGAGTACCGTTCTTTCACGAGCCACGGAAATCACTACCGGACCGAGTGGACCTGTTGGAGTTCCCGTGGAAACGGTGTGACTCACTCGACGTGACACTGTTCGACGTGCACCTAGGACTCTTGAAGTCCCACTCAGATACCCTGGGAACTACAAAAGAAAGGGGAAGAAAAGATACCAATTCAAGTACAGTATCCTTCCCCTCTTCATTGTCCCATGTCAAATCTTACCCTTTGTCTGCTTACTAACGTAGTCACACCTTCAGAGTCCTAGCAAAATCAAAGAAAATAAACGACAAGTATTGTTAACAAAAGAAAACAAATTAAGAACGAAAGAAAAAAAAAGAAGAGGCGTTAAAAATGATAATATGAATTACGGAATTGTAACACATATTGTTTTCCTTTATAGAGACTCTATGTAATTCATTGAATTTTTTTTTGAAATGTGTCAGACGGATCATGTAATGATAAACCTTATATACACACGAATAAACGTATAAGTATTAGAGGGATGAAATAAAAGAAAATAAAAATTAACTATGTATTAGTAATATGTATAAATACCCAATTTCACATTACAAAATTATACACATGTGTATAACTGGTTTAGTCCCATTAAAACGTAAACATTAAAATTTTTTACGAAAGAAGAAAATTATATGAAAAAACAAATAGAATAAAGATTATGAAAGGGATTAGAGAAAGAAAGTCCCGTTATTACTATGTTACATAGTACGGAGAAACGTGGTAAGATTTCTTATTGTCACTATTAAAGACCCAATTCCGTTATCGTTATAAAGACGTATATTTATAAAGACGTATATTTAACATTGACTACATTCTCCAAAGTATAACGATTATCGTCGATGTTAGGTCGATGGTAAGACGAAAATAAAATACCAACCCTATTCCGACCTAATAAGACTCAGGTTCGATCCGGGAAAACGATTAGTACAAGTATGGAGAATAGAAGGAGGGTGTCGAGGACCCGTTGCACGACCAGACACACGACCGGGTAGTGAAACCGTTTCTTAAGTGGGGTGGTCACGTCCGACGGATAGTCTTTCACCACCGACCACACCGATTACGGGACCGGGTGTTCATAGTGATTCGAGCGAAAGAACGACAGGTTAAAGATAATTTCCAAGGAAACAAGGGATT

Erythroid Specific Promoters
-75 CAAT Box -25 TATA Box

Consensus
CAAT Box GG C

T CAATCT (  )Consensus
TATA Box TATA A

T A T
A

Promoter Region

     ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACCCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGAGAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAA

Polyadenylation
Signal

GT - Rich
Region

Transcription continues
for 200 - 300 nucleotides.
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Human β-Globin  Gene on Chromosome 11

Polyadenylation Site

  I  C  F  *  H  N  C  V  H  *  Q  P  Q  T  D  T  M  V  H  L  T  P  E  E  K  S  A  V  T  A  L  W  G  K  V  N  V  D  E  V  G  G  E  A  L  G  R  L  V  S  R  L  Q  D  R  F  K  E  T  N  R  N  W  A  C  G  D  R  E  D  S  W  V  S  D  R  H  *  L  S  L  P  I  G  L  F  S  H  P  *  A  A  G  G  L  P  L  D  P  E  V  L  *  V  L  W  G  S  V  H  S  *  C  C  Y  G  Q  P  *  G  E  G  S  W  Q  E  S  A  R  C  L  *  *  W  P  G  S  P  G  Q  P  Q  G  H  L  C  H  T  E  *  A  A  L  *  Q  A  A  R  G  S  *  E  L  Q  G  E  S  M  G  P  L  M  F  S  F  P  F  F  S  M  V  K  F  M  S  *  E  G  E  K  *  Q  G  T  V  *  N  G  K  Q  T  N  D  C  I  S  V  E  V  S  G  S  F  *  F  L  L  F  A  V  H  N  N  C  F  L  L  F  N  S  C  F  L  F  F  S  S  P  Q  F  L  L  L  Y  L  M  P  *  H  C  V  *  Q  K  E  I  S  L  R  Y  I  K  *  L  K  K  K  L  Y  T  V  C  L  V  H  Y  Y  L  E  Y  M  C  A  Y  L  H  I  H  N  L  P  T  L  F  S  F  I  F  N  *  Y  I  I  I  I  H  I  Y  G  L  K  C  N  V  L  I  C  V  H  I  L  T  K  S  G  *  F  C  I  C  N  F  K  K  C  F  L  L  L  I  Y  F  F  V  Y  L  I  S  N  T  F  P  N  L  F  L  S  G  Q  *  *  Y  N  V  S  C  L  F  A  P  F  *  R  I  T  V  I  I  S  G  L  R  Q  *  Q  Y  F  C  I  *  I  F  L  H  I  N  C  N  *  C  K  R  F  H  I  A  N  S  S  Y  N  P  A  T  I  L  L  L  F  Y  G  W  D  K  A  G  L  F  *  V  Q  A  R  P  F  C  *  S  C  S  Y  L  L  S  S  S  H  S  S  W  A  T  C  W  S  V  C  W  P  I  T  L  A  K  N  S  P  H  Q  C  R  L  P  I  R  K  W  W  L  V  W  L  M  P  W  P  T  S  I  T  K  L  A  F  L  L  S  N  F  Y  *  R  F  L  C  
 H  L  L  L  T  Q  L  C  S  L  A  T  S  N  R  H  H  G  A  P  D  S  *  G  E  V  C  R  Y  C  P  V  G  Q  G  E  R  G  *  S  W  W  *  G  P  G  Q  V  G  I  K  V  T  R  Q  V  *  G  D  Q  *  K  L  G  M  W  R  Q  R  R  L  L  G  F  *  *  A  L  T  L  S  A  Y  W  S  I  F  P  P  L  G  C  W  W  S  T  L  G  P  R  G  S  L  S  P  L  G  I  C  P  L  L  M  L  L  W  A  T  L  R  *  R  L  M  A  R  K  C  S  V  P  L  V  M  A  W  L  T  W  T  T  S  R  A  P  L  P  H  *  V  S  C  T  V  T  S  C  T  W  I  L  R  T  S  G  *  V  Y  G  T  L  D  V  F  F  P  L  L  F  Y  G  *  V  H  V  I  G  R  G  E  V  T  G  Y  S  L  E  W  E  T  D  E  *  L  H  Q  C  G  S  L  R  I  V  L  V  S  F  I  C  C  S  *  Q  L  F  S  F  V  *  F  L  L  S  F  F  F  F  S  A  I  F  T  I  I  L  N  A  L  T  L  C  I  T  K  G  N  I  S  E  I  H  *  V  T  *  K  K  T  L  H  S  L  P  S  T  L  L  F  G  I  Y  V  C  L  F  A  Y  S  *  S  P  Y  F  I  F  F  Y  F  *  L  I  H  N  H  Y  T  Y  L  W  V  K  V  *  C  F  N  M  C  T  H  I  D  Q  I  R  V  I  L  H  L  *  F  *  K  M  L  S  S  F  N  I  L  F  C  L  S  Y  F  *  Y  F  P  *  S  L  S  F  R  A  I  M  I  Q  C  I  M  P  L  C  T  I  L  K  N  N  S  D  N  F  W  V  K  A  I  A  I  F  L  H  I  N  I  S  A  Y  K  L  *  L  M  *  E  V  S  Y  C  *  *  Q  L  Q  S  S  Y  H  S  A  F  I  L  W  L  G  *  G  W  I  I  L  S  P  S  *  A  L  L  L  I  M  F  I  P  L  I  F  L  P  Q  L  L  G  N  V  L  V  C  V  L  A  H  H  F  G  K  E  F  T  P  P  V  Q  A  A  Y  Q  K  V  V  A  G  V  A  N  A  L  A  H  K  Y  H  *  A  R  F  L  A  V  Q  F  L  L  K  V  P  L  
T  F  A  S  D  T  T  V  F  T  S  N  L  K  Q  T  P  W  C  T  *  L  L  R  R  S  L  P  L  L  P  C  G  A  R  *  T  W  M  K  L  V  V  R  P  W  A  G  W  Y  Q  G  Y  K  T  G  L  R  R  P  I  E  T  G  H  V  E  T  E  K  T  L  G  F  L  I  G  T  D  S  L  C  L  L  V  Y  F  P  T  L  R  L  L  V  V  Y  P  W  T  Q  R  F  F  E  S  F  G  D  L  S  T  P  D  A  V  M  G  N  P  K  V  K  A  H  G  K  K  V  L  G  A  F  S  D  G  L  A  H  L  D  N  L  K  G  T  F  A  T  L  S  E  L  H  C  D  K  L  H  V  D  P  E  N  F  R  V  S  L  W  D  P  *  C  F  L  S  P  S  F  L  W  L  S  S  C  H  R  K  G  R  S  N  R  V  Q  F  R  M  G  N  R  R  M  I  A  S  V  W  K  S  Q  D  R  F  S  F  F  Y  L  L  F  I  T  I  V  F  F  C  L  I  L  A  F  F  F  F  L  L  R  N  F  Y  Y  Y  T  *  C  L  N  I  V  Y  N  K  R  K  Y  L  *  D  T  L  S  N  L  K  K  N  F  T  Q  S  A  *  Y  I  T  I  W  N  I  C  V  L  I  C  I  F  I  I  S  L  L  Y  F  L  L  F  L  I  D  T  *  S  L  Y  I  F  M  G  *  S  V  M  F  *  Y  V  Y  T  Y  *  P  N  Q  G  N  F  A  F  V  I  L  K  N  A  F  F  F  *  Y  T  F  L  F  I  L  F  L  I  L  S  L  I  S  F  F  Q  G  N  N  D  T  M  Y  H  A  S  L  H  H  S  K  E  *  Q  *  *  F  L  G  *  G  N  S  N  I  S  A  Y  K  Y  F  C  I  *  I  V  T  D  V  R  G  F  I  L  L  I  A  A  T  I  Q  L  P  F  C  F  Y  F  M  V  G  I  R  L  D  Y  S  E  S  K  L  G  P  F  A  N  H  V  H  T  S  Y  L  P  P  T  A  P  G  Q  R  A  G  L  C  A  G  P  S  L  W  Q  R  I  H  P  T  S  A  G  C  L  S  E  S  G  G  W  C  G  *  C  P  G  P  Q  V  S  L  S  S  L  S  C  C  P  I  S  I  K  G  S  F  V  

(  )

  AGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTT

(  )

No β-Globin protein is made due to non-functional donor splice site (β0 thalassemia).
The GU preceding this mutation becomes a new donor splice site that is used 40% of the time (β+ thalassemia).

S  Q  C  Q  K  S  Q  G  Q  V  R  L  S  S  L  R  P  H  P  V  E  P  H  P  R  V  G  Q  S  T  P  R  S  R  E  G  R  S  Q  G  W  A  *  K  S  G  Q  S  H  L  L  L    

YYYYYYYYYNCAG

G

D

Hemoglobin Hiroshima

Replacing histidine (H) with aspartic acid (D)
eliminates a salt bridge to the alpha chain

and eliminates the Bohr effect.

C

P

Hemoglobin Shanghai

Proline disrupts the alpha helix and
results in unstable hemoglobin.

A

D

Hemoglobin Shepherds Bush

Negative charge introduced into BPG binding site.
Reduced BPG binding results in increased O2 affinity.

      ---+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+
62150 62200 62250 62300 62350 62400 62450 62500 62550 62600 62650 62700 62750 62800 62850 62900 62950 63000 63050 63100 63150 63200 63250 63300 63350 63400 63450 63500 63550 63600 63650
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Consensus
Donor Splice SiteNote: all introns begin with GU and end with AG. The average length of the 53 ORFs (Open Reading Frames) in Intron II is 15 codons.

The longest ORF in this intron is 73 codons (62653-62871).

   A  S  A  R  R  A  K  D  R  Y  G  C  H  H  L  D  L  T  L  W  S  H  T  L  G  L  A  N  L  L  P  G  A  G  R  A  G  A  R  A  G  H  K  S  Q  G  R  A  I  Y  C  L    
   P  V  P  E  E  P  R  T  G  T  A  V  I  T  *  T  S  P  C  G  A  T  P  *  G  W  P  I  Y  S  Q  E  Q  G  G  Q  E  P  G  L  G  I  K  V  R  A  E  P  S  I  A  Y    

TCGGTCACGGTCTTCTCGGTTCCTGTCCATGCCGACAGTAGTGAATCTGGAGTGGGACACCTCGGTGTGGGATCCCAACCGGTTAGATGAGGGTCCTCGTCCCTCCCGTCCTCGGTCCCGACCCGTATTTTCAGTCCCGTCTCGGTAGATAACGAA
 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+------

GTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTT

CAGGTTGATGATTTGACCCCCTATAATACTTCCCGGAACTCGTAGACCTAAGACGGATTATTTTTTGTAAATAAAAGTAACGTTACTACATAAATTTAATAAAGACTTATAAA

V  Q  L  L  N  W  G  I  L  *  R  A  L  S  I  W  I  L  P  N  K  K  H  L  F  S  L  Q  *  C  I  *  I  I  S  E  Y  F  T    
K  S  N  Y  *  T  G  G  Y  Y  E  G  P  *  A  S  G  F  C  L  I  K  N  I  Y  F  H  C  N  D  V  F  K  L  F  L  N  I  L  L
S  P  T  T  K  L  G  D  I  M  K  G  L  E  H  L  D  S  A  *  *  K  T  F  I  F  I  A  M  M  Y  L  N  Y  F  *  I  F  Y  * 

621006205062000
61981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---

63700 63750
63773

     TGTAAACGAAGACTGTGTTGACACAAGTGATCGTTGGAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGGCAATGACGGGACACCCCGTTCCACTTGCACCTACTTCAACCACCACTCCGGGACCCGTCCAACCATAGTTCCAATGTTCTGTCCAAATTCCTCTGGTTATCTTTGACCCGTACACCTCTGTCTCTTCTGAGAACCCAAAGACTATCCGTGACTGAGAGAGACGGATAACCAGATAAAAGGGTGGGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTCAGGAAACCCCTAGACAGGTGAGGACTACGACAATACCCGTTGGGATTCCACTTCCGAGTACCGTTCTTTCACGAGCCACGGAAATCACTACCGGACCGAGTGGACCTGTTGGAGTTCCCGTGGAAACGGTGTGACTCACTCGACGTGACACTGTTCGACGTGCACCTAGGACTCTTGAAGTCCCACTCAGATACCCTGGGAACTACAAAAGAAAGGGGAAGAAAAGATACCAATTCAAGTACAGTATCCTTCCCCTCTTCATTGTCCCATGTCAAATCTTACCCTTTGTCTGCTTACTAACGTAGTCACACCTTCAGAGTCCTAGCAAAATCAAAGAAAATAAACGACAAGTATTGTTAACAAAAGAAAACAAATTAAGAACGAAAGAAAAAAAAAGAAGAGGCGTTAAAAATGATAATATGAATTACGGAATTGTAACACATATTGTTTTCCTTTATAGAGACTCTATGTAATTCATTGAATTTTTTTTTGAAATGTGTCAGACGGATCATGTAATGATAAACCTTATATACACACGAATAAACGTATAAGTATTAGAGGGATGAAATAAAAGAAAATAAAAATTAACTATGTATTAGTAATATGTATAAATACCCAATTTCACATTACAAAATTATACACATGTGTATAACTGGTTTAGTCCCATTAAAACGTAAACATTAAAATTTTTTACGAAAGAAGAAAATTATATGAAAAAACAAATAGAATAAAGATTATGAAAGGGATTAGAGAAAGAAAGTCCCGTTATTACTATGTTACATAGTACGGAGAAACGTGGTAAGATTTCTTATTGTCACTATTAAAGACCCAATTCCGTTATCGTTATAAAGACGTATATTTATAAAGACGTATATTTAACATTGACTACATTCTCCAAAGTATAACGATTATCGTCGATGTTAGGTCGATGGTAAGACGAAAATAAAATACCAACCCTATTCCGACCTAATAAGACTCAGGTTCGATCCGGGAAAACGATTAGTACAAGTATGGAGAATAGAAGGAGGGTGTCGAGGACCCGTTGCACGACCAGACACACGACCGGGTAGTGAAACCGTTTCTTAAGTGGGGTGGTCACGTCCGACGGATAGTCTTTCACCACCGACCACACCGATTACGGGACCGGGTGTTCATAGTGATTCGAGCGAAAGAACGACAGGTTAAAGATAATTTCCAAGGAAACAAGGGATT

Erythroid Specific Promoters
-75 CAAT Box -25 TATA Box

Consensus
CAAT Box GG C

T CAATCT (  )Consensus
TATA Box TATA A

T A T
A

Promoter Region

     ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACCCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGAGAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAA

Polyadenylation
Signal

GT - Rich
Region

Transcription continues
for 200 - 300 nucleotides.
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Human β-Globin  Gene on Chromosome 11

Polyadenylation Site

  I  C  F  *  H  N  C  V  H  *  Q  P  Q  T  D  T  M  V  H  L  T  P  E  E  K  S  A  V  T  A  L  W  G  K  V  N  V  D  E  V  G  G  E  A  L  G  R  L  V  S  R  L  Q  D  R  F  K  E  T  N  R  N  W  A  C  G  D  R  E  D  S  W  V  S  D  R  H  *  L  S  L  P  I  G  L  F  S  H  P  *  A  A  G  G  L  P  L  D  P  E  V  L  *  V  L  W  G  S  V  H  S  *  C  C  Y  G  Q  P  *  G  E  G  S  W  Q  E  S  A  R  C  L  *  *  W  P  G  S  P  G  Q  P  Q  G  H  L  C  H  T  E  *  A  A  L  *  Q  A  A  R  G  S  *  E  L  Q  G  E  S  M  G  P  L  M  F  S  F  P  F  F  S  M  V  K  F  M  S  *  E  G  E  K  *  Q  G  T  V  *  N  G  K  Q  T  N  D  C  I  S  V  E  V  S  G  S  F  *  F  L  L  F  A  V  H  N  N  C  F  L  L  F  N  S  C  F  L  F  F  S  S  P  Q  F  L  L  L  Y  L  M  P  *  H  C  V  *  Q  K  E  I  S  L  R  Y  I  K  *  L  K  K  K  L  Y  T  V  C  L  V  H  Y  Y  L  E  Y  M  C  A  Y  L  H  I  H  N  L  P  T  L  F  S  F  I  F  N  *  Y  I  I  I  I  H  I  Y  G  L  K  C  N  V  L  I  C  V  H  I  L  T  K  S  G  *  F  C  I  C  N  F  K  K  C  F  L  L  L  I  Y  F  F  V  Y  L  I  S  N  T  F  P  N  L  F  L  S  G  Q  *  *  Y  N  V  S  C  L  F  A  P  F  *  R  I  T  V  I  I  S  G  L  R  Q  *  Q  Y  F  C  I  *  I  F  L  H  I  N  C  N  *  C  K  R  F  H  I  A  N  S  S  Y  N  P  A  T  I  L  L  L  F  Y  G  W  D  K  A  G  L  F  *  V  Q  A  R  P  F  C  *  S  C  S  Y  L  L  S  S  S  H  S  S  W  A  T  C  W  S  V  C  W  P  I  T  L  A  K  N  S  P  H  Q  C  R  L  P  I  R  K  W  W  L  V  W  L  M  P  W  P  T  S  I  T  K  L  A  F  L  L  S  N  F  Y  *  R  F  L  C  
 H  L  L  L  T  Q  L  C  S  L  A  T  S  N  R  H  H  G  A  P  D  S  *  G  E  V  C  R  Y  C  P  V  G  Q  G  E  R  G  *  S  W  W  *  G  P  G  Q  V  G  I  K  V  T  R  Q  V  *  G  D  Q  *  K  L  G  M  W  R  Q  R  R  L  L  G  F  *  *  A  L  T  L  S  A  Y  W  S  I  F  P  P  L  G  C  W  W  S  T  L  G  P  R  G  S  L  S  P  L  G  I  C  P  L  L  M  L  L  W  A  T  L  R  *  R  L  M  A  R  K  C  S  V  P  L  V  M  A  W  L  T  W  T  T  S  R  A  P  L  P  H  *  V  S  C  T  V  T  S  C  T  W  I  L  R  T  S  G  *  V  Y  G  T  L  D  V  F  F  P  L  L  F  Y  G  *  V  H  V  I  G  R  G  E  V  T  G  Y  S  L  E  W  E  T  D  E  *  L  H  Q  C  G  S  L  R  I  V  L  V  S  F  I  C  C  S  *  Q  L  F  S  F  V  *  F  L  L  S  F  F  F  F  S  A  I  F  T  I  I  L  N  A  L  T  L  C  I  T  K  G  N  I  S  E  I  H  *  V  T  *  K  K  T  L  H  S  L  P  S  T  L  L  F  G  I  Y  V  C  L  F  A  Y  S  *  S  P  Y  F  I  F  F  Y  F  *  L  I  H  N  H  Y  T  Y  L  W  V  K  V  *  C  F  N  M  C  T  H  I  D  Q  I  R  V  I  L  H  L  *  F  *  K  M  L  S  S  F  N  I  L  F  C  L  S  Y  F  *  Y  F  P  *  S  L  S  F  R  A  I  M  I  Q  C  I  M  P  L  C  T  I  L  K  N  N  S  D  N  F  W  V  K  A  I  A  I  F  L  H  I  N  I  S  A  Y  K  L  *  L  M  *  E  V  S  Y  C  *  *  Q  L  Q  S  S  Y  H  S  A  F  I  L  W  L  G  *  G  W  I  I  L  S  P  S  *  A  L  L  L  I  M  F  I  P  L  I  F  L  P  Q  L  L  G  N  V  L  V  C  V  L  A  H  H  F  G  K  E  F  T  P  P  V  Q  A  A  Y  Q  K  V  V  A  G  V  A  N  A  L  A  H  K  Y  H  *  A  R  F  L  A  V  Q  F  L  L  K  V  P  L  
T  F  A  S  D  T  T  V  F  T  S  N  L  K  Q  T  P  W  C  T  *  L  L  R  R  S  L  P  L  L  P  C  G  A  R  *  T  W  M  K  L  V  V  R  P  W  A  G  W  Y  Q  G  Y  K  T  G  L  R  R  P  I  E  T  G  H  V  E  T  E  K  T  L  G  F  L  I  G  T  D  S  L  C  L  L  V  Y  F  P  T  L  R  L  L  V  V  Y  P  W  T  Q  R  F  F  E  S  F  G  D  L  S  T  P  D  A  V  M  G  N  P  K  V  K  A  H  G  K  K  V  L  G  A  F  S  D  G  L  A  H  L  D  N  L  K  G  T  F  A  T  L  S  E  L  H  C  D  K  L  H  V  D  P  E  N  F  R  V  S  L  W  D  P  *  C  F  L  S  P  S  F  L  W  L  S  S  C  H  R  K  G  R  S  N  R  V  Q  F  R  M  G  N  R  R  M  I  A  S  V  W  K  S  Q  D  R  F  S  F  F  Y  L  L  F  I  T  I  V  F  F  C  L  I  L  A  F  F  F  F  L  L  R  N  F  Y  Y  Y  T  *  C  L  N  I  V  Y  N  K  R  K  Y  L  *  D  T  L  S  N  L  K  K  N  F  T  Q  S  A  *  Y  I  T  I  W  N  I  C  V  L  I  C  I  F  I  I  S  L  L  Y  F  L  L  F  L  I  D  T  *  S  L  Y  I  F  M  G  *  S  V  M  F  *  Y  V  Y  T  Y  *  P  N  Q  G  N  F  A  F  V  I  L  K  N  A  F  F  F  *  Y  T  F  L  F  I  L  F  L  I  L  S  L  I  S  F  F  Q  G  N  N  D  T  M  Y  H  A  S  L  H  H  S  K  E  *  Q  *  *  F  L  G  *  G  N  S  N  I  S  A  Y  K  Y  F  C  I  *  I  V  T  D  V  R  G  F  I  L  L  I  A  A  T  I  Q  L  P  F  C  F  Y  F  M  V  G  I  R  L  D  Y  S  E  S  K  L  G  P  F  A  N  H  V  H  T  S  Y  L  P  P  T  A  P  G  Q  R  A  G  L  C  A  G  P  S  L  W  Q  R  I  H  P  T  S  A  G  C  L  S  E  S  G  G  W  C  G  *  C  P  G  P  Q  V  S  L  S  S  L  S  C  C  P  I  S  I  K  G  S  F  V  

(  )

  AGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTT

(  )

No β-Globin protein is made due to non-functional donor splice site (β0 thalassemia).
The GU preceding this mutation becomes a new donor splice site that is used 40% of the time (β+ thalassemia).

S  Q  C  Q  K  S  Q  G  Q  V  R  L  S  S  L  R  P  H  P  V  E  P  H  P  R  V  G  Q  S  T  P  R  S  R  E  G  R  S  Q  G  W  A  *  K  S  G  Q  S  H  L  L  L    

YYYYYYYYYNCAG

G

D

Hemoglobin Hiroshima

Replacing histidine (H) with aspartic acid (D)
eliminates a salt bridge to the alpha chain

and eliminates the Bohr effect.

C

P

Hemoglobin Shanghai

Proline disrupts the alpha helix and
results in unstable hemoglobin.

A

D

Hemoglobin Shepherds Bush

Negative charge introduced into BPG binding site.
Reduced BPG binding results in increased O2 affinity.

      ---+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+
62150 62200 62250 62300 62350 62400 62450 62500 62550 62600 62650 62700 62750 62800 62850 62900 62950 63000 63050 63100 63150 63200 63250 63300 63350 63400 63450 63500 63550 63600 63650
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Consensus
Donor Splice SiteNote: all introns begin with GU and end with AG. The average length of the 53 ORFs (Open Reading Frames) in Intron II is 15 codons.

The longest ORF in this intron is 73 codons (62653-62871).

   A  S  A  R  R  A  K  D  R  Y  G  C  H  H  L  D  L  T  L  W  S  H  T  L  G  L  A  N  L  L  P  G  A  G  R  A  G  A  R  A  G  H  K  S  Q  G  R  A  I  Y  C  L    
   P  V  P  E  E  P  R  T  G  T  A  V  I  T  *  T  S  P  C  G  A  T  P  *  G  W  P  I  Y  S  Q  E  Q  G  G  Q  E  P  G  L  G  I  K  V  R  A  E  P  S  I  A  Y    

TCGGTCACGGTCTTCTCGGTTCCTGTCCATGCCGACAGTAGTGAATCTGGAGTGGGACACCTCGGTGTGGGATCCCAACCGGTTAGATGAGGGTCCTCGTCCCTCCCGTCCTCGGTCCCGACCCGTATTTTCAGTCCCGTCTCGGTAGATAACGAA
 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+------

GTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTT

CAGGTTGATGATTTGACCCCCTATAATACTTCCCGGAACTCGTAGACCTAAGACGGATTATTTTTTGTAAATAAAAGTAACGTTACTACATAAATTTAATAAAGACTTATAAA

V  Q  L  L  N  W  G  I  L  *  R  A  L  S  I  W  I  L  P  N  K  K  H  L  F  S  L  Q  *  C  I  *  I  I  S  E  Y  F  T    
K  S  N  Y  *  T  G  G  Y  Y  E  G  P  *  A  S  G  F  C  L  I  K  N  I  Y  F  H  C  N  D  V  F  K  L  F  L  N  I  L  L
S  P  T  T  K  L  G  D  I  M  K  G  L  E  H  L  D  S  A  *  *  K  T  F  I  F  I  A  M  M  Y  L  N  Y  F  *  I  F  Y  * 

621006205062000
61981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---

63700 63750
63773

     TGTAAACGAAGACTGTGTTGACACAAGTGATCGTTGGAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGGCAATGACGGGACACCCCGTTCCACTTGCACCTACTTCAACCACCACTCCGGGACCCGTCCAACCATAGTTCCAATGTTCTGTCCAAATTCCTCTGGTTATCTTTGACCCGTACACCTCTGTCTCTTCTGAGAACCCAAAGACTATCCGTGACTGAGAGAGACGGATAACCAGATAAAAGGGTGGGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTCAGGAAACCCCTAGACAGGTGAGGACTACGACAATACCCGTTGGGATTCCACTTCCGAGTACCGTTCTTTCACGAGCCACGGAAATCACTACCGGACCGAGTGGACCTGTTGGAGTTCCCGTGGAAACGGTGTGACTCACTCGACGTGACACTGTTCGACGTGCACCTAGGACTCTTGAAGTCCCACTCAGATACCCTGGGAACTACAAAAGAAAGGGGAAGAAAAGATACCAATTCAAGTACAGTATCCTTCCCCTCTTCATTGTCCCATGTCAAATCTTACCCTTTGTCTGCTTACTAACGTAGTCACACCTTCAGAGTCCTAGCAAAATCAAAGAAAATAAACGACAAGTATTGTTAACAAAAGAAAACAAATTAAGAACGAAAGAAAAAAAAAGAAGAGGCGTTAAAAATGATAATATGAATTACGGAATTGTAACACATATTGTTTTCCTTTATAGAGACTCTATGTAATTCATTGAATTTTTTTTTGAAATGTGTCAGACGGATCATGTAATGATAAACCTTATATACACACGAATAAACGTATAAGTATTAGAGGGATGAAATAAAAGAAAATAAAAATTAACTATGTATTAGTAATATGTATAAATACCCAATTTCACATTACAAAATTATACACATGTGTATAACTGGTTTAGTCCCATTAAAACGTAAACATTAAAATTTTTTACGAAAGAAGAAAATTATATGAAAAAACAAATAGAATAAAGATTATGAAAGGGATTAGAGAAAGAAAGTCCCGTTATTACTATGTTACATAGTACGGAGAAACGTGGTAAGATTTCTTATTGTCACTATTAAAGACCCAATTCCGTTATCGTTATAAAGACGTATATTTATAAAGACGTATATTTAACATTGACTACATTCTCCAAAGTATAACGATTATCGTCGATGTTAGGTCGATGGTAAGACGAAAATAAAATACCAACCCTATTCCGACCTAATAAGACTCAGGTTCGATCCGGGAAAACGATTAGTACAAGTATGGAGAATAGAAGGAGGGTGTCGAGGACCCGTTGCACGACCAGACACACGACCGGGTAGTGAAACCGTTTCTTAAGTGGGGTGGTCACGTCCGACGGATAGTCTTTCACCACCGACCACACCGATTACGGGACCGGGTGTTCATAGTGATTCGAGCGAAAGAACGACAGGTTAAAGATAATTTCCAAGGAAACAAGGGATT

Erythroid Specific Promoters
-75 CAAT Box -25 TATA Box

Consensus
CAAT Box GG C

T CAATCT (  )Consensus
TATA Box TATA A

T A T
A

Promoter Region

     ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACCCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGAGAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAA

Polyadenylation
Signal

GT - Rich
Region

Transcription continues
for 200 - 300 nucleotides.

Map of the β-Globin Gene
A 3DMD Paper BioInformatics Activity

Human β-Globin  Gene on Chromosome 11

Polyadenylation Site

  I  C  F  *  H  N  C  V  H  *  Q  P  Q  T  D  T  M  V  H  L  T  P  E  E  K  S  A  V  T  A  L  W  G  K  V  N  V  D  E  V  G  G  E  A  L  G  R  L  V  S  R  L  Q  D  R  F  K  E  T  N  R  N  W  A  C  G  D  R  E  D  S  W  V  S  D  R  H  *  L  S  L  P  I  G  L  F  S  H  P  *  A  A  G  G  L  P  L  D  P  E  V  L  *  V  L  W  G  S  V  H  S  *  C  C  Y  G  Q  P  *  G  E  G  S  W  Q  E  S  A  R  C  L  *  *  W  P  G  S  P  G  Q  P  Q  G  H  L  C  H  T  E  *  A  A  L  *  Q  A  A  R  G  S  *  E  L  Q  G  E  S  M  G  P  L  M  F  S  F  P  F  F  S  M  V  K  F  M  S  *  E  G  E  K  *  Q  G  T  V  *  N  G  K  Q  T  N  D  C  I  S  V  E  V  S  G  S  F  *  F  L  L  F  A  V  H  N  N  C  F  L  L  F  N  S  C  F  L  F  F  S  S  P  Q  F  L  L  L  Y  L  M  P  *  H  C  V  *  Q  K  E  I  S  L  R  Y  I  K  *  L  K  K  K  L  Y  T  V  C  L  V  H  Y  Y  L  E  Y  M  C  A  Y  L  H  I  H  N  L  P  T  L  F  S  F  I  F  N  *  Y  I  I  I  I  H  I  Y  G  L  K  C  N  V  L  I  C  V  H  I  L  T  K  S  G  *  F  C  I  C  N  F  K  K  C  F  L  L  L  I  Y  F  F  V  Y  L  I  S  N  T  F  P  N  L  F  L  S  G  Q  *  *  Y  N  V  S  C  L  F  A  P  F  *  R  I  T  V  I  I  S  G  L  R  Q  *  Q  Y  F  C  I  *  I  F  L  H  I  N  C  N  *  C  K  R  F  H  I  A  N  S  S  Y  N  P  A  T  I  L  L  L  F  Y  G  W  D  K  A  G  L  F  *  V  Q  A  R  P  F  C  *  S  C  S  Y  L  L  S  S  S  H  S  S  W  A  T  C  W  S  V  C  W  P  I  T  L  A  K  N  S  P  H  Q  C  R  L  P  I  R  K  W  W  L  V  W  L  M  P  W  P  T  S  I  T  K  L  A  F  L  L  S  N  F  Y  *  R  F  L  C  
 H  L  L  L  T  Q  L  C  S  L  A  T  S  N  R  H  H  G  A  P  D  S  *  G  E  V  C  R  Y  C  P  V  G  Q  G  E  R  G  *  S  W  W  *  G  P  G  Q  V  G  I  K  V  T  R  Q  V  *  G  D  Q  *  K  L  G  M  W  R  Q  R  R  L  L  G  F  *  *  A  L  T  L  S  A  Y  W  S  I  F  P  P  L  G  C  W  W  S  T  L  G  P  R  G  S  L  S  P  L  G  I  C  P  L  L  M  L  L  W  A  T  L  R  *  R  L  M  A  R  K  C  S  V  P  L  V  M  A  W  L  T  W  T  T  S  R  A  P  L  P  H  *  V  S  C  T  V  T  S  C  T  W  I  L  R  T  S  G  *  V  Y  G  T  L  D  V  F  F  P  L  L  F  Y  G  *  V  H  V  I  G  R  G  E  V  T  G  Y  S  L  E  W  E  T  D  E  *  L  H  Q  C  G  S  L  R  I  V  L  V  S  F  I  C  C  S  *  Q  L  F  S  F  V  *  F  L  L  S  F  F  F  F  S  A  I  F  T  I  I  L  N  A  L  T  L  C  I  T  K  G  N  I  S  E  I  H  *  V  T  *  K  K  T  L  H  S  L  P  S  T  L  L  F  G  I  Y  V  C  L  F  A  Y  S  *  S  P  Y  F  I  F  F  Y  F  *  L  I  H  N  H  Y  T  Y  L  W  V  K  V  *  C  F  N  M  C  T  H  I  D  Q  I  R  V  I  L  H  L  *  F  *  K  M  L  S  S  F  N  I  L  F  C  L  S  Y  F  *  Y  F  P  *  S  L  S  F  R  A  I  M  I  Q  C  I  M  P  L  C  T  I  L  K  N  N  S  D  N  F  W  V  K  A  I  A  I  F  L  H  I  N  I  S  A  Y  K  L  *  L  M  *  E  V  S  Y  C  *  *  Q  L  Q  S  S  Y  H  S  A  F  I  L  W  L  G  *  G  W  I  I  L  S  P  S  *  A  L  L  L  I  M  F  I  P  L  I  F  L  P  Q  L  L  G  N  V  L  V  C  V  L  A  H  H  F  G  K  E  F  T  P  P  V  Q  A  A  Y  Q  K  V  V  A  G  V  A  N  A  L  A  H  K  Y  H  *  A  R  F  L  A  V  Q  F  L  L  K  V  P  L  
T  F  A  S  D  T  T  V  F  T  S  N  L  K  Q  T  P  W  C  T  *  L  L  R  R  S  L  P  L  L  P  C  G  A  R  *  T  W  M  K  L  V  V  R  P  W  A  G  W  Y  Q  G  Y  K  T  G  L  R  R  P  I  E  T  G  H  V  E  T  E  K  T  L  G  F  L  I  G  T  D  S  L  C  L  L  V  Y  F  P  T  L  R  L  L  V  V  Y  P  W  T  Q  R  F  F  E  S  F  G  D  L  S  T  P  D  A  V  M  G  N  P  K  V  K  A  H  G  K  K  V  L  G  A  F  S  D  G  L  A  H  L  D  N  L  K  G  T  F  A  T  L  S  E  L  H  C  D  K  L  H  V  D  P  E  N  F  R  V  S  L  W  D  P  *  C  F  L  S  P  S  F  L  W  L  S  S  C  H  R  K  G  R  S  N  R  V  Q  F  R  M  G  N  R  R  M  I  A  S  V  W  K  S  Q  D  R  F  S  F  F  Y  L  L  F  I  T  I  V  F  F  C  L  I  L  A  F  F  F  F  L  L  R  N  F  Y  Y  Y  T  *  C  L  N  I  V  Y  N  K  R  K  Y  L  *  D  T  L  S  N  L  K  K  N  F  T  Q  S  A  *  Y  I  T  I  W  N  I  C  V  L  I  C  I  F  I  I  S  L  L  Y  F  L  L  F  L  I  D  T  *  S  L  Y  I  F  M  G  *  S  V  M  F  *  Y  V  Y  T  Y  *  P  N  Q  G  N  F  A  F  V  I  L  K  N  A  F  F  F  *  Y  T  F  L  F  I  L  F  L  I  L  S  L  I  S  F  F  Q  G  N  N  D  T  M  Y  H  A  S  L  H  H  S  K  E  *  Q  *  *  F  L  G  *  G  N  S  N  I  S  A  Y  K  Y  F  C  I  *  I  V  T  D  V  R  G  F  I  L  L  I  A  A  T  I  Q  L  P  F  C  F  Y  F  M  V  G  I  R  L  D  Y  S  E  S  K  L  G  P  F  A  N  H  V  H  T  S  Y  L  P  P  T  A  P  G  Q  R  A  G  L  C  A  G  P  S  L  W  Q  R  I  H  P  T  S  A  G  C  L  S  E  S  G  G  W  C  G  *  C  P  G  P  Q  V  S  L  S  S  L  S  C  C  P  I  S  I  K  G  S  F  V  

(  )

  AGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTT

(  )

No β-Globin protein is made due to non-functional donor splice site (β0 thalassemia).
The GU preceding this mutation becomes a new donor splice site that is used 40% of the time (β+ thalassemia).

S  Q  C  Q  K  S  Q  G  Q  V  R  L  S  S  L  R  P  H  P  V  E  P  H  P  R  V  G  Q  S  T  P  R  S  R  E  G  R  S  Q  G  W  A  *  K  S  G  Q  S  H  L  L  L    

YYYYYYYYYNCAG

G

D

Hemoglobin Hiroshima

Replacing histidine (H) with aspartic acid (D)
eliminates a salt bridge to the alpha chain

and eliminates the Bohr effect.

C

P

Hemoglobin Shanghai

Proline disrupts the alpha helix and
results in unstable hemoglobin.

A

D

Hemoglobin Shepherds Bush

Negative charge introduced into BPG binding site.
Reduced BPG binding results in increased O2 affinity.

      ---+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+
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β-Globin mRNA
begins here.
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C
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Consensus 
Acceptor Splice Site

Consensus
Donor Splice SiteNote: all introns begin with GU and end with AG. The average length of the 53 ORFs (Open Reading Frames) in Intron II is 15 codons.

The longest ORF in this intron is 73 codons (62653-62871).

   A  S  A  R  R  A  K  D  R  Y  G  C  H  H  L  D  L  T  L  W  S  H  T  L  G  L  A  N  L  L  P  G  A  G  R  A  G  A  R  A  G  H  K  S  Q  G  R  A  I  Y  C  L    
   P  V  P  E  E  P  R  T  G  T  A  V  I  T  *  T  S  P  C  G  A  T  P  *  G  W  P  I  Y  S  Q  E  Q  G  G  Q  E  P  G  L  G  I  K  V  R  A  E  P  S  I  A  Y    

TCGGTCACGGTCTTCTCGGTTCCTGTCCATGCCGACAGTAGTGAATCTGGAGTGGGACACCTCGGTGTGGGATCCCAACCGGTTAGATGAGGGTCCTCGTCCCTCCCGTCCTCGGTCCCGACCCGTATTTTCAGTCCCGTCTCGGTAGATAACGAA
 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+------

GTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTT

CAGGTTGATGATTTGACCCCCTATAATACTTCCCGGAACTCGTAGACCTAAGACGGATTATTTTTTGTAAATAAAAGTAACGTTACTACATAAATTTAATAAAGACTTATAAA

V  Q  L  L  N  W  G  I  L  *  R  A  L  S  I  W  I  L  P  N  K  K  H  L  F  S  L  Q  *  C  I  *  I  I  S  E  Y  F  T    
K  S  N  Y  *  T  G  G  Y  Y  E  G  P  *  A  S  G  F  C  L  I  K  N  I  Y  F  H  C  N  D  V  F  K  L  F  L  N  I  L  L
S  P  T  T  K  L  G  D  I  M  K  G  L  E  H  L  D  S  A  *  *  K  T  F  I  F  I  A  M  M  Y  L  N  Y  F  *  I  F  Y  * 

621006205062000
61981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---

63700 63750
63773

     TGTAAACGAAGACTGTGTTGACACAAGTGATCGTTGGAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGGCAATGACGGGACACCCCGTTCCACTTGCACCTACTTCAACCACCACTCCGGGACCCGTCCAACCATAGTTCCAATGTTCTGTCCAAATTCCTCTGGTTATCTTTGACCCGTACACCTCTGTCTCTTCTGAGAACCCAAAGACTATCCGTGACTGAGAGAGACGGATAACCAGATAAAAGGGTGGGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTCAGGAAACCCCTAGACAGGTGAGGACTACGACAATACCCGTTGGGATTCCACTTCCGAGTACCGTTCTTTCACGAGCCACGGAAATCACTACCGGACCGAGTGGACCTGTTGGAGTTCCCGTGGAAACGGTGTGACTCACTCGACGTGACACTGTTCGACGTGCACCTAGGACTCTTGAAGTCCCACTCAGATACCCTGGGAACTACAAAAGAAAGGGGAAGAAAAGATACCAATTCAAGTACAGTATCCTTCCCCTCTTCATTGTCCCATGTCAAATCTTACCCTTTGTCTGCTTACTAACGTAGTCACACCTTCAGAGTCCTAGCAAAATCAAAGAAAATAAACGACAAGTATTGTTAACAAAAGAAAACAAATTAAGAACGAAAGAAAAAAAAAGAAGAGGCGTTAAAAATGATAATATGAATTACGGAATTGTAACACATATTGTTTTCCTTTATAGAGACTCTATGTAATTCATTGAATTTTTTTTTGAAATGTGTCAGACGGATCATGTAATGATAAACCTTATATACACACGAATAAACGTATAAGTATTAGAGGGATGAAATAAAAGAAAATAAAAATTAACTATGTATTAGTAATATGTATAAATACCCAATTTCACATTACAAAATTATACACATGTGTATAACTGGTTTAGTCCCATTAAAACGTAAACATTAAAATTTTTTACGAAAGAAGAAAATTATATGAAAAAACAAATAGAATAAAGATTATGAAAGGGATTAGAGAAAGAAAGTCCCGTTATTACTATGTTACATAGTACGGAGAAACGTGGTAAGATTTCTTATTGTCACTATTAAAGACCCAATTCCGTTATCGTTATAAAGACGTATATTTATAAAGACGTATATTTAACATTGACTACATTCTCCAAAGTATAACGATTATCGTCGATGTTAGGTCGATGGTAAGACGAAAATAAAATACCAACCCTATTCCGACCTAATAAGACTCAGGTTCGATCCGGGAAAACGATTAGTACAAGTATGGAGAATAGAAGGAGGGTGTCGAGGACCCGTTGCACGACCAGACACACGACCGGGTAGTGAAACCGTTTCTTAAGTGGGGTGGTCACGTCCGACGGATAGTCTTTCACCACCGACCACACCGATTACGGGACCGGGTGTTCATAGTGATTCGAGCGAAAGAACGACAGGTTAAAGATAATTTCCAAGGAAACAAGGGATT

Erythroid Specific Promoters
-75 CAAT Box -25 TATA Box

Consensus
CAAT Box GG C

T CAATCT (  )Consensus
TATA Box TATA A

T A T
A

Promoter Region

     ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACCCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGAGAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAA

Polyadenylation
Signal

GT - Rich
Region

Transcription continues
for 200 - 300 nucleotides.
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Human β-Globin  Gene on Chromosome 11
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  I  C  F  *  H  N  C  V  H  *  Q  P  Q  T  D  T  M  V  H  L  T  P  E  E  K  S  A  V  T  A  L  W  G  K  V  N  V  D  E  V  G  G  E  A  L  G  R  L  V  S  R  L  Q  D  R  F  K  E  T  N  R  N  W  A  C  G  D  R  E  D  S  W  V  S  D  R  H  *  L  S  L  P  I  G  L  F  S  H  P  *  A  A  G  G  L  P  L  D  P  E  V  L  *  V  L  W  G  S  V  H  S  *  C  C  Y  G  Q  P  *  G  E  G  S  W  Q  E  S  A  R  C  L  *  *  W  P  G  S  P  G  Q  P  Q  G  H  L  C  H  T  E  *  A  A  L  *  Q  A  A  R  G  S  *  E  L  Q  G  E  S  M  G  P  L  M  F  S  F  P  F  F  S  M  V  K  F  M  S  *  E  G  E  K  *  Q  G  T  V  *  N  G  K  Q  T  N  D  C  I  S  V  E  V  S  G  S  F  *  F  L  L  F  A  V  H  N  N  C  F  L  L  F  N  S  C  F  L  F  F  S  S  P  Q  F  L  L  L  Y  L  M  P  *  H  C  V  *  Q  K  E  I  S  L  R  Y  I  K  *  L  K  K  K  L  Y  T  V  C  L  V  H  Y  Y  L  E  Y  M  C  A  Y  L  H  I  H  N  L  P  T  L  F  S  F  I  F  N  *  Y  I  I  I  I  H  I  Y  G  L  K  C  N  V  L  I  C  V  H  I  L  T  K  S  G  *  F  C  I  C  N  F  K  K  C  F  L  L  L  I  Y  F  F  V  Y  L  I  S  N  T  F  P  N  L  F  L  S  G  Q  *  *  Y  N  V  S  C  L  F  A  P  F  *  R  I  T  V  I  I  S  G  L  R  Q  *  Q  Y  F  C  I  *  I  F  L  H  I  N  C  N  *  C  K  R  F  H  I  A  N  S  S  Y  N  P  A  T  I  L  L  L  F  Y  G  W  D  K  A  G  L  F  *  V  Q  A  R  P  F  C  *  S  C  S  Y  L  L  S  S  S  H  S  S  W  A  T  C  W  S  V  C  W  P  I  T  L  A  K  N  S  P  H  Q  C  R  L  P  I  R  K  W  W  L  V  W  L  M  P  W  P  T  S  I  T  K  L  A  F  L  L  S  N  F  Y  *  R  F  L  C  
 H  L  L  L  T  Q  L  C  S  L  A  T  S  N  R  H  H  G  A  P  D  S  *  G  E  V  C  R  Y  C  P  V  G  Q  G  E  R  G  *  S  W  W  *  G  P  G  Q  V  G  I  K  V  T  R  Q  V  *  G  D  Q  *  K  L  G  M  W  R  Q  R  R  L  L  G  F  *  *  A  L  T  L  S  A  Y  W  S  I  F  P  P  L  G  C  W  W  S  T  L  G  P  R  G  S  L  S  P  L  G  I  C  P  L  L  M  L  L  W  A  T  L  R  *  R  L  M  A  R  K  C  S  V  P  L  V  M  A  W  L  T  W  T  T  S  R  A  P  L  P  H  *  V  S  C  T  V  T  S  C  T  W  I  L  R  T  S  G  *  V  Y  G  T  L  D  V  F  F  P  L  L  F  Y  G  *  V  H  V  I  G  R  G  E  V  T  G  Y  S  L  E  W  E  T  D  E  *  L  H  Q  C  G  S  L  R  I  V  L  V  S  F  I  C  C  S  *  Q  L  F  S  F  V  *  F  L  L  S  F  F  F  F  S  A  I  F  T  I  I  L  N  A  L  T  L  C  I  T  K  G  N  I  S  E  I  H  *  V  T  *  K  K  T  L  H  S  L  P  S  T  L  L  F  G  I  Y  V  C  L  F  A  Y  S  *  S  P  Y  F  I  F  F  Y  F  *  L  I  H  N  H  Y  T  Y  L  W  V  K  V  *  C  F  N  M  C  T  H  I  D  Q  I  R  V  I  L  H  L  *  F  *  K  M  L  S  S  F  N  I  L  F  C  L  S  Y  F  *  Y  F  P  *  S  L  S  F  R  A  I  M  I  Q  C  I  M  P  L  C  T  I  L  K  N  N  S  D  N  F  W  V  K  A  I  A  I  F  L  H  I  N  I  S  A  Y  K  L  *  L  M  *  E  V  S  Y  C  *  *  Q  L  Q  S  S  Y  H  S  A  F  I  L  W  L  G  *  G  W  I  I  L  S  P  S  *  A  L  L  L  I  M  F  I  P  L  I  F  L  P  Q  L  L  G  N  V  L  V  C  V  L  A  H  H  F  G  K  E  F  T  P  P  V  Q  A  A  Y  Q  K  V  V  A  G  V  A  N  A  L  A  H  K  Y  H  *  A  R  F  L  A  V  Q  F  L  L  K  V  P  L  
T  F  A  S  D  T  T  V  F  T  S  N  L  K  Q  T  P  W  C  T  *  L  L  R  R  S  L  P  L  L  P  C  G  A  R  *  T  W  M  K  L  V  V  R  P  W  A  G  W  Y  Q  G  Y  K  T  G  L  R  R  P  I  E  T  G  H  V  E  T  E  K  T  L  G  F  L  I  G  T  D  S  L  C  L  L  V  Y  F  P  T  L  R  L  L  V  V  Y  P  W  T  Q  R  F  F  E  S  F  G  D  L  S  T  P  D  A  V  M  G  N  P  K  V  K  A  H  G  K  K  V  L  G  A  F  S  D  G  L  A  H  L  D  N  L  K  G  T  F  A  T  L  S  E  L  H  C  D  K  L  H  V  D  P  E  N  F  R  V  S  L  W  D  P  *  C  F  L  S  P  S  F  L  W  L  S  S  C  H  R  K  G  R  S  N  R  V  Q  F  R  M  G  N  R  R  M  I  A  S  V  W  K  S  Q  D  R  F  S  F  F  Y  L  L  F  I  T  I  V  F  F  C  L  I  L  A  F  F  F  F  L  L  R  N  F  Y  Y  Y  T  *  C  L  N  I  V  Y  N  K  R  K  Y  L  *  D  T  L  S  N  L  K  K  N  F  T  Q  S  A  *  Y  I  T  I  W  N  I  C  V  L  I  C  I  F  I  I  S  L  L  Y  F  L  L  F  L  I  D  T  *  S  L  Y  I  F  M  G  *  S  V  M  F  *  Y  V  Y  T  Y  *  P  N  Q  G  N  F  A  F  V  I  L  K  N  A  F  F  F  *  Y  T  F  L  F  I  L  F  L  I  L  S  L  I  S  F  F  Q  G  N  N  D  T  M  Y  H  A  S  L  H  H  S  K  E  *  Q  *  *  F  L  G  *  G  N  S  N  I  S  A  Y  K  Y  F  C  I  *  I  V  T  D  V  R  G  F  I  L  L  I  A  A  T  I  Q  L  P  F  C  F  Y  F  M  V  G  I  R  L  D  Y  S  E  S  K  L  G  P  F  A  N  H  V  H  T  S  Y  L  P  P  T  A  P  G  Q  R  A  G  L  C  A  G  P  S  L  W  Q  R  I  H  P  T  S  A  G  C  L  S  E  S  G  G  W  C  G  *  C  P  G  P  Q  V  S  L  S  S  L  S  C  C  P  I  S  I  K  G  S  F  V  

(  )

  AGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTT

(  )

No β-Globin protein is made due to non-functional donor splice site (β0 thalassemia).
The GU preceding this mutation becomes a new donor splice site that is used 40% of the time (β+ thalassemia).

S  Q  C  Q  K  S  Q  G  Q  V  R  L  S  S  L  R  P  H  P  V  E  P  H  P  R  V  G  Q  S  T  P  R  S  R  E  G  R  S  Q  G  W  A  *  K  S  G  Q  S  H  L  L  L    

YYYYYYYYYNCAG

G

D

Hemoglobin Hiroshima

Replacing histidine (H) with aspartic acid (D)
eliminates a salt bridge to the alpha chain

and eliminates the Bohr effect.

C

P

Hemoglobin Shanghai

Proline disrupts the alpha helix and
results in unstable hemoglobin.

A

D

Hemoglobin Shepherds Bush

Negative charge introduced into BPG binding site.
Reduced BPG binding results in increased O2 affinity.

      ---+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+
62150 62200 62250 62300 62350 62400 62450 62500 62550 62600 62650 62700 62750 62800 62850 62900 62950 63000 63050 63100 63150 63200 63250 63300 63350 63400 63450 63500 63550 63600 63650
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β-Globin mRNA
begins here.
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C
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G

Consensus 
Acceptor Splice Site

Consensus
Donor Splice SiteNote: all introns begin with GU and end with AG. The average length of the 53 ORFs (Open Reading Frames) in Intron II is 15 codons.

The longest ORF in this intron is 73 codons (62653-62871).

   A  S  A  R  R  A  K  D  R  Y  G  C  H  H  L  D  L  T  L  W  S  H  T  L  G  L  A  N  L  L  P  G  A  G  R  A  G  A  R  A  G  H  K  S  Q  G  R  A  I  Y  C  L    
   P  V  P  E  E  P  R  T  G  T  A  V  I  T  *  T  S  P  C  G  A  T  P  *  G  W  P  I  Y  S  Q  E  Q  G  G  Q  E  P  G  L  G  I  K  V  R  A  E  P  S  I  A  Y    

TCGGTCACGGTCTTCTCGGTTCCTGTCCATGCCGACAGTAGTGAATCTGGAGTGGGACACCTCGGTGTGGGATCCCAACCGGTTAGATGAGGGTCCTCGTCCCTCCCGTCCTCGGTCCCGACCCGTATTTTCAGTCCCGTCTCGGTAGATAACGAA
 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+------

GTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTT

CAGGTTGATGATTTGACCCCCTATAATACTTCCCGGAACTCGTAGACCTAAGACGGATTATTTTTTGTAAATAAAAGTAACGTTACTACATAAATTTAATAAAGACTTATAAA

V  Q  L  L  N  W  G  I  L  *  R  A  L  S  I  W  I  L  P  N  K  K  H  L  F  S  L  Q  *  C  I  *  I  I  S  E  Y  F  T    
K  S  N  Y  *  T  G  G  Y  Y  E  G  P  *  A  S  G  F  C  L  I  K  N  I  Y  F  H  C  N  D  V  F  K  L  F  L  N  I  L  L
S  P  T  T  K  L  G  D  I  M  K  G  L  E  H  L  D  S  A  *  *  K  T  F  I  F  I  A  M  M  Y  L  N  Y  F  *  I  F  Y  * 

621006205062000
61981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---

63700 63750
63773

     TGTAAACGAAGACTGTGTTGACACAAGTGATCGTTGGAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGGCAATGACGGGACACCCCGTTCCACTTGCACCTACTTCAACCACCACTCCGGGACCCGTCCAACCATAGTTCCAATGTTCTGTCCAAATTCCTCTGGTTATCTTTGACCCGTACACCTCTGTCTCTTCTGAGAACCCAAAGACTATCCGTGACTGAGAGAGACGGATAACCAGATAAAAGGGTGGGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTCAGGAAACCCCTAGACAGGTGAGGACTACGACAATACCCGTTGGGATTCCACTTCCGAGTACCGTTCTTTCACGAGCCACGGAAATCACTACCGGACCGAGTGGACCTGTTGGAGTTCCCGTGGAAACGGTGTGACTCACTCGACGTGACACTGTTCGACGTGCACCTAGGACTCTTGAAGTCCCACTCAGATACCCTGGGAACTACAAAAGAAAGGGGAAGAAAAGATACCAATTCAAGTACAGTATCCTTCCCCTCTTCATTGTCCCATGTCAAATCTTACCCTTTGTCTGCTTACTAACGTAGTCACACCTTCAGAGTCCTAGCAAAATCAAAGAAAATAAACGACAAGTATTGTTAACAAAAGAAAACAAATTAAGAACGAAAGAAAAAAAAAGAAGAGGCGTTAAAAATGATAATATGAATTACGGAATTGTAACACATATTGTTTTCCTTTATAGAGACTCTATGTAATTCATTGAATTTTTTTTTGAAATGTGTCAGACGGATCATGTAATGATAAACCTTATATACACACGAATAAACGTATAAGTATTAGAGGGATGAAATAAAAGAAAATAAAAATTAACTATGTATTAGTAATATGTATAAATACCCAATTTCACATTACAAAATTATACACATGTGTATAACTGGTTTAGTCCCATTAAAACGTAAACATTAAAATTTTTTACGAAAGAAGAAAATTATATGAAAAAACAAATAGAATAAAGATTATGAAAGGGATTAGAGAAAGAAAGTCCCGTTATTACTATGTTACATAGTACGGAGAAACGTGGTAAGATTTCTTATTGTCACTATTAAAGACCCAATTCCGTTATCGTTATAAAGACGTATATTTATAAAGACGTATATTTAACATTGACTACATTCTCCAAAGTATAACGATTATCGTCGATGTTAGGTCGATGGTAAGACGAAAATAAAATACCAACCCTATTCCGACCTAATAAGACTCAGGTTCGATCCGGGAAAACGATTAGTACAAGTATGGAGAATAGAAGGAGGGTGTCGAGGACCCGTTGCACGACCAGACACACGACCGGGTAGTGAAACCGTTTCTTAAGTGGGGTGGTCACGTCCGACGGATAGTCTTTCACCACCGACCACACCGATTACGGGACCGGGTGTTCATAGTGATTCGAGCGAAAGAACGACAGGTTAAAGATAATTTCCAAGGAAACAAGGGATT

Erythroid Specific Promoters
-75 CAAT Box -25 TATA Box

Consensus
CAAT Box GG C

T CAATCT (  )Consensus
TATA Box TATA A

T A T
A

Promoter Region

     ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACCCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGAGAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAA

Polyadenylation
Signal

GT - Rich
Region

Transcription continues
for 200 - 300 nucleotides.
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  I  C  F  *  H  N  C  V  H  *  Q  P  Q  T  D  T  M  V  H  L  T  P  E  E  K  S  A  V  T  A  L  W  G  K  V  N  V  D  E  V  G  G  E  A  L  G  R  L  V  S  R  L  Q  D  R  F  K  E  T  N  R  N  W  A  C  G  D  R  E  D  S  W  V  S  D  R  H  *  L  S  L  P  I  G  L  F  S  H  P  *  A  A  G  G  L  P  L  D  P  E  V  L  *  V  L  W  G  S  V  H  S  *  C  C  Y  G  Q  P  *  G  E  G  S  W  Q  E  S  A  R  C  L  *  *  W  P  G  S  P  G  Q  P  Q  G  H  L  C  H  T  E  *  A  A  L  *  Q  A  A  R  G  S  *  E  L  Q  G  E  S  M  G  P  L  M  F  S  F  P  F  F  S  M  V  K  F  M  S  *  E  G  E  K  *  Q  G  T  V  *  N  G  K  Q  T  N  D  C  I  S  V  E  V  S  G  S  F  *  F  L  L  F  A  V  H  N  N  C  F  L  L  F  N  S  C  F  L  F  F  S  S  P  Q  F  L  L  L  Y  L  M  P  *  H  C  V  *  Q  K  E  I  S  L  R  Y  I  K  *  L  K  K  K  L  Y  T  V  C  L  V  H  Y  Y  L  E  Y  M  C  A  Y  L  H  I  H  N  L  P  T  L  F  S  F  I  F  N  *  Y  I  I  I  I  H  I  Y  G  L  K  C  N  V  L  I  C  V  H  I  L  T  K  S  G  *  F  C  I  C  N  F  K  K  C  F  L  L  L  I  Y  F  F  V  Y  L  I  S  N  T  F  P  N  L  F  L  S  G  Q  *  *  Y  N  V  S  C  L  F  A  P  F  *  R  I  T  V  I  I  S  G  L  R  Q  *  Q  Y  F  C  I  *  I  F  L  H  I  N  C  N  *  C  K  R  F  H  I  A  N  S  S  Y  N  P  A  T  I  L  L  L  F  Y  G  W  D  K  A  G  L  F  *  V  Q  A  R  P  F  C  *  S  C  S  Y  L  L  S  S  S  H  S  S  W  A  T  C  W  S  V  C  W  P  I  T  L  A  K  N  S  P  H  Q  C  R  L  P  I  R  K  W  W  L  V  W  L  M  P  W  P  T  S  I  T  K  L  A  F  L  L  S  N  F  Y  *  R  F  L  C  
 H  L  L  L  T  Q  L  C  S  L  A  T  S  N  R  H  H  G  A  P  D  S  *  G  E  V  C  R  Y  C  P  V  G  Q  G  E  R  G  *  S  W  W  *  G  P  G  Q  V  G  I  K  V  T  R  Q  V  *  G  D  Q  *  K  L  G  M  W  R  Q  R  R  L  L  G  F  *  *  A  L  T  L  S  A  Y  W  S  I  F  P  P  L  G  C  W  W  S  T  L  G  P  R  G  S  L  S  P  L  G  I  C  P  L  L  M  L  L  W  A  T  L  R  *  R  L  M  A  R  K  C  S  V  P  L  V  M  A  W  L  T  W  T  T  S  R  A  P  L  P  H  *  V  S  C  T  V  T  S  C  T  W  I  L  R  T  S  G  *  V  Y  G  T  L  D  V  F  F  P  L  L  F  Y  G  *  V  H  V  I  G  R  G  E  V  T  G  Y  S  L  E  W  E  T  D  E  *  L  H  Q  C  G  S  L  R  I  V  L  V  S  F  I  C  C  S  *  Q  L  F  S  F  V  *  F  L  L  S  F  F  F  F  S  A  I  F  T  I  I  L  N  A  L  T  L  C  I  T  K  G  N  I  S  E  I  H  *  V  T  *  K  K  T  L  H  S  L  P  S  T  L  L  F  G  I  Y  V  C  L  F  A  Y  S  *  S  P  Y  F  I  F  F  Y  F  *  L  I  H  N  H  Y  T  Y  L  W  V  K  V  *  C  F  N  M  C  T  H  I  D  Q  I  R  V  I  L  H  L  *  F  *  K  M  L  S  S  F  N  I  L  F  C  L  S  Y  F  *  Y  F  P  *  S  L  S  F  R  A  I  M  I  Q  C  I  M  P  L  C  T  I  L  K  N  N  S  D  N  F  W  V  K  A  I  A  I  F  L  H  I  N  I  S  A  Y  K  L  *  L  M  *  E  V  S  Y  C  *  *  Q  L  Q  S  S  Y  H  S  A  F  I  L  W  L  G  *  G  W  I  I  L  S  P  S  *  A  L  L  L  I  M  F  I  P  L  I  F  L  P  Q  L  L  G  N  V  L  V  C  V  L  A  H  H  F  G  K  E  F  T  P  P  V  Q  A  A  Y  Q  K  V  V  A  G  V  A  N  A  L  A  H  K  Y  H  *  A  R  F  L  A  V  Q  F  L  L  K  V  P  L  
T  F  A  S  D  T  T  V  F  T  S  N  L  K  Q  T  P  W  C  T  *  L  L  R  R  S  L  P  L  L  P  C  G  A  R  *  T  W  M  K  L  V  V  R  P  W  A  G  W  Y  Q  G  Y  K  T  G  L  R  R  P  I  E  T  G  H  V  E  T  E  K  T  L  G  F  L  I  G  T  D  S  L  C  L  L  V  Y  F  P  T  L  R  L  L  V  V  Y  P  W  T  Q  R  F  F  E  S  F  G  D  L  S  T  P  D  A  V  M  G  N  P  K  V  K  A  H  G  K  K  V  L  G  A  F  S  D  G  L  A  H  L  D  N  L  K  G  T  F  A  T  L  S  E  L  H  C  D  K  L  H  V  D  P  E  N  F  R  V  S  L  W  D  P  *  C  F  L  S  P  S  F  L  W  L  S  S  C  H  R  K  G  R  S  N  R  V  Q  F  R  M  G  N  R  R  M  I  A  S  V  W  K  S  Q  D  R  F  S  F  F  Y  L  L  F  I  T  I  V  F  F  C  L  I  L  A  F  F  F  F  L  L  R  N  F  Y  Y  Y  T  *  C  L  N  I  V  Y  N  K  R  K  Y  L  *  D  T  L  S  N  L  K  K  N  F  T  Q  S  A  *  Y  I  T  I  W  N  I  C  V  L  I  C  I  F  I  I  S  L  L  Y  F  L  L  F  L  I  D  T  *  S  L  Y  I  F  M  G  *  S  V  M  F  *  Y  V  Y  T  Y  *  P  N  Q  G  N  F  A  F  V  I  L  K  N  A  F  F  F  *  Y  T  F  L  F  I  L  F  L  I  L  S  L  I  S  F  F  Q  G  N  N  D  T  M  Y  H  A  S  L  H  H  S  K  E  *  Q  *  *  F  L  G  *  G  N  S  N  I  S  A  Y  K  Y  F  C  I  *  I  V  T  D  V  R  G  F  I  L  L  I  A  A  T  I  Q  L  P  F  C  F  Y  F  M  V  G  I  R  L  D  Y  S  E  S  K  L  G  P  F  A  N  H  V  H  T  S  Y  L  P  P  T  A  P  G  Q  R  A  G  L  C  A  G  P  S  L  W  Q  R  I  H  P  T  S  A  G  C  L  S  E  S  G  G  W  C  G  *  C  P  G  P  Q  V  S  L  S  S  L  S  C  C  P  I  S  I  K  G  S  F  V  

(  )

  AGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTT

(  )

No β-Globin protein is made due to non-functional donor splice site (β0 thalassemia).
The GU preceding this mutation becomes a new donor splice site that is used 40% of the time (β+ thalassemia).

S  Q  C  Q  K  S  Q  G  Q  V  R  L  S  S  L  R  P  H  P  V  E  P  H  P  R  V  G  Q  S  T  P  R  S  R  E  G  R  S  Q  G  W  A  *  K  S  G  Q  S  H  L  L  L    

YYYYYYYYYNCAG

G

D

Hemoglobin Hiroshima

Replacing histidine (H) with aspartic acid (D)
eliminates a salt bridge to the alpha chain

and eliminates the Bohr effect.

C

P

Hemoglobin Shanghai

Proline disrupts the alpha helix and
results in unstable hemoglobin.

A

D

Hemoglobin Shepherds Bush

Negative charge introduced into BPG binding site.
Reduced BPG binding results in increased O2 affinity.

      ---+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+
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β-Globin mRNA
begins here.
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Sickle Cell Anemia
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Splicing Mutations

62540 6356162206

Donor Splice Site

EXON  INTRON
C
AAG GU   

A
G

Consensus 
Acceptor Splice Site

Consensus
Donor Splice SiteNote: all introns begin with GU and end with AG.

Reduced level of β-Globin protein is made due to inefficient donor splice site (β+ thalassemia).
A Creates a new acceptor splice site; adds 19 nucleotides to mRNA and results in frameshift (β+ thalassemia).

A Creates a new acceptor splice site; adds 19 nucleotides to mRNA and results in frameshift (β+ thalassemia).

A Creates a new acceptor splice site; adds 19 nucleotides to mRNA and results in frameshift (β+ thalassemia).

A Creates a new acceptor splice site; adds 19 nucleotides to mRNA and results in frameshift (β+ thalassemia).

A Creates a new acceptor splice site; adds 19 nucleotides to mRNA and results in frameshift (β+ thalassemia).

A Creates a new acceptor splice site; adds 19 nucleotides to mRNA and results in frameshift (β+ thalassemia).

The average length of the 53 ORFs (Open Reading Frames) in Intron II is 15 codons.
The longest ORF in this intron is 73 codons (62653-62871).

   A  S  A  R  R  A  K  D  R  Y  G  C  H  H  L  D  L  T  L  W  S  H  T  L  G  L  A  N  L  L  P  G  A  G  R  A  G  A  R  A  G  H  K  S  Q  G  R  A  I  Y  C  L    
   P  V  P  E  E  P  R  T  G  T  A  V  I  T  *  T  S  P  C  G  A  T  P  *  G  W  P  I  Y  S  Q  E  Q  G  G  Q  E  P  G  L  G  I  K  V  R  A  E  P  S  I  A  Y    

TCGGTCACGGTCTTCTCGGTTCCTGTCCATGCCGACAGTAGTGAATCTGGAGTGGGACACCTCGGTGTGGGATCCCAACCGGTTAGATGAGGGTCCTCGTCCCTCCCGTCCTCGGTCCCGACCCGTATTTTCAGTCCCGTCTCGGTAGATAACGAA
 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+------

GTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTT

CAGGTTGATGATTTGACCCCCTATAATACTTCCCGGAACTCGTAGACCTAAGACGGATTATTTTTTGTAAATAAAAGTAACGTTACTACATAAATTTAATAAAGACTTATAAA

V  Q  L  L  N  W  G  I  L  *  R  A  L  S  I  W  I  L  P  N  K  K  H  L  F  S  L  Q  *  C  I  *  I  I  S  E  Y  F  T    
K  S  N  Y  *  T  G  G  Y  Y  E  G  P  *  A  S  G  F  C  L  I  K  N  I  Y  F  H  C  N  D  V  F  K  L  F  L  N  I  L  L
S  P  T  T  K  L  G  D  I  M  K  G  L  E  H  L  D  S  A  *  *  K  T  F  I  F  I  A  M  M  Y  L  N  Y  F  *  I  F  Y  * 

621006205062000
61981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---------+---

63700 63750
63773

     TGTAAACGAAGACTGTGTTGACACAAGTGATCGTTGGAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGGCAATGACGGGACACCCCGTTCCACTTGCACCTACTTCAACCACCACTCCGGGACCCGTCCAACCATAGTTCCAATGTTCTGTCCAAATTCCTCTGGTTATCTTTGACCCGTACACCTCTGTCTCTTCTGAGAACCCAAAGACTATCCGTGACTGAGAGAGACGGATAACCAGATAAAAGGGTGGGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTCAGGAAACCCCTAGACAGGTGAGGACTACGACAATACCCGTTGGGATTCCACTTCCGAGTACCGTTCTTTCACGAGCCACGGAAATCACTACCGGACCGAGTGGACCTGTTGGAGTTCCCGTGGAAACGGTGTGACTCACTCGACGTGACACTGTTCGACGTGCACCTAGGACTCTTGAAGTCCCACTCAGATACCCTGGGAACTACAAAAGAAAGGGGAAGAAAAGATACCAATTCAAGTACAGTATCCTTCCCCTCTTCATTGTCCCATGTCAAATCTTACCCTTTGTCTGCTTACTAACGTAGTCACACCTTCAGAGTCCTAGCAAAATCAAAGAAAATAAACGACAAGTATTGTTAACAAAAGAAAACAAATTAAGAACGAAAGAAAAAAAAAGAAGAGGCGTTAAAAATGATAATATGAATTACGGAATTGTAACACATATTGTTTTCCTTTATAGAGACTCTATGTAATTCATTGAATTTTTTTTTGAAATGTGTCAGACGGATCATGTAATGATAAACCTTATATACACACGAATAAACGTATAAGTATTAGAGGGATGAAATAAAAGAAAATAAAAATTAACTATGTATTAGTAATATGTATAAATACCCAATTTCACATTACAAAATTATACACATGTGTATAACTGGTTTAGTCCCATTAAAACGTAAACATTAAAATTTTTTACGAAAGAAGAAAATTATATGAAAAAACAAATAGAATAAAGATTATGAAAGGGATTAGAGAAAGAAAGTCCCGTTATTACTATGTTACATAGTACGGAGAAACGTGGTAAGATTTCTTATTGTCACTATTAAAGACCCAATTCCGTTATCGTTATAAAGACGTATATTTATAAAGACGTATATTTAACATTGACTACATTCTCCAAAGTATAACGATTATCGTCGATGTTAGGTCGATGGTAAGACGAAAATAAAATACCAACCCTATTCCGACCTAATAAGACTCAGGTTCGATCCGGGAAAACGATTAGTACAAGTATGGAGAATAGAAGGAGGGTGTCGAGGACCCGTTGCACGACCAGACACACGACCGGGTAGTGAAACCGTTTCTTAAGTGGGGTGGTCACGTCCGACGGATAGTCTTTCACCACCGACCACACCGATTACGGGACCGGGTGTTCATAGTGATTCGAGCGAAAGAACGACAGGTTAAAGATAATTTCCAAGGAAACAAGGGATT

Erythroid Specific Promoters
-75 CAAT Box -25 TATA Box

Consensus
CAAT Box GG C

T CAATCT (  )Consensus
TATA Box TATA A

T A T
A

Promoter Region

     ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACCCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGAGAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAA

Polyadenylation
Signal

GT - Rich
Region

Transcription continues
for 200 - 300 nucleotides.
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  I  C  F  *  H  N  C  V  H  *  Q  P  Q  T  D  T  M  V  H  L  T  P  E  E  K  S  A  V  T  A  L  W  G  K  V  N  V  D  E  V  G  G  E  A  L  G  R  L  V  S  R  L  Q  D  R  F  K  E  T  N  R  N  W  A  C  G  D  R  E  D  S  W  V  S  D  R  H  *  L  S  L  P  I  G  L  F  S  H  P  *  A  A  G  G  L  P  L  D  P  E  V  L  *  V  L  W  G  S  V  H  S  *  C  C  Y  G  Q  P  *  G  E  G  S  W  Q  E  S  A  R  C  L  *  *  W  P  G  S  P  G  Q  P  Q  G  H  L  C  H  T  E  *  A  A  L  *  Q  A  A  R  G  S  *  E  L  Q  G  E  S  M  G  P  L  M  F  S  F  P  F  F  S  M  V  K  F  M  S  *  E  G  E  K  *  Q  G  T  V  *  N  G  K  Q  T  N  D  C  I  S  V  E  V  S  G  S  F  *  F  L  L  F  A  V  H  N  N  C  F  L  L  F  N  S  C  F  L  F  F  S  S  P  Q  F  L  L  L  Y  L  M  P  *  H  C  V  *  Q  K  E  I  S  L  R  Y  I  K  *  L  K  K  K  L  Y  T  V  C  L  V  H  Y  Y  L  E  Y  M  C  A  Y  L  H  I  H  N  L  P  T  L  F  S  F  I  F  N  *  Y  I  I  I  I  H  I  Y  G  L  K  C  N  V  L  I  C  V  H  I  L  T  K  S  G  *  F  C  I  C  N  F  K  K  C  F  L  L  L  I  Y  F  F  V  Y  L  I  S  N  T  F  P  N  L  F  L  S  G  Q  *  *  Y  N  V  S  C  L  F  A  P  F  *  R  I  T  V  I  I  S  G  L  R  Q  *  Q  Y  F  C  I  *  I  F  L  H  I  N  C  N  *  C  K  R  F  H  I  A  N  S  S  Y  N  P  A  T  I  L  L  L  F  Y  G  W  D  K  A  G  L  F  *  V  Q  A  R  P  F  C  *  S  C  S  Y  L  L  S  S  S  H  S  S  W  A  T  C  W  S  V  C  W  P  I  T  L  A  K  N  S  P  H  Q  C  R  L  P  I  R  K  W  W  L  V  W  L  M  P  W  P  T  S  I  T  K  L  A  F  L  L  S  N  F  Y  *  R  F  L  C  
 H  L  L  L  T  Q  L  C  S  L  A  T  S  N  R  H  H  G  A  P  D  S  *  G  E  V  C  R  Y  C  P  V  G  Q  G  E  R  G  *  S  W  W  *  G  P  G  Q  V  G  I  K  V  T  R  Q  V  *  G  D  Q  *  K  L  G  M  W  R  Q  R  R  L  L  G  F  *  *  A  L  T  L  S  A  Y  W  S  I  F  P  P  L  G  C  W  W  S  T  L  G  P  R  G  S  L  S  P  L  G  I  C  P  L  L  M  L  L  W  A  T  L  R  *  R  L  M  A  R  K  C  S  V  P  L  V  M  A  W  L  T  W  T  T  S  R  A  P  L  P  H  *  V  S  C  T  V  T  S  C  T  W  I  L  R  T  S  G  *  V  Y  G  T  L  D  V  F  F  P  L  L  F  Y  G  *  V  H  V  I  G  R  G  E  V  T  G  Y  S  L  E  W  E  T  D  E  *  L  H  Q  C  G  S  L  R  I  V  L  V  S  F  I  C  C  S  *  Q  L  F  S  F  V  *  F  L  L  S  F  F  F  F  S  A  I  F  T  I  I  L  N  A  L  T  L  C  I  T  K  G  N  I  S  E  I  H  *  V  T  *  K  K  T  L  H  S  L  P  S  T  L  L  F  G  I  Y  V  C  L  F  A  Y  S  *  S  P  Y  F  I  F  F  Y  F  *  L  I  H  N  H  Y  T  Y  L  W  V  K  V  *  C  F  N  M  C  T  H  I  D  Q  I  R  V  I  L  H  L  *  F  *  K  M  L  S  S  F  N  I  L  F  C  L  S  Y  F  *  Y  F  P  *  S  L  S  F  R  A  I  M  I  Q  C  I  M  P  L  C  T  I  L  K  N  N  S  D  N  F  W  V  K  A  I  A  I  F  L  H  I  N  I  S  A  Y  K  L  *  L  M  *  E  V  S  Y  C  *  *  Q  L  Q  S  S  Y  H  S  A  F  I  L  W  L  G  *  G  W  I  I  L  S  P  S  *  A  L  L  L  I  M  F  I  P  L  I  F  L  P  Q  L  L  G  N  V  L  V  C  V  L  A  H  H  F  G  K  E  F  T  P  P  V  Q  A  A  Y  Q  K  V  V  A  G  V  A  N  A  L  A  H  K  Y  H  *  A  R  F  L  A  V  Q  F  L  L  K  V  P  L  
T  F  A  S  D  T  T  V  F  T  S  N  L  K  Q  T  P  W  C  T  *  L  L  R  R  S  L  P  L  L  P  C  G  A  R  *  T  W  M  K  L  V  V  R  P  W  A  G  W  Y  Q  G  Y  K  T  G  L  R  R  P  I  E  T  G  H  V  E  T  E  K  T  L  G  F  L  I  G  T  D  S  L  C  L  L  V  Y  F  P  T  L  R  L  L  V  V  Y  P  W  T  Q  R  F  F  E  S  F  G  D  L  S  T  P  D  A  V  M  G  N  P  K  V  K  A  H  G  K  K  V  L  G  A  F  S  D  G  L  A  H  L  D  N  L  K  G  T  F  A  T  L  S  E  L  H  C  D  K  L  H  V  D  P  E  N  F  R  V  S  L  W  D  P  *  C  F  L  S  P  S  F  L  W  L  S  S  C  H  R  K  G  R  S  N  R  V  Q  F  R  M  G  N  R  R  M  I  A  S  V  W  K  S  Q  D  R  F  S  F  F  Y  L  L  F  I  T  I  V  F  F  C  L  I  L  A  F  F  F  F  L  L  R  N  F  Y  Y  Y  T  *  C  L  N  I  V  Y  N  K  R  K  Y  L  *  D  T  L  S  N  L  K  K  N  F  T  Q  S  A  *  Y  I  T  I  W  N  I  C  V  L  I  C  I  F  I  I  S  L  L  Y  F  L  L  F  L  I  D  T  *  S  L  Y  I  F  M  G  *  S  V  M  F  *  Y  V  Y  T  Y  *  P  N  Q  G  N  F  A  F  V  I  L  K  N  A  F  F  F  *  Y  T  F  L  F  I  L  F  L  I  L  S  L  I  S  F  F  Q  G  N  N  D  T  M  Y  H  A  S  L  H  H  S  K  E  *  Q  *  *  F  L  G  *  G  N  S  N  I  S  A  Y  K  Y  F  C  I  *  I  V  T  D  V  R  G  F  I  L  L  I  A  A  T  I  Q  L  P  F  C  F  Y  F  M  V  G  I  R  L  D  Y  S  E  S  K  L  G  P  F  A  N  H  V  H  T  S  Y  L  P  P  T  A  P  G  Q  R  A  G  L  C  A  G  P  S  L  W  Q  R  I  H  P  T  S  A  G  C  L  S  E  S  G  G  W  C  G  *  C  P  G  P  Q  V  S  L  S  S  L  S  C  C  P  I  S  I  K  G  S  F  V  
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cleaved from the β-Globin protein

soon after its synthesis.
This negatively charged 
glutamic acid (E) is 
replaced by a hydrophobic valine (V) in sickle cell anemia. 
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Hemoglobin Poster© (21” x 22”) $29 (HGP)

From exploring the question “Why do we breathe?,” to illustrating the structure 
of hemoglobin, the cause of sickle cell anemia and the physiology of oxygen 
transport, our colorful Hemoglobin Poster© will spark new inquiry among your 
students. Best used as a companion guide for ß-Globin Folding Kit© and Map of 
the Human ß-Globin Gene©. The poster can also stand alone to help facilitate 
meaningful discussions about hemoglobin.

β-Globin Folding Kit©

Hemoglobin Poster©
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The Oxygen Transporter

Hemoglobin

Why Do We Breathe?

Hemoglobin Protein Structure

Sickle Cell Anemia – 
           An Inherited Disease

The structure of hemoglobin has evolved over time to result 
in a protein that is exquisitely suited to transport oxygen. The 
four-subunit hemoglobin is designed to efficiently bind O2 in 
the oxygen-rich environment of the lungs (PO2

 = 80 torr), and 
then efficiently release this O2 in the oxygen-poor 
environment of peripheral tissues (PO2

 = 26 torr). Moreover, 
the more acidic environment of actively exercising muscle 
triggers oxygen release for use in generating energy.

There are several different versions of the β-globin gene, 
used at different developmental stages, to produce versions 
of the hemoglobin protein that will most efficiently deliver O2 
to the developing fetus. Fetal hemoglobin binds oxygen more 
readily than adult (maternal) hemoglobin. 

The Physiology of O2 Transport

Heme Group

Glutamic Acid
(Location of
Sickle Cell 
Mutation) 

Glutamic Acid
(Location of

Sickle Cell Mutation) 
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Normal Red Blood Cells                    Sickled Red Blood Cells

A mutation in the β-globin gene is 
responsible for the genetic disease 
sickle cell anemia. When the DNA 
nucleotide at position 20 in the 
gene is changed from A to T, the 
codon changes from GAG to GUG, 
and 7th amino acid of the protein is 

changed from glutamic acid (Glu) to valine (Val). 
The normal amino acid, Glu, is negatively 
charged and is exposed on the outside surface of 
the protein, where it interacts with water and 
contributes to the solubility of the protein inside 
red blood cells. When changed to Val _ a 
hydrophobic amino acid _ the solubility of the 
mutant protein is reduced, and the hemoglobin 
proteins begin to stick together. This aggregation 
of the mutant protein distorts the shape of the red 
blood cells. These sickled cells clog up the very 
narrow blood vessels in capillary beds, leading to 
the complications of sickle cell anemia.

Glutamic Acid    Valine

We all know that we must breathe to stay alive. But what does 
this really mean? We need oxygen to burn the fuel (food) that 
we eat _ to release the energy that powers our bodies. Every 
time we take a deep breath, our respiratory system and our 
circulatory system collaborate to deliver oxygen from our lungs 
to all of the tissues of our body. As our heart pumps red blood 
cells through our lungs, they pick up O2 by binding it to a 
special protein called hemoglobin. Each red blood cell contains 
approximately 270 million copies of this hemoglobin protein.  
Hemoglobin is able to bind O2 and prevent it from reacting 
inappropriately with other molecules while it is being delivered 
to distant parts of our body.

Hemoglobin is a protein 
composed of four subunits: two 
α-globin subunits and two 
β-globin subunits. Only proteins 
with muiltiple subunits exhibit 
quaternary structure. Each 
protein subunit has a tightly 
bound heme group, which in 
turn binds one O2 molecule to 
an iron atom in the center of the 
heme group. It is this heme group 
that gives blood its red color.

If each β-globin protein consists of a unique 
sequence of 146 amino acids, how does the 
cell remember the correct sequence of amino 
acids to join together to make this protein 270 
million times in each red blood cell? The 
answer is DNA. The sequence of amino acids 
in the β-globin protein is encoded in the 
sequence of nucleotides that make up the 
β-globin gene. Because DNA cannot leave the 
nucleus and move to the cytoplasm where 
ribosomes are ready to make protein, the 
gene is first copied into messenger RNA. The 
sequence of nucleotides in the messenger 
RNA is AUGGUGCACCUGACUCCUGAG...  
In the cytoplasm, ribosomes then translate this 
messenger RNA three-nucleotides-at-a-time 
(triplet genetic codon) into the correct sequence 
of amino acids that make up the β-globin 
protein (Met-Val-His-Leu-Thr-Pro-Glu...). The 
initial methionine is later removed. 

Hemoglobin Genes

The β-globin protein is composed of 146 amino 
acids. This protein spontaneously folds up into 
its compact globular shape, following basic 
principles of chemistry and physics:

The hydrophobic amino acids are buried on    
the inside of the protein, where they are 
protected from water.
The polar and charged amino acids are 
positioned on the surface of the protein, 
where they interact with water.
Positively-charged basic amino acids often 
interact with negatively-charged acidic amino 
acids to further stabilize the folded structure.

There are separate genes for α-globin and 
β-globin proteins. In developing red blood cells, 
the expression of the globin genes is regulated 
so that equal numbers of α-globin and β-globin 
proteins are made, to allow the efficient 
assembly of the four-subunit hemoglobin.

To view an online Jmol tutorial showing how basic principles of chemistry drive the folding of the β-globin protein, visit 
3dmoleculardesigns.com/Teacher-Resources/Amino-Acid-Starter-Kit.htm

When you exercise vigorously, your muscles become 
deprived of O2. They switched from aerobic respiration 
to fermentation, producing lactic acid. This lowers the 
pH of the muscles. At a lower pH, hemoglobin releases 
O2 more easily, providing the O2 that the muscles need.

Iron

α
2
β

2

o2

Heme Group
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Map of the Human β-Globin Gene©
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Engage your students with this interactive, foam model of double-stranded 
DNA and single-stranded RNA. The DNA Starter Kit© is a schematic model 
that transforms from the familiar ladder shape to the double helix with a 
twist. Your students can explore the structure of color-coded DNA bases 
showing purines and pyrimidines connected to a continuous sugar-
phosphate backbone. Then they can explore the process of DNA replication 
and RNA transcription. Turn the nucleotide monophosphates into 
nucleotide triphosphates with the Triphosphate Expansion Pack.

Each 1-group set includes 51 bases (12 red adenine, 12 yellow thymine, 
12 blue cytosine, 12 green guanine, 3 white uracil), 4 continuous gray 
backbones, 24 gray sugar-phosphates and 12 lavender sugar-phosphates. 

2-Group Set $100 (DNASK-02)   •   1-Group Set $54 (DNASK-01)

Nucleotide 
Triphosphates

Using these large-scale, color-coded foam nucleotides, you can teach the complementary 
A-T and C-G base pairs and the antiparallel nature of double-stranded DNA. Move on 
to the flow of genetic information as you teach the basic processes of semiconservative 
DNA replication and mRNA transcription. You can then stretch your students by 
introducing PCR (polymerase chain reaction) and the Sanger DNA sequencing method — 
and much more. One set contains 80 nucleotides: 20 As, 20 Ts, 20 Cs and 20 Gs.

Demo DNA Nucleotides© $54 (DDNS-01)
Also see Dynamic DNA Kit© (page 11), Flow of Genetic Information Kit© (page 10), DNA 
Starter Kit© (above), and Tour of a Human Cell© (page 18).

The Genetic Codon Chart© and Genetic Codon Circle© can be 
used with 3DMD’s popular Amino Acid Starter Kit©, β-Globin 
Folding Kit© and Insulin mRNA to Protein Kit© — which introduce 
your students to a standard color scheme: hydrophobic amino 
acids are yellow, polar amino acids are white, acidic amino acids 
are red, basic amino acids are blue and cysteines are green. 
Students can easily build a seamless connection between the 
triplet codon in mRNA and the chemical property of the amino 
acid it encodes.

Genetic Codon Chart© (24” x 30”)  $32 each (GCCA) 
Genetic Codon Circle© (30” x 24”)  $32 each (GCCB)

The Genetic Codon Circle©

STOP

Negative Charge

Positive Charge

Cysteine

Hydrophobic / Non-polar

Hydrophilic / Polar

Translation Start Codon Translation Stop Codon

Amino Acid Properties
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The Genetic Codon Chart©

Best when used with the Amino Acid Starter Kit© and 
Amino Acid Starter Kit Poster© (Page 5), β-Globin 
Folding Kit© and Map of the Human β-Globin Gene 
(page 7), Insulin mRNA to Protein Kit© (page 6) and 
Flow of Genetic Information Kit© (page 10).

!     WARNING: CHOKING HAZARD       CAUTION: Science Education Product      
Please see bottom of page 17 for details.

!     WARNING: CHOKING HAZARD       CAUTION: Science Education Product      
Please see bottom of page 17 for details.

DNA Starter Kit©

Demo DNA Nucleotides©

Genetic Codon Posters©
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DNA ~ Cell Division ~ Inheritance
Help your students make the connection between chromosomes at the microscopic 
scale and chromosomes at the molecular scale! The Chromosomes Connections Kit© 
will enhance your classroom exploration of the cell cycle, cell division and genetics. 
Students can manipulate the colorful foam pieces in the kit to: 

	 Model chromosome structure and anatomy.
	 Construct Punnett squares to connect inheritance of traits to chromosomes at 

the molecular level.
	 Compare and contrast mitosis and meiosis.
	 Model mechanisms that contribute to genetic variation.
	 Model chromosomal aberrations such as nondisjunctions, translocations, 

inversions, deletions and duplications.
	 And much more!

1-Group Set $70 (CHK-01)   •   2-Group Set $132 (CHK-02)
Also see Flow of Genetic Information Kit© (page 10).

Molecular scale

Microscopic scale

Dominant inheritance MitosisRecessive inheritance Meiosis

Crossing over

Translocation

Chromosome Connections Kit©
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Don’t be surprised if one of your students blurts “Now I get it!” while using our Flow of Genetic Information Kit©! 
Manipulating the kit’s color-coded foam nucleotides and placemats, students model: 
	 Replication of the leading and lagging strands of DNA. 
	 Transcription as they copy one strand of DNA into mRNA using an RNA polymerase.
	 Translation/protein synthesis as they decode the mRNA into protein on the ribosome placemat.  
	 Your students can then explore the folding of the protein into its final 3D shape using our popular  

Amino Acid Starter Kit© (page 5).
 
Lessons and activities are available online at 
3dmoleculardesigns.com
1-Group Set   $130  (FGIK-01) 
3-Group Set   $375  (FGIK-03) 
6-Group Set   $720  (FGIK-06)  

Additional DNA & RNA Nucleotide Set $26 (FGIK-ANS)
Side Chain Expansion Pack $29 (FGIK-SCEP)
tRNA Expansion Pack $20 (FGIK-TEP)

Also see Dynamic DNA Kit© (page 11), DNA Starter Kit© 
(page 8), and Tour of a Human Cell© (page 18).

Flow of Genetic Information Kit©

!

!

     WARNING: CHOKING HAZARD

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

Transcription: mRNA is Synthesized

Replication: DNA Polymerase Catalyzes 
the Synthesis of New DNA

Translation: Protein leaves the Ribosome 
and mRNA is released

Translation: mRNA sequence determines the 
Amino Acid sequence built
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12 Base Pairs $298 (DDNA-12)   •   6 Base Pairs $156 (DDNA-06)
2 Base Pairs $58 (DDNA-02)   •   6 Sets of 12 Base Pairs $1,500 (6DDNA-12)

Introducing our new Dynamic DNA Kit© – a next generation teaching tool that will help 
your students better understand how the genetic information in DNA is revealed and used. 
Dynamic DNA includes the best features of our popular DNA Discovery Kit©:  It’s accurate 
and easy to put together. Students can assemble the nucleotides, feel the hydrogen 
bonding of the A-T and G-C base pairs and discover the double helical structure of DNA. 
But now – thanks to patented design innovations – they can also twist and unwind the 
double helix to model DNA replication and RNA transcription!   

Field-tested by teachers, the 12 Base Pair Set includes 6 A-T and 6 G-C base pairs, 5’ 
hydrogen and 3’ oxygen parts, oxygen atoms to model RNA, removable carbons for uracil, 
ATP, TTP, GTP and CTP models, and display stand.

Lessons and activities are available online at 
3dmoleculardesigns.com 
Project Lead the Way© selected the Dynamic DNA Kit© for its BioMedical Sciences™ Program.

Experience the  
dynamic flexibility  
of DNA with  
a better kit at  
a lower price!

“I can use it with multiple levels to reveal higher knowledge concepts.”

Assemble the nucleotide’s 
nitrogen base, sugar and 
phosphate group 

5’ to 3’ synthesis

“This will hook a kid!”

“This is literally the 
diagram from the 

textbook that students 
can manipulate!”

Adenosine triphosphate

DNA replication

!

!

     WARNING: CHOKING HAZARD

     WARNING: SMALL MAGNETS

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

!

Major and 
minor grooves

5’

5’
3’

3’

Also see Modeling Mini Toobers (page 14), Flow of Genetic Information Kit© (page 10),  
and Tour of a Human Cell© (page 18).

Dynamic DNA Kit©
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Biotechnology Kit©

1-Group Set $109 (BTK-01)

PCR – Sanger Sequencing – Restriction Enzymes
Help your students achieve a better understanding of multiple biotechnology concepts 
including diagnostics, forensics, and bacterial transformation with a single hands-on 
modeling kit! Using the color-coded foam nucleotides in the Biotechnology Kit© and 
teacher-developed activities, students:
	 Model polymerase chain reaction and how flanking primers result in 

the exponential amplification of a short product.
	 Model the Sanger DNA sequencing method using chain-terminating 

fluorescent dideoxy nucleotide analogs.
	 Model DNA cloning using restriction endonucleases to cut DNA at 

specific sequences. 
	 And more!

Lessons and activities are available online at 
3dmoleculardesigns.com

!     WARNING: CHOKING HAZARD       CAUTION: Science Education Product      
Please see bottom of page 17 for details.

Also see Flow of Genetic Information Kit© (page 10), 
Dynamic DNA Kit© (page 11), ß-Globin Folding Kit© (page 7), 
and Map of the Human ß-Globin Gene© (page 7).

A

A

A

A

Extend Your Students’ Learning with Augmented Reality
Your students can engage with our unique activities that extend their learning with our 3D models!  
Your feedback will help us shape the design and usability of our augmented reality program. To learn more,  
contactus@3dmoleculardesigns.com.

Field Test Opportunity

Restriction Enzymes

Recombinant DNA

Polymerase Chain Reaction

Sanger DNA Sequencing

Diagnostics
Forensics

Bacterial Transformation

Sickle Cell 
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CRISPR-Cas9 Models
Give your students a hands-on exploration of the next generation in genetic 
engineering! Jennifer Doudna, PhD, Professor at UC-Berkeley and Executive 
Director of the Innovative Genomics Initiative (IGI), is one of the pioneers 
of the CRISPR-Cas9 technique, which allows researchers to make 
specific changes to the genetic code of cells and organisms. 3D 
Molecular Designs designed and built the model for Dr. Doudna 
with Jacob Corn, PhD, Scientific Director of the IGI. The front 
segment detaches from the model, allowing students a closer look 
at the guide RNA and two strands of DNA inside.

Discover how bacteria remember past viral infections and activate their CRISPR systems 
to search for and destroy the remembered virus’ DNA — preventing infection. This 
introduction to CRISPR biology will prepare your students to use Making the Cut with 
CRISPR-Cas9 and understand how the Cas9 protein works. With the CRISPR Adaptive 
Immunity Kit’s engaging foam pieces, your students can: 

	 Build the bacteria’s CRISPR array, including Cas9, tracr, spacer and repeat nucleotides. 
	 Detect the presence of viral double-stranded DNA. 
	 Integrate a fragment of viral genome into the bacteria’s CRISPR array. 
	 Express the CRISPR array as Cas9 proteins with guide RNAs. 

5” Nylon Model $498 (NCC9M-5)  
11” Nylon Model $1,450 (NCC9M-11)
Not eligible for discounts

1-Group Set $70 (CAIK-01)
2-Group Set $132 (CAIK-02)

!

!

     WARNING: CHOKING HAZARD

     WARNING: SMALL MAGNETS

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

!

!     WARNING: CHOKING HAZARD

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

!

Making the Cut with CRISPR-Cas9© Kit

CRISPR Adaptive Immunity Kit©

1-Group Set $88 (MCC-01)
2-Group Set $162 (MCC-02)

!     WARNING: CHOKING HAZARD

CAUTION: Science Education Product

     WARNING: CALIFORNIA PROP 65
Please see bottom of page 17 for details.

!

Teacher tip: 
Put magnets 
on the back to 
utilize whiteboards!
*MAGNETS ARE NOT INCLUDED.

Model how the Cas9 protein is programmed with RNA to search for and identify 
specific sequences of DNA before making the double-stranded cut. Explore and 
discuss how Cas9 is being engineered with new features that make it a useful tool 
for editing the human genome. Using Making the Cut with CRISPR-Cas9 Kit’s colorful 
foam pieces and placemat your students can: 

	 Build a schematic model of the CRISPR-Cas9 RNA-guided endonuclease, including 
the viral double-stranded DNA and dual guide RNA. 

	 Understand how the Cas9 protein binds to a specific sequence of viral double-
stranded DNA at a PAM site — and cuts it. 

	 Demonstrate how that cut destroys viral genome and prevents the infection 
of bacteria. 

	 And much more! 
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Student Modeling Packs
Now students can now explore the molecular world with their own individual modeling pack. 
Even with virtual environments, students are far more engaged and abstract concepts become 
better understood through hands-on learning. Teachers have also found these kits are great 
for in-person classwork too. Available kits shown below.

! !     WARNING: CHOKING HAZARD     CAUTION: Science Education Product       WARNING: CALIFORNIA PROPOSITION 65     
Please see bottom of page 17 for details.

Protein Student 
Modeling Pack 
$20 (PSMP)

Double Helix Student 
Modeling Pack
$18 (DSMP)

Water Student 
Modeling Pack 
$50 (WSMP)

Membrane Student 
Modeling Pack 
$12 (MSMP)

Nucleotide Student 
Modeling Pack 
$18 (NSMP)

Chromosome Student 
Modeling Pack
$17 (CSMP)

Student Modeling Pack Collection Set of all 6 $79 (SMPC)

Modeling Mini Toobers

1 Toober $14  (MTBR-01)
Also see Amino Acid Starter Kit© (page 5) and Dynamic DNA Kit© (page 11).

!     WARNING: CHOKING HAZARD

CAUTION: Science Education Product
Please see bottom of page 17 for details.

Versatile mini toobers provide hands-on learning experiences in 
many science disciplines. Biology and chemistry students can model 
DNA or create protein structures while following the principles of 
chemistry. Physics students can explore sound and other waves. The 
flexible foam mini toobers have a soft wire core and are 1-meter 
long. One red and one blue end cap is included with each mini 
toober. Use end caps to designate N terminus and C terminus in 
protein-folding or 3’ and 5’ ends in DNA model. Push Pins Are Not 
Included. 3DMD’s protein folding activity is available online.
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Synapse Construction Kit©

1-Group Set $142 (SCK-01) 
3-Group Set $420 (SCK-03)
6-Group Set $798 (SCK-06)

Engage your classroom with hands-on modeling of neuronal 
communication! Students can use the colorful foam pieces in 	
our Synapse Construction Kit© to:
	 Discover how the resting potential of a neuron is 

established.
	 Demonstrate the propagation of an action potential down 

an axon.
	 Simulate the action of the sodium-potassium pump in 

resetting the resting potential.
	 Explore the effects of neurotransmitters acetylcholine, 

dopamine and GABA on a post synaptic neuron.
	 Model cholinergic, dopaminergic and GABAergic synapses.
	 Compare and contrast metabotropic and ionotropic 

receptors.
	 Analyze the impact of various substances such as nicotine, 

cocaine, sarin gas and propofol on neuronal signaling.
Assembly instructions, lessons and activities are available 
online at 3dmoleculardesigns.com

Captivate your classroom and explore multiple concepts with 
our large and small foam neuron models! Students can use the 
Neuron Modeling Kit© to:
	 Construct a model and identify parts of a multipolar 

neuron.
	 Distinguish between multipolar neurons, bipolar neurons, 	

unipolar neurons and interneurons, and determine their 
location and function in the human body.

	 Use myelin sheath pieces to show differences between 
two types of neuroglia in the central and peripheral 
nervous systems.

	 Construct simple and complex neural pathways and 
examine the effect on neuronal firing at excitatory and 
inhibitory synapses.

Lessons and activities are available online at 
3dmoleculardesigns.com
Neuron Modeling Kit© $58 (NMK-01) 

Also see Phospholipid & Membrane Transport Kit© (page 2) 
and Neuron Modeling Kit© (below).

! !     WARNING: CHOKING HAZARD     CAUTION: Science Education Product       WARNING: CALIFORNIA PROPOSITION 65     
Please see bottom of page 17 for details.

!     WARNING: CHOKING HAZARD       CAUTION: Science Education Product      
Please see bottom of page 17 for details.

Neuron Modeling Kit©
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  Coronavirus Models
Help your students visualize and better understand the SARS CoV-2 coronavirus with 
our new 3D printed plastic model – available in 3 sizes and 2 color schemes! The surface 
of the virus membrane is shown in gray or yellow. The spike protein is shown in red or 
magenta. Magnets embedded in 2 spike proteins at the bottom of the virus allow it to 
dock with the host cell base, binding to an ACE2 receptor (green on both models). The 
antibody (yellow) also has a magnet, allowing you to model how an antibody finds and 
attaches to the receptor-binding domain of the spike protein, preventing it from 
binding to the ACE2 receptor. Mini toober RNA viral genome is provided. Use with 
our FREE Science of Coronaviruses Series! 
4” Red & Gray $99 (CVPM-RG4)          4” Yellow & Magenta $99 (CVPM-RG4)
6” Red & Gray $299 (CVPM-RG6)        6” Yellow & Magenta $299 (CVPM-RG6)
9” Red & Gray $699 (CVPM-RG9)        9” Yellow & Magenta $699 (CVPM-RG9)

Life Is Complicated Poster© (24’’ x 18’’) $29 (LCP20)

Life is complicated. Let’s deal with it! This poster of DNA polymerase, the 
enzyme that creates DNA molecules by assembling nucleotides in an order 
determined by DNA is based on file 2oh2.pdb from the RSCB Protein Data Bank. 
The poster features the polymerase protein in surface (white and gray) and ribbon 
formats (blue). It shows the incoming nucleotide (dark green), the template DNA 
strand (red) and exiting double stranded DNA (red and light green). 

2020 Version

DNA Polymerase
Based on 2oh2.pdb from the

RCSB Protein Data Bank

Exiting Double
Stranded DNA

Template
DNA Strand 

Protein
Chain

Newest Added
Nucleotide

1 8.5” Plastic Antibody and 2 3.5” Antigen Models $80 (ANTPM)
Flu Fight: Immunity & Infection Panorama© 23” x 66” and 6-Antibody and 
      12-Antigen Models Combo $456 (DGFFP-01-ANTPM-06)

Incorporate the concepts of protein structure and function while teaching the immune 
system using our antibody model – now printed in more durable plastic. Antibodies 
are composed of 12 repeating immunoglobulin folds. Our model highlights the four 
polypeptides – two yellow heavy chains and two red light chains – that join to form the 
iconic Y shaped molecule. Students will model how an antibody binds to two antigens 

(purple globular structures) found on an influenza virus protein.

Enhance your students’ conceptual understanding of immunity and 
infection with multiple models. Use the Antibody and Antigen Models to 
actively simulate the antibody binding and specificity illustrated in the 
Flu Fight: Immunity & Infection Panorama© (page 19).

Flu Fight: Immunity 
& Infection Panorama©

! !     WARNING: SMALL MAGNETS     CAUTION: Science Education Product        WARNING: CALIFORNIA PROPOSITION 65     
Please see bottom of page 17 for details.

Life Is Complicated Poster©

Antibody and Antigen Models

Scientist, author and artist David S. Goodsell, PhD, creates cellular landscapes that 
accurately illustrate the size, shape and distribution of proteins in their natural 
environment of the cell. His unique watercolor images connect the molecular world, 
inferred by X-ray crystallography and NMR spectroscopy, with the cellular world, 
observed by light and electron microscopy. Since 2009 3D Molecular Designs has 
made several of Dr. Goodsell’s cellular landscapes available as large posters for 
classroom use. Dr. Goodsell’s books, The Machinery of Life (2010) and Atomic 
Evidence: Seeing the Molecular Basis of Life (2016), are available from major 
booksellers.

Epithelial Cell Overview.  In�uenza is a persistent human health threat.  Of 
the 7.4 billion people on earth, up to 10% (740 million people) are infected by 
the in�uenza virus each year.  While most people experience only a mild form 
of the disease, approximately 4% (30 million people) develop serious disease, 
leading to 250,000 - 500,000 deaths annually.  These landscapes highlight the 
molecular mechanisms whereby our immune system protects us from 
infection, and the molecular events that transpire when those defenses fail 
and an infection occurs.
 
In�uenza viruses infect the ciliated epithelial cells that line the upper 
respiratory tract of humans.  When the virus is inhaled, it is initially trapped in 
the mucosal barrier that protects the ciliated epithelial cells in the respiratory 
tract.  Panel 1 shows an in�uenza virus trapped in this mucosal barrier – where 
it is neutralized by antibodies that are present due to a vaccine or a previous 
virus infection.  Panel 2 illustrates what happens if the mucosal barrier is 
breached and the virus reaches the surface of an epithelial cell. The virus binds 
to glycoproteins embedded in the membrane of the cell, triggering uptake of 
the virus by receptor-mediated endocytosis.  Panel 3 shows how the lower pH 
of the endosome containing the virus induces a conformational change in the 
structure of the hemagglutinin (HA) protein of the virus – leading ultimately to 
the fusion of the viral and endosomal membranes (Panel 4) and the release of 
the segmented viral RNA genome into the cytoplasm of the cell. 

Panel 1 - Antibodies in Action.  The mucosal barrier that lines the ciliated epithelial cells of the upper respiratory tract in humans is composed of a thick network of 
proteins that works to trap and neutralize the virus, and to activate additional antiviral responses.  Mucins (M) and IgA antibodies (A) are two kinds of proteins found in the 
mucosal barrier that limit access of the virus to the cell surface.  Mucins are long, �brous proteins that intertwine to create a thick, viscous network that nonspeci�cally 
traps particulate matter and pathogens. IgA antibodies are produced in our adaptive immune system in response to either a vaccine or a previous infection.  They bind 
primarily to regions of the hemagglutinin (HA) protein found on the surface of the in�uenza virus, which blocks hemagglutinin from binding to the sialic acid receptor 
proteins (R) on the surface of epithelial cells – the �rst step in the in�uenza virus infection process (Panel 2).  The secretory component (SC) shown bound to dimeric IgA 
antibodies represents a protein involved in the transport of IgA proteins from the basal membrane of the epithelial cells to the apical membrane where it is secreted into 
the mucosal barrier.  Other proteins such as interferon (I) and lactoferrin (L) make up part of the innate immune system that activates other nonspeci�c antiviral defense 
mechanisms. When viruses aren’t neutralized by antibodies, they attach to cells and begin endocytosis (Panels 2, 3 and 4).

Panel 2 (below) - Docking and Receptor-Mediated Endocytosis of the In�uenza Virus. In 
the absence of neutralizing antibodies, the neuraminidase (N) on the surface of the virus 
digests some of the carbohydrate chains on the mucin proteins, allowing the virus to penetrate 
deeper into the mucosal barrier and ultimately to the surface of ciliated epithelial cells. If IgA 
antibodies have not neutralized the hemagglutinin (HA) protein on the surface of the virus, it 
binds to sialic acid receptor proteins (R) embedded in the surface of the epithelial cell.  This 
triggers receptor-mediated-endocytosis wherein clathrin (C) and AP-2 (AP) proteins 
spontaneously assemble into a geodesic dome-like structure and engulf the virus within a 
cellular membrane – creating an endosome. Other components of the in�uenza virus include, 
M1 matrix protein (M1), M2 proton channel protein (M2), RNA polymerase (RP) and the 
segmented RNA genome.

Panel 3 (top right) - pH-Induced Conformational Change in the Structure of the HA Protein. vATPases (V), located in the 
membrane of the endosome, pump protons into the endosome, which lowers the pH from ~pH 7 to ~pH 5. This drop in pH triggers a 
conformational change in the structure of the HA proteins within in the viral membrane (VM), exposing the fusion peptides of the 
trimeric HA protein, which then embed themselves in the endosomal membrane (EM).  

Panel 4 (bottom right) - Membrane Fusion and Release of Viral RNA into the Cell. After the fusion peptides of the HA proteins 
are embedded in the endosomal membrane, further conformational changes in the structure of HA brings the viral membrane closer 
to the endosomal membrane.  At the same time, protons �ow into the virus through the M2 proton channel protein (M2), weakening 
the interaction between the matrix proteins (M1) and the viral RNA genome.  As the viral membrane fuses with the endosomal 
membrane, the segmented viral RNA genome is released into the cytoplasm of the cell.  This completes the �rst stage of the 
in�uenza virus infection cycle.  

In�uenza Virus Infection Cycle
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Also see Chromosome Connections Kit© (page 9).

Classroom Set: 1 Medium (6”) & 6 Small (4”) Models 
Red/Gray $799 (CVPM-1RG6-6RG4)
Yellow/Magenta $799 (CVPM-1MY6-6MY4)
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Product by Category

3D Molecular Designs utilizes magnets in many products to help students understand inter- and intra- molecular forces in the molecular world. In 
compliance with the Consumer Product Safety Improvement Act of 2008 – and California Proposition 65 – 3D Molecular Designs adds these warnings 
to our products and encourages the safe use of our products in classrooms and other science education settings. Our kits and models are science 
education products, not toys. Please contact us if you have any questions or concerns. 

CAUTION:
This is a science education 
product, not a toy.  It is not intended  
for children under 8 years old.

This product contains small magnets. Swallowed magnets can stick 
together across intestines causing serious infections and death. Seek 
immediate medical attention if magnets are swallowed or inhaled.

This product contains or may contain chemicals known to the State of California to cause cancer and/or 
birth defects or other reproductive harm. For more information visit www.P65Warnings.ca.gov.

WARNING: SMALL MAGNETS!

WARNING: CALIFORNIA PROPOSITION 65!

WARNING: CHOKING HAZARD
This product contains small parts and should be kept out of the reach 
of children under the age of 3, because the parts or their pieces may 
present a choking hazard to small children.

!
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3dmoleculardesigns.com

Model Upgrade!
The following plaster and mini models are unavailable while we redesign them for 3D printing in a larger size and more 
durable plastic material. Best of all we believe we will be able to offer them at a lower price! The first ones will be ready in 
January 2023. Watch 3DMD’s newsletter, social media, or website for details.

Acetylcholinesterase Active Site Cube, Alpha Helix & Beta Sheet Models, Aquaporin Channel, ß-Globin Models, Green Fluorescent 
Protein, Hemagglutinin, Hemoglobin, Influenza Virus Capsules, Molecules of Life Collection, Nucleosome, Potassium Channel, Potassium 
Channel with Scorpion Toxin, Ribosome Models, Sodium Channel, Transfer RNA, and Zinc Finger Models.
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Neuromuscular Synapse Poster©

The Neuromuscular Synapse Poster© (right) illustrates the molecular interactions found at 
a neuromuscular synapse — where vesicles filled with the neurotransmitter, acetylcholine, 
are fusing with the membrane of the pre-synaptic neuron. Following vesicle fusion, the 
acetylcholine diffuses across the synaptic space to bind to acetylcholine receptors found in 
the membrane of the muscle cell. Acetylcholinesterase is entangled in the synaptic space, 
where it breaks down the neurotransmitter, ending neuronal signaling. 

Neuromuscular Synapse Poster©  23” x 30”  $36 (DGNSP)

David Goodsell Cellular Landscapes

Tour of a Human Cell©

David Goodsell, PhD, scientist, author and artist of all things small, creates cellular landscapes that accurately illustrate the size, 
shape and distribution of proteins in their natural environment of the cell. These unique images connect the molecular world, 
inferred by X-ray crystallography and NMR spectroscopy, with the cellular world, observed by light and electron microscopy. 

These laminated prints of Goodsell’s stunning water color paintings illustrate biology in a dimension not seen in other 
instructional tools. Adjacent text identifies the structures and explains their functions. Whether teaching the flow of genetic 
information, the many jobs of proteins, energy metabolism or the immunology of a flu shot, these landscapes may be the 
missing piece in your current collection of instructional tools.  

The Tour of a Human Cell Panorama© will take your students from the nucleus to 
the outer cell membrane. In the nucleus, DNA is wrapped around histones forming 
nucleosomes. RNA polymerase unwraps the DNA and makes mRNA which is delivered 

through nuclear pore complexes to ribosomes where antibody proteins are made and 
delivered into the endoplasmic reticulum. Vesicles carry the protein through the Golgi 

and kinesin motor proteins pull the antibodies to the cell membrane — a wonderful 
example of the immunology of your flu shot.

Teacher resources including a student activity sheet are available with purchase of 
the panorama.

With our new combo you can give your students a more intimate and interactive experience as you lead them 
in an exploration of the complexity of cell structure and function. You’ll find yourself referring back to the 
landscape multiple times throughout the school year! The combo includes 1 Grand Panorama (approx. 11 feet 
long) and 6 Panoramas (approx. 6 feet long).
Tour of a Human Cell Grand Panorama© 23” x 11’ $156  (DGTHC-GP)
Tour of a Human Cell Panorama© 11” x 70”  $77  (DGTHC-P)  
1-Grand Panorama and 6-Panoramas Combo $449 (DGTHC-01GP-06P)

Also see the Dynamic DNA Kit© (page 11), DNA Starter Kit© (page 8).

Nucleus.  The nucleus is the cell’s library, storing the delicate strands of
DNA and protecting them from the rigors of the cytoplasm. Much of the DNA is
wrapped around histone proteins to form small nucleosomes (A) that compact
and protect the DNA. When the DNA is needed, it is unwrapped, unwound, and
read by RNA polymerase (B) to create a messenger RNA (C). The RNA molecules

are then processed: capping enzymes (D) protect one end and polyadenylate
polymerase (E) adds a repeated string of adenine nucleotides to the other end,
which is then protected by the polyadenylate binding protein (F). Our DNA
must also be edited by large spliceosome complexes (G) to remove intron regions
that do not encode proteins. Once the RNA is properly edited, it is delivered out

of the nucleus through nuclear pore complexes (H). These pores span the 
double-layered nuclear membrane and control the tra�c of a diverse collection of
importin proteins (I), which carry other molecules in and out. The nuclear
membrane is strengthened inside by criss-crossed layers of lamin protein �laments (J).

Endoplasmic Reticulum.  With so many compartments, our cells need ways
of sorting and transporting new proteins to their proper destinations. For many
proteins, such as the antibodies made by this plasma cell, the journey starts with the
endoplasmic reticulum. The endoplasmic reticulum is an interconnected series of
tubules and sacs. The membrane surrounding the endoplasmic recticulum is �lled
with transport proteins (A) that bind to ribosomes and guide new proteins inside as

they are being made. The transporter �nds new proteins by looking for a special
signal sequence of amino acids. This signal sequence is the �rst thing made by the
ribosome, and it is quickly recognized by a signal recognition particle (B) and
delivered to the endoplasmic reticulum surface. Later, the signal sequence is clipped
o� when the protein is fully synthesized and safely delivered inside. Inside, a
collection of chaperonins such as BiP (C), Grp94 (D), calnexin and protein disul�de

isomerase (E) and cyclophilin (F) assist in the folding of the new proteins. Polysaccharide
chains are made by a series of enzymes in the membrane (G) and �nally
added to the new proteins by oligosaccharyl transferase (H). Finally, the new
proteins are transported to the next step in small transport vesicles, formed by a
coat of COPII proteins (I). Any defective proteins are transported out of the
endoplasmic reticulum and destroyed by the proteasome (J).

Golgi Apparatus.  The transport vesicles carry the new proteins to the
Golgi, a set of membrane-bounded sacs stacked like plates. Huge tethering
proteins like giantin (A) and GM130 (B) guide the vesicles to the right place.
The Golgi is the processing and sorting plant of the cell. Sugars and lipids are

attached to proteins that need them. For instance, the sugar chains that stabilize
the base of the Y-shaped antibody are trimmed and perfected in the Golgi. When
the proteins are properly modi�ed and sorted, they are delivered throughout the
cell in small transport vesicles. The protein clathrin (C) provides the molecular

leverage needed to pinch o� some of these vesicles by forming a geodesic coat on
the outside of the membrane. After the vesicle separates from the Golgi, the
clathrin coat falls o� and the vesicle is guided to its ultimate destination.

Cytoplasm and Cell Membrane. The antibodies make their �nal trip 
through the cytoplasm to the cell membrane, pulled by kinesin (A) along microtubules 
(B). Long tethering proteins like golgin (C) help the vesicle �nd its proper destination. 
The cytoplasm of our cells is �lled with enzymes and other proteins performing their
many tasks. These include ribosomes (D) and the other machinery of protein synthesis, 
enzymes of glycolysis, and other synthetic enzymes.  The cytoplasm is criss-crossed with 

a network of �laments that form a cytoskeleton that supports the cell and provides
a railway for delivery of materials. These include thin actin �laments (E), thicker
intermediate �laments (F), and huge microtubules. The cell membrane is studded
with a diverse collection of proteins, many of which have polysaccharide groups
attached on the outer side. Many of these are involved in tra�c of molecules across
the membrane and in communication across the membrane. In this plasma cell,

there are also some molecules directly involved with its function, such as tethered
antibodies (G) used to recognize bacteria and viruses, the IL-4 receptor (H) that
receives messages from other cells in the immune system, and SNARE proteins (I)
and the exocyst complex (J) that assist the docking and fusion of transport vesicles.
On the inside of the membrane, a tough network of spectrin (K) and actin �laments
forms a sturdy infrastructure that supports the delicate membrane.
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The Machinery of Life

This illustration simulates what 
we would see if we could 
magnify a portion of a living cell 
by 1,500,000 times. At this 
magni�cation, atoms would be 
about the size of a grain of salt, 
cells would be the size of huge 
buildings, and you would be 
roughly one-fourth the size of the 
earth in height, allowing you to 
walk across the continent in a few 
steps. All of the macromolecules 
in the cell are shown, including 
proteins, nucleic acids, carbohy-
drates and lipid bilayers, but all of 
the smaller molecules have been 
omitted for clarity. In reality, the 
empty spaces in this picture are 
�lled with water, ions, sugars, ATP, 
and many other small molecules.

The narrow strip is taken from a plasma cell (shown above), a cell from the blood that is dedicated 
to the production of antibodies.  The entire process of antibody production is shown, starting from 
the gene in the nucleus, proceeding to synthesis in the endoplasmic reticulum, continuing to 
processing in the Golgi, and �nishing with transport and secretion at the cell surface.

This image is taken from The Machinery of Life by David S. 
Goodsell. It reveals a previously unseen level of 
biological scale. Light and electron microscopy may be 
used to explore the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may be used to 
reveal the atomic structure of individual puri�ed 
molecules, but there is currently no way to observe 
directly the structure of living cells at the molecular level. 
Instead, this illustration is synthesized by combining 
experimental data on cellular ultrastructure, the atomic 
structure of molecules, and bioinformatics.

To purchase this book, visit springer.com 
or your favorite bookseller.
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Nucleus.  The nucleus is the cell’s library, storing the delicate strands of
DNA and protecting them from the rigors of the cytoplasm. Much of the DNA is
wrapped around histone proteins to form small nucleosomes (A) that compact
and protect the DNA. When the DNA is needed, it is unwrapped, unwound, and
read by RNA polymerase (B) to create a messenger RNA (C). The RNA molecules

are then processed: capping enzymes (D) protect one end and polyadenylate
polymerase (E) adds a repeated string of adenine nucleotides to the other end,
which is then protected by the polyadenylate binding protein (F). Our DNA
must also be edited by large spliceosome complexes (G) to remove intron regions
that do not encode proteins. Once the RNA is properly edited, it is delivered out

of the nucleus through nuclear pore complexes (H). These pores span the 
double-layered nuclear membrane and control the tra�c of a diverse collection of
importin proteins (I), which carry other molecules in and out. The nuclear
membrane is strengthened inside by criss-crossed layers of lamin protein �laments (J).

Endoplasmic Reticulum.  With so many compartments, our cells need ways
of sorting and transporting new proteins to their proper destinations. For many
proteins, such as the antibodies made by this plasma cell, the journey starts with the
endoplasmic reticulum. The endoplasmic reticulum is an interconnected series of
tubules and sacs. The membrane surrounding the endoplasmic recticulum is �lled
with transport proteins (A) that bind to ribosomes and guide new proteins inside as

they are being made. The transporter �nds new proteins by looking for a special
signal sequence of amino acids. This signal sequence is the �rst thing made by the
ribosome, and it is quickly recognized by a signal recognition particle (B) and
delivered to the endoplasmic reticulum surface. Later, the signal sequence is clipped
o� when the protein is fully synthesized and safely delivered inside. Inside, a
collection of chaperonins such as BiP (C), Grp94 (D), calnexin and protein disul�de

isomerase (E) and cyclophilin (F) assist in the folding of the new proteins. Polysaccharide
chains are made by a series of enzymes in the membrane (G) and �nally
added to the new proteins by oligosaccharyl transferase (H). Finally, the new
proteins are transported to the next step in small transport vesicles, formed by a
coat of COPII proteins (I). Any defective proteins are transported out of the
endoplasmic reticulum and destroyed by the proteasome (J).

Golgi Apparatus.  The transport vesicles carry the new proteins to the
Golgi, a set of membrane-bounded sacs stacked like plates. Huge tethering
proteins like giantin (A) and GM130 (B) guide the vesicles to the right place.
The Golgi is the processing and sorting plant of the cell. Sugars and lipids are

attached to proteins that need them. For instance, the sugar chains that stabilize
the base of the Y-shaped antibody are trimmed and perfected in the Golgi. When
the proteins are properly modi�ed and sorted, they are delivered throughout the
cell in small transport vesicles. The protein clathrin (C) provides the molecular

leverage needed to pinch o� some of these vesicles by forming a geodesic coat on
the outside of the membrane. After the vesicle separates from the Golgi, the
clathrin coat falls o� and the vesicle is guided to its ultimate destination.

Cytoplasm and Cell Membrane. The antibodies make their �nal trip 
through the cytoplasm to the cell membrane, pulled by kinesin (A) along microtubules 
(B). Long tethering proteins like golgin (C) help the vesicle �nd its proper destination. 
The cytoplasm of our cells is �lled with enzymes and other proteins performing their
many tasks. These include ribosomes (D) and the other machinery of protein synthesis, 
enzymes of glycolysis, and other synthetic enzymes.  The cytoplasm is criss-crossed with 

a network of �laments that form a cytoskeleton that supports the cell and provides
a railway for delivery of materials. These include thin actin �laments (E), thicker
intermediate �laments (F), and huge microtubules. The cell membrane is studded
with a diverse collection of proteins, many of which have polysaccharide groups
attached on the outer side. Many of these are involved in tra�c of molecules across
the membrane and in communication across the membrane. In this plasma cell,

there are also some molecules directly involved with its function, such as tethered
antibodies (G) used to recognize bacteria and viruses, the IL-4 receptor (H) that
receives messages from other cells in the immune system, and SNARE proteins (I)
and the exocyst complex (J) that assist the docking and fusion of transport vesicles.
On the inside of the membrane, a tough network of spectrin (K) and actin �laments
forms a sturdy infrastructure that supports the delicate membrane.
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The Machinery of Life

This illustration simulates what 
we would see if we could 
magnify a portion of a living cell 
by 1,500,000 times. At this 
magni�cation, atoms would be 
about the size of a grain of salt, 
cells would be the size of huge 
buildings, and you would be 
roughly one-fourth the size of the 
earth in height, allowing you to 
walk across the continent in a few 
steps. All of the macromolecules 
in the cell are shown, including 
proteins, nucleic acids, carbohy-
drates and lipid bilayers, but all of 
the smaller molecules have been 
omitted for clarity. In reality, the 
empty spaces in this picture are 
�lled with water, ions, sugars, ATP, 
and many other small molecules.

The narrow strip is taken from a plasma cell (shown above), a cell from the blood that is dedicated 
to the production of antibodies.  The entire process of antibody production is shown, starting from 
the gene in the nucleus, proceeding to synthesis in the endoplasmic reticulum, continuing to 
processing in the Golgi, and �nishing with transport and secretion at the cell surface.

This image is taken from The Machinery of Life by David S. 
Goodsell. It reveals a previously unseen level of 
biological scale. Light and electron microscopy may be 
used to explore the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may be used to 
reveal the atomic structure of individual puri�ed 
molecules, but there is currently no way to observe 
directly the structure of living cells at the molecular level. 
Instead, this illustration is synthesized by combining 
experimental data on cellular ultrastructure, the atomic 
structure of molecules, and bioinformatics.

To purchase this book, visit springer.com 
or your favorite bookseller.
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“The complexity of a cell is so very visible!”
“So many topics can be addressed using the grand panorama – I can’t 

imagine teaching cell biology without it!”

Nucleus.  The nucleus is the cell’s library, storing the delicate strands of
DNA and protecting them from the rigors of the cytoplasm. Much of the DNA is
wrapped around histone proteins to form small nucleosomes (A) that compact
and protect the DNA. When the DNA is needed, it is unwrapped, unwound, and
read by RNA polymerase (B) to create a messenger RNA (C). The RNA molecules

are then processed: capping enzymes (D) protect one end and polyadenylate
polymerase (E) adds a repeated string of adenine nucleotides to the other end,
which is then protected by the polyadenylate binding protein (F). Our DNA
must also be edited by large spliceosome complexes (G) to remove intron regions
that do not encode proteins. Once the RNA is properly edited, it is delivered out

of the nucleus through nuclear pore complexes (H). These pores span the 
double-layered nuclear membrane and control the tra�c of a diverse collection of
importin proteins (I), which carry other molecules in and out. The nuclear
membrane is strengthened inside by criss-crossed layers of lamin protein �laments (J).

Endoplasmic Reticulum.  With so many compartments, our cells need ways
of sorting and transporting new proteins to their proper destinations. For many
proteins, such as the antibodies made by this plasma cell, the journey starts with the
endoplasmic reticulum. The endoplasmic reticulum is an interconnected series of
tubules and sacs. The membrane surrounding the endoplasmic recticulum is �lled
with transport proteins (A) that bind to ribosomes and guide new proteins inside as

they are being made. The transporter �nds new proteins by looking for a special
signal sequence of amino acids. This signal sequence is the �rst thing made by the
ribosome, and it is quickly recognized by a signal recognition particle (B) and
delivered to the endoplasmic reticulum surface. Later, the signal sequence is clipped
o� when the protein is fully synthesized and safely delivered inside. Inside, a
collection of chaperonins such as BiP (C), Grp94 (D), calnexin and protein disul�de

isomerase (E) and cyclophilin (F) assist in the folding of the new proteins. Polysaccharide
chains are made by a series of enzymes in the membrane (G) and �nally
added to the new proteins by oligosaccharyl transferase (H). Finally, the new
proteins are transported to the next step in small transport vesicles, formed by a
coat of COPII proteins (I). Any defective proteins are transported out of the
endoplasmic reticulum and destroyed by the proteasome (J).

Golgi Apparatus.  The transport vesicles carry the new proteins to the
Golgi, a set of membrane-bounded sacs stacked like plates. Huge tethering
proteins like giantin (A) and GM130 (B) guide the vesicles to the right place.
The Golgi is the processing and sorting plant of the cell. Sugars and lipids are

attached to proteins that need them. For instance, the sugar chains that stabilize
the base of the Y-shaped antibody are trimmed and perfected in the Golgi. When
the proteins are properly modi�ed and sorted, they are delivered throughout the
cell in small transport vesicles. The protein clathrin (C) provides the molecular

leverage needed to pinch o� some of these vesicles by forming a geodesic coat on
the outside of the membrane. After the vesicle separates from the Golgi, the
clathrin coat falls o� and the vesicle is guided to its ultimate destination.

Cytoplasm and Cell Membrane. The antibodies make their �nal trip
through the cytoplasm to the cell membrane, pulled by kinesin (A) along microtubules 
(B). Long tethering proteins like golgin (C) help the vesicle �nd its proper destination. 
The cytoplasm of our cells is �lled with enzymes and other proteins performing their
many tasks. These include ribosomes (D) and the other machinery of protein synthesis, 
enzymes of glycolysis, and other synthetic enzymes.  The cytoplasm is criss-crossed with 

a network of �laments that form a cytoskeleton that supports the cell and provides
a railway for delivery of materials. These include thin actin �laments (E), thicker
intermediate �laments (F), and huge microtubules. The cell membrane is studded
with a diverse collection of proteins, many of which have polysaccharide groups
attached on the outer side. Many of these are involved in tra�c of molecules across
the membrane and in communication across the membrane. In this plasma cell,

there are also some molecules directly involved with its function, such as tethered
antibodies (G) used to recognize bacteria and viruses, the IL-4 receptor (H) that
receives messages from other cells in the immune system, and SNARE proteins (I)
and the exocyst complex (J) that assist the docking and fusion of transport vesicles.
On the inside of the membrane, a tough network of spectrin (K) and actin �laments
forms a sturdy infrastructure that supports the delicate membrane.
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The Machinery of Life

This illustration simulates what 
we would see if we could 
magnify a portion of a living cell 
by 1,500,000 times. At this 
magni�cation, atoms would be 
about the size of a grain of salt, 
cells would be the size of huge 
buildings, and you would be 
roughly one-fourth the size of the 
earth in height, allowing you to 
walk across the continent in a few 
steps. All of the macromolecules 
in the cell are shown, including 
proteins, nucleic acids, carbohy-
drates and lipid bilayers, but all of 
the smaller molecules have been 
omitted for clarity. In reality, the 
empty spaces in this picture are 
�lled with water, ions, sugars, ATP, 
and many other small molecules.

The narrow strip is taken from a plasma cell (shown above), a cell from the blood that is dedicated 
to the production of antibodies.  The entire process of antibody production is shown, starting from 
the gene in the nucleus, proceeding to synthesis in the endoplasmic reticulum, continuing to 
processing in the Golgi, and �nishing with transport and secretion at the cell surface.

This image is taken from The Machinery of Life by David S. 
Goodsell. It reveals a previously unseen level of 
biological scale. Light and electron microscopy may be 
used to explore the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may be used to 
reveal the atomic structure of individual puri�ed 
molecules, but there is currently no way to observe 
directly the structure of living cells at the molecular level. 
Instead, this illustration is synthesized by combining 
experimental data on cellular ultrastructure, the atomic 
structure of molecules, and bioinformatics.

To purchase this book, visit springer.com 
or your favorite bookseller.
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Nucleus.  The nucleus is the cell’s library, storing the delicate strands of
DNA and protecting them from the rigors of the cytoplasm. Much of the DNA is
wrapped around histone proteins to form small nucleosomes (A) that compact
and protect the DNA. When the DNA is needed, it is unwrapped, unwound, and
read by RNA polymerase (B) to create a messenger RNA (C). The RNA molecules

are then processed: capping enzymes (D) protect one end and polyadenylate
polymerase (E) adds a repeated string of adenine nucleotides to the other end,
which is then protected by the polyadenylate binding protein (F). Our DNA
must also be edited by large spliceosome complexes (G) to remove intron regions
that do not encode proteins. Once the RNA is properly edited, it is delivered out

of the nucleus through nuclear pore complexes (H). These pores span the 
double-layered nuclear membrane and control the tra�c of a diverse collection of
importin proteins (I), which carry other molecules in and out. The nuclear
membrane is strengthened inside by criss-crossed layers of lamin protein �laments (J).

Endoplasmic Reticulum.  With so many compartments, our cells need ways
of sorting and transporting new proteins to their proper destinations. For many
proteins, such as the antibodies made by this plasma cell, the journey starts with the
endoplasmic reticulum. The endoplasmic reticulum is an interconnected series of
tubules and sacs. The membrane surrounding the endoplasmic recticulum is �lled
with transport proteins (A) that bind to ribosomes and guide new proteins inside as

they are being made. The transporter �nds new proteins by looking for a special
signal sequence of amino acids. This signal sequence is the �rst thing made by the
ribosome, and it is quickly recognized by a signal recognition particle (B) and
delivered to the endoplasmic reticulum surface. Later, the signal sequence is clipped
o� when the protein is fully synthesized and safely delivered inside. Inside, a
collection of chaperonins such as BiP (C), Grp94 (D), calnexin and protein disul�de

isomerase (E) and cyclophilin (F) assist in the folding of the new proteins. Polysaccharide
chains are made by a series of enzymes in the membrane (G) and �nally
added to the new proteins by oligosaccharyl transferase (H). Finally, the new
proteins are transported to the next step in small transport vesicles, formed by a
coat of COPII proteins (I). Any defective proteins are transported out of the
endoplasmic reticulum and destroyed by the proteasome (J).

Golgi Apparatus.  The transport vesicles carry the new proteins to the
Golgi, a set of membrane-bounded sacs stacked like plates. Huge tethering
proteins like giantin (A) and GM130 (B) guide the vesicles to the right place.
The Golgi is the processing and sorting plant of the cell. Sugars and lipids are

attached to proteins that need them. For instance, the sugar chains that stabilize
the base of the Y-shaped antibody are trimmed and perfected in the Golgi. When
the proteins are properly modi�ed and sorted, they are delivered throughout the
cell in small transport vesicles. The protein clathrin (C) provides the molecular

leverage needed to pinch o� some of these vesicles by forming a geodesic coat on
the outside of the membrane. After the vesicle separates from the Golgi, the
clathrin coat falls o� and the vesicle is guided to its ultimate destination.

Cytoplasm and Cell Membrane. The antibodies make their �nal trip
through the cytoplasm to the cell membrane, pulled by kinesin (A) along microtubules 
(B). Long tethering proteins like golgin (C) help the vesicle �nd its proper destination. 
The cytoplasm of our cells is �lled with enzymes and other proteins performing their
many tasks. These include ribosomes (D) and the other machinery of protein synthesis, 
enzymes of glycolysis, and other synthetic enzymes.  The cytoplasm is criss-crossed with 

a network of �laments that form a cytoskeleton that supports the cell and provides
a railway for delivery of materials. These include thin actin �laments (E), thicker
intermediate �laments (F), and huge microtubules. The cell membrane is studded
with a diverse collection of proteins, many of which have polysaccharide groups
attached on the outer side. Many of these are involved in tra�c of molecules across
the membrane and in communication across the membrane. In this plasma cell,

there are also some molecules directly involved with its function, such as tethered
antibodies (G) used to recognize bacteria and viruses, the IL-4 receptor (H) that
receives messages from other cells in the immune system, and SNARE proteins (I)
and the exocyst complex (J) that assist the docking and fusion of transport vesicles.
On the inside of the membrane, a tough network of spectrin (K) and actin �laments
forms a sturdy infrastructure that supports the delicate membrane.
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The Machinery of Life

This illustration simulates what 
we would see if we could 
magnify a portion of a living cell 
by 1,500,000 times. At this 
magni�cation, atoms would be 
about the size of a grain of salt, 
cells would be the size of huge 
buildings, and you would be 
roughly one-fourth the size of the 
earth in height, allowing you to 
walk across the continent in a few 
steps. All of the macromolecules 
in the cell are shown, including 
proteins, nucleic acids, carbohy-
drates and lipid bilayers, but all of 
the smaller molecules have been 
omitted for clarity. In reality, the 
empty spaces in this picture are 
�lled with water, ions, sugars, ATP, 
and many other small molecules.

The narrow strip is taken from a plasma cell (shown above), a cell from the blood that is dedicated 
to the production of antibodies.  The entire process of antibody production is shown, starting from 
the gene in the nucleus, proceeding to synthesis in the endoplasmic reticulum, continuing to 
processing in the Golgi, and �nishing with transport and secretion at the cell surface.

This image is taken from The Machinery of Life by David S. 
Goodsell. It reveals a previously unseen level of 
biological scale. Light and electron microscopy may be 
used to explore the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may be used to 
reveal the atomic structure of individual puri�ed 
molecules, but there is currently no way to observe 
directly the structure of living cells at the molecular level. 
Instead, this illustration is synthesized by combining 
experimental data on cellular ultrastructure, the atomic 
structure of molecules, and bioinformatics.

To purchase this book, visit springer.com 
or your favorite bookseller.
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A synapse is a junction where a nerve cell 
(neuron) communicates with another cell 
across a narrow gap via a neurotransmitter 
or an electrical coupling. One speci�c kind 
of synapse is a neuromuscular junction, 
where chemical signals are transmitted 
from the neuron to a muscle cell across the 
synapse, shown here in cross-section. The 
end of the axon is shown at the top, with 
two vesicles full of neurotransmitters 
inside the axon terminal. The vesicle on the 
left is docking to the membrane. The 
vesicle on the right has fused with the 
membrane and is releasing the 
neurotransmitter acetylcholine. A complex 
collection of tethering and regulatory 
proteins in the vesicle membrane is 
needed to perform this delicate task, and 
voltage-gated calcium channels (A) in the 
neve membrane help decide when to 
begin. The synapse between the cells is 
�lled with basement membrane, which 
also includes the enzyme 
acetylcholinesterase (B), which breaks 
down acetycholine into choline and 
acetate after it is �nished with its job. The 
small protein CHT1 (C) transports choline 
back into the cell to be recycled for the 
next nerve impulse. A muscle cell is shown 
at the bottom, with many acetylcholine 
receptors (D) on its surface. A tangled 
network of proteins inside the muscle cell 
holds the receptors in place, clustering 
them within the synapse (3,000,000X).

This book is available from 
major booksellers.
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This image is taken from The Machinery of Life 
by David S. Goodsell. It reveals a previously 
unseen level of biological scale. Light and 
electron microscopy may be used to explore 
the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may 
be used to reveal the atomic structure of 
individual puri�ed molecules, but there is 
currently no way to observe directly the 
structure of living cells at the molecular level. 
Instead, this illustration is synthesized by 
combining experimental data on cellular 
ultrastructure, the atomic structure of 
molecules, and bioinformatics.
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Neuromuscular Synapse Poster©
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Flu Fight: Immunity & Infection Panorama©

Flu Fight: Immunity & Infection Panorama© 23” x 66” $86 (DGFFP)
Flu Fight: Immunity & Infection Panorama© 23” x 66” and 6-Antibody and 
      12-Antigen Models Combo $456 (DGFFP-01-ANTPM-06)

In the Mitochondria Poster© (left) your students will see the 
large protein complexes of the electron transport chain which 
create the electrochemical gradient that powers ATP synthase 
to build ATP. ATP is then transported out of the mitochondrion 
by the adenine nucleotide translocator and diffuses through 
the channels in the VDAC protein in the outer membrane.

The E. coli Poster© (right) illustrates the inside of an E. coli 
cell — magnified 1 million times. The molecular complexity of 
this bacterial cell is emphasized in this image which features a 
large flagellum and the motor proteins that power its rotation 
and a variety of transmembrane proteins that function in 
transporting molecules into and out of the cell. Also shown are 
the ribosomes and associated proteins that support bacterial 
protein synthesis and the DNA, along with the DNA and RNA 
polymerases that function in replication and transcription. 

Mitochondria Poster© 23” x 30”  $36  (DGMP)  •  E. coli Poster© 23” x 30”  $36  (DGECP)   
Also see Tour of a Human Cell© (page 18), and Dynamic DNA Kit© (page 11).

Scientist, author and artist David S. Goodsell, PhD, creates cellular landscapes that 
accurately illustrate the size, shape and distribution of proteins in their natural 
environment of the cell. His unique watercolor images connect the molecular world, 
inferred by X-ray crystallography and NMR spectroscopy, with the cellular world, 
observed by light and electron microscopy. Since 2009 3D Molecular Designs has 
made several of Dr. Goodsell’s cellular landscapes available as large posters for 
classroom use. Dr. Goodsell’s books, The Machinery of Life (2010) and Atomic 
Evidence: Seeing the Molecular Basis of Life (2016), are available from major 
booksellers.

Epithelial Cell Overview.  In�uenza is a persistent human health threat.  Of 
the 7.4 billion people on earth, up to 10% (740 million people) are infected by 
the in�uenza virus each year.  While most people experience only a mild form 
of the disease, approximately 4% (30 million people) develop serious disease, 
leading to 250,000 - 500,000 deaths annually.  These landscapes highlight the 
molecular mechanisms whereby our immune system protects us from 
infection, and the molecular events that transpire when those defenses fail 
and an infection occurs.
 
In�uenza viruses infect the ciliated epithelial cells that line the upper 
respiratory tract of humans.  When the virus is inhaled, it is initially trapped in 
the mucosal barrier that protects the ciliated epithelial cells in the respiratory 
tract.  Panel 1 shows an in�uenza virus trapped in this mucosal barrier – where 
it is neutralized by antibodies that are present due to a vaccine or a previous 
virus infection.  Panel 2 illustrates what happens if the mucosal barrier is 
breached and the virus reaches the surface of an epithelial cell. The virus binds 
to glycoproteins embedded in the membrane of the cell, triggering uptake of 
the virus by receptor-mediated endocytosis.  Panel 3 shows how the lower pH 
of the endosome containing the virus induces a conformational change in the 
structure of the hemagglutinin (HA) protein of the virus – leading ultimately to 
the fusion of the viral and endosomal membranes (Panel 4) and the release of 
the segmented viral RNA genome into the cytoplasm of the cell. 

Panel 1 - Antibodies in Action.  The mucosal barrier that lines the ciliated epithelial cells of the upper respiratory tract in humans is composed of a thick network of 
proteins that works to trap and neutralize the virus, and to activate additional antiviral responses.  Mucins (M) and IgA antibodies (A) are two kinds of proteins found in the 
mucosal barrier that limit access of the virus to the cell surface.  Mucins are long, �brous proteins that intertwine to create a thick, viscous network that nonspeci�cally 
traps particulate matter and pathogens. IgA antibodies are produced in our adaptive immune system in response to either a vaccine or a previous infection.  They bind 
primarily to regions of the hemagglutinin (HA) protein found on the surface of the in�uenza virus, which blocks hemagglutinin from binding to the sialic acid receptor 
proteins (R) on the surface of epithelial cells – the �rst step in the in�uenza virus infection process (Panel 2).  The secretory component (SC) shown bound to dimeric IgA 
antibodies represents a protein involved in the transport of IgA proteins from the basal membrane of the epithelial cells to the apical membrane where it is secreted into 
the mucosal barrier.  Other proteins such as interferon (I) and lactoferrin (L) make up part of the innate immune system that activates other nonspeci�c antiviral defense 
mechanisms. When viruses aren’t neutralized by antibodies, they attach to cells and begin endocytosis (Panels 2, 3 and 4).

Panel 2 (below) - Docking and Receptor-Mediated Endocytosis of the In�uenza Virus. In 
the absence of neutralizing antibodies, the neuraminidase (N) on the surface of the virus 
digests some of the carbohydrate chains on the mucin proteins, allowing the virus to penetrate 
deeper into the mucosal barrier and ultimately to the surface of ciliated epithelial cells. If IgA 
antibodies have not neutralized the hemagglutinin (HA) protein on the surface of the virus, it 
binds to sialic acid receptor proteins (R) embedded in the surface of the epithelial cell.  This 
triggers receptor-mediated-endocytosis wherein clathrin (C) and AP-2 (AP) proteins 
spontaneously assemble into a geodesic dome-like structure and engulf the virus within a 
cellular membrane – creating an endosome. Other components of the in�uenza virus include, 
M1 matrix protein (M1), M2 proton channel protein (M2), RNA polymerase (RP) and the 
segmented RNA genome.

Panel 3 (top right) - pH-Induced Conformational Change in the Structure of the HA Protein. vATPases (V), located in the 
membrane of the endosome, pump protons into the endosome, which lowers the pH from ~pH 7 to ~pH 5. This drop in pH triggers a 
conformational change in the structure of the HA proteins within in the viral membrane (VM), exposing the fusion peptides of the 
trimeric HA protein, which then embed themselves in the endosomal membrane (EM).  

Panel 4 (bottom right) - Membrane Fusion and Release of Viral RNA into the Cell. After the fusion peptides of the HA proteins 
are embedded in the endosomal membrane, further conformational changes in the structure of HA brings the viral membrane closer 
to the endosomal membrane.  At the same time, protons �ow into the virus through the M2 proton channel protein (M2), weakening 
the interaction between the matrix proteins (M1) and the viral RNA genome.  As the viral membrane fuses with the endosomal 
membrane, the segmented viral RNA genome is released into the cytoplasm of the cell.  This completes the �rst stage of the 
in�uenza virus infection cycle.  
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Mitochondria

This image is taken from The 
Machinery of Life by David S. 
Goodsell. It reveals a previously 
unseen level of biological scale. 
Light and electron microscopy 
may be used to explore the 
ultrastructure of cells, and X-ray 
crystallography and NMR 
spectroscopy may be used to 
reveal the atomic structure of 
individual puri�ed molecules, 
but there is currently no way to 
observe directly the structure of 
living cells at the molecular 
level. Instead, this illustration is 
synthesized by combining 
experimental data on cellular 
ultrastructure, the atomic 
structure of molecules, and 
bioinformatics.

To purchase this book, visit 
springer.com or your favorite 
bookseller. 

Unlike simpler bacterial cells, 
our cells are �lled with 
compartments that perform 
di�erent duties. ATP synthesis is 
the primary task performed by 
the mitochondria, shown here 
in cross section at 2,500,000 
magni�cation. The enzymes of 
the citric acid cycle (A) are found 
in the innermost space, termed 
the matrix. The inner membrane, 
which is folded into complicated 
shapes, is densely packed with 
the large protein complexes of 
the electron transport chain (B), 
which create the electrochemical 
gradient that powers ATP 
synthase (C) to build ATP. The 
ATP is then transported out of 
the mitochondrion by the 
adenine nucleotide translocator 
(D) and �nally di�uses through 
channels in the VDAC protein (E) 
in the outer membrane. The 
space between the membranes 
is �lled with cytochrome c (F), 
enzymes such as creatine kinase 
(G) that are involved in energy 
metabolism, as well as several 
proteins involved in 
programmed cell death. Each 
mitochondrion also includes a 
full set of machinery for 
synthesizing proteins, including 
DNA (H), RNA polymerase (I), 
ribosomes (J), and transfer RNA 
(K). It does not make all of its 
own proteins, however, and 
some must be imported from 
the cytoplasm by specialized 
transport proteins (L) in the 
inner and outer membranes.

The Machinery of Life

3dmoleculardesigns.com
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...where molecules become real TM

E. coli

The Machinery of Life

3dmoleculardesigns.com

...where molecules become real TM

      Bacteria are microorganisms that are found in most 
habitats on the Earth. The bacterium shown above 
(70,000 X) is Escherichia coli. It is found in the lower digestive 
system, and is also one of the most well-studied organisms. 
It has a relatively simple overall structure.  It is surrounded 
by a cell wall composed of two membranes (in green). 
Several long corkscrew-shaped �agella are turned by 
molecular motors embedded in the cell wall, propelling the 
bacterium through its environment. The DNA and other 
genetic machinery are loosely arranged into a nucleoid 
inside the cell (in yellow and orange). The remaining space 
is �lled with many soluble molecular machines such as 
enzymes and ribosomes (in blue and purple) that build 
new molecules, harness sources of energy, and sense and 
protect the bacterium from dangers in its environment.

     Looking at a close-up of one portion of the cell 
(3,000,000 X), we can see the many macromolecules 
performing their functions. The large �agellar motor, which 
is powered by the �ow of hydrogen ions across the inner 
membrane, dominates the scene. An array of sensory 
molecules monitors the levels of nutrients and decides 
when to turn the �agellum and move to a better 
environment. Many other proteins embedded in the 
membrane control the �ow of molecules in and out of the 
cell, and long sugar chains extend from the outer surface, 
protecting the cell. Inside the cell, there are many 
ribosomes building proteins, based on messenger RNA 
transcribed from the DNA by RNA polymerase. A molecule 
of DNA polymerase is also shown, replicating the DNA. 
Enzymes of glycolysis and the citric acid cycle are breaking 
down food molecules and capturing the energy, and 
synthetic enzymes are building all of the other molecules 
that the cell needs.

This image is taken from The Machinery of Life  by 
David S. Goodsell. It reveals a previously unseen level of 
biological scale. Light and electron microscopy may be 
used to explore the ultrastructure of cells, and X-ray 
crystallography and NMR spectroscopy may be used to 
reveal the atomic structure of individual puri�ed molecules, 
but there is currently no way to observe directly the 
structure of living cells at the molecular level. Instead, this 
illustration is synthesized by combining experimental data 
on cellular ultrastructure, the atomic structure of 
molecules, and bioinformatics.

To purchase this book, visit springer.com or your 
favorite bookseller.  
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Mitochondria Poster© E. coli Poster©

Scientist, author and artist David S. Goodsell, PhD, creates cellular landscapes that 
accurately illustrate the size, shape and distribution of proteins in their natural 
environment of the cell. His unique watercolor images connect the molecular world, 
inferred by X-ray crystallography and NMR spectroscopy, with the cellular world, 
observed by light and electron microscopy. Since 2009 3D Molecular Designs has 
made several of Dr. Goodsell’s cellular landscapes available as large posters for 
classroom use. Dr. Goodsell’s books, The Machinery of Life (2010) and Atomic 
Evidence: Seeing the Molecular Basis of Life (2016), are available from major 
booksellers.

Epithelial Cell Overview.  In�uenza is a persistent human health threat.  Of 
the 7.4 billion people on earth, up to 10% (740 million people) are infected by 
the in�uenza virus each year.  While most people experience only a mild form 
of the disease, approximately 4% (30 million people) develop serious disease, 
leading to 250,000 - 500,000 deaths annually.  These landscapes highlight the 
molecular mechanisms whereby our immune system protects us from 
infection, and the molecular events that transpire when those defenses fail 
and an infection occurs.
 
In�uenza viruses infect the ciliated epithelial cells that line the upper 
respiratory tract of humans.  When the virus is inhaled, it is initially trapped in 
the mucosal barrier that protects the ciliated epithelial cells in the respiratory 
tract.  Panel 1 shows an in�uenza virus trapped in this mucosal barrier – where 
it is neutralized by antibodies that are present due to a vaccine or a previous 
virus infection.  Panel 2 illustrates what happens if the mucosal barrier is 
breached and the virus reaches the surface of an epithelial cell. The virus binds 
to glycoproteins embedded in the membrane of the cell, triggering uptake of 
the virus by receptor-mediated endocytosis.  Panel 3 shows how the lower pH 
of the endosome containing the virus induces a conformational change in the 
structure of the hemagglutinin (HA) protein of the virus – leading ultimately to 
the fusion of the viral and endosomal membranes (Panel 4) and the release of 
the segmented viral RNA genome into the cytoplasm of the cell. 

Panel 1 - Antibodies in Action.  The mucosal barrier that lines the ciliated epithelial cells of the upper respiratory tract in humans is composed of a thick network of 
proteins that works to trap and neutralize the virus, and to activate additional antiviral responses.  Mucins (M) and IgA antibodies (A) are two kinds of proteins found in the 
mucosal barrier that limit access of the virus to the cell surface.  Mucins are long, �brous proteins that intertwine to create a thick, viscous network that nonspeci�cally 
traps particulate matter and pathogens. IgA antibodies are produced in our adaptive immune system in response to either a vaccine or a previous infection.  They bind 
primarily to regions of the hemagglutinin (HA) protein found on the surface of the in�uenza virus, which blocks hemagglutinin from binding to the sialic acid receptor 
proteins (R) on the surface of epithelial cells – the �rst step in the in�uenza virus infection process (Panel 2).  The secretory component (SC) shown bound to dimeric IgA 
antibodies represents a protein involved in the transport of IgA proteins from the basal membrane of the epithelial cells to the apical membrane where it is secreted into 
the mucosal barrier.  Other proteins such as interferon (I) and lactoferrin (L) make up part of the innate immune system that activates other nonspeci�c antiviral defense 
mechanisms. When viruses aren’t neutralized by antibodies, they attach to cells and begin endocytosis (Panels 2, 3 and 4).

Panel 2 (below) - Docking and Receptor-Mediated Endocytosis of the In�uenza Virus. In 
the absence of neutralizing antibodies, the neuraminidase (N) on the surface of the virus 
digests some of the carbohydrate chains on the mucin proteins, allowing the virus to penetrate 
deeper into the mucosal barrier and ultimately to the surface of ciliated epithelial cells. If IgA 
antibodies have not neutralized the hemagglutinin (HA) protein on the surface of the virus, it 
binds to sialic acid receptor proteins (R) embedded in the surface of the epithelial cell.  This 
triggers receptor-mediated-endocytosis wherein clathrin (C) and AP-2 (AP) proteins 
spontaneously assemble into a geodesic dome-like structure and engulf the virus within a 
cellular membrane – creating an endosome. Other components of the in�uenza virus include, 
M1 matrix protein (M1), M2 proton channel protein (M2), RNA polymerase (RP) and the 
segmented RNA genome.

Panel 3 (top right) - pH-Induced Conformational Change in the Structure of the HA Protein. vATPases (V), located in the 
membrane of the endosome, pump protons into the endosome, which lowers the pH from ~pH 7 to ~pH 5. This drop in pH triggers a 
conformational change in the structure of the HA proteins within in the viral membrane (VM), exposing the fusion peptides of the 
trimeric HA protein, which then embed themselves in the endosomal membrane (EM).  

Panel 4 (bottom right) - Membrane Fusion and Release of Viral RNA into the Cell. After the fusion peptides of the HA proteins 
are embedded in the endosomal membrane, further conformational changes in the structure of HA brings the viral membrane closer 
to the endosomal membrane.  At the same time, protons �ow into the virus through the M2 proton channel protein (M2), weakening 
the interaction between the matrix proteins (M1) and the viral RNA genome.  As the viral membrane fuses with the endosomal 
membrane, the segmented viral RNA genome is released into the cytoplasm of the cell.  This completes the �rst stage of the 
in�uenza virus infection cycle.  
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Mitochondria and E. coli Posters

What molecular mechanisms protect our bodies from influenza virus infection? What events transpire when those defenses 
fail and infection occurs? Explore these questions and more with our Flu Flight: Immunity and Infection Panorama© created 
by scientist, author and artist David Goodsell, PhD. 

Influenza is a persistent health phenomenon that infects up to 10% (740 million) of the human population each year. These 
cellular, watercolor landscapes will take your students from infection of the ciliated epithelial cells that line the upper 
respiratory tract, through virus neutralization by antibodies in the mucosal barrier. Influenza – in the absence of antibodies 
– breaches the barrier and binds in the cell membrane before fusing with the endosomal membrane and finally releasing 
segmented viral RNA genome into the cytoplasm. Illustrate your discussions about infectious disease and immunity with this 
beautiful, accurate panorama that identifies key proteins and other molecular structures and explains their functions!

See our Antibody and Antigen Models on page 16! Enhance your students’ conceptual understanding of immunity and 
infection with multiple models. Use the Antibody and Antigen Models to actively simulate the antibody binding and 
specificity illustrated in the Flu Fight Panorama©. Also see Tour of a Human Cell© on the previous page.



804 N. Milwaukee St. Suite 200 • Milwaukee, WI 53202

SUMMER COURSES

Modeling the Molecular World
Join us – the first and only team to put protein models in the hands of students! –  
for a week of modeling. You’ll:  
•	 Hear powerful molecular stories, told by master storyteller, Tim Herman, PhD. 
•	 Learn tips and techniques from experienced teachers who have 

fostered student modeling, discovery and inquiry in their classrooms. 
•	 Become part of a community of outstanding educators utilizing 

3DMD’s kits and models in a variety of courses.  
•	 Learn how to incorporate modeling with NGSS and/or  

your existing curriculum.  
•	 Leave with an introductory set of innovative materials, including  

a Water Kit©, Amino Acid Starter Kit©, Dynamic DNA Kit©,  
a cellular landscape by David Goodsell and more. 

Following participation in this Modeling the Molecular World course,  
you’ll be eligible to participate in 3DMD’s advanced courses,  
Model Teacher Program, and research project advisory groups!  
Applications open Nov. 1, 2022  
Watch 3dmoleculardesigns.com for details 

Session 1: June 26-30, 2023 
Session 2: July 17-21, 2023

3D Printing for the Biosciences Classroom
Wondering how to incorporate 3D printing in your classroom?  
This course is for you! You will: 
•	 Learn Jmol, a free molecular visualization program,  

for designing physical models of proteins that can be  
3D printed.

•	 Return to your students with a physical model and  
validated 3D print files.

•	 Feel confident exploring software and choosing instructional 
materials on designing for 3D printing.

•	 Receive a digital notebook of resources.

3D Printing Course is open to current and past participants of  
Center for BioMolecular Modeling (CBM) summer courses.  
The CBM merged with its close partner organization,  
3D Molecular Designs, LLC, October 1, 2022.
Applications open Nov. 1, 2022  
Watch 3dmoleculardesigns.com for details 

One-Day Short Course: July 1 or 22,  
following Modeling the Molecular World

Don’t miss out on these unique and 
impactful courses for science educators! 

Courses are held at 3D Molecular Designs 
in downtown Milwaukee and within 

blocks of the Lake Michigan lakefront and 
Milwaukee museums. 

You’ll become part of a community of 
educators who are committed to making 

the molecular world come alive for learners!

For details on courses, housing, 
professional learning credits 

and fees, please see:

3dmoleculardesigns.com
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