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SICKLE CELL ANEMIA & THE HEMOGLOBIN GENE

TEACHER’S GUIDE

LEARNING OBJECTIVES

Students will gain an appreciation of the physical effects of sickle cell anemia, its
prevalence in the population, and the elevated incidence among Africans (and
African-Americans).

Students will recognize the relationship between the amino acid sequence of a
protein, its 3-D structure, and its function in the cell.

Students will understand that the mutation of a single DNA base can have huge
consequences for the person carrying that gene.

Students will understand the pattern of inheritance for a disease caused by a
single recessive gene and become familiar with the term “carrier”.

Students will become proficient in finding genes and browsing genomic
sequences on the UCSC Genome Browser.

Students will be able to use the web-based Primer3 tool to design DNA probes
that match a specific fragment of DNA.

CONNECTIONS TO THE CURRICULUM

Respiration/Circulatory system — function of hemoglobin to carry oxygen in the
blood from lungs to tissues

Genetics — mutations, inheritance of recessive alleles

Protein structure and Function — relationship of protein amino acid sequence to
its 3D structure and function in the cell.

Biotechnology — Design of DNA probes to use as diagnostics

BIOINFORMATICS TOOLS

UCSC Genome Browser & Primer 3

The UCSC Genome Browser provides an intuitive and easy to use interface to
the Human Genome sequence.
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SICKLE CELL ANEMIA & THE HEMOGLOBIN GENE

Using Bioinformatics in Medicine

BACKGROUND ON SICKLE CELL ANEMIA

Sickle cell anemia is the one of the most common genetic disease in the United States with its
highest incidence in African Americans. The disease affects red blood cells and is potentially
lethal. The cause of the disease has been well-documented. Hemoglobin is a protein made of
four subunits: 2 alpha polypeptide chains and 2 beta polypeptide chains. A mutation in the gene
for the beta hemoglobin subunit changes the 6™ amino acid (glutamic acid — valine) in the
polypeptide chain. This change causes the hemoglobin molecules to stick together and to form
fibers under low blood oxygen conditions.

This causes red blood cells to become distorted from their normal round
shape to a sickle (crescent) shape. Consequently, these sickle shaped red
blood cells clump together and clog small blood vessels causing fever,
great pain, and damage to organs (including brain damage). Breakdown of
damaged red blood cells also causes anemia, physical weakness and
heart failure.

The mutant allele (Hb S) is surprisingly common in the population. It is
found in 1 out of 14 African Americans which means approximately 2
million Americans are carrying the allele. This allele frequency results in
72,000 Americans having the disease.

The mutant allele (Hb S) is recessive to the normal allele (Hb A). Homozygous (Hb SS)
recessive individuals have sickle cell disease. Heterozygotes (Hb AS) are carriers. If two
carriers have children, each child has a 25% chance of having the full sickle cell disease.
However, many carriers are not aware they have the allele. The prevalence of the mutant allele
and the consequent high incidence of sickle cell disease creates a significant individual and
public health burden. It would be a great benefit to the population if the medical community
developed a genetic screening test to identify carriers so they could be offered genetic
counseling and pre-natal testing.
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STUDENT ASSIGNMENT:

The National Institutes of Health have allocated funds and awarded your team the grant to
develop a simple, inexpensive DNA test for the sickle cell allele that we can use to efficiently
screen large groups of people.

THE PLAN OF ACTION

* Identify the DNA sequence for the normal hemoglobin allele.
* Identify the DNA sequence for the sickle cell mutant hemoglobin allele.

¢ Design DNA probes to detect normal and sickle cell hemoglobin alleles in blood
samples.

IMPLEMENTING THE PLAN

1.

Identify the DNA sequence for the normal hemoglobin allele

Thanks to the Human Genome Project, the DNA code for all 23 human chromosomes has
been sequenced. This information is organized and stored in databases that are freely
available to both the public and the scientific community and accessible online at a number
of Web sites. You just need to know how to use the analysis tools that enable you to sort
through all that DNA code. One of the goals of this exercise is to teach you how to use these
tools that are freely available.

a. We will be using the genome database available through the University of California at
Santa Cruz (UCSC).

b. Go to the UCSC Genome Browser: http://genome.ucsc.edu

c. Click on the “Genome Browser” link in the side navigation bar (See Figure 1).

This will bring you to the “Human Genome Browser Gateway’—a tool that allows you to
search the human genome and retrieve gene information in an organized way.

f \H l_’l/.r' ﬁ;l /E @ http://genome.ucsc.edu/

UCSC Genome Bioinformatics

Genomes - Gene Sorter - Blat - PCR - Tables - Proteome

About the UCSC Genome Bioinformatics Site

This site contains the reference sequence and working d
also shows the CFTR (cystic fibrosis) region in 13 species

Figure 1. The Genome Browser homepage at University of California at Santa Cruz (UCSC).

d. The Genome Browser asks you to:

(1) choose which genome you want to search in the genome pulldown menu. As you
can see there are DNA sequence data stored here for a number of other organisms
besides humans.
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(2) You need to choose which version of the database to use.
(3) Identify which gene you are searching for.

From experience, we know the best way to query the Genome Browser database is with
the following settings (see Figure 2):

* human genome

e July 2003

* HBB (this is the standard notation for the Hemoglobin beta chain)
* image width can be left at the default 620

e. Click the “submit” button

Human Genome Browser Gateway

The UCSC Genome Browser was created by the Genome Bioinformatics Group of UC Santa Cruz.
Software Copyright (c) The Regents of the University of California. All rights reserved.
genome assembly position image width
[Human | =] | july 2003 ~| |HBB 620 Submit

Click here to reset the browser user interface settings to their defaults.
Add Your Own Custom Tracks |

Figure 2. The settings for the Human Genome Browser to search for the DNA sequence of the
human hemoglobin beta chain.

f. The search results are returned to you on the next page. You are specifically interested
in the “RefSeq Genes”. This is the link to the “reference sequence”: the sequence that is
considered the authoritative version. (see Figure 3):

Known Genes

HBB at chr11:5203302-5204770 - (AF181832) Hemoglobin beta subunit variant (Fragment).

HBB at chr11:5203270-5204877 -~ (BC007075) hemoglobin, beta

HBBP at chr3:45240961-45242758 - (AF438313) Ras-induced senescence 1 (P40BBp).
RefSeq Genes

HBB at chr11:5203271-5204877 - (NM_000518) beta globin

Figure 3. The link to the Reference Sequence for the human hemoglobin beta chain.
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Built into the link to the HBB reference gene sequence is a lot of information:

Question 1.
Copy the RefSeq link below:
HBB at chr11:5211004-5212610 - (NM_000518) beta globin

Look at the text of the RefSeq link. Hypothesize as to what each part means:

HBB: hemoglobin beta
chr11 chromosome 11
5211004 gene sequence begins at base 5,211,004 on chromosome 11
5212610 gene sequence ends at base 5,212,610 on chromosome 11
g. Click on the HBB reference sequence link to view the HBB gene on chromosome 11

(see Figure 4).

Base Fosition s211508] s212606] s212568|
Chromosome Bands Localized by FISH Mapping Clones
Chromosome Band 11p15.4

STS Markers on Genetic (blue) and Radiation Hybrid (black) Maps
STS Markers I
Gap Locations
Gap
Known Genes Based on SWISS-FROT, TrEMBL, mRNA, and RefSeq
HEE m—— - - - - - -~ i —

Refleq Genes

e i S 5 I E—
Ensemb ] Gene Fredictions
Ensemb ] Genes il

Acemb 1y Genes

AceView Gene Models With AIt-Splicing

Genscan Gene Fredictions

Genscan Genes EomEy T RN
Human mRNAsS from GenBank
Human mRNAS NG R |
Human ESTs That Hawve Been Spliced
spliced ESTs N || | RN | | S

Human/Chihp!Mouse/Rat/Chicken MUltiz Alignhments & FhdloHMM EOhS

Conservation

chimp
mouse NI NS S A T i R NIRRT F T AT o
rat W TIT T P R 0 0 0 AN

chicken |
Takifugu rubripes (A2, 2002/fr1) Translated Blat Alignments
Fugu Blat
Repeating Elements by RepeatMasker
RepeatMasker

Figure 4. The Genome Browser view containing a portion of chromosome 11, showing the human
hemoglobin beta chain (HBB) gene.
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This is a lot of information!

Near the top of the page is an illustration of the entire human chromosome 11 (see Figure 5).

chrii [ DO B EEENIS[ERE | | .

Figure 5. An illustration of the entire human chromosome 11 from the UCSC Genome Browser.

Question 2.

What do you think the red line on the illustration of human chromosome 11 is marking?

The red line marks the position of the HBB gene on the chromosome

Question 3.
If the HBB gene is at base 5.2 million, how long do you think human chromosome 11 is (in
bases)?

Click at the extreme right end of the illustration of chromosome 11. In the July 2003 assembly,
chromosome 11 ends at base 134,482,954.

h. The position of the HBB gene is shown about 4 lines down in the main panel (labeled
HBB). The reference sequence (RefSeq Genes) for HBB is shown in blue. The thicker
parts of the line are exons and the arrows are introns. The direction of the arrows show
the direction of transcription (See Figure 6).

Base Fosition 5211588 s212008| s212508]|
Chromosome Bands Localized by FISH Mapping Clones
Chromosome Band 11piS.,. 4

STS Markers on Genetic (blue) and Radiation Hubrid (b1ack) Maps
3TS Markers |

Gap Locations

Gap
Khown Genes Based on SWISS-FROT, TrEMBEL, mRNA, and RefSed
HEE e——- N E—
Refseq Genes
) e — G deerece

Figure 6. The HBB gene on human chromosome 11.
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i. Above the chromosome illustration are a series of navigational tools, we’ll call the “move
and zoom” controls (see Figure 7). Practice using the left and right “move” arrows and
the “zoom in” and “zoom out” controls. If you get lost, just type “HBB” in the “position”
textbox and hit the “jump” button to get back to this original view.

move <<< | << | <| > | >> | >>> |zoomin 1.5x | 3x | 10x'l base | zoom out 1.5>Z| 3x | 10x |
position |chr11:5,211,004-5,212,610 size 1,607 bp. image width: [620  jump

Figure 7. The “move and zoom” controls in the UCSC Genome Browser.

j- Now zoom out 30x. How are going to do that?

Also move a little to the right with one click of the right arrow. This brings up a cluster of
interesting HB genes (HBD, HBG) in the main panel (See Figure 8).

chrit [ I | EeicEl Il B B EB | I-IE“
Base Fosition | sz2eee08| S2eSe6e| S216606| S215600| S226008| S225668| S230008| S235608] S240600(
Chromosome Bands Localized by FISH Mapping Clones
Chromosome Band 11p1S. 4
STS Markers on Gehnetic (blue) and Radiation Hubrid (black) Maps
STS Markers I | I | | 1 m 1] |
Gap Locations
Gap
Knowh Genes Based on SWISS-PROT, TrEMBL, mRNA, and RefSeq
HBE ¢-H HED $-§ HEG2 reeesccctf
HED -}
HBG1 ferecmcmcmccd)
HEG1 ¢}
HEG1 §-§
HEG2 |
HEGZ =4
RefsSeq Genes
[HEE 1] HBD +=§ HBG1 -}
| HEG2 -
.
B

Figure 8. The cluster of HB genes on human chromosome 11.

Question 4.
What are the HBD and HBG genes on human chromosome 117
The HBD and HBG are other hemoglobin genes. HBG is known as gamma globulin or fetal

hemoglobin , which is not usually expressed in adult humans. HBD is hemoglobin delta, which
forms about 3% of normal hemoglobin.

Hypothesize why these HB genes are found in a cluster?

The globin gene family is the result of gene duplications that created tandem copies of an
ancestral globin gene.

7 of 13
Developed by Dr. Stuart Brown & Kim B. Foglia ¢ http://www.GenomicsHelp.com ¢« © 2005




Name Period

k. Click on the HBB reference sequence (RefSeq Genes) shown in blue. This brings you to
the RefSeq page for the HBB gene. Scroll down to the link “Genomic Sequence from
assembly” (See Figure 9).

Position: chrl 1:5211005-5212610
Band: 11pl54

Genomic Size: 1606

Strand: -

Links to sequence:

¢ Predicted Protein
* mRNA Seguence may be different from the genomic sequence.
« Genomic Sequence from assembly

Figure 9. The link to the Genomic Sequence for the HBB gene.

I. Click on “Genomic Sequence from assembly” link. This brings you to a formatting page
that allows you to structure the way your DNA sequence will be displayed. Most of the
default setting are fine. Just make sure that the radio button is selected for “Exons in
upper case, everything else in lower case.” Hit the "submit” button.

Now you finally have your HBB gene sequence (See Figure 10). Copy the sequence and
paste it into a word processing program.

Question 5.
How many introns? 2 introns
How many exons? 3 exons

Are there more DNA bases in the introns or
the exons of the HBB gene?

There are more bases in the introns than the
exons

Do you think this is a large or small gene?

HBB is a relatively small protein (146 amino
acids) and a very small gene with only 2
introns; total size of the transcribed gene
(introns + exons) = 1606

>hglé_refGene_NM_000518 range=chrl11:5211005-5212610
ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCARACAGACACC
ATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGE
CAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGgttggtat
caaggttacaagacaggtttaaggagaccaatagaaactgggcatgtgga
gacagagaagactcttgggtttctgataggcactgactctctctgectat
tggtctattttcccacccttagGCTGCTGGTGGTCTACCCTTGGACCCAG
AGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGG
CAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTG
ATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGgtgag
tctatgggacgcttgatgttttctttececttettttectatggttaagtt
catgtcataggaaggggataagtaacagggtacagtttagaatgggaaac
agacgaatgattgcatcagtgtggaagtctcaggatcgttttagtttctt
ttatttgctgttcataacaattgttttcttttgtttaattecttgetttet
ttttttttcttctccgecaatttttactattatacttaatgecttaacatt
gtgtataacaaaaggaaatatctctgagatacattaagtaacttaaaaaa
aaactttacacagtctgcctagtacattactatttggaatatatgtgtge
ttatttgcatattcataatctccctactttattttcttttatttttaatt
gatacataatcattatacatatttatgggttaaagtgtaatgttttaata
tgtgtacacatattgaccaaatcagggtaattttgcatttgtaattttaa
aaaatgctttcttcttttaatatacttttttgtttatcttatttctaata
ctttcecctaatctetttectttcagggcaataatgatacaatgtatcatge
ctctttgcaccattctaaagaataacagtgataatttctgggttaaggeca
atagcaatatctctgcatataaatatttctgcatataaattgtaactgat
gtaagaggtttcatattgctaatagcagctacaatccagctaccattctg
cttttattttatggttgggataaggctggattattctgagtccaagetag
gcccttttgetaatcatgttcatacctcttatcttectcccacagCTCCT
GGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCA
CCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAAT
GCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCT
ATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATT
ATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTT
CATTGC

Figure 10. The genomic DNA sequence
for the human HBB gene.
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2. Identify the DNA sequence for the sickle cell mutant hemoglobin allele.
Now its time to get the sickle cell mutant hemoglobin allele.

a. Go back to the Genome Browser main panel that showed the HBB gene on the map of
chromosome 11 (as seen in Figure 4).

b. To get the sequence of the mutant allele, we need to add information about genetic
variations to the map. To do this, scroll all the way to the bottom of this Web page to the
section entitled “Variation and Repeats”. Set the SNPs pulldown to “pack”. SNPs are
single nucleotide polymorphisms — single base mutations (See Figure 11). Hit the
“refresh” button.

' Variation and Repeats

SNPs Perlegen Haplotvpe Blocks  Segmental Dups RepeatMasker
Haplotvpes ; s

I pack ~| [W(‘))Ta't_z%lrl 1 [No data-chrl 1] |hide | I dense ~|

Simple Repeats Microsatellites Self Chain

!

hide ~| lhide | Ihide |
refreshl

Figure 11. The “Variation and Repeats” section of the Genome Browser.

c. Now the main panel has more information in it. At the bottom of the main panel there is a
section entitled “Simple Nucleotide Polymorphisms”. Each of these is a known mutation
of the human HBB gene. We are interested in the “rs334” polymorphism. This is the
sickle cell mutation (See Figure 12).

Ll (TR T TETAR S TR T U [ R IR AR T TR T 7T TF O T o T T 11 |
chicken |00 O I D 0L A
Takifugu rubripes (Aug, 26862/fr1) Translated Blat Alighments
Fugu Blat [
Simple Nucleotide Folumorphisms (SNPs)
rs1669312 | rsS7946748 | rs11549467 | rs334 |
rs7450526 | rs713048 |
rs1 8768685 |
rs1799961 |
rs11549465 |
rs18683195 |
rs11549466 |
Repeating Elements by RepeatMasker
’ RepeatMasker

[

Figure 12. Single nucleotide polymorphisms of the human HBB gene.
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Question 6.
Is the sickle cell mutation in an intron or an exon?

The mutation is in an exon
Does this make sense?

The mutation must be in an exon since it is know that this mutation causes a change in the
amino acid sequence of the hemoglobin beta protein, and only exons are translated into
protein.

Is the mutation at the beginning or end of the gene?

The mutation is near the beginning of the gene — at amino acid #6 (codon #7 since the initial
Methionine is removed during post-translational processing of the protein.)

d. Click on the “rs334” polymorphism and you will be forwarded to a page summarizing the
information about this SNP (See Figure 13).

* The “Sequence in Assembly” is a part of the sequence of the normal allele.

* The “Alternate Sequence” is a part of the mutant allele showing the single
base mutation.

Simple Nucleotide Polymorphism (SNP) rs334

Position: chrl 1:5212541-5212541
Band: 11pl54

Genomic Size: |

View DNA for this feature

Average Heterozvgosity: Not Known

Standard Error of Avg. Het.: Not Known

Functional Status: coding-nonsynon,reference

Validation Status: no-information

Allelel: A

Allele2: T

Sequence in Assembly: catggtgcacctgactcctgAggagaagtctgccgttactg
Alternate Sequence: catggtgcacctgactcctgTggagaagtctgecgttactyg
Variant Source: OTHER

Variant Type: SNP

Figure 13. Summary information for SNP rs334, the sickle cell mutation of the HBB gene.

e. Copy these two lines of DNA sequence into your word processing file. You will need
them in a minute.
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Question 7.
What is the single nucleotide change that creates the sickle cell mutation?

The sickle cell mutation is a change from A to T in base #20, counting from the “ATG” start
codon. This is base #70 counting from the start of the mRNA sequence, and base 5,211,074 on
chromosome 11.

3. Design DNA probes to detect normal and sickle cell hemoglobin alleles in blood
samples.

These two short sequences are enough to design the DNA probes that we will use to detect
both the normal and sickle cell alleles in human blood samples. This will allow us to screen
people, so we can alert them if they are carriers and can also be used as a prenatal test to
detect sickle cell disease.

a. We need to use a probe design tool. One of the best probe design programs, Primer3, is
available for free on the Web from MIT. Either Google “Primer3” or go to:

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi

Primer3 is very complex and powerful, but it can be used without too much hassle by
leaving most of the advanced settings at their default values.

b. Paste the sickle cell DNA sequence fragment into the Primer3 text box. Place “curly
brackets ({ }) 10 bases on either side of the mutation. This will force Primer3 to include
that mutation base within the probe. (See Figure 14).

Also use the following settings:
* check “Pick hybridization probe”
* uncheck “Pick left primer” and “Pick right primer”

Primer3 disclaimer source code
pick primers from a DNA sequence cautions FAQ

Paste source sequence below (5'->3", string of ACGTNacgtn -- other letters treated as N -- numbers and blanks ignored). FA
format ok. Please N-out undesirable sequence (vector, ALUs, LINEs, etc.) or use a Mispriming Library (repeat library):

| NONE |

catggtgcacc{tgactcctgTggagaagtc)}tgccgttactg

I Pick left primer or use left primer  [v Pick hybridization probe (internal |~ Pick right primer or use right primer
below. oligo) or use oligo below. below (5'->3' on opposite strand).

Figure 14. Primer3 probe design tool.
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c. You also need to adjust the settings for the size and hybridization temperature of the
primer. Scroll far down on the page to the “Hyb Oligo (Internal Oligo) General
Conditions* section (See Figure 15). Use the following settings:

* Hyb Oligo Size— Min: 12, Opt: 14, Max: 16
* Hyb Oligo Tm— Min: 40, Opt: 50, Max: 60

Hyb Oligo (Internal Oligo) General Conditions

Hyb Oligo Size: Min[12  Opt[t4  Max |16
Hyb Oligo Tm: Min[40.0  Opt[50.0  Max [60.0
Hyb Oligo GC% Min: [20.0  Opt: | Max: |80.0

Figure 15. Probe design settings in the Primer3 probe design tool.

d. Click the “Pick Primers” button. You will now get a probe design to optimally hybridize
with the sickle cell gene in a human blood sample (see Figure 16). Record your probe
sequence for Question 8.

Primer3 Output

Using l-based sequence positions

OLIGO start _len tm gct any 3' seqg

INTERNAL OLIGO 15 20 59.99 60.00 5.00 4.00 ctcctgTggagaagtctgcce
SEQUENCE SIZE: 41

INCLUDED REGION SIZE: 41

1 catggtgcacctgactcctglggagaagtctgecegttactg

AAAAAAAAAAAAAAAAAAAA

Figure 16. Probe sequence obtained from Primer3 probe design tool.

e. Repeat this probe design process with the normal HBB gene sequence fragment.
Record your probe sequence for Question 8.

Question 8.
Write the sequence of both probes below:

There are many different sequences that can be generated by the Primer3 tool that will work as
probes. “Correct” answers must include the gTg codon somewhere near the middle for the
sickle cell probe and the gAg codon for the normal; and should have a length of about 15 bases
and a melting Temp near 55°.

normal catctgactcctgAggag

sickle cell catctgactcctgTggag
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f.  You now can send your probe sequences to your local DNA synthesis lab and you will
be ready to start testing for sickle cell next week.

Question 9.

Now that you have two probes for the normal and mutant alleles, how can you use them to
distinguish between normal, sickle cell disease and carrier genotypes?

It is necessary to test each DNA sample with both probes.

Normal patients show hybridization only to the normal probe.

Sickle cell patients show hybridization only to the sickle cell probe.

Sickle cell carriers show hybridization to both probes (heterozygote)

The two probes can be given different fluorescent labels and hybridized together, or two

separate hybridization reactions can be run. The sample can be divided onto two different
spots, or one probe can be hybridized and washed off, then the second probe is hybridized.

Why do we need two probes for the genetic test: one probe for the normal and one for the
mutant allele?

Without the normal probe, it would not be possible to distinguish between sickle cell carriers
(heterozygotes) and people with the disease (homozygous for the mutant allele). Both would
show hybridization to the sickle cell probe. This distinction is especially important for newborn,
pre-natal, or pre-implantation testing.

EXTRA CREDIT: Find the closest commercial DNA synthesis lab and estimate the cost of two
15 base probes.

DNA probes can be synthesized at many commercial and university labs for 50c to $1 per
base. Fluorescent labels add substantially to the cost.




