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i lnstructions

Save this decument to your computer and open it in s PDE viewer such as Preview
(available on every mac) or Adobe Acrobog Resder {free for PC oand Linoe). Be sure to
aled your name aml UC San Diego personal dentification sumber [PITY) and cmail helow
bsefore answering all guestions in the space provided.

Student Name S0 PID UCSD Email
Patrick Nguyen A17580785 pdnC04@ucsd.adu

Learning Objectives

By the end of this lab you should be able o

1. Use BLAST to annotate an unknown nucleotide sequence and interpret kev metrics
[E-vilue, eovernge, percent identity );

2, Navigate between interconnected NCBI databases (GenBank, GENE, RefSeq, ORIN) to
eather information shout a gene of interest;

4. Perform sequence alignment and identify muotations at the nucleotide level:
4. Retrbeve and visualize 30 proteln stroctares Trom che PINE datalase;

5, Helate o single npucleotide mutation to its gtructurs] and phenotvpic conscquences at thae
prrobein level,

“hitp: fthegrantlab.org/teaching/



Dwerview:

The purpose of this lab session is to introduce a range of bicinformatics databases and associated
services available online whilst investigating the molecular basis of & common human disease.

Sections 1 and 2 deal with querving and searching GenBank, GENE and OBMIA databases
at NCRIL Sections 3 and 4 provide exposure to ERI resources for comparing sequences anid
PDE resources for visualizing protein structures.

Side-note: The Web is a dvnamic environment, where information is constantly
added and removed. Servers “go down”, links change without warning, ete, This
ean lead to “hroken™ links and results not being returned from serviees, Don't give
up - give it a secomd go aml try a search engine using terms related to the page yon
are Erving b0 acoess,

Section 1

The following transeript was found to be abundant in a homaen patient’s Blood sample,

rexamplel

ATGCTGCATC TEAC T T TEEAGAACT CTGCCGTTACTECCCTOTACGGC ARGETCAACCTEGATGAAG
TTGeT T ARG Te G A TOCT oS TCE T TACCCTTOGACCCAGAGETTCTT TGAGTOCTT TR
GoATCTCTCCACTCCTOAT O AT TAT OO GCAACCCT ARG TOARGOCTCATCOCAACAAAGTGCTCGST
GOCTTTAGTGAT GO TG TCACCTOOACAACCTCAAGOGCACCTTTGCCACACTGAGTOACCTRCACT
GTGACRAGCTGCACGTGGATCCTGAGRACT TCAGG T o T GGG o AACG TGO TGRTC TG TG TGO TGRCCCA
TCACTTTGGCAARGAAT TCACCCCACCAGTRCAGGTGOCTATCAGAAAGT GG TGERCTRETETGLRCT AAT
GOCCTGECCCACAGTATCACTAAGCTCGCTTTCT TGCTGTCCARTTT

The only information you are given is the above sequence so you must begin vour investigation
with n sequence search - for this example we will use NCEI's BLAST service at: http:
{ blast.nebi.nlm.nih.gov /

Side-note: There are several different “basic BLAST" programs available at
MCBI {including mclectide BLAST (BLASTH), protein BLAST (BLASTp], and
tramslated pucleotide mcleotide (BLASTx], Wi will explors using sl of these in
Lhe eoming sections,



1 Which BLAST program should we use in this case?
BLASTn would be used

Searching against the “Nucleotide collection™ (WH database) that includes GenBank is a
good place to start vour investigation of this sequence,

02 What are the names and accession numbers of the top four hits from vour BLAST
search?

The names of all are beta globin. The acension numbers of the top four hits from highest to
lowest are MM_000518.5, XM _003818028.5, XM _ 5082425, AV136510.1

Q3. What are the pereent identitios. coverage and E-values for these top few hitsT
The top hits all have a3 & value of 0, a coverage of 100%, and permcent identities of S0%.




? Tip

Theesse three metrics {E-vnlue, coversge pud sdentitios) are the mest important for us to
consider at this stage, | soggest vou bave a discossion with your neighbor and Barry (o

make sure you have a finn grasp of these concepts as vou will nesd them later In your
praject.

T imvestigate these results fucrther elick on the Alignments section (taly] of vour BLAST

pesult page (Figure 11 This will ghve vou more detalls on matched suclestides and mportant
links to “Helated information™ about a given “sulfect sequenece ™,

Side-note: In BLAST terminclogy we talk about gquery sequence and subject

aegiienee. The query being the nput sequence you searched with and the swhject
being the identified hit sequence from the database,
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Figure 1; The BLAST Aligrments tab contains more detsiled information about your resalts
manl also e link to the Gemne database that we will use for Q5

@ Tip

Seroll down to the end of the Alignments page to see lower ranked hits,



Q4. How many identical and non identical nueleotides are there in your top hit compared
to your last veported hit?
485 identical nucleotides for the top hit and 401 nuclectides for the last reported hit.

From the resulis of your BLAST search you comn link to the GENE entry for one of your top
hit=,

# Tip

Note that the GENE link s located under the “Related Information™ heading at the
right hand side of each displaved alignment on the “Alignments™ tals {Figure 1)

Q5. What iz the “Official Symbal” and “Official Full Name™ for this gene?
"Ciffical Full Mame" is hemoglobin subunit beta. "Official Symbol” is HBB.

. What chromosome is this gene located on (see (Figure 2717
Chromosome 11
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2lT
Sea HBR in Ganome Data Viewar
Location: 1ip15.4
Exon count: 3
Annotaticn
. Siabus Azsambly Chr  Location
110 currenl GRCh3B.p14 1 MC_000011.10 (5225484 5227071,
(GCF_DO0O01405 40) comglement]
110 curram TIT-CHMIZWZ 0 11 WC_DBOS3ES 1 (SIB4EIZ S2EG430,
(GCF_O0S314755.1) comglament]
10520220307  previous GRCh3T.p13 11 NC_000011.8 (5246684, 5248301,
asgairibly (GCF_DO0001498 35) carglenment]
Chramasema 11 - NC_D00011.10
[mawmTmp [ Ea1sa1 o
EILEL LEELHTLIELE -]
HEE- " Wil LSl LbbbEILE Lol ik 1
VECL p R RS

FOE dp | BCL NP AT

Fignre 2: NCBI GENEs Genomic context section indicating location, structure and neighboring
EELES

Q7. What are the names of neighboring genes on this chromosome?
The names are GRCh3IZ.p14, T2T-CHM12v2.0, GRCh3T p13

" Tip

MNote that there i= a schematic diagram of neighboring genes and their orientations in the
“Crenoimic context” section (Figure 2], Our HBB gene is in maroon. All other gene armows
can be hovered over for full names and clicked on to link to thet specific CENE page to
find out more, We will explore more full festured genome browsers at ENSEMBE an«d
U5 i an upeomming lab but basically it &= the some idea bere in o more simplified fomm,
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Q8. How many exons and introns are annotated for this gene?
There are 3 exons and 3 itrons annotated

In addition to reading the sbstract like text on a given GENE entry [ encourage vou to explore
the linked “Gene Ontology” information and diseuss with vour neighbor and Barry the
advantages vou think such controlled terms might have over froe text?

Q9 What iz the fonction of the encoded protein?
coniributes to haptoglobin binding, enables heme binding, and enables oxygen binding.

Seroll down to the “Phenotypes” aection of the GENE eutey page and also explore the link to
the OMMIM database

Q10. Does the protein have a role in hnman disease(s]7 If 50 what diseases?
The protein has a role in sickle cell disease.




Section 2

By now von should be aware that there are a number of human diseases linked to particular
variamts of the beta-globing gene, In this csse our expmple sequence corresponds to humean
sickle cell beta-globin mRNA with this disease resulting from o point mutation im the beta
plobin gene, Tn the folowing section, you will compare sickle cell and aormal beta globin

sequeences o reveal the natwee of the siekle cell mukation at the protedn level,

Tor dor this you need to find st least ope sogquence representing the normal bets globin gene,
Chpeeny 2 mewe winilow i visit the NCBI bore page (et Sweww nebd aloenibogov] aml select
“Muclectide™ from the deop menn asaeciated with the top search box, Then enter the search

terin: HBB [ Figuee 3).
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Figure 3 The main Google like search tool for seavching accross all NOBI databases = called
Entrez. Mote that productive uwse often requires the wse of addational “filbers™ as we
will explore later.

Moster thist lots of often irrelevant results are retarmed o lets apply some “Filters™ {seailable by
clicking in the lefi-hand sidebar) to focus on RefSeq entries (under “Source databases™) for
Hors 5.111'!‘.!:5 [II'IJII.!"I' “Reaulis 1|_1' taxon” on Bl I'i.HLLT'IIIthHI shilebar in this later I.'jL'iI'].

Side-note:  Boolean operators [NOT, AND, OR] as well as Oelded gueries
[i.e. “"HBB[Cene Name| AND Human[Ovganism|™ ) can be used divectly in ENTREZ
searches to filter results for move efficient searching,

Remember that we arve afver mBNA s0 we can compare to the mBENA sequence from seetion |
alsoe.



Q11, What is the ACCESSION number of the “Homao sapiens hemoglobin, beta (HBE),
mBRNA" cotry?

accession numioer is ML_0005138

Select “Homo sapiens hemoglobin, beta (HEB], mRENA™ feoan the results and scroll down to
the “FEATURES" section to answer the following,

* Tip

Mote that that vou can find moeh of the same information from either the “Cenfank”
format entry or by selecting the “CRAPHICSY display format and, for example, placing
your mouse over the first exon (see Figure 4],

Q12 What are the mumbers of the fivst and last base positions of exon 1 of this entry?
1 fior first position and 142 for last position
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Figure 4; The GRAPHICS view of a GenBank entry can beomore wser riendly than the
traditional text of the eorresponding GenBank format display.

The ved bar in the “ Grephics” display (Figure 1) coresponds to the CDS {or “coding sequence™),
which refers to the portion of a genomic DNA sequence that is translated, from the start codon
to the stop codon, Successful translation of & CDE results in the synthesis of 8 protein,

13, What are the numbers of the first and last base positions of the CDE?
first position is 51 and last base position is 484,




Section 3

Here we will compare the retrieved sequences by creating & sequence alisnment. This will make
the difference between the two sequences easy to spot.

To generate the alignment, we will wse MUSCLE available on the EB] website at: hibtps:
S Porwenr obiacuk fjdispatcher

Select the FASTA diplay for the “Homo sapiens bemoglobing beta (HBR] mBNAT
(MM 0O00518) entry from section 2,

Mow copyv-and-paste this FASTA format sequence and also the examplel sequence Trom section
1 imto the inpot box of the MUSCLE page. Then click the subinit lotton (see red cleele in
Figure 5.
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Figure & To wse the EBI MUSCLE server vou mmst paste multiple FASTA format sequences
that include their 1D lines.




The two sequences should now be alisned, Where the alizned ssquences are identical. an
* is placed under the alisnment. Examine the resalts and note that your sequences are
penrly idention]. However, being much shorter, ghe sickle cell sequence hsg many padding gap
characters (-=-= to bring equivalent regions into the correct register {Figure 6).
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Figure 6: Alignment of patient and reference HBD sequence

When inspecting alignments (especially those with lots of ssuences) i can be helpful fo uze a
graprhical wser interface (or GUI) to display colored, interactive and serollable versions of your
alignment. Cne such GUT i3 the seaview program.

From your musele resules webs page click Download Alignment File (ced highlight in Figure 6],
Meote that 07 o downbomd does st antomatically begin then you may nesd o save the resulbing
plain text page from vour web Inowser via File> Save As..

Mext downlond seaview for your computer froms https: S Sdowa, praba fr/softearce  seaview
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Onee downloaded open seaview by double elicking on it's joon (most likely in vour Downloads
folder] and then select File = Open > and select your muscle alisnment resulis. A colored
version of your alignment should now be displaved (Figure 7).

- B sir-chrni=

Fignre T: Programs like SEAVIEW are most useful when vou have large many sequence
alignments

Ser if you can mow use seaview tooanswer the following 3 questions:

14, How many gap characters (-] are adided to the beglnning of the sickle cell heta-glahin
sequence in order to align it with the beta globin sequence? How might von have guessed
this number from information yon read in the GenBank annotation (See section 2, 0137
there are 50 gap characters.

Q15. What are the mucleotide differences between the two sequences {note that there
may be more than one)?

13



in position 70 the example sequence has a "T" while the other seguence is 3 "A" In position
162 (example) the nuclectide is "A" while the other sequence (212 position) is "T.

Q16 Which codon position from the start of the sickle coll sequence would this difference
affect? Using the codon table below to help (Figure &), what amine acid would the
different eodons encode in the two sequences?

20)The different codons that would be coded are Glu {other, GAG) to Val (example, GTE).

182)Leu {other, CTG) to Gin (example, CAG) (not significant)

Second Position
T R G

Ll P Phe | TET § Ser | TAT ] Tyr | TGT c o | T

T TIC F Phe | TOC % Ser | TAC ] Tyr | TG c on |

TTA L Ligii TCA 5 Ser TaA ZTOR TGA ETOP A

™G L L TG g Sar Ta&G EToM TGE W Trp [
E o L e | CIT P Pra | CAT H His | AT ] Ag | T _;
= g o L lew | CEE P Pro | CAC H Wi | COC n | §
CTA L LEU cca P Bro ChA Q Gin CGA ] Arg A
[m ] L Lii [ alc] P Pro CAG a Gln [ac o R Arg G E
2 =
|I ATT | e ALT T Thr AT a1 Bzr BGT 5 S=r T E-
ATC | e AOT T Thr BAT a1 B BGC 5 Ser [ = =

ATA I [ ACA T Thi BAR K Lys AGA (] &g i,

ATE M Met | AL T The | A K s | aGoe n Mg | G

GTT W Wal [cim) & ala GAT 4] dsp GaT a Gly T

GT L) Wl [ & Hla AL 4] fap GG L by C

GTA v wal GEA A ala GAR E Glu GGA G Gy A

aTG W Wal [ ac] ] Ala GAG E Glu [cicic] & aly &

Figure 5 The standerd genetic code table. Codons are read By combining the frst position
(left colurnn: T, O, A, G, seeond posithon (bop row: T, O AL G, and thivd position
(right column). For example, ATG eneodes Methionine (Mer, M.
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Section 4

In this section we will retrieve and visualize the 3D protein structure of sickle cell hasmoglobin,
The aim here is to seeertain how the Glub - Vali mutation might cause the mutant moelecules
to oligomerise into fbers, henee deforming ervthroeytes, This will regquire yon to examine the
structural context of the mutation in the beta globin chains,

We could find sickle cell haemoglobin structures vis a text search of main PDDR website @
bt Swww resboorg), However, as we know the mucleotide sequenee from our previous work,
lets nse BLASTx to search the PDEB database from the MOBT site,

Tee dlo this visit http: )/ /blast.nebinlm.nibgoy ) select the appropriate BLAST program and
make sure the database you are searching sgainst is set to “Protein Data Bank (pdb)"

MNote the accession numbers and alignment statistics for the top few hits,

Q17. Are there any PDE structures with 100% identity to vour examplel query sequence’?
Give the PDB codes for these entries and note that there maey b more than onee,
Twvo structures, TE4M_B and 1HES_B

T further examine these stroctures we will jump over to the main PDBE database as it has
more annctation data and more full featured 30 molecular viewers than NCBL

Whake Tieepe: )/ Swweworosboorg) and wse the 4 charaeter PDE aceesslon eode vou found previonsly
in vour BLASTY search to pull wp each PDBE entry von listed o CFLT.

Froam scrolling through this entry vou can fmd ot information aboeut the “Experimental
Dara™ [such as the resolution of the strectore and quality of the data collected ), “Literature™
links {i.e. associated publications), “Macromolecules™ (e, protein chains present) amd “Small
Molecules™ {ie. any ligands or co-factors that might be present).

Froaom the “Macromolecules™ section notles that the hemoglobin stroctuee is composed of
rtltipde alpha and beta globin moleciles corresponding to gene names HEA and HBE.



QL& Which four chain identifiers in the 2HBS structure represent beta globin?
B.D.F, andH

AL e top of the PDE entry page elick the Stracture tal to poll ap an interactive 30 stracture
whew [Flgure 9).

B2HBES pdb_00002hbs
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Figure & Using the molecular viewer at the PDE datalbase
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Under the “Structure ™ section of the right side control panel change the “Type” of view from
“Azsembly™ to "Model™ (see second red rectangle in Figure 0), This will now display the model
observed i the asymmetric unit of the crystal (e, the pecking of chains ohserved in the
actual experiment ) rather than the simplified defaoli biclogiea] assembly view of the miniomsl
funetional Torm.

Side-note: This ix the relatively new bMol® 3D viewer. This viewer also features at
a ournber of other major databases mcloding UniProt. The user interface is still
somewhat clunky and Hmbted swhen compared too stand-alone soltware ke Pyhlol,
Chimeera or VMDD, However, these stamd-alone viewes requive considerable download
and installion time so we will stick with Mol® for this lab, Essentially there are 3
major components to the Mol® viewer (Figure 100
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Figure 10: The threee major components of the Mol viewer inclode the Sequence panel, 30-
canvas aml Control panel.



Motioe by rotating the molecule in the 3D Canvas that there are now two hemoglobin molecules
displayed rather than the previous single moleeule, Notice that each is comprised of four
distinctly elored chaing with two alpha snd teo beta chains in esch,

To highlight our beta globin amino acid of interest toggle the sequence display to the beta
chain [Figure 11) and specifically chain H (Figore 12) in the top “Sequence panel”,

Beguencwod  1HBS|REAKEL ¢+ Chin § o 1 HEMOOLCEIN & [DECRTY) &
3 HEWRCHOLG BN & [DECHY) (BETH, THARD

1 " g 3l a = T
NLEFAIE THY FAAEG FVRAH AST TCAT R LEANFLIF FT PARLEALIFLARHE LAV IIFHFEL CERCL LY TLR A

LEL LiL L1
HLTAIFTPAVHRILOEFLASFSTVLTIEY R

Figore 11: Display the sequence of beta globin chains in the PDEB entry
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Figure 12: Foeus on beta globin chain H

“Toggle selection mode” via the pointerfarrow icon in the Toggle menw of the 3D camvas
(Figure 10 and step 1 in Figure 13},

With selection mode active find and click on amino ackd V6 in the sequence view to highlight
and select this amino acid in both the sequence and 20 view (step 2 in Figure 13). Notice that
this amino acid is now highlighted in green.

We can now add a mew © Hepresendation”™ to more clearly display the mutated YValine reaidoe,
Click the 3D cube icon (step 3 in Figure 13). Select spacefill from the dropdown list of
“Hepresentation” options [step 4 in Figure 13) and finally {step 5} click = Create Componeni”™,
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Figure 13 Adding a spacefill represention to our Val 6 residue, First tossle selection mode [see
red highlight 11, Select V6 in beta globin chain T (2, Add a 30 component (3],
using s spacefill represatation (4), and finally click create component,

This will result in all atoms of cur mutant aming acid being displayed as so called =specefili
apfieres”™ with different atom types in diferent colors (e.g. oxygens in red, carbons in gray
ete.)

Plav avouwnd with zoom level and the settings from the new apacefill “Clustom component™
meni item in the right hand side Control Panel wotil vou have a reasonable feel for how the
program works. Can you clearly see owr mutated residue position?

Ty zooming (via scrolling up and down) and eotating (via clicking amd moving vour monse ) to
et a better feel for the location of our Valine amino acid in the overall struciure.

Side mote: You can always “reset”™ the view by clicking the veset like cirenlar arows
icon in the toggle menn. Also feel free to experiment with different settings andd
representat ions.
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18, What do von notiee about the location of the Vali residue in chain H of the 2HBES
atencture in relation to porphyrin
The location of Vald is at a relative distance away from the porphyrin.

P Tip

You can download a high resclution image with transpavent backgronnd of vonr final
representation using the iriz like sereenshot oon.

020 What one part of this exercise or associated lecture material = still confusing”

If appropriate please alss indicate the guestion number from this doecument and answer
the question in the following anonyvmons form: Mudy_ Point_ Assesment_ Form
Your comments will et us know which material needs to be further elarified and will help
us gain stronger controel of the material i this course, Thank yon!

Side note: Some folks have reported jssoes using the Mol* viewer with older
versions of the Edge and Chrome browsers, The workaround is to use s dilferent
weh browser. IF, the steoctore is stlll not displayed eorrectly for von, downlond
ita coordinates from the PDB database at: htop:/ Swew reshoorg) and ask for
assistance,
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Discussion

The original paper discussing the 1HBS and 2HBS erystal stroctures s available online:
hitp: ! fwww sclencedivect oom /selence farticle, pii /SO022 28369791 2535

In this article, Figure 3 demonstrates how the GloG->%alb mutation could resalt in the
characteriztic “sickle”™ phenotype. The charged Glod mutating to Vall creates a superficial
hydeophobic patch on one HbE molecule that interacts with hydvophabic surface residues of
another. The molecules thus polymerize, creating extended fibers that distort the shape of the
ved blood cell.

Agsessment of the disparate bicchemical properties of normal and sickle hasmgolobing together
with mictescopy studies showing long crystal fibres inside sickle cells, led Linus Pauling {194%)
to (correctly) predict the morphological effects of these changes. The abnormal sickle form
causes the cells to clump together, hampering their passage through blood vessels, depriving
tizmsues of oxygen, Seo this YouTube video for an illostration: http:/ fwwwe vontubscom Swateh?

v=0d0Hr Y 2NIwY

The zsickled blood cells have s short lifetime and cannot be replaced fast enough, leading to
chromic anwemia, Sickle cell anemin was one of the finst diseases to be linked o 8 defect at
the moleeular level, providing s clesr demonstration that s single base mutetion can change o
single aming acid, which in furn can resull in s defective protein.

Bluchird Bio as well s Vertex Pharmsceutieals and CRISPR Therapeatics have ongoing
sickle=cell gene therapy trials, As pobed in this excellent recent essy o the New Yorker:
“There is somwething of a parados in the Gwet that patients with siekle-cell disemse — a population
that has faced extracitdinary levels of hing, neglect, amd manginalization - may be among the
firat to have their illnesses transformed by the most cutting-edge of medical technologies™
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Appendix

PEl | 1759408 | gh | H2507%, 1 |HUMBETGLA Human sickle cell beta-glebin mRNA
ATGCTHCAYYTHACHCCHNGTGCACAACTCY CCYGTHACKGCNCT
NTGOGOYAAGOTHAAYGTROATGAAGY Y GEYGEYGAGOOCCTGE
GAGNCTGCTHGTGETCTACCCTTGGACCCAGAGETTCTTHGAN
TONTTYGEGEATCTGNNNACNCCHGANGCAGTTATGGLCARCCC
TRAGETEAAGGCTCATGGCAAGARAGTEGCTCGETECCTTTAGTS
ATGGCCTRECTCACCTORACARCCTCARGGECACCTT TGOCACA
CTGAGTCAGCTGCACTGTEACAACCTHCAYCTEGATCCTGAGAR
CTTCAGGCTHCTHGACARCCTCY TG TC TEYGTGCTGOOCCATC
ACTTTOGCAARGARATTCACOCCACCAGTGCANGCNGOCTATCAG
ARAGTGGETHGCTGGTGTNGCTAATGCCCTEEOCCACAAGTATCA
CTARGCTHGCYTTY TIGYTGTOCAATTT

i 28302128 |ref |INH_000518.4| Homo aaplens hemoglebin, beta (HBE), mRHA
ACATTTGCTTCTOACACAACTOTETTCACTAGCAACCTCARACA
GACACCATOOTGCATCTRACT COTGAGGAGAAGTO TOOCOTTAC
TGOCCTATGOGGRCAAGETRAACGTGOATGAAGT TAGTOGTGAGS
OO TGRGECAGGC TGO TEGT GETCTACCCTTEGACCCAGAGGTTC
TTTEAGTCCT TT e A TC TE TCCAC TCCTGAT GO TGTTATGM:
CRACCCTARGGTOAAGECTCATEECARGAMAGTCC TOCGTGLCT
TTAGTGATGOCCTGRCTCACC TEGEACKACCTCARGCECACCTTT
GOCACACTCAGTOAGCTRCACTETGACARGCTGCACETEGATCC
TCAGARCTTCAGOCTCCTROGCARCSTACTOGTCTCTOTGCTGR
COCATCACTTTGOCAAAGAATTCACCCCACCAGTGCADGCTGOD
TATCAGAANGTGOTGGETGGTGTGGCTAATGOCCTGGOCCACAA
GTATCARCTAAGCTCGCT TTCT TGO TG TCCARTT TCTATT ARAGG
TTCCTTTGTTOCCT ARG TCCARCTACTAMMCTOGEGEATATTAT
GARAGGEOCTTGAGCATCTGEATTC TGO TAATARALAACATTTA
TTTTCATTGE

bbb/ fwewew pesbe, o/ pd by files S 2k, ped b

The mutation causing sickle cell anemia is a single mucleotide substitution (A to T) in
the codon for amino acid 6. The change converts a glutamic acid codon [GAG) to w
valine codon (GTG). Changing a lvdrophilic aming acid to a hydrophobic one, see bt
S Siemedicalbiochemistry page.org Ssicklecellansmia, php

Mote there is also a T -= A difference at position 162 [162/3 == codon 54 GCT -= GCAJ, This
i in the thivd pesition of the codon and hepee does oot change the cormesponding amino-acid.
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