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A human gene chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGG
GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACA
ACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTG
CCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAG
ACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTC
TTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAG
AAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
GGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA
TGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACA
CAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTAT
TTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTG
TACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACT
TTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATAT
AAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT
CATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTT
TGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA
TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG



A human gene chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGG
GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACA
ACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTG
CCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAG
ACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTC
TTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAG
AAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
GGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA
TGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACA
CAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTAT
TTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTG
TACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACT
TTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATAT
AAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT
CATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTT
TGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA
TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG



Genes

"Central Dogma"

DNA molecules contain
information about how to
create proteins; this is
transcribed into [messenger]
RNA molecules, which, in
turn, direct chemical
machinery to translate the
message into a protein.

Hunter, Lawrence. "Life and its molecules: A
brief introduction." Al Magazine 25.1 (2004): 9.
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Picture from: Roy H, Ibba M. Molecular biology: sticky end in
protein synthesis. Nature. 2006 Sep 7;443(7107):41-2.
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Gene finding

Answer given in Human Genome publications was around
26K—31K; estimate has decreased gradually since

Using this definition, though, do we have agreement on the number of protein-coding genes?
The short answer is no. The human genome began with the assumption that our genome
contains 100,000 ] : = R ce - - A
number slightly dc = Abstract

initial human genc | CHESS 3 represents an improved human gene catalog based on nearly 10,000 RNA-seq
when the more cor | experiments across 54 body sites. It significantly improves current genome annota-
that a complete cal | tion by integrating the latest reference data and algorithms, machine learning tech-
gene catalog descr | Niques for noise filtering, and new protein structure prediction methods. CHESS 3
contains 41,356 genes, including 19,839 protein-coding genes and 158,377 transcripts,
with 14,863 protein-coding transcripts not in other catalogs. It includes all MANE tran-
scripts and at least one transcript for most RefSeq and GENCODE genes. On the CHM13
human genome, the CHESS 3 catalog contains an additional 129 protein-coding genes.
CHESS 3 is available at http://ccb.jhu.edu/chess.

34,214 transcripts.

Salzberg SL. Open questions: How many genes do we have? BMC Biol. 2018 Aug 20;16(1):94.

Varabyou A, Sommer MJ, Erdogdu B, Shinder |, Minkin I, Chao KH, Park S, Heinz J, Pockrandt C, Shumate A,
Rincon N, Puiu D, Steinegger M, Salzberg SL & Pertea M 2023. CHESS 3: an improved, comprehensive catalog
of human genes and transcripts based on large-scale expression data, phylogenetic analysis, and protein
structure. Genome biology, 24(1), p.249.
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A human gene chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGG
GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACA
ACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTG
CCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAG
ACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTC
TTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAG
AAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
GGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA
TGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACA
CAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTAT
TTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTG
TACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACT
TTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATAT
AAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT
CATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTT
TGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA
TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG



A human gene chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGG
GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACA
ACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTG
CCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAG
ACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTC
TTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAG
AAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
GGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA

TGCCTTAACATT,EIGTATAACANANGEANAT AGATACATTANGTAACTTAAAAAAAACTTTACA
CAGTCTGCCTAG - Homo sapiens hemoglobin, beta (HBB) |TCTCCCTACTTTAT
TTTCTTTTATT GTTTTAATATGTG
TACACATATTGACCRRATCH uys A s RRRRRT CTTTTAATATACT

TTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATAT
AAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT
CATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTT
TGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA
TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG
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Do genes “pop out” of the genomic “background”?

Nucleotides triples
("codons") are translated
into amino acids via the
genetic code

First letter

Second letter

c G
UuU UCU) UAU UGU U
uuc} Phe | ucc - UAC}Tyr UGC}CyS E
UUA}Leu UCA UAA Stop|UGA Stop| A
UUG UCG | UAG Stop|UGG Trp |G
CUU " CCU" CAU } His |CGU U
cueily lceel o CAC cee (o lie
CUA CCA }Gln CGA [V9 | A
CUG) CEG | CAG EGG G
AUU) ACU AAU AGU U
AUC tile |ACC | AAC}Asn Ac;c}ser C
AUA | ACA AAA}LyS AGA }Arg A
AUG~ Met | ACG | AAG AGG G
GUU Gelh GAU}Asp GGU U
GUC [\, | GCC [ 5. |GAC GGC [ [C
GUA GCA }GIU GER LA
GUG GGG GAG clee G

Note: Uracil (U) is the RNA
version of Thymine (T)

&

Third letter

Image: https://openstax.org/books/biology/pages/15-1-the-genetic-code



Genes

Do genes “pop out” of the genomic “background”? & &

Second letter

Nucleotides triples c

("codons") are translated |, BBS}P'*G oce | Bﬁg}wf 323}@5 c
. . . . UUA}Leu UCA [°®" |UAA Stop|UGA Stop| A
into amino acids via the UGS |uce]  |UAG stop|UGG Tip |G
: CUU " CCU" CAUY .. |CGU u
genetic code cucil . lceel c:Ac}H's CGC C

= Il cua [“€Y [ cca [P } cGA [A9 | A 5

¢ Gln s

£ [ cuG | ECG) CAG EEE G| g

i 5 AUU ) ACU AGU ul E

CCA — Proline (P) iL | o|AUC tile [ACC [ anc 121 | acc J5er | ¢ =
GGU Glycine (G) AUA | AcA [T AN s [ACAT g |
— yc| he AUG Met | ACG | AAG AGG G
GUU GCUN GAU GGU U
' GUC GEE GAC}ASD GGC C
AAA — Lysine (K) ) } . } c
(etc) GUG GEE) GAG Slete G

Note: Uracil (U) is the RNA
version of Thymine (T)

Image: https://openstax.org/books/biology/pages/15-1-the-genetic-code
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~

Do genes “pop out” of the genomic “background”? &) &

Nucleotides triples
("codons") are translated
into amino acids via the
genetic code

CCA — Proline (P)

GGU > Glycine (G e e e oty o
AAA — Lysine (K)
(etc)

https://commons.wikimedia.org/
wiki/File:Ubiquitin_spheres.png




Genes

Some codons are special

First letter

Image: https://openstax.org/books/biology/pages/15-1-the-genetic-code

Second letter

c
uuU UCUY  |UAU UGU U
uuc]‘Phe Ucclles UAC}Tyr UGC}CyS C
UUAY, o | UCA UAA Stop|UGA Stop| A
UUG UCG] |UAG Stop|UGG Trp |G
CUU ) CCU) CAU}HiS CGU u
cuc . lcce . [leac CGC |y | C
CUA CCA }Gm CGA A
CUG | ECE) e CGG G
AUU " ACUY |AAU AGU U
AUC file |ACC [ AAC}Asn AG(:}Ser C
AUA | ACA ARAY s |AGA Yy | A
AUG Met [ACG]  |AAG AGG G
GUU GCW| GAU}Asp GGU u
GUC [ | GCC |, [GAC GGC | | C
GUA GCA }Glu GEA [ 'R
GUG GCG. e GGE G

Third letter



Genes

Stop codons signal for

Some codons are special ,
translation to stop

Second letter

C A G

uuU UCU? UGU u

5 uuc}Phe Ucciles . Cys || ¢

UUAY, ¢, | UCA A

UUG UCG G

cuu) - fccu)  eauy, ey u
- (8 Cua rlev | Gca [P [Cany . |cea (A9 |a] 5
£ Il cuc CCG cAc e |&ca G| E
o = y o
3 | |AUU ACU AGU ul B
iL | o|AUC tile |ACC [ }AS" AGC}Ser c|£

AUA | | ACA ARAY s | AGATag | A

AUG” Met |ACG ]  |AAG AGG G

GUU GCU) GAU}ASp GGU u

aloucl,, |eccl,,. |cac GGC | [ €

GUA GCA AAY G, |GCA A

GUG GCG| e GGG G

Image: https://openstax.org/books/biology/pages/15-1-the-genetic-code



Genes

Stop codons signal for

Some codons are special ,
translation to stop

Second letter

¢ A G

UuU ucuy  |uau UGU u

5 uuc} i e e &S | e

UUAY, o | UCA JAA StopUGA _Stop] A

UUG UCG | UAG StopjU m |G

CUU ccu) | cAu Jris |SSY u
|G 62 o chcd™ el ]
£ Il cuc | CCG cAc e |&ca G| E
- z n °
% | |AUU ACU AGU u|l B
iL | o|AUC tile |ACC | AAC}Asn /-\Gc}ser c|£

ACA ARAY s |AGA Yy | A

AUG Met]lAcG| |aAG AGG G

GUU GCU) GAU} Asp | GGU U

alouc |\, |6cc|,, [eAct™P |eac aly | C

GUA GCA }Glu GGA A

GUG GCG| GAG GGE G

Start codon (AUG) signals translation should begin

(& codes for Methionine)

Image: https://openstax.org/books/biology/pages/15-1-the-genetic-code



Genes

“Splicing" s< is a process by which some portions
of the mRNA are cut out prior to translation

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCC
TGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGC
TTACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGT
GGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCA
TGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTT
GGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGT
GCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAA
CTTCAGGGTGAGTCTATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGT
TTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGT
TTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATAC
ATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTT
ATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGT
AATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGG
CAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATATAAAT
ATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATA
AGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTG
TGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTAT
CACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGC
ATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAG
TGCATTTAAAACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGCTA
ATGCACATTGGCAACAGCCCCTGATGCATATGCCTTATTC



Genes

“Splicing" s< is a process by which some portions
of the mRNA are cut out prior to translation

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCC
TGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGC
TTACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGT
GGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGT TTAAGGAGACCAATAGAAACTGGGCA
TGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTT
GGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGT
GCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAA
CTTCAGGGTGAGTCTATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGT
TTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGT
TTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATAC
ATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTT
ATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGT
AATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGG
CAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATATAAAT
ATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATA
AGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTG
TGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTAT
CACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGC
ATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAG
TGCATTTAAAACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGCTA
ATGCACATTGGCAACAGCCCCTGATGCATATGCCTTATTC



Genes
Cutting happens at certain nucleotide patterns: GU and AG

Exon Intron Exon
pre-mRNA— GU A-AG —
w_

(1)

spliced L '
MRNA T ( -
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Gene signals ; exon
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- untranslated (UTR)
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Pre-mRNA
Splicing l
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Coding segment :\Translated by
ribosome
Intron Intron
AUG GU AG GU AG UAA
v codons /X codons codons X
Start codon Donor Acceptor Stop codon



A human gene chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGG
GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACA
ACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTG
CCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAG
ACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTC
TTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAG
AAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
GGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA
TGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACA
CAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTAT
TTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTTTTAATATGTG
TACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACT
TTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATAT
AAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT
CATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTT
TGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA
TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG



A human gene chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGG
GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACA
ACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTG
CCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAG
ACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTC
TTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAG
AAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
GGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA
ToooTTmARcATToToTAT Ao R oo Ao e e Ar AT T A S TAACT TAAAAAAAAACTTTACA

Intron Intron "ATTCATAATCTCCCTACTTTAT

AUG GU AG GU AG UAA \AAGTGTAATGTTTTAATATGTG
codons 7 X, codons codons X \TGCTTTCTTCTTTTAATATACT

Start codon Donor Acceptor Stop codon CAATAATGATACAATGTATCAT
GCCTCT T TGCACCAT TC TARAGAAR TAACAGTEATAATTTCTGEEETTARGGCAATAGCAATATCTCTGCATAT

AAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT
CATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTT
TGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA
TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG



A human gene

chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAA Al AGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGC Sta rt COdOn ATCTACTCCCAGGAGCAGG
GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAG ACATTTGCTTCTGACACA
ACTGTGTTCACTAGCAACCTCAAACAGACAC TGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTG
CCCTGTGGGGCAAGGTGAACGTGGATGAAGT

GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCT Cerroormrecerer:GTTC
TTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGT ACCe ptO I GTGAAGGCTCATGGCAAG
AAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCT ureARCC TCARUOUCACCTTTGCCACACTGAGT
GAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAG AGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
GGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA
ToooTTRAoATToTom AT AsoRaa oo aRmaTeTere et e T A S TAACTTAAAAAAAAACTTTACA

Intron Intron "ATTCATAATCTCCCTACTTTAT

AUG GU AG GU AG UAA \AAGTGTAATGTTTTAATATGTG
codons 7 X, codons codons X \TGCTTTCTTCTTTTAATATACT

Start codon Donor Acceptor Stop codon CAATAATGATACAATGTATCAT
GCCTCT T TGECACCATTC TARAGAR TAACAGTEATAARTTTCTEEGETTARGGCAATAGCAATATCTCTGCATAT

AAATATTTCTGCATATAAATTGTAACTGATG TAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA

ATTTTATGGT TGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT
StOp codon lcrratcrrecrcccadashrecTasacaacaTaeTETCTETETGCTGECCCATCACTT

. A CACCAGTGCAG CCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCA ApRCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGG ATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA
TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG



A human gene chr11:5246500-5248500 (reverse strand):

ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCC A el AGAAGAGCCAAGGACAGGTA

CGGCTGTCATCACTTAGACCTCACCCTGTGGAGC Sta rt COdOn ATCTACTCCCAGGAGCAGG
ACATTTGCTTCTGACACA
G

GAGGGCAGGAGCCAGGGCTGGGCATAAAAGTCAG
ACTGTGTTCACTAGCAACCTCAAACAGACACQAT
CCCTGTGGGGCAAGGTGAACGTGGATGAAGT

COdIng Sequence haS Iength GAGAACTTCAG AGTCTATGGGACGCTTGATGTTTT

) : | CATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATG
444 - a mUItlpIe Of 3 TCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATA
- - TTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAA
T A A" T™MANANCANTTATAATANTANMNAMAAANANMANMAMNMAASAANAMNMNTANTATOATAANAAANTACAANTTA AI‘TAACTTAAAAAAAAACTTTACA

intron Intron ATTCATAATCTCCCTACTTTAT

AUG GU AG GU AG UAA \AAGTGTAATGTTTTAATATGTG
codons 7 X\ codons codons X \TGCTTTCTTCTTTTAATATACT

Start codon Donor  Acceptor Stopcodon - AATAATGATACAATGTATCAT

GCCTCT T TECACCAT TC TARAGAA TAACAGTEATAATTTCTEGEETTARGGCAATAGCAATATCTCTGCATAT
AAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA

ATTTTATGGTTGGGA GCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAAT

Stop Codon CTTATCTTCCTCCCAQAGETCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTT
. ACCCCACCAGTGCAG CCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGC
CCACAAGTATCAQTAABCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCA

TTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAA
ACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAAAGAAGGTG




Codons and the genetic code

Exon Intro Exon Intro Exon
AUG GU AG GU AG UAA

N\ L

AUG UCG GUG CCU UUA GUG AUG GCC UGG CAC CCU UAA

Codon Codon Codon Codon Codon Codon
Codon Codon Codon Codon Codon Codon

Second letter

Let’s put these in a sequence model! 5 5 = =
Uuu UCU UAU uGuU U
We note that signals can be "fuzzy" u 332} 1 U b t’,ﬁi}lﬁ,p 322}:; .
9 y UUG JLe UCG] |UAG stop|UGG Trp |G
, cuc |, |ccel. [cactHs |cael, e
Most ATGs aren’t start codons, most g | | cuafteu| coa [Pl eany gy, (Con (A9 | Al 5
, 5 CUG | CCG | CAG CGG G g
TAAs aren’t stop codons, most GTs B[ (a0]  [ACU] [m03pn (200 1g0 0] E
"t d t u A e - Thr =
aren onors, etc AUA | ACA AAA}L . AGA}Ar A
AUG~ Met | ACG | AseU R lace % | ¢
Only some donor or acceptors in a gene S O s R e e
: : . . B Gua [V | gea [A2 | Gaa GGA GV | A
are involved in splicing cue) |cce) |cacteM |cee) |G

Image: https://openstax.org/books/biology/pages/15-1-the-genetic-code



