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' John O'Keele discovered, n 1971, thal certan nerve cells
in the bram were activated when a rat assumed a particular
place in the snvironment. Other nene calls woers actratsd at
other places. He proposed that these “place celis™ build up
an inner map of the enveonment. Piace cells are located in a
part of the brain called the hippocampus.
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May-Britt och Edvard |. Moser discovered i 2005 that other nerve colls m * '*
& nearby par of the brasn, the enforhinal corlex, were activaied when the rat
passed certaan locabons. Together, these locations formed a hexagonal grid, # !'_ _ _*
each “grd cell” reacting n a unique spatial pattemn. Collectively, these grid cells .

form a coordinate system that allows for spatial nawgation. % g \:P /iﬁap/ﬁ &%, 6 40 5, fa B —— M) 48-4a A,

Z)E-BkFE R (John O‘Keefe) FlHE-7i 345 ( May-Britt Moser)
DA J% k- 5% /R ( Edvard . Moser)3k1520144F % N1 /R A H %
RSP,
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1. #2414

min Transcription begins

JRZAEDH, mRNAKFE
iﬂ%%%ﬁﬂ—A%%
28 B {2 AT
Ji & AT Z*mRNAIﬂU?
URFE R HITI K T

T

T

—l—é7 RN ES (RPN A EEE T
AN 743 =11 III NMNINA1T -\ Y4

451501 Ja W T 46 AR .
mRNAFERHERE KR H
PR BB R — .

4.0 Degradation continues,
ribosomes complete translation
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5-9 bases l
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stop
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Prokaryotic mRNA (polycistrionic)



A )i ;2 ¥ mRNA (monocistronic mRNA):
Hmis— N EH R mRNA.

gllﬁﬁ?mRNA(polymstronlc mRNA):
il 2~ E H R I mRNA
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RBS start
RBS start stop RBS start slop_ 2> S stop :
5[
L
59 bases l l l
TR 000000000000000 00nEO0000000000

R RS IR S T AUG _LIFE — %% NRibosome Binding Site
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A 4% 4 #mRNA & 4% 4

RNA capping and polyadenylation

Noncoding coding noncoding
seguence sequence sequence
Do ¢ » N d
G—P PP AAAAA ;5,250
|
R ! l | !
s e poly-A tal
protein
/ —
o R TFEAIFIE,

« SUmAFAE “TET” G
« BRZBRAZEAEE.




A A7 4 H9mMRNA & 444 42 X

Eukaryotic mRNA (monocistrionic)

Transcription Start Poly(A) Signal

| 1

5 cap 5 UTR | Coding Region | 3UTR Poly(A) tail

1 T

Start Codon Stop Codon
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A gene can be defined as following:
The entire nucleic acid sequence
that is necessary for the synthesis
of a functional polypeptide or RNA
molecule.
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L4 HmRNAG “§F" &4

5’ end of

primary transcript

Hl S EHIEF (cap0) : F—NHEHIE
. B FORAR I EOmRNASE (AR
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s P 12618 F(capl): WS ~MEHER(E
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Pre-mRNA

Poly-A site

5 _| AAUAAA i_l_‘ GU-rich ]_ 3

«—10-30—»— ~50 —

J/ Cleave and add Poly-A tail

AAUAAA | A A AA A A AA A AA A ennee 3

> 517E poly(A)_F3#11-

Pre-mRNA

.

» HERFEY (BEEEE
30ntitH— Hﬁlﬁﬁl
LR .

AAUAAA, X—FHRE

o X THIREEF = YIRIHERA T F| R IN 2 R (A) =2
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Polyadenylation
and termination

SEEPIRIO 1. CPSF (cleavage and

- polyadenylation specificity
. o factor) & CstF (cleavage
e ’ stimulation factor) bind to
o \l the poly-A signal, leading to
. e the RNA cleavage.
poty i Jﬂl 2. Poly-A polymerase (PAP)

adds ~ 200 As at the 3’ end

 m—e D 38y of the RNA, using ATP as a

sadmonsl potv-A- o substrate.
o
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004 Pearson Education, Inc., publishing as Benjamii




% B & # #u(polyadenylation)
B K &% S 2/NH B

(1) E ek —NMERERARFS(10nt) 023’5,

I W45 Rk T-AAUAAAR S, X2
poly(A) K& EETERFIR I 718 F T SERLHY

(2Q)ERAEEEHR240nt) K
W B FEAS WEAAUAAA/?@ HEE—
},é%l HERAIFESpoly (A) REEEHHIH|
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o7& mRNA FH 2 ffd i i3\ 48 i Joi e 4 75 O T 2

B RKIRE L mRNATES M5 B F € 1

mRNANI Nz NGB, HE2RA)RE—K
B, BEEmRNAZEANLR AE R E R, 2%

(A)&-tﬁﬁaé\ﬂi’%%, mRNA A\ FFEETTE,

o AR HEAZ AR KT BB .




® i
poly-A binding 5 cap start (AUG)
protein

stop (AGU)

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings
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=1 min  Transcrption starts: 5 end is modified

aHmba, ¥, mRNA
HELXEHRZ. 415, .
do L., AZ KA E FodmiE o vensnpovssenyie

sl LYV.YVYS
25 min  mRMNA is transported to cytoplasm
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. a nuclear pore
cap-binding complexpo initiation factor for
protein o protein synthesis

\

— TRANSLATION

9
poly-A-binding PROTEIN
protein EXCHANGE

NUCLEUS CYTOSOL
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Demonstration that RNA is synthesized in the nucleus and moves to the cytoplasm
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v v, polyadenylation l
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factors AR, —LESRNANI T
capping factors H4 & 2RNAR =l
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\\ mRNA
RNA
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coding region
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bacterial gene
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HHPALLEBAPASLTF AT TS G o4

A K& (kb) NEFHE NEFATHELE
(%)

RS &= 1.4 2 67
B-EREH 1.4 2 69
mEEA 18 13 89

RIEEAHHSVII 31 117 71
VI -+ 186 25 95

=R ER T 2400 78 >99



# 4 (Splicing)

promoter

region

1 intron 1 2 3
DNA \

exon 1 2 3 4

transcription
noncoding

5' leader region
[ 1 2 3 4
pre-mRNA S T . | . 3

lsplicing

spliced mRNA S'ZFH:I 3

RNA splicing: removal of introns and joining of exons.

- It takes place in the nucleus before the mature mRNA
can be exported to the cytoplasm.

* Catalyzed by spliceosome (RNA +protein)



RNA splicing =T i it 4% s
# B €k st iT oo

Exon 1 Intron EXon 2

/AYANYAYAN

- Gel electrophoresis
Transcription l,
35S RNA I

Splicing ‘

—_— +
Cyclization ‘ h

Circular intron = =

O Linear intron L
virtualtext www.€rg ito.com




human B-globin gene

6?-[#“%" l M2 AN o 10 N 1 A
123 INAZE ) Ea’HO-1U | " &
i T HME DT — A Hl AR
mRNAﬁ4'10{D o
L]
2000
(A) nucleotide pairs
human Factor Vlll gene introns
1 5 10 / 14 22 25 26
I imnii i i = T ] ]
| ll\ill/l i = I} i el
, exons ,
200,000 nucleotide pairs
(B)

Figure 7
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A kA G A& AST

NE R 2N ENL
GU-AG MAK%, FiIEMRNA (EZ)
AU-AC W%, FIEMRNA (E)

IEZENEF A%, BIErRNA (E) ,

MASERNA, DEHAERNA

IZEN & T HEERNA, E2Z2ERNA

HIZENEF YRR 2ERNA
MNEF IS RNA

tRNARIEF NS T WKL, tRNABTE (E)

GU-AGERAU-ACT AR T AR & F RIS I AR FF
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W2 BRI K ILA A, Crick (1978%
PRt T — R A K ANEEBE R A &
(1) BYM{ERASE ZAEEERHITHE, PAX
FhET AR R EREIR AIRNA 42 HIAL & 2

(2) BiJ] '?ﬁ&ﬁfF FMHE? XAEFRNAZ
B REAE B
(3) VIBRHIRNAZ PAZRARIE R IPIRAFER] ?
Y1 T FIRNARI a8 0 4e] ?




ChambonZ 31T LB 7 KE SRR H)
NEFUEIN S, RINE2ME A

5" exon intron 3' exon
T I I T
5mGU$AGU ......... T —— [Pytl‘act]AGMB
| | | |
5' splice site branch site 3' splice site

(1) AE TR R H A FE RTRECE*b

(2) ERR AEFHIRENRT R IFRILTFE
IOOﬁPV\] EFHISHEZGU; 3HERZAG,
IR AGU-AGHEN] (GU-AG rule) , XFF

AN ChambonyZEN .

N




-4 3 9% AMRNA S § 2,4 4 F
THhAEFEGHREAT

Splice Branch Splice
donor site gite acceptor site

|
ﬁsummu CUPUA Py Pyrich NCA G

«—— 20-450 bases ——=

< Intron

AN BT BT FR F AN [E] /Y«
o 120 BB AT S ARALE (donor) AL K,
o« F5 i BT REAL SR 2 4K (acceptor) 7 & .




GU-AGEN] (GU-AG rule) A&
TE&AE. HEEPAET, AR

J . E% H/JtRNA/+§) o




ZmMRNA 4 # # &

Splice Branch Splice
donor site site acceptor site

|
MGUF‘UAGU CUPuAPy Pyrich NCAG

«—— 20-50 baseg —=

< Intron »

1. A FFH KA R T -T2/ FaGU-AGIEN

2. R RFA). BEARERS, TN EF3um b
18-50ntht, 7% APygNPyg,Pu,:APy,s HAHANE
52 BRIRSE, HEA2-0OH.
3. N&F5umA —RTHF5(5'"GUAAGUA3’) [T LA FTU1
snRNAF] 5’ ) £ 57 7+ 51]3’CAUUUCAUS’ B %}
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#mMRNA# H 4

%ifﬂ*_ﬂﬁ?v\]mRNAﬁuﬁ:ﬁa\% =
, JERNAFIEHRAKRKIsnRNPE &Y

( rlbonucleo -protein) .

« FEERNABEHIZES, A
B SR BRSS F**aosﬂﬁ%ﬁ*ﬁ—f@

& (spliceosome) , #
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2 L% B /N3 T RNAFRR NG iE 2% /NRNA- (small

nuclear RNA, snRNA);
oL T2 A 5T A B AR 94 L5 /N RNA (small cytoplasmic
RNA, scRNA),

FEHMIRES T, BNUIZEZEBRA (SnRNPAH
scRNP) WJJERIFAE, {AFKsnurpsHscyrps.

AR WFAEE —R/PHIRNA, FRAZI/PRNA
(small nucleolar RNA, snoRNA), B JEErRNARIN T
RCEH

snRNAZ 5EJ#ZdE, F5HEZEA—EMHR—DK
FIBUR & &4, R VBT 4K (splicesome) .

J




Spliceosome (# # 44&)

+ Catalyzes pre-mRNA

30 other splicing in nucleus.
proteins 5 snRNAs

2.1 MDa 3.3 MDa .

17% of mass =~ 27% of mass - The sphceosome

comprises about 150
proteins (splicing factors
etc.) and five snRNAs

70 splicing 41 proteins

factors in snRNPs (Ul , UZ, U4, U5 and
4.7 MDa 2.2 MDa -

38% of mass | 18% of mass U6)' and .rhe pre mRNA

being assembled.

Evirtualtext www ErgltD com

The complexes of snRNA and proteins are called small
nuclear ribonuclear proteins (snRNP)



Three roles of sn

in splicing

NPs

[ A

1. Recognizing the 5’ splice site and
the branch site.

2. Bringing those sites together.

3. Catalyzing (or helping to catalyze)
the RNA cleavage.

RNA-RNA, RNA-protein and protein-
protein interactions are all important
during splicing.



snRNPs

(BBP.)\ U2AFG5 ((35)
A
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T Az 4 HmRNAF A F
A4S FHH 4

v

5 >

Y
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FHU1 snRNA PABEZE: B 4N 77 IR HlmRNA
AIMAS B R, HE SN LiFE W
JEX HIU2AF (U2 auxiliary factor) iR 53’
BUE 535 B U2 snRNPS5 4 X S FHE S,
R B 2RI 4R (pre-spliceosome) o

BT — 2B 504, US. U6
== snRNP=RUMLEE, BT,




The lariat (&) is an intermediate in RNA
splicing in which a circular structure with a
tail is created by a5 ' -2 ' bond.

The branch site (433 /) is a short sequence
just before the end of an intron at which the
lariat intermediate is formed in splicing by
joining the 5" nucleotide of the intron to the
2 ' position of an Adenosine.

Splice Branch Splice
donor site site acceptor site

|
MGUF"UAGU CUPUA Py Pyrich NCA G

«~—— J- 50 basegs —

< Intron >



.
pre-mRNAH 4 & 4 4%

5' site 3 site
40 N Py an PV i

Anir-:.‘lal ctﬁ-r-'rsenslﬁia
Cut at &' site & form lariat by 5'-2' bond connecting STCP 1: a cut iS m(]de at The 5'

the intron 5'-G to the 2' thsllj the branch site SP"Ce SiTe, separ-a-l-ing The |ef'|‘
£

5 exon and the right intron-
£ . '
5 ¥ UACURAGAG ’ exon molecule.
Cut at 3' site and join exons, intron released as lariat
s, Step 2: cutting at the 3 .spllce
5 3 C 12 55 3 site releases the free infron
N in lariat form, while the right
l' exon is ligated (spliced) to
5 3'

the left exon.

Debranch intron

o'GU

nirluallext Wi Ergrt{:l watp |_' | -' L1AA |r_1. _.|5.‘|:_;| 3.



Splice Branch Splice
donor site site acceptor site

|
ﬁsumgeu CUPUA Py Pyrich NCAG

«——— 20-50 baseg ————

< Intron >

340 P mRNAF /& _E R snRNPZ M5’ [6] T iif
“FAH” , EBREFT X R EBREXI FHERE—1AGHE
oL RIS =

AGHI —PM TR ] Ao BY e33R, — Uik,
CAG=UAG>AAG>GAG.

MEmRNARME _EEFZEJLNAG, AR RAEBIE=
Fr,




64 9% 4o T 4z 5 3 38 A1 o & A A

eI 2+, RNA polymerase 3% | S EARNAM LR EBR . SEH G
FIRNAZ Ti825° BYEAL <, AEE B FRBIMRNA polymerase IIF Chin 15 2|
RNAL. BYRERNr—B4E 75 BIEA A, MaBUrES SRS SRR R K
K. T—A3" BYEA SEIBT AR A EAE A . X5 e R R 24T I BY AR H 3 07
AR KB D T 5B TR I AT R

 {eneneh \ Cememed
S U2AFgs FR% YV Vél , mﬂ | U2AFgs (Essg -
j{ f = Jt
ESE ESE
It Il 1 i
intron exon intron exon intron
13-13

BRI IRAPIEIN BT RIBT A A, AR IEERSRIBI M R, —ME S48 K
MRBERKISREAQSZ SRISMNE T HHSE 7B #EM T (ESE) , HFEEEI&EHNA
SHEAER, RHEHS SRR B AR



AT TFHELETH
Alternative Splicing

c EEFEZEVMN R E A TSP LLE
B iR o TR A1 B B RN B B AT AR A BY HE,
A A R EUR B BB R EmRNA .

ﬁ*&zxﬂ%mjﬁéﬁﬁs‘%ﬁ’] Ao LLIX P 7 b 1T BY #2,
fRAE & FVREEF ﬁz@%ﬁﬁkﬁan Y AEREIL

I, Rﬁﬁ%ﬁ%Vﬁ%ﬁ HMHRE T EE %%?
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Drosophila DSCAM gene can be spliced
in 38,000 alternative ways

exon 4 exon 6 exon 9 exon 17
1 12 alternatives 48 alternatives 33 alternatives 2 alternatives
genomic T :1[ il . - S
DNAand ()7 “ﬁ‘:"j“,-.j)“‘]“l,,,“‘ﬁj“j
pre-mRNA J_‘_”_’_“'I i N A i«” VAAAAAAAA
MRNA [ TT 1T 1M B 1 [T T M1 111
4 6 9 17

Alternative splicing (FJZ2BJ#): some pre-mRNAs
can be spliced in more than one way, generating
alternative mRNAs.

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings
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-tropomyosin gene

o
|
5’ B I I N N EEEE 3':|DNA
3’ I I Nl BN EEEE I e S’
l\/ Nt A A A
exons introns

TRANSCRIPTION, SPLICING, AND
3’ CLEAVAGE/POLYADENYLATION

5 -/Y\MWVVLB’ striated muscle mRNA
# A

5’ W\—B’ smooth muscle mRNA

5’ W—T fibroblast mRNA

5’ NW\M/\—B’ fibroblast mRNA

5/ B N VAW 7 Wi ViV Do Ny brain mRNA
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Self -splicing introns
1. £ A4 F

WA XL FHIRNAL & B ENENE, 6
AT N T E BB

Autosplicing (Self-splicing, 5 B %)
describes the ability of an intron to excise
itself from an RNA by a catalytic action

that depends only on the sequence of RNA
in the intron.




Self -splicing introns

i ol catalyze the chemical
fold into a specific reaction using metal

conformation ions as cofactors



There are two classes of self-
splicing introns:
group I self-splicing introns
group IT self-splicing introns.




| % A4 F (group |l intron) ¢4 £ 4 4% &,

1.
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HAFFF5IN5U-G 3

CREN Chan: T2
(Central core structure
that contains a guanine-
binding pocket and
internal guide sequence)
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I £ A4 F (group ll intron)

FIZRN & FEIAE
FZmRNA & FRIBIDIA AL, B
BANEZ AL
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o BZEImtRNA,
c MPERENENalE, B,
« T >Kmitochondrial RNA (mtRNA), tRNA
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(Y




IRAETRIB LT SH K5

(B T HIFFE.

l




_— intron sequence

5’ exon 3’ exon
N\
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The chemistry of group IT intron splicing and RNA intermediates
produced are the same as that of the nuclear pre-mRNA.

a pre-mEMNA spliceosome b group Il self-splicing C group | self-splicing
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Splicing uses transesterification

Muclear RNA
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Exon 1 Gﬂ/— WE}
- - - -

Exon 2

Second transfer

First transfer

E AriiaEt=al iy ‘_:'-.?.'=T" T

ZAHHRASHLE T
7 ik ik 4
#aLA L+ ITH

I B - &

B IKEER RN,
i 2 - FR

5 KRR [ N

/\

fit, Ezﬂﬁs’
TR R BT

O A%

ﬁﬁlH’Jé'Fm¥3|<lﬂﬁEl’Jw?%3’ =

i%ﬁml_
HIERE R .

IWEF-IMET



Both ends of tRNA are generated by processing

tRMNA precusor has extra 5' and 3' sequences
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3' end is cleaved \L 3' end is trimmed
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RNA 4 & £ Fo {5 15-1F
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RNA ¢ % £ (RNA editing)

(editing) RIEFEF/EHIRNAY
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A specifically targeted C residue within
mRNA is converted into U by the
deaminase (i & ER).

NH,

cytidine
N/ deammase» b

The process-occurs only-in-certain tissues or cell
types and in a regulated manner.
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gRNAs

guide RNA 3 [poly-Ul CUAACAUAUGGA o)
I [

editing anchor
region

Having three regions:
» anchor- directing the gRNAs to the

...... ~dL SNV A & a0 L
r'eglon O MKINAS 1T Wil €dll.

- editing region - determining where
the Us will be inserted

* poly-U stretch



E site of Uinsartion
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RNA ¢ & %4 %5
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mRNA Transport

nucleus
QQ’Q_%DD’_—@*SC@ Movement from the nucleus to
AAAAAAAAA the cytoplasm is an active and
IENATRGEnspon carefully regulated process.

The damaged, misprocessed
and liberated introns are
retained in the nucleus and

degraded.
v ©
2 00 - Once in the cytoplasm, some
ARAAAAAAA D proteins are discarded and are
rracleoliss e then imported back to the
Gomyion & [ R AN i s nucleus for another cycle of

mRNA transport. Some proteins
stay on the mRNA to facilitate
translation.
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Figure 7-23a Essential Cell Biology 3/e (© Garland Science 2010)
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RNA as Catalysts

In 1982 Tom Cech and his research group
announced that an RNA molecule from
Tetrahymena, a single-celled pond
organism, cut and rejoined chemical bonds
in the complete absence of proteins.

~ | This discovery of self-splicing RNA

. provided the first exception to the long-
“JV8R" | ¢ held belief that biological reactions are
Tom Cech always catalyzed by proteins.

The RNA subunit in the RNaseP Altman [P d



The structural differences between
RMNA and DNA help RNAs act as
catalysts.

uracil

single-stranded ribose
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The 2" hydroxyl of RNA is
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stem Il catalyzed reactions
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stem |l Stem I
cleavage

catalytic pocket :
ytc p Central %

core

The conserved bases are highlighted in cyan,
the CUGA uridine turn highlighted in red, and
the active site cytosine (cut site at position
17) in green,

(Scott et al. 1995. Cell 81: 991.)



Hammerheads perform self-cleavage

Consensus hammerheads have 3
stem loops and conserved bases

Stem 3
sh L

el
AU N
NNNNNN

l:-;l*vll“w-ll“wlI“ﬂ-ll“w.l

Cleavage

A
GNCcgA
CNGy

Stem 2 G"M G

A Stem 1

Catalytic site

Hammerheads can be created by interaction
between two complementary RNA molecules
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Figure 7-44 Essential Cell Biology 3/e (© Garland Science 2010)
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Hairpin ribozyme

- Hairpin ribozyme -8 + Target to nucleases & RNA
| % ligase.
c UG.aa QD—U
voros SN oo EPosarov
88 + It's self-splicing is reversible.
.y
, 0 + It's ability to catalyze
c A

3 ligation is higher than that of
cleavage.
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The hepatitis delta RNA

Lok

Secondary structures present in
HDV ribozyme-containing
transcripts

* It comes from hepatitis

delta genomic RNA and anti-
genomic RNA

*+ The fastest RNA catalyst

- It's self-splicing ability is

100 times higher than that
of hammerhead ribozyme.



Group I & IT intron

b group Il self-splicing

¢ group | self-splicing

Group I intron exist in the
cellular gene and nuclear
gene in all organisms, such
as Tetrahymena pre-
MRNA, the precursor of
mitonchondrial mRNA and
TRNA, pre-rRNA.

Group II intron were found
in the precursor of
eukaryotic snRNA and

yeast mitonchondrial

MRNA.
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