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4.1. RNA Transcription promotion in prokaryotes

4.2. RNA transcription promotion in Eukaryotes

4.3. Transcription termination
4.4. Pre-RNA processing
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® RNAM#: 5% 405 promotion, elongation, termination = i

® M55t (promoter) FZLiL1 (terminator) FrA
w5k BLf7 (transcriptional unit)

® Ui LWy ¥R sk FLf7 % A polycistron in operon
HAZ AW T I 4% s 5457 22 Jymonocistron, No operon
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4.1. RNA Transcription

promotion in prokaryotes

CRUE: A7)



4.1.1. Promoter ] &5 14 55 I g ( Prok. E.coli)

a) promoter H PP /™ H 5 70 4 ik

— 356 box — 10 box Transcription
e
——TTGACa lata ]
——AACTGt ATaTtA
L |

Unwound region

Fis sites UP element Core promoter

_ - — — Extended promoter -

- ~

o L—JP Element

l |
-60 -50 —40 -30 —20 -10 +1

| | | | | — I
5'¢eeTCAGAAAATTATTTTAAATTTCCTCTTGTCAGGCCGGAATAACTCCCTATAATGCGCCACCACTese3

CRYE: 4 TFHEW¥ (2007) , HFHEE, H30R)
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4.1.1. Promoter [\ 4514 5 D ( Prok. E.coli)

a) promoter H A2 22 70 A1 Ak
® -1/0 ~ -60 Fis site;
e binding sites for the transcription-activator

protein Fis.
e they , do not bind to RNA polymerase , are not

classical promoter elements, but instead are
members of enhancers.

Fis sites UP element Core promoter
-35 -10
I Il |
—60 -40
— ~ H -
-150 -100 =50 1
I

_ - — — Extended promoter -~ _ f

== ~

"~ UP Element —35 =10
[ ]
—-60 -50 —-40 -30 -20 -10 +1

l | | l | | |
5'¢eeTCAGAAAATTATTTTAAATTTCCTCTTGTCAGGCCGGAATAACTCCCTATAATGCGCCACCACTe+e3

CRIE: 4 TFHEY=% (2007) , HAHBE, $30RN)



® -60-70 ~-40 up element
CAP—cAMP binding site

FER R IR T8 1) 1E 438 A7 i
CAP; cAMP Acceptor Protein ISR
(AEAMP Az 4455 ) TS B A

Catabolite gene Activator Protein

(FAE ok DR s 2 H)

® -35~-10 core promoter
RNApol. binding site



Promoter region identified by DNAasel footprinting method

t RNA polymerase (no NTP)

DNasel digestion DNA

‘

l dissolve
+

m) DNA sequencing




Core promoter region including

Sextama Box;  -35site RNApol. loosely binding site
RNApol. recognition site (R site)

TTGAC (Sextama Box)
Pribnow Box ; -10 site RNApol. firmly binding site (B site)
TATAAT (pribnow Box)

Initiation site ;  +1 RNA transcriptional startpoint (I site)
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| T-;v“m‘... 3 "r*‘.- O 3T TAATTCGS dTAGACTHG

CATAATC A C ¢ \ T TGAA [TITAGG T A

CAACGTAACAGIT { AR TIRTIRER S TOGATATA ]) JCGH L L
CAAAAAAATACG f b ATTGGGA FAIAAT}J( GCC H (Ql TG
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CRIs: 7AW (2007) , HHEE, %£1230)



a) Up element
CAP-cAMP binding site (Activator region AR)

IR IR
L —
-70 50  -40
N J \ )
Y
AS | AS |
® AS|: IRSE:CAP-cAMP H s 45 A . (70~ -50)

® ASIl; CAP-cAMP Hy5545 &7 5 (-50 ~ -40)

® AS|+ CAP-cAMP

cooperative effect HLEAS || [ 45 S 30%




® AS |l + CAP-cAMP promotion> RNApol. into Sextama Box

— into Pribnow Box
— starting transcription

® NullASIl  —> RNApol. into pribnow Box But transcription off

AS Il + CAP-cAMP & &4k
/e fiSextama Box [ 1 GC 5 X 11 KR HiE 45 14 B 58 1 FAAIK,
Pribnow Box )i B [ AR, AT x5 3))

LT

AR ARIl GClsland Sextama  Pribnow




c) Pribnow Box FfJ AR 5 igt A% %4 v

R B I
T T54GraMe5C5aP s TgoPgs T 4sPgosg Tog~—-CIA/G)t—- (100)

A-C17  TATAAT \-pRE  AAGTAT
1 1 1 1
G A C C
LRNA-str  TAAAAT Bio-p98 TAAATT
[ | [ |
C C
gal TATGGT LRNA-tyr TATGAT
| i1 1

T C C



LRNA-trp  TTAACT A-CIR  TACACT

! i 1
C CG C
Lac-p115 TATTGT AA
! 1
A A-Clac TATGTT
14/16 down mutation 2/16 up mutation

@ ProbnowBox A/T — G/C XUZJeiAfese things, 3% 1%

@ Pribnow Box "TAIT—T/A, I4AF T Bk HE R AR
2% T RNApol. 5 8ib i 1) 45 & 30F
s B (BT



® Sextama Box 5 Pribnow Box [i]#117bp,
A F)-TRNApol & 51

BT F17 bp,  up mutation

H)EH7C 217 bp, down mutation

17prl’JlEﬂEEiﬁc17prl’J
Fr 41 06) i 53¢ B by H




4.1.2. RNA polymerase

In prokaryotes



separation of the subunits of E. coli RNA

polymerase by SDS-PAGE
Richard Burgess and Andrew Travers (1969)

e
e 1’\‘«\
\0 o'©

150 kD O Y
160 kD :

70kp ¢ <D 5
s0kD o P &

1 2 3

CRIE: STFEWE (2007) , HHARE, F30R)



4.1.2. RNA polymerase in prok.

Core Enzyme
for elongation

WKEE R AR
L 53ERF DNA &S &
FaE; 60

T @

coveré o

Obp

Holo Enzyme

for initiation

M5 7 (] 45 1
TPk R RONALE £

R BUN




o Kl+;

% 5 1 H (Re-usable)

% i Holo-enzyme}15)l|Sextama Box, 5 # M B 45 &

Y 1&7fi RNApol £4) 74
[ 4l S DNAR) F & — 455 )
W m 4T SR, B sitef &4k A
7 ERNAHE i 4L i 22 12



WAL B S 5 AE Y. FIRNA-competitor A fig & Bk “competition”
BbRIC ) e e ks, BRI “competition” 4 v ki BH i

Denature DNA

Transcription of region X
with labeled NTPs
(% NTP)

« BT T

9

Hybridization with no competitor /\ (b)

Hybridization with competitor

- | Unlabeled
r competitor
X RNAs

Measure labeled hybrids

J

* (T

l Measure labeled hybrids

_ s Y RNA competitor
Label RNA is transcribed Label If only Y RNA competitor is adde
in 3 in no competition is seen
hybrid from region X hybrid
. X RNA competitor
Amount of labeled Amount of unlabeled
RNA added competitor RNA added

CRIE: )



T4 competitor RNAs isolated from E. coil cells 1 min (green),
5 min (red), and 17 min (blue) after infection with T4 phage

100 N (a) Core
! @ competition
E orr immel:c)liate
]': i
T 8
©
)
*g 25 |—
£
@)
€ 100
= (b) Holoenzyme
S 75 ~r -
ﬂé, competition
E 50 » immediate
g‘_, o5 Early

250 500 750 1000
Competitor RNA added (u1g)

CRIE: ¥

By contrast
core enzyme
(without o
subunit) has no
specificity

Holoenzyme

(with o subunit)

Is highly specific
for immediate

early and delayed
early genes of
transcription



T4 competitor RNAs isolated from E. coil cells 1 min (green),
5 min (red), and 17 min (blue) after infection with T4 phage

100 N (a) Core
! @ competition
E orr immel:c)liate
]': i
T 8
©
)
*g 25 |—
£
@)
€ 100
= (b) Holoenzyme
S 75 ~r -
ﬂé, competition
E 50 » immediate
g‘_, o5 Early

250 500 750 1000
Competitor RNA added (u1g)

CRIE: Ai¥)

By contrast
core enzyme
(without o
subunit) has no
specificity

Holoenzyme

(with o subunit)

Is highly specific
for immediate

early and delayed
early genes of
transcription



H3-T7 DNA + Holo 100
E/Core E — e
_ 9 Holoenzyme
ESkg Mdabeled T7 =
DNA : :
stimuldtes tight |
Iﬂmctmgebetween < o B
ﬂﬁiﬁ'at d from DNA-E = =
ymerase N I
?iﬂecll'e lemrgster § e
through Nitrocellulose © o © —.
-
‘ LEp W
0 20 40 60

Monitor H3-T7 DNA/E

retained s (iny 3770
(source:“Studies of the Binding of Escherichia coli RNAPolymerase to DNA”Journal of Molecular

Biology,Vol.70,157-85,1972)
Sigma stimulates tight binding between

RNA polymerase and promoter



Holoenzyme and 3H-labeled T7 DNA

100 -
3| qeee—e——q. 37°C o higher
R —_— temperature
& £ !
sl I favors tighter
< [ binding
5| between RNA
= A polymerase
3|10 holoenzyme
=" A
- {IRL 15°C and
| = 4 T7 DNA (37°c)
5 | | | | u
. .2. 4 _ 6 8 10

Time (h)
(source:“Studies of the Binding of Escherichia coli RNAPolymerase to DNA”Journal of Molecular
Biology,Vol.70,157-85,1972)



o factor stimulate initiation of transcription

[“C]AMP incorporated (nmol/0.1mL)

|

|
w
o

— 2.0

,{_BQP]NTP incorporated (pmol/0.1mL)

0 0.5

Core E + o (ug/0.1mL)

y-P32ATP

14CQATP ?
y-P32GTP ?!

14C-ATP measured bulk

RNA synthesis, or
elongation

- g.factor

stimulaten v,
ritatiation. o,

cotr@ngcelption

(Source:”Cycle re-use of the RNA polymerase sigma factor”.Nature 222:537-40,1969)



o factor can be reused

CRIE: AW E (2007) , HHHE, 25130M0)




initiation of RNA chains
o factor can be reused measured by [y-32p]ATP /

[Y-32p]GTP incorporation

added new, rifR core-E

!

restart RNA synthesis

new core E

20 A:Eizolreo; associated with
o that had been

released from

original holoE

c
2
IS
<
=
©
£
O
<
7t
c

20 30
Time (min)

(Source:”Cycle re-use of the RNA polymerase sigma factor”.Nature 222:537-40,1969)



| o |
l @)

Holoenzyme ‘

| o
®=.
Li o)

@\

“”

Core

Loosely binding

Closed
complex

Tightly binding

Open
complex

Promoter
clearance

Elongation
complex

CRIE: ¥

Model of the
interaction
between E. coil
RNA polymerase
holoenzyme and a
promoter.

Incorporating the
first few Nt
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CAP-cAMP

Up element

Up element + CAP-cAMP 4+ RNA Polymerase & & 14

CAP-cAMP 5 RNA Polymeraselta-cTD4E &, BIEFE oK%




Importance of the ain UP element recognition

Richard Gourse (Science 262 (26 Nov 1993)

e W.t. promoter
very strong rrnB P1 promoter region (-88 to +1),
mut. promoter
(SUB: an irrelevant seq. instead of UP from -59 to -41)
(-41: lacked the UP upstream of -41 and vector seq instead)

transcribed with three different RNA polymerases(RNA-P),
(1) wild-type polymerase with a normal a-subunit;
(2) a-235, a-subunit was missing 94 aa from C-terminus;
(3) R265C, a-subunit contained at position 265.
Cysteine (C) in place of the normal Arginine (R)

e included a labeled nucleotide to label the RNA
e gel electrophoresis
e performed autoradiography to visualize the RNA products




@)
RNAP W.T RNA pol

lac
promoter .t | uP del. |J\5 vector

SheBe.on

lacUVs —

B P1 -~ e
RNA-1—

12345678910

(h) (c)

a-mut of RNA pol W.T + mut a-mut WTR265C

lac
~UP del. UVS5 vector

Y'Y 3. L T LT

lacUV5 —

rrnB P1 —

RNA-1 —| ==

p UP  3lacUV5

|

123456 78910 11121314

Importance of the a subunit

in UP element recognition

Source:Ross et al.,A third recognition element in bacterial promoters :Dna binding by the alpha subunit of
RNA polymerase. Science 262(26 Nov 1993) f.2,p.1408




B) /L
% {£iERNApol + NTP — RNA elongation

K 5 NMP -2 [a] 1) Bl 19 M Bt 1) 3
% Editing
% 5 Rho(p)Hl+-3%4+RNA 3™-end

% Ff%Holo Enzymefs, BREIF&H WMLk
| site (RifS); & — M55 ATP or GTP
BRI BEATP or GTP

Esite (RifR);  XF NTP dp&—{45&




B %

> QLR A |

* {£f#RNA polymerase 5
JERMEE (sensestrand) 454

* SZKREE ]




Holo Enzyme & 1> BhRENL i

% sense strand DNA binding point(3’ )
% DNA/RNA hybrid site(])

% D. S.DNA unwinding point(a)
% S. S.DNA rewinding point(a)

% 0o factor point



J5 4% 4= HIRNApol (Core) Fr) 45 14 55 Th g

Enzyme Movement

DNA coding strand (')

Rewinding point (a)

Unwinding point (a)

Core Enzyme 1 DNA JE J.10-17bp 1) fif 5 X

RNA binding site

‘ DNA template strand

RNA/DNA hybrid (B)

CRIE: 7AW (2007) , HHEE, 51310)



J5 A% 24 IRNApol (Core) Ft) 45 H4) 5 Th it

Enzyme Movement

| site (Rif S); & —EHh&5AATP or GTP

E site (Rif R); AF % —: 455 NTP

OE

RNA binding site RNA/DNA hybrid ([3)

CRIE: AW (2007) , A, £1310)




locate the determination
of Rifampin resistance

Purification of the individual
subunits of £.co/iRNA polymerase
in Urea electrophoresis buffer

(Alfred heil & Ziling 1970)

Separation and reconstitution of RNA polymerase

Source:Heil,A.andZillig,W.Reconstitution of bacterial DNA-
dependent RNA-polymerase from isolated subunits as a tool
for the elucidation of the role of the subunits in
transcription.FEBS Letters 11(Dec 1970)p.166,f.1.)



Reconstitution of RNApol.

the a+a+ 5+ 8’ from Rif R E.coli + 3 from Rif > E.coli

The reconstituted RNA polymerase was Rif °, regardless of the
origin of the other subunits

the a+a+ 8+ B from Rif > E.coli + 8 from Rif R E.coli

The reconstituted RNA polymerase was Rif ?, regardless of the
origin of the other subunits

The g subunit is obviously

Sepamly Q + + @ determinant of RifSor RifR

Reconstitute

Rifampicin-resistant

Separate @
(Source:Molecular Biology(2002),Robert F.Weaver,Pagel47




RifampcinXfRNApol (4152 5

® Rif 5ATP/ GTPX I siteff) 34
RIf X% 54 & — FHiL ATPIGTPX | site I3 78

® Yl E site#pppXpYpZ(3Nts)IE 7,
Rif 2R 2= F00 5l 50 vy,

Rifampcin & RNAG RGEC 46 1 F0 il 5]




NusA protein ;
(antitermination N protein utilization substance)

% 69 Kd, acid protein
% RNApol-attaching factor

% Afterinitiation — substitutingo — NusA + core E

% Impel RNApol. pausing in terminator for 1’-15" and

waiting for Rho factor to stop transcription of RNA



(a) Weak, nonprocessive complex

terminator

W
s

Anti-termination

. " box A
protein -

"5 (Nut N binding site )

(Source:Molecular Biology(2002),Robert F.Weaver,Page213)

NusA binds to polymerase, and N binds to both NusA and box B
of the nut site region of the transcript, creating a loop in the
growing RNA. This complex is relatively weak and can cause
antitermination only at terminators near the nut site (These
conditions exist only in vitro.).




J7 A% CE W) e ok 1R IR S E IS RE

R RENA l'

rr After 2 Nt

1’-15’In Term.
30-50 Nt/sec GI/C = L IiL 4+

CRIg: A (2007) , HBHEE, %5133W)



Promoter5 o factor [8] [ 45 &5 2401

S

@® 2 | strong promoter & weak promoter

* a3l -35, -10 X P41 1) 2 S 2 -5 RNApol H

o K1m4s&ae

* AAJE B -35, -1

ORX 7 4 I A7 AN

ORAF BIARAE R S (Bt )3 5 1)

o factor is responsible for recognition of consensus
sequence of promoter and only required for initiation.



» Transcriptional regulation by alternative factor

In E.coli for stress

condition

----- When 37°C ; genes expressed in E.coli by RNApol withg 7

----- When > 37°C;

More then 17 proteins are expressed in E.coli through

transcription by RNApol using an alternative 0 32, which have
own specific promoter consensus sequence

E.coli B3k im BN

W A B

— MR K o- B

- ?632

(™) Bz, 632(6H) R 6"(c”) KA 5

SEEERBER

ANRBEIT 46

RNAZE



Results and Discussion

Molecular Biology: gene & interaction

Interaction:

Cis & Trans: Protein & DNA (DNA pol & DNA, RNA pol & promoter),
more to come, and more to find
Trans & Trans? Cis & Cis?

Case study:

Understand the concept, principle, and conclusion
Get familiar with the way of thinking and investigation
Develop the ability to identify, dissect, and solve problem

Platform:

Mind training and curiosity development
Enjoyment: the beauty of nature & the sparks of human wisdom



4.2. RNA transcription

promotion in Eukaryotes

2006F K if N RUFARFET
% ERER TR ER, L
mea Z NN P22 i g YT
PTERIB




' ‘
R

2007.10.26H % ‘

e

Rogcer K ormbero

W, ZH89%
b,/

CRIE: ATF)



4.2.1. Biological state before transcriptional starting

A PNV SSIRSE Ul
® i - e——— 0%
A5 A

® RO IR H A
W/ IMA 026 B A AR
H3 protein outer
DNase®

® Transcriptional factor (TF, trans factor) 2

RNApol > complex
Cis-factor J




4.2.2. 5% )5 ) AH < 1 cis-factors
® LK V&5 3% 1) cis-factor

( promoter or basic factor)
Core promoter (Cap site, TATA box 75 5l 1)
UPE (Upstream Promoter Element) (CAAT box, GC box)
For housekeeping gene (constitutive expression)

® 11T R Ak A Hcis-factor
Enhancer
For luxury gene (inducible expression)



4.2.2.1. Promoter for basic transcription

( class Il recognized by RNA polymerase Il )

® Cap site ; initiation point (+1)
Capping m7Gppp@---70 +---AUG---(in mRNA)

Initiation region PyPyANT/(A)PyPy
1-4Kb  -70 -30 A

~ "~

GCisland CAAC/Tbox  TATAbox Cap

Enhancer ~—UPE  ——|+~—core promoter —

Promoter (basic factor) —!



Promoter for basic transcription

® TATAbox/Hogness box / Goldberg-Hogness box (-30)
Rich AT and rich GC flanked
rich GC---—--TAT A A(T) A A (T)-—---rich GC

1-4Kb  -70 -30 ull

GCisland CAAC/Tbox  TATAbox Cap

Enhancer ~—UPE  ——|+~—core promoter —

Promoter (basic factor)



Promoter for basic transcription

® GCisland (C no methylated) and CAAT box (CAT box UPE) (-70)
GCGC-----GGC(T)CAATCT----
Response to effect of transcription

Range 30 bp =

1-4Kb  -70 -30 ull

GCisland CAAC/Tbox  TATADbox Cap

Enhancer ~—UPE  ——|+~—core promoter —

Promoter (basic factor)



V£ 7 55 Prok. E.coli Promoter 4514 5 D RE ) LU 4L

a) promoter H PP /™ H 5 70 4 ik

— 35 box — 10 box Transcription
e
——TTGACa ataar
——AACTG! ATaTtA
L |

Unwound region

Fis sites UP element Core promoter

_ - — — Extended promoter -

g ~

o L—JP Element

l |
-60 -50 —40 -30 —20 -10 +1

| | | |
5'---TCAGAAAATTATTTTAAATTTCCTCTTGTCAGGCCGGAATAA[CTCCCTATAILTGCGCCACC/‘RCT---S'
Source:Ross et al.,A third recognition element in bacterial promoters :Dna binding by the alpha subunit of
RNA polymerase. Science 262(26 Nov 1993) f.2,p.1408

-35 =10 ke




First identifying of Promoter’s function in Euk.
Grosschedl & Max Bernsteil (1980) Sea Urchin in vivo

Hindlll  H,  H,B H, | HA  H,  Hindlll

H22 ,
Tag| ‘ﬁ C T X
..... )\ w% ‘L \ v
Prelude sequence .~ I-:[p'a i e o Hpa"l"a..‘%_ HA
BECTCYYY:) VA Y VY S A S
-70 (~600p) -30 (~60bp) +1(~80bp)
——

Hpall, Hincll, Hpal, ligase 1



AA(AB, AC) H,Afragment of H22 of Sea Urchin

!

Xenopus leavis (frog) oocytes
GTP93, purifying RNA & electrophoresis

4

WtH22 AAHA ABHA ACHA

1.0 19 0.22 0.24 H2A/H2B

w.t AA AB AC
Source:Grosschedl and Bimstiel PNAS 77 (Mar 1980) p. 1434




_ CkUE: 2rF/EY Y (2007) , HAHEE, #512800)
e Deletion A actually stimulated transcription

e Deletion B (including the TATA box ) caused a
decrease in amount of transcription and the
appearance of new transcripts that result from
heterogeneous start sites

e Deletion C had little effect on the amount of
transcription, but shifted the start site downstream,

so a shorter RNA appeared.



TATA box function

Hen ovalbumin gene expression (Chambon)

270 +203

Pst5@ /6 \ Pst5, Pst6, Ligase

Recombination

S.S.DNA +fd virus 1

F o | Ecol




Adding a primer (but, A mut. to C in synthesized s. s. DNA which pairing
to TATAbox ) into E.coli

GAGATATTTTCC |
-CTCCTC TATAAAAGG-—-

|Mut. primer GAGATCTTT TCC
GAGATCTTTTCC ——0 —»

— CTCCTCTATAAAAGG — I

J— »GAGATCTTTTCC - replication

l replication



W.t l mut.

TATAAAA
- ATATTTT:

TAGAAAA ™
“/ATCTTTT)

transcription ovalbumin RNA

Invitro100% 50% ?



conclusion

® 30bp from TATA box to | site is required

® Promoter functions
CAAT box (modulator) controlling transcriptional efficiency

(GC island !1)
TATA box (selector) controlling starting point and efficiency

| site (initiator) determine initiation point and capping of mRNA



4.2.2.2. Cis-factor for inducible expression

® Inducible expressed by envionment ~ HOtSpot

Special box
Arabidopsis | box (GATAAG)----5-20-------- G box ------
Pea H box (CCTACC)----5-20-------- G box ------
! modul !
HSE ( Heat Shock Element)
GRE ( Glucocoricoid Response Element ) ¥ 7 Ji i 25 M 4 o A4
MRE ( Metal Response Element )
TSE ( Tissue Special Element)

lg  ATGCAAAT + Oct-2 factor —B 41l 214
GH ATGAATAT + Pit-1 factor — fi | BEAAFKIL




® Enhancer

Chambon discovered the first enhancer in
the 5'-flanking region of the SV40 early gene.

% Enhancer5jPromoter|t] LL 4%

Enhancer Promoter
Enhance expression Basic expression
Position not be fixed Isolated region
Bi-directional element Mono-directional element

No for special gene only for special gene




SV40 Eﬁ‘ﬁﬂﬁlfﬁiﬁu S (Chambon)

AN

(Source:Molecular Biology(2002),Robert F.\Weaver,Page274 )

72bp region - { transcription go down

deletion

into upstream of [3-globin gene

1

Transcription up 200X

Cell & tissue specialty of Enhancer effect
Behavio* Distance effect (over 2 kb)
Orientation-independent & position-independent

Polarity effect



% Enhancer i1 4514 5 Dy BE

-——-Enhancer tH # BL_E 138 535 5 5% 43 (Enhancer Element) 2H 1,

---Enhancer Element 4 75 HH P A~ '35 2865 4 34, HL AT 18] 28 2300 . )

510 (Enhanson)  2H %

---7%“1Enhanson(cis-factor) 5 ¥ £ H (trans-factor) 45 &

1 1

(EHEHE S ) = & 14 + UPE + core promoter

A A :
oo R e M ok



Enhancer

| |
! !

Enhancer Element (<100bp)  Enhancer Element

! }
Enhanson (cis-factor) (<5bp) Enhanson (cis-factor)
+ .
Specifical transc. Factor Specifical transc. Factor
(tran-factor) (tran-factor)
Activation domain of Activation domain of

Enhancer complex Enhancer complex




e.g. SV40 Enhancer (-179~ -250)

En. Elem. En. Elem En. Elem.
-250 180

Ap3'APZv v vAPy '

R ], T Il

( AR A1
_d mMRNA
GC CAAT TATA +1




108 AT

Looping of promoter-enhancer

reg Io n Source:Kustu, Echols 1990 PNAS 87
(July)



Source:Chen J.L,Assembly of recmbinant TFIID
reveals differential coactivator requirements for
distinct transcriptional activators.Cell
79:101,1994




Activator

et E 51 + UPE + core promoter
19 AR e 1 A >

Source:Chen J.L,Assembly of recmmbinant TFIID reveals differential coactivator requirements for
distinct transcriptional activators.Cell 79:101,1994



---Enhancer complex-5 it J5 2l [ transcriptional complex %)
AL, TS5 RNA polymerase 45 &

— RN, R AR e i kR (trans-factor) 4
R I 5 5, B 5 1 1 2 2V e

— W ARG R, LIRSS A7 1R R R
25 L




A2 (470 bp)

1983 Susunmu Tonegawa found
an enhancer within X2-x3 of y2b gene

eyv2b; a gene that encodes the larger
subunit of a particular mouse antibody

Source: 1983 Cell 33 (July) p.
719



(b)

12 345 67 89101112183

-

YopW-1.

Al

A2

XS X4
— - ] l
X2 X3
L= RN
| s swsimee |
A1 (180 bp)
| moctssens s sy e M e T e e |
A2 (470 bp)

e results: The deletions
within the intron should
have no effect on the protein
product because ....

e Why the A1(180bp X3),
A2 (470bp X2-X3 )caused a
decrease in the amount of
gene product made ?

Source:Gillies 1983 Cell 33 (July) p.
719



(Source:Molecular Biology(2002),Robert F.Weaver,Page276)

(b) A B 2 B

123456789101112M

12 e |...4..--

The enhancing element in the y2b gene is

orientation- and position-independent.




Silencer

can act at a distance (at least 1 kb away)
to modulate transcription
somehow cause the chromatin to coil up
into a condensed
Inaccessible
Inactive form
thereby preventing transcription of

neighboring genes



Silencer

UCER T — il i — B e fH i DNAIX
AR CEp ey AN TR el | e e
R 55 ¢ I DNA JoA-

Ogourne S. and Antalis T.M. 1998. Transcriptional control and the role of
silencers in transcriptional regulation in eukaryotes . Biochem. J. 331:1-14



Insulator: (44%% 1)

Elements that prevent the passage of
activating or inactivating effects

HE S LT 0T 2

V)

SEFI VAUV



HATW M IIRE:

- When an insulator is placed btw enhancer & promoter , it

prevents the enhancer from activating the promoter
An insulator may block an enhancer

Jla2s g |_'l|'|T:|"|-:'_.-[-.§|'

Fromoter

Transcription

An nsulator blocks anbhancer action

Enhancer FPromoter

MO transcrpgtion

CRIE: 0 7AEWE (2007) , HBIHEE, 51460)



* When an insulator is placed btw active gene &
heterochromatin, it provides a barrier that protects the gene
against the inactivating effect that spreads from the
heterochromatin

An insulator may block heterochromatin

An active insulator 1s a bamer o heterochromatin
Transcription

Fropagation nsulator | Promoter
center
CRIE: 2 FAw2E (2007) , HHEE, 14610)




4.2.3. 5EREL KA IRIMT.F.

General transcription factors

l\r

L% 424 55 RNApol (11 VE FH 24 25
HAAH S sk B HAE 3 31
RE ) e B EE &4 Be JA B 3 ok

Iy




Eukaryotic RNA polymerases are incapable of
binding by themselves to their respective
promoters.

Instead, they rely on proteins called
transcription factors to show them the way.
Such factors are grouped into

Two classes:
general transcription factors
gene-specific transcription factors.



Two classes:
general transcription factors (GTF)
gene-specific transcription factors (STF)

e The general transcription factors

GTF can attract the RNA polymerases to their
respective promoters, but only to a weak extent.
Therefore, these factors can stimulate only a
basal level of transcription.



E/Core E

— “

——
o
o
=0T
ﬂ

Holoenzyme

Sigma
stimulates tight

2
o)
@
£
S
2
<Z( 10
binding between al e
'_ — W
RNA polymerase |3| |
p y % - @ Core
and promoter s| L o,
' "
&
: | )
‘ 0 20 40 60
Time (min) 37°C
Monitor H3-T7 DNA/E Source:D.C.and Chamberlin,M.J. Journal of Molecular
retained Biology ,\0l.70,157-86,1972

Sigma stimulates tight binding between
RNA polymerase and promoter



SE NS IEPNIIN

General transcription factors (GTF)

FAZ A=) RNApol (1 1 FH e 2547 A AR SR B
K EAE A B AR eI 4 S A A B oK

4.2.3.1 General T.F. for basic transcription

® TF(,II, 1) Transcriptional Factor

® TBP (TATAbox Binding Protein)
> + Cis-factor
® TAF (TBP Associate Factor)

® RAP (RNApol. Associate protein) y

TIC (Transcriptional Initiate Complex)



4.2.3.2. RNA polymerase in Eukaryotes
RNApol. |, I, Il

> Including L, L" subunit & 7-12 small subunits

L" with 78% ==homologous o
between 3 RNApol. |, I, Il| i

L'~ [3’of prokaryote RNApol. & L~ [3 o
(B REAHIRL) "




RNApol Il (B);
---For pre-mRNA transcription

---Located in nucleoplasm
---L" maximum subunit 240 kd & have specific COOH-end

named CTD
( Carboxyl Terminal Domain ) only in RNApol I

---CTD-end;
/aa repeats & high frequency phosphorylation

Tyr—Ser"—Pro—Thr°—SerP—Pro—Ser?



Yeast 26X 7
Drosophila 44X ~ repeatunitof 7aa/in CTD
Rat & Human 52X —

—{KCTDH, SerThr iR 5 75, KL 53243 Subforms

l,, (240kd) I, (220kd) I, (180kd)

EEBIRN —— | A S | —— EAlKE

Initially binds to

promoter Non-physiological form

CTD over-phosphorylated

|

il RNApol & I+ B JT-Promoter Il SR JIE AR
P e SRR A0X I,




—RNApol I + >20TFlls
iéﬁiéiiéﬂ%> TIC — 3% 3 5

(Transcriptional Initiation Complex)

TFID;  Asort of protein complex (TBP & > 8 TAF)

(TBP); needed for RNApol I, I, Il
Very high conserved C-end domain of 180 aa
Binds with DNA in minor groove & wilds it

Determination initiation starting site
Control UPE effect for basic transcription



S DNase I footprinting the hsp70
promoters
N with TBP and the ternary complex
/KR (TBP, TAFII250, and TAFII150)
- 2 1, no protein
TBP 150 % § - 3, ternary complex
{ = @ 30 ITATA box 4, marker.
»
"_.m.! In both lanes 2 and 3,
CaET— 10 TFIIA was also added to
- 4 s stabilize the DNA-protein
@ Initiator
- - s complexes, but
i — +10 __  separate experiments
=T indicated that it did not affect
‘_* & the extent of the footprints
il : (source:Verrijzer et al Cell 81 (30 June 1995) p.
w = w2 — 430 1117)
s
123 4



TFIIA;  Bindsto TFII D
Enhances TFIl D binding to TATA box
Stabilizing the DNA-TFII D complex

TFIIA @

TBP of D -n

TATA
) L1

pre-TIC

Wilds minor groove @ ——



TFIIB:  Once TFIID has bound to DNA

TFIIB binds to TBP of TFIID and RNA pol. |

TFIIB as a bridging factor allowing recruitment
of RNApol Il fo TIC together with RAP30 of TFIIF

TFIIF; Including two subunits of RAP30, RAP74
Binding and recruiting RNApol Il to assemble TIC
Promoting RNA elongation by its helicase (ATPase)
TFIIF

RNApol || lb helicase (ATpase)

TFII B
—4p—

brldglng factor

Basic TIC




TFIIH;  Large complex made up of > 5 subunits

Helicase activity (ATPase, RAD25...) & kinase
activity Fhosphowlation of|CTD of RNApol Il

DNA repair




s.s.t M13 DNA

(@) ] i Electrophoresis (b)
{/ f/
i 2 0 i
41-nt of DNA = I
DNA helicase
v —| >7000 nt
f {f l ‘
2 Electrophoresi
ectrophoresis . S - 41 nt
J 41 nt E=:3
© TFIIH(RAP25) +/- ATP

Helicase activity of TFIIH.

(a) The helicase assay. The substrate consisted of a labeled 41-nt piece of DNA hybridized to
its complementary region in a much larger, unlabeled, single-stranded M13 phage DNA . DNA
helicase unwinds this short helix and releases the
labeled 41 -nt DNA

(b) Results of the helicase assay. (1), heat-denatured substrate; (2), no protein; (3), 20 ng of
RAD25 with no ATP; (4), 10 ng of RAD25 plus ATP;(5), 20 ng of RAD25 plus ATP.

- TFIIH(RAD25)

(Source:Gudzer et al. Nature 369 (16 June 1994) p. 579, f. 2c.)




TFIIH;  Large complex made up of > 5 subunits
Helicase activity (ATPase, RAD25...) & kinase
activity Phosphorylation of CTD of RNApol Il
DNA repair

TFIIE:  Associate with TFIIH kinase

Phosphorylation
] complete TIC

RNApol II,



Promoter
clearance

> [mRNA |

Transcription starting



conclusion

TFIIA @ r‘
TBPofD @@ ore-TIC
SATA +1
Wilds minor groove @ —— .
TFIIF
RApol 1| Basic TIC

TFII B T
-
i



Promoter clearance

..@

> [mRNA |

Transcription starting



Promoter
’ clearance

Minimal
initiation complex

Active
transcription complex

GTF + TATA box — basal level transcription

Source:J.A.and T.Tjian.1994. Transcription factors IIE and IIH and ATP hyfrolysis direct promoter clearance by RNA
polymerase 11.Cell 77:145-56.)



The general T.F. are capable of

sponsoring only a basal level

transcription.

To provide the needed extra boost in
transcription, eukaryotic cells

have additional, gene-specific transcription
factors (activators e.g GAL4).



4.2.3.3.  transcription activator
(activator, STF)

for gene- specific inducible transcription



TATA
GAL4 5
binding TATA

: site box

(a) l Incubate with

GAL4 and TFIID

(c) l Add other factors

+ RNA polymerase

(e) Assay transcrip
by primer extergion

CRIE: T EWsE (2007) , HHIHE, #513971)

GAL4:

Wash:
GAL4:

‘ Incubation

e

+ ot
+ +
- +

)

.—+
NTPs

' incubation

RNA analysis

GAL4 stimulates
preinitiation complex
formation




a) character of activator

® = KA, HA284NMALHIDIRES )1k (domain)

Transcription regulation domain

DNA-binding domain activation ( or repression) domain

Dimerization Domain (in some
g dimer factor)
DNA-Binding Domain
8 Transcription Activation Domain

Nuclear location signal, NLS short
peptide rish basic aa Arg, Lys

(or/and N Export Signal, NES)

CRUE: ATE)



Both types of NLS are basic
=+

- - — -
- ﬂ [
SV40 T antigen Pro |Lys Lys Lys Arg Lys

+ o+

Folyoma | antigen (1) f’T‘J LyS

A
Polyoma T antigen (2) FT0

AN

E .'.';I .': :I '.I_.'.F: -

CRIE: APF)




dimerization domain of activator

(in some transcription factor of dimer / tetremer factor)
Homodimers -~

or > held together by dimerization domains

Including Leu zipper

Heterodimers -~ J

or Helix-loop-Helix

CRUE: ATE)



DNA binding domain of activator

C\
((,

Zlnc flnger

consist of Helix-turn-Helix and encoded by
the homeobox of 60 aa in large activator family
consist of Zinc finger (basic ZIP bZIP)

or basic domain of Helix-loop-Helix (bHLH)




/ “\l oA

C~ /!"f"
((, )

Zlnc flnger
MYB, MADS, WRKY,

AP2/EREBP (APETALAZ2/ Ethylene —responsive element
binding protein) DNA binding

NAC (NAM, ATAF, CUC2) domain

J A e SR IR 0 2%
Eﬁﬁﬁ‘*ﬁ/u

CRIR: ANTE)

ARF ( Anaerobic Response Factor)




- Transcription activation domain

(most activator have one or more than one of these domain)

Group 1: acidic domain

Yeast GALA4 typifies this group ,

49 aa domain with 11 acidic aa

Group 2: Glutamine-rich domain
Sp1 have two this domain,
25% GIn, 39 GIn in a span of 143 aa

Group 3: Proline-rich domain
CTF has a domain of 84 aa,

19 of which are Pro



Independence of
DNA-binding domain
and

transcription-activation
domain



GAL4
binding TATA
site

f BN GAL4 protein :

GAL4 and TFIID

a yeast activator

e a set of genes responsible for
metabolism of galactose

Add other factors

+ ANA polymerase e each of GAL4-responsive genes
contains a GAL4 target site
upstream of transcription start
site, called upstream activating
sequence (UAS()

e binding to UAS as Dimer DNA-
binding motif is similar to Zinc
finger

by primer extension

CRIE: o rAEWE (2007) , HBHEE, 55139M0)



Roger Brent & Mark Ptashne
chimeric fator
with DNA-binding domain
from LexA repressor (E.coli)
+
Transcription-activation domain

from GAL4 protein



Constructed three set of test
recombination Plasmids into yeast(X{[x

THRARAR)
GAL1 operator
f
UAS Lac Z as reporter
GAL4 activation domain enhance
r
Lex DNA-binding domain
GAL1 operator
l Lac Z as reporter
I \ GAL1 operator

LexA Lac Z as reporter



GAL4 B-galactosidase

PeEh:
GAL1 operator
1800 units

UAS; Lac Z as reporter
enhancer

GAL4 + UAS —— enhanciing —— GAL1 —tacZ

A 4

GAL1 operator
P Nothing

Lac Z as reporter

No activator ——n0 LacZ expressing

GAL4-LexA
~~ >
GAL1 operator 520 units
LexA Lac Z as reporter

LexA + LexA op. —GAL4 activation —GAL1 —acZ expressing



Transcription-activating and DNA-
binding domain of GAL4

can operate quite independently

Function of activation domain
recruitment the RNA polymerase

To promoter

h_cim

Lac Z as reporter




Yeast two-
hybrid assa

(a) Standard activation

Transcription
factor

Xp

interaction
with Yp H’ﬁﬁﬁiE’JcDNA’%AD BD/‘”M@L%/\%%

BRFACBERRIN G AR &R CRyk A i)

0

Screen Zp
interaction

witth

(Source:Molecular Biology(2002),Robert F.\Weaver,Page426)



DNA-binding
domain

BBP +
Mud2p

gy =SSN BBP +
i oo

Prp8p + Prp40p

Measure Lac-Z
expression level

(Source:Abovich and Rosbash Cross-intron bridging interactions in the
yeast commitment complex are conserved in mammals

Cell 89(2 may) 1997)



b) PR S HHF AL

activator [ 4 1 1
Z 2R BIE 5 BT B R

—HOIRAS

et Iy 25t

o b ks mmp R
T binding DNA

2o A 27 B B AZ A



\ S
e 3 [N Y S5 AL A DNA-binding domain

o Helix(a)-turn-Helix(a) (HTH)

» Cys/Cys, Cys/His Zinc finger

dimerzation domain

* Helix—loop—Helix (HLH or bHLH)
* Leu zipper (bZIP)

Activation domain

* Acidic domain, GIn-rich domain, Pro-rich domain



CRIE: ATF)

Zinc finger
Peptide chain

AN
- I

9 direct repeats 30aa/ copy

302a/COpYy =mmp ONE finger

2Cys [ 2His or 2Cys / 2Cys types

Phe(F) Leu(L) Tyr(Y)
=p- core of hydrophobic aa

2Cys (2C) ~ Zn ~ 2His (2C)
to form finger of 1a-helix & 1-Bsheet



Aaron Klug (1985)TFIIIA predict the Zinc
finger structure

Carl Pabo obtained the structure of complex
between TFIIIA and DNA using X-ray
crystallography

Finger 3

Source:cover photo,Science 245(11 Aug 1989)

TFIIIA three fingers lining up the
major groove of DNA which sequence

CoT

"l_f';y:.
Finger 1 T X / f/ \/
YR G —
3 i

Fig. III  Fig. II  Fig. I

Finger 2

CRUE: ATF)
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Helix-turn-helix domain of homeodomain

CRis: 2> 1M (2007) , HHAHE, 5514811)



Leu zipper & basic domain of (bZIP)

CRIE: 7AW (2007) , HHEE, 5300)



4.2.3.4. Trans-factor Scis-actor 454 1) 18 FH J5 |
® L —MiRA, JEA A A AR LSS T

o o NG g » Trans[Al 1= Cis[Al 1 [H] )

v w WA 5562 kA RA
VAT Y PS v N ‘

ORI (L ((UDNAF i

o AR S5DNA
(il BFE(NH2,0 =) 45 & 1) A
k I_*j; J AP N IR S UE e

A A C

"L BRI

LU

CRUE: ATF)



® trans[A 1 LcisIA 1 o] R RS R SS G
» protein ~ £E#7F ~ phosphate backbone of DNA

* Hydrophobic focus (AS)
DNA-protein

* N-end arm of helix reach around

to other face (to minor groove)

(Source:Hochschild,A.Repressor structure and the mechanism of positive control.Cell 32 (1983)p.322.)



® Dimer or tetramer of trans-F binding in palindromic cis-F

RYL—Fp “ ZH AR

Ul

dimer as Right Shoes model binding with palindromic Seq.

in major groove
GCATET ~ ASATSC
CeTAGA ~~— TCTACK

CRIE: ANE)



® Monomer =——=—= Dimer mm) cis-factor =) gene open

200 1 50 1
PR FE R s YRR, RIS L D Rk

CRUE: ATE)



s A1~ LA =R 7 SO FE R 2 5 s B T e

(1) WACDNARIG:, il JF kAR RRTE N H I 3117 41
FE ok, ARTRNARAES )3T 45

(2) ZWRNAER &M, TFR 1 5DNA%; & E #iBasic
transcription complex, hnus/wagHeE 45

(3) Z=5H el T2 [HFinteraction & activity




4.3. Transcription termination




4.3.1. M
® RNApol leave from terminator
® RNAreleased from Triplex (RNA, DNA, RNApol )

® different from discontinue / read-through

4.3.2. Terminator Fh2&
In prokaryotes

LB

FE R

A i 2% 1

-~ (terminator)

N HE

- (attenuator)

Rho-independent terminator / Rho-dependent terminator

In Eukaryotes
Difficult to identify the primary transcript

because pre-mRNA processing



4.3.3. Rho-Independent terminator

(simple terminator)



a) Structure
« Palindromic sequence

» G/C rich region that form
hairpins of varying lengths in
RNA

» G/C rich hairpin are
followed by a run of U
residues in RNA

Ok A _
Rho-independent terminator (simple terminator)



b) Function
* G/Crich —
transcription delay

* NusA-protein —
RNApol pausing

* RNA stem-loop & polyA/U —
RNApol leave

* 3’ inhibited by K factor —
RNApol & DNA separated

(Source:Molecular Biology(2002),Robert F.\Weaver,Page164 )



4.3.4. Rho-dependent

terminator

VINUNUNUNENN

(Source:Molecular Biology(2002),Robert F.Weaver,Page167 )



a) Structure

® Palindromic sequence

® G/C rare in palindrom but

form loose hairpinin RNA
® palindromic sequence are not
followed by poly A/T in DNA

@® Rho factor be needed for

termination

CRUE: A7)



b) Function
RNApol + NusA-protein

|

RNApol pausing 60’ more or less

o n ),

termination read-through



c) Rho-factor (p)

® Hexamer 55kd neutral helicase-like

® Contest RNA 3’-end with 3 factor

® ATPase-like, GTPase-like activity need spacer of > 50 Nt

O B AR R R B R SR e )
---LR1UE RNA/DNA AT —ERA TN 45 &
- IR 455 71— R A Rho-independent terminator
-1 =4S 71— 5 RNApol read-through

-5 HIRhO ER] 5 [ 2% 11 18] IR 008 22 e B
22 117 X DNA/ RNA [8] 454 1 i 722 5




E. coli RNA polymerase to transcribe A phage DNA

Total [3H]UMP incorporation (nmol)

I | |
0.2 0.4 0.6
rho (ug)

0.50

ot
w
o

O
)
o

[7-32P]GTP incorporated (pmol)

o
ik
o

Rho depressed the elongation rate, but not initiation

Source:J.W.Termination factor for RNA synthesis,Nature 224:1168-74,1969.)



27S

|

B Roberts used E. coil RNA polymerase
500 |— to transcribe A DNA

e (a) in the absence of Rho.
B [3H]JUTP to label the RNA.

Y 2IS Rho reduces the
size of RNA

Pt — — 200 ~

Isoo - I

g -rho %

= o (b)in the presence of Rho.

“ — — 100 ~

[14C]ATP to label the RNA,
— S plus the 3H-labeled RNA
from panel (a)

L@ [O

10 15 20

Fraction Top

Source:J.W.Termination factor for RNA synthesis,Nature 224:1168-74,1969.)




SH-UTP RNA (cpme-e)

3,000

3H-UT'M pme-e)

ad
o
o
o

Rho releases RNA from DNA template

—rho

(a) RNA made in the absence of
rho sedimented together with the
template in a complex that was
larger than free DNA

indicating that RNA had not been
released from their association
with the DNA.

DNA (prbitrary units m-m)

(b) RNA made in the presence of rho
sedimented independently of DNA at
a position corresponding to relatively
small molecules

indicating that rho seems to
release RNA transcripts from the DNA
template

DNA (arbitrary unitsm-m)

|I[@

Fraction

Source:J.W.Termination factor for RNA svnthesis.Nature 224:1168-74.1969.)



model of rho-dependent termination

(a) Rho binds to transcript at rho loading site and pursues polymerase

(a) Rho binds to the transcript
and pursues the polymerase.

(b) When the hairpin forms in
the transcript, the polymerase
pauses, giving Rho a chance to
catch up.

(c) Rho helicase releases transcript and causes termination.

SN AN NN\ (c) Rho helicase unwinds the
RNA-DNA hybrid and
k O releases the transcript.

(Source:Molecular Biology(2002),Robert F.\Weaver,Pagel67)




Electron micrograph pre-
MmRNA splicing factor in a

'%'-r% : ce!lnucleus
i SR

7 o, e
4.4. Pre-RNA ™58

Processing

(Source:Dr.David Spector/Peter Arnold, Inc.)



4.4.1. W&

capping
tailing
pre-RNA  |splicing mature RNA
methylation
editing
G/ =98
® interrupted gene =) removeintrons = as template
(interrupted RNA) (stop codon)  (protein translation)

@ prevent pre-RNA from digested by RNase

® somethingnew......



4.4.2. pre-RNA capping

® Cytoplasm Polyhedron Virus (CPV)
Jan Furuich (1974)

Cap-0 mM’GpppXpYp------- (JL47)
Cap-1 m’GpppXmpYp-------

Cap-2 m’GpppXmpY mp-------



Types & structure of CAP in Eukayotes

Cap0
New 3’-OH end

Cap 1

!

the position can
be methylated
also in Cap1




MRNA capping proceeding

® After 30 =Nt tramscripted, pre-RNA capping start
5 pppXpY-------mmmmmmmmeee- (30 Nt)-3’ (pre--RNA)
pi l \ Nt-phosphohydrolase

pPPXpY-----
GTP
ppI l “— RNAguanylyl transferase
GpppXpYp-----------
YA\
l «— RNA G-7-methyl transferase
SAH

M GPPPXPYP------======n==- -(with Cap-0)



SAM
1 «<— RNA Ns-2’-O-methyl transferase
SAH _
M’GpppXmpYp--------------- (with Cap-1)
SAM
\ «<— RNA Ns-2’-O-methyl transferase
SAH

M’GPpPXMPY Mp--------------- (with Cap-2)

SAM; S - Adenosyl - L - methionine
SAH; S - Adenosyl - L - homocysteine



Production of capped and uncapped splicing substrates

(a) Prime with m"GpppG,

Promoter Terminator m’'G 13 q5
[—> l transcribe PPP B2 - 15
il (b) Prime with GpppG,
13 15 G 13 15
. : transcribe it . 15
(c) Transcribe,
|
no primer L 14 i
{a) m’GpppG (b) GpppG (c) uncapped
0 30 60 120 0 30 60 120 0 30 60 120 min

Relative yield (%)

13] [15]

y »

- — e e {1310 —5] (o)
. o— e 13}-{HA8) (a)
e - a a
- - - a
~—{13[H8[75](w)
| .
50 — e .
40 (— = "
— .
-
-
)
= e
0 30 60 120 0 30 60 120
Time (min)

absence of cap
effectively inhibits
splicing of the first
intron.

Source:M.,H.Sakamoto,Preferential excision of the 5’ proximal intron from mRNA precursors with two introns USA
84(1987)P.5189,F3.



4.4.3. pre-RNA tailing

o M
A poly(A) tail (50-200 =) be added at -20 Nt == tailing
signal (AAUAAA) from 3’-end of Pre-RNA
Rabbit a- globin mRNA

5%--m---- CUUUGAAUAAA----------- poly(A) 3’
-20
Rabbit - globin mRNA
57=mmmmm- UGGCUAAUAAA----------- poly(A) 3’
-20
Man a- globin mMRNA
5%=mmnnm- CUUUGAAUAAA------------ poly(A) 3’
-20

Man B- globin mRNA
5%-mmnne- UGCCUAAUAAA------------ poly(A) 3’
-20



R WDIEEREl Cap
AAUAAA X B8 5 1]
GUGUGUG -7 H: [H]

B LT), AE3% 2R 4 50-
200poly(A)

Proceeding of pre-RNA tailing Recognizing site




Concensus
A98A86U98A98A‘35A96

Uso

Polyadenylation activity

AAUAAG
AAUUAA
AAUAGA
AAUAAC
AACAAA
AAUCAA
AAUGAA
AAAAAA
AAUAAU
AAGAAA
AAUAUA
AAUACA
ACUAAA
(GAUAAA
UAUAAA
CAUAAA

AGUAAA TN

AUuAAA TS

Summary of data on 369
vertebrate polyadenylation
signals.

AAUAAA I

0

50
Efficiency

100

(Source:M. Wickens, "How the messenger got
its tail: addition of poly(A) in the nucleus,"
Biochemical Sciences, 1990 vol. 15)



Balll Bglll

e N—

SPA: [AATAAARGATCTTTATTTTCATTAGATCTETGTCT T TTTTTGT

\ !
\ !

CAGAGCTCTAGA

Structure of the synthetic polyadenylation site (SPA)

unrelated sequence could be inserted in place of the natural
sequence between the AATAAA and GT/T motifs and Nt

substitution made

no difference in efficiency of
polyadenylation.

(Source:N. Levitt "Definition of an efficient synthetic poly(A) site,"
Genes & Development 3:1019-1025, 1989)



Polyadenylation of model substrates is required for active
removal of the intron closest to the poly(A).

AAU;, i _
120 @ cuv
polyadenylated =
o
0
% 100 —
mutation AAGAAA || ‘. S
Un-polyadenylated 59 {5 5
0 -
Un-polyadenylated 59 186
(b) 9? I4lOl5IOI6lol 3IOI4IOI5|0l6|0l 9:l3q 4IOISI()ISIOI M
PRE EHEH - wwaresr w+ ‘::::L*. : eSS eenes., -E-HPRE
A+EHEA- e He e ews - @S+
S+ |- i rm — i ;
A+S+ETEA- i Rt
i
WT AAGAAA SB2

CR¥E: ey (2007) , HHBE, #16210)



@ CPF (cleavage and poly(A) specific factor)

PAP (poly(A) polymerase)

O CSF (cleavage stimulation factor)
(stabilize CPF-RNA-PAP complex)



cleavage @

PAP

polymerizing
JAVAVAVAVAVAYAVAVAVAVAN

/ Al

PAP | AAAAAAAA AO

< PABP 11 (poly(A) Binding Protein)
Promotion poly(A) elongation



Poly(A) Size of poly(A).

Isolated radioactively labeled hnRNA

from nuclei (blue), and mRNA from

cytoplasm (red) of HelLa cells, then

released poly(A) from these RNAs by
4S tRNA and RNase A (cut after U/C)and RNase
5S rRNA as T1(cut after G) treatment.(No RNase
size markers cut for A)

Gel slice

250-200 nt

Both poly(A)s electrophoresed more slowly than the 5S marker,
corresponding to molecules about 200-250 nt long.

(Source:Sheiness and Darnell Nature New Biology 241:267, 1973)



Hb/Endogenous proteins

Effect of
poly(A) on
translation of
globin mRNA
In oocytes
The poly(A)+
MRNA
remained
active much
longer than
the poly(A)-
MRNA

(Source:G. Huez et al PNAS 71 (8):3143-3146, August t 974.)



== cap ', poly (A)"
4.0, "= cap POl ()
=@= cap , poly (A)

=@= cap , poly (A)

SYKL VAT ZUNGE
Poly(A) F2ImRN/
1) e A2 |

Protein synthesized

(relative units)
no
o
l

0
0 10 20 30 40
mRNA (ug/mL)
Effe Ct Of (Source:Munore,D.mRNA poly(A) tail ,a 3* enhancer of a translational

po |ya d e ny | atl on on initiation.,Molecular and Cellular Biology 10:3445,1990)

translatability and
stability of mRNAs.



4.4.4. RNA internal methylation

5
me HNH HNH
H,C
O <0
mOoA HNH HN— CH,
|

.6



7 ILIRNAR RS 1 k% T 1

X05U (5-F2 3L K )

CmnmsU  (5-F2 H S 2 FH L IR 1Y)
mCmeU  (5-H 4 5 H AL PR 1)
Xmos2U  (5-FBL-20mAC K 5
K2C (2-780 2 1 B 1)
ComsU  (5(2)-F H R R )

I CInosine X m LA )
nye (7-H L PR AY)

m5C (5-FH L)

mBA (6-FIEIRH)

s2C @RV URED)
U (B R
Um (2°-O-F JE JR 1)

Q (Queuosine)



4.4.5. pre-RNA BYF2 )43 FL A
4451 BIRERESKY)
a) #% WRNA (nNRNA / hnRNA)

® RNApoll — 18s,5.8s, 28s rRNA (nucleolus)

RNApol T — mRNA, Ul, U2, U4, U5-SnRNA
(nucleoplasm)

RNApol [l — tRNA, 5s rRNA, U6-SnRNA
(nucleolus & nucleoplasm)

® pre-mRNA X =7 kb +; Max.~20 kb;
4-10x mature RNA X~ 8 Introns



® SnRNA <250Nt; 5’-end with Cap-2
Rich U (named ShnRNAU1—UG)

—
N

N

b) RNProt. (f% WA X T HE HH E

o

Ribose nuclear proteosome (RNP)
pre-RNA + SnRNA + > 8 proteins

ERA

v
N




c) Intron

--- junction sequence of intron with exon

mFEORSY, R BT A AR PP 4 )

Ll

NSRVF 2 B BP9 IR

junction seq. mut. — F¢ i By — JHAE

Bl Mo S RE
1/4 Junction seq. mut. of Globin gene

— FHmRNAJL 2



---Introns be classified

Into I, 11, Il by junction seq.
Intron I, 11, 11 1Bz 75 AN ]

sEeiiEe] xﬂziﬂﬁ %?%%DQ'P%'QM

lﬁ?ﬂﬁ)ﬁ”" N, IR e L,

BT R

—

B V)1 R [R5




4.4.5.2
RNA splicing models



GrOUp | SpIiCing model (tetrahymera 35s rRNA model)

Junction sequence.

donorl l receptor
® 5’--—-exon----U ------ Intron------ G ----exon-----3’
A A

i PEORST IS S . I B AV A

® intron NEHAN AR, P EAMECCS
(central core sequence) :

JEHRNATT TN 1 2 &5 44



CRUE: A7)




® “£ir5 junctionseq.HJintronN, fFE—K55,3" AN
junction seq. FJ & B ANIEXS, TR AR R IX 3

Internal guide sequence (IGS)

Splicing model

CCS; P/Q, R/S pairing

IGS; link two junction seq. — cut intron, ligation exons

3 times of trans-esterification between G & U

RNA auto-splicing as Ribizyme



Splicing mechanism of Intron group |

CRUE: ATF)



Splicing mechanism of Intron group |

CRUE: ATF)



Splicing mechanism of Intron group |




RNA auto-splicing as Ribizyme

Thomas Cech Univ. of Colorado 1989 Nobel prize

One of the most stunning discovered
in molecular biology

1981 Thomas Cech  tetrahymeno thermophila
Y SRV APaE S B e A

linear IDNA-dimer including two of 35s rRNA seq.

35srDNA 35srDNA
L L1 L]

EcoRI clone pIVS13 for
in vitro as probe

414 Nt intron



In VItro
pre-35s rRNA

!

> GTP / GDP/ GMP

same
results

[

|

L-15°

|
c
O
=
S
@
=
—

Circular intron —




In vitro pre-35s rRNA

l GTP 3

414Nt intron ~ GMP32

| Y,

15Nt + 399Nt circle intron

!

Lose 19 Nt 4Nt + 395Nt linear intron
(L19)




Circular intron —

Linear Intron — &
/3§
L-15'

(Source:Inane.T.,Intermolecular exon ligation of the rRNA precursor of Tetrahymena:Oligonucleotides can function
as 5°-exons.Cell 43(Dec 1985)f.1a,p.432.)




RMA catalysis uses hwo sites

Catalyic KA, hhas a guanosine-bDbirnding site
ard substrat=-bimnding site

— . E‘E TE A,
- exon L SR AL

Guarnosins Dhinding sits

exon ﬁ'” A

Substrate bmdimg FILTOT
- : . > 165 2o
Irvcluacdes A5 ‘%
First tr ifer GOH occoupies G-bBEBimndimg site;
B M *—.--:':-:':.Jr'-l-'—-*-—: substrate—birding =ite
= f— 35
- -4 414
& 5

—_ .a—-¢1d i i P - L[]
Second transfer is Imn SS-Eimdir Ssite, 5
= 1S 1 sSubstrate-bindirng =site

= B

exon % _
exon @ *
Lo L o NS

éﬂ%#ﬁlntron

i‘%B’JZ/\exon
Third transfer —.414 i= l:_—l:lil-n.tling site. 5 =nd
O dmtrorr 1S i sk “'-::."'E:u-a Mailmog =k
414 - =
e TeTe T NeTe SCISSACSS Loss 15

19 (15:+4)_intron Q— CRYE: HTFHEMSE (2007) , AR, H30%)



LB 25 3R W s

® GMPEL#:E (trans-esterification) 772

—> 3 Alntron

® Intron [ BY IS 3URHL 1R [ b

1th  e— BP32GHH A Z|RNAH
2¢d ey 57 H 414Nt Intran, ZEEExon
3" - 15+ 399Nt (Lose 15)



c) Group Il splicing model (Michel 1982)

Junction sequence

B.S-r--Py m---exon---3’
1] ,L S5

4 N\
----Py Pu Py Py U A Py---
100%

Branch Site of 7Nt

upstream of 3’-junction seq.



® :Branch Site [P MIA-AE—Letg /751,
5H I E K IR, JE EEIR 45 /4 (B AANEL S A
IR N, M T A HEER B 2 IR 9 )

SR ] ] c] o] Rm————




Splicing mechanism

Int ron
IR IR ‘
r A FEERRAL A
G AU 3’

Cowboy’s lasso

)_(OH AU
Exon 1 Exon?2
Mature RNA

c L_ PyAU

“Lariat” intron



Evidence for the Lariat intermediate 1984 Sharp

E1l I E2
— N —

231Nt
Transcription in vitro

——Im——m-——— Pre-RNA

Allowing some time for
splicing

10% agars

CRis: 2> 1M (2007) , HHHE, 55166171)



d) Group 11l splicing model (Chambon)

Junction sequence

Chambon rule

® 5’---exon--- -— ------ Intron---=<--- -1----exon----3’

A 100% 94% 5% 15

py X py U pu A py

® FARJele K] I-lNn upstream of 3’ junction seq.




® Intron5 ExonftiER: Ak 17153541 [F] Y5 IF) donsensus seq.

Ovalbumin mRNA (6 Intron, 7 Exon)

5’---E1---AAUAG

Chambon rule (GU/AG model)



Splicing mechanism (Sharp. PA. Cell. 1994, 77; p805-815 )

® SnRNA (or ScCRNA) Sjunction seq or Branch sitel[H]
FEAE O AN I8 2 5 By 4%, JE R spliceosome.

® Spliceosome ZF 1%, SnRNA 7303 AR

® RNProt.7Espliceosomer, = 5#: g, B




Intron

CRIE: o TrAWE (2007) , HHHEE, %51661M0)

« SnRNA Ul ~5°, 3’
consensus seq of intron

« SNRNA U2 ~ Branch
Site (H AN #E iR IL
57 1)

* SnRNA U6 ~ 5’
consensus seq. of intron

* SNRNA U6 ~ U4 —

SnRNA U6 ~ U243
%€ spliceosome

« SNRNA U5 5
5°~GU & 3’~AGHE %],
PLi% fzexons

« Set of SR protein (rich
Ser & Arg)




5SS bp 3'SS

5 - G A AGExon2]- &

3’ of intron BJ1J] Hlariat 1J]%:,
exonsiEL [F) 20 \

ATP

TN CUt -ligate

Cimuwra 44 90 Tha enliraneama sunla Tha tavt nivas a dacerintinn of tha avents in the cvele. (Source: After Sharp. Cell 77:811. 1994, Copyriaht 1994 C



e 50 L) LT[R i 3k AT
(Fek G igmm? )
B SR T PR
IV & S8-u g |35

B A T3 42 69 4500 ST
(unifying element) Z:
RNApol I -Rpb 1- CTD
(catboxyl-terminal domain )

‘ bl WA 5 RRERA
) PASs ﬁl]%‘ﬁgﬁ%—%cm%é\,
CTD A iX = A e T F 4324
T—AES.

(Source:Molecular Biology(2002),Robert F.Weaver,Page462 )



e) BYFEMIAYE (group 1D

® Xt S Bl A2 S e BB R S5 15
® X% rUFAIIESE CAG = UAG >AAG >GAG
® BRI,
/H R BTHE - (constitutive splicing)
cutting each intron in one by one
PRI BTHE  (alternative splicing)

create isoform protein
>5% gene in mammal

MEKRE, A



Alternative splicing can
have profound biological
effects

Perhaps the best example
IS

the Sex-determination

system in Drosophila



® RUFMEI A H HTERE K
e SERENTSL s AUIVIEPS

XXTAA=1  REREERIE | sophif o REEIRIG &
XY /AA=05 KB BN b R CAE, IR
o A2 T AR B

® 3L N 2 5 B I I ) R g
sxl (PEEFEEE A
tra (4% AL K)
dsx (MPEFEDR) Dsxv-p — &

DSXF-p — ¢ | ZH M T 1A 1Y

VB AN R BviR = s

BY B2 1) 2 0% 1) 445




Sxl Sex lethal s exon)

UAG

Female

alternative

splicing Male '."°rf“a'
constitutive
splicing

1 2 4 5 6 7 8 AAAA

UAG

1oM a2 567 8 AAAA

Inactive protein

Active protein



Tra Transformer (4 exon)

- ?ﬂﬂ

Female
alternative Male _norl_‘nal
splicing constitutive
splicing
—ERE—AAnA
UAG
—EPERE— A AAA

Active protein

200aa
Inactive protein



dsx double sex (sexon)

Tra-1 Tra-2
Female

constitutive
splicing

Male alternative
splicing for E4

. ) 3 4 WYYV
UAG
l | ) 3 5 ( VYY)
DSXF-p l
Female develop DSXM-p

Male develop



When X/AA =05 .cccccssssssssssssssssnsssssssnannnnnnns >

sxl gene tra gene "
Pre-mRNA 1 1
20 A B B l l
TEMEE A o~ ~uf§ Citifistop codon ffjexon £/ B4

n
pre-mRNA % 1K e
PERI B 1

1

bSXUp sesS—a—~o —— tplh 2 A H T RMIEE




When XX/AA =1 .eucessasssssssssassssssssanasnsnnsnnnnns

sxl gene  CHE IR fif 1mg MEPE 23 A0 PRI 22 HP i 0 B U )

i ore-mRNA Z FEPE T, E3 WEI

~——=a—"7— | Qactive Sxl-protein with bi-functions

® Dbinding at E3 site of sxl pre-mRNA
BH L 2H sl BY Rz, S8 e 31k BY 4%
Fralp=E Sxl-protein (RNP-CS, HA 014l mkgpkttngpe)

® Dinding at Tra pre-mRNA

HENTBRAEND'S GG LE: S5 Brik s o GG LE

r=factive Tra-protein(RNP-CS) + J;—Tra 2-protein
IEFE IS dsx pre-mRNAZ B E B2 A DSXF-p, Kk 8 JE -




Sxl Sex lethal s exon)

1

Female
alternative
splicing

JAVAVAVAY

1 2 4 5 6 7 8

Active protein



Tra Transformer (4 exon)

a P

Female
alternative
splicing

R AAAA

Active protein
200aa



dsx double sex (sexon)

L G
UAG UAG

g Female
\ljf/lr&ﬁu constitutive
B0

splicing
Tra-1 Tra-2

2 3 5 6 JAVAVAV.

4

UAG

1 2 3 4
DSXF-p

Female develop




in Female
Alternative splicing

1 245678 1 234567 8 Sxl

SX/ bifunctional Reinforces constitutive splicing (-)

Alternative Splicing(+)

34 ) 1 2 34 tra
Tral
+
Tra2 constitutive splicing
s 4 123 4 5 6dsx
<<

DSXF



f) A EJ$E  (trans-splicing)

cis-splicing tans-splicing

® UL—Zkpre-RNA N JIEW) DL 25 AN ) SR U T pre-RNA 4 JEC )

® rspliceosome ' 5 1%, fEspliceosome H 5¢ i,

® M BYH; 1 L ZARNA leading sequence
LR B Bz PEEE— 4~ K i mini-exon
AL R B SZ R R AAE P 4% pre-RNAJA] [ £
ol 2 MEBY 3z

@ lariat intron Y- intron




S BRI e B -k SE
1 (trypanosome)
AIAR R HIESE H (VGS) ZEKl (van de Ploeg 1982)

® matuer mRNA
57
35Nt KRNA VGS

® i JLF I mRNAJYS5’-end
HWHEMEE SONt seq.

(Source:Donelson J.E.,How
the trypanosome changes its
coat.Scirntific American
45(Feb 1985).)

(spliced lead or mini-exon)



® it digenomert I
B 7578 35Nt seq. /& PN I 135Nt 1) H 2 )7 4

(Z7200/~4% 1)
5°---tgaact AANNCNNNNNNNNCAGTTTCTGTACTNNATTGgta--3’
P 35Nt mini-exon |consensus —iintron
S ) High
® ﬁ conservative
zg

> WA R
fE4 (mt, ct)

AARK _




trans-splicing #J#1 35Nt SL 3 stem-loop

19

-

® Splicing Model

--- Group I pre-mRNAFAUG [Ji# (lead seq.) 30-70Nt
el 7 (BRI 2 5L (5°AG)
5 SL GUAE SIA2, 5>t i it i 4
JE A% Y-intron



Tandem repeats Individuol
of lecder unit {ranscription unils

A AN AN A AA AN AN AN

12290 L Py

~'3c50d‘1?a¢ 100 boses : mRNA sequence ( DBrEZ>
”CU---EAG‘————— %}EJD\RNA,

‘Left intron?  Right lnlron?'

: el B[,

. 100nt SL Ij\] £
o THERIRE
U U ' ):;/T_Z‘{Ij_\l”
5 Y=shapeppmolecule
A‘G——-————
100Nt
B —
35 bose mRNA sequence ;

leodet
CR¥E: 1)



%4k (DBrEz) 4
EJE\RNA, EI]iZE’ FﬁlOOnt

SLA& FHraRermrl

_An +

CRIE: 7> 7Dy (2007) , HAEE, 5516911)



12 39 4
RNA Total | A
DBrEz 4 + ||= +

Agabian I 32PFric 4 B )
RNA, HZE432k
(DBrEz) A ERNA, R
JarE Y Zad vk eI,
100nt SL & T 7

Source:Murphy W.J.,Idenfication of a novel Y branch structure as an intermediate in trypanosome mRNA processing.Cell
47(21 Nov 1986).)



--- Complementary introns by base pairing ( recombination-like )

]

Base
- ' pairing

=
/.’A

| .trahs-splicing |

. exonl exon 2 - "~ exon] exon 4

. exons3 exond = ~ exonJ exon 2

CRIE: ATF)



4.4.6. RNA editing

R. Benne. 1986. #E H1 £k ki /A 3L

coxll,

coxlll , cob mMRNA
U — deleted




FH K AE A% AW (mt) A 3 25 R I

---U Inserted & deleted in mMRNA

---C transition into U in mammal

I SRIE LKA C A, U, A

- /NELZERIAR ND3 mRNAHC—1,G— A;,G—;A—

--- some genes edited with high frequency

HEH mt coxlll mMRNA 407 U inserted in 145 loci
19 U deleted in 9 loci

283 T mRNA of ATP synthetaseasubunit
54 site C inserted



editing F=0: (1) fFeditosome 1 5¢ AL
- CHRAT R RUFIX RS X - COw AL 5L RIFENE A ]

- CHm#RAT A N UE5-15(LINY) R B X
-—- AR S DX S FRE S IXN %%ﬁ%ﬁ%ﬁ@

gpvB mRANA § — (; —

’ ﬁ%)%ﬁ% -ﬂ%ﬁ%%iﬂlﬁ
7 B 5 5 5 AR T R e JERGHT Y editing site

CRIE: ANTE)

mooring region (%A




==
LA

editing i = :

) B

AT S

1T 2 48 1) PR IE (UMP) KU 2

mooring region fi uE 55 RS 1

gRNA K b B 1%

2 AMRNAR?

TE%EH&F/H




o F
RNATZHEU R AR : AFIG. UMP>
---gRNA as a template & 5-25 polyU at 3’ ---editing (deletion & insertion ) from 3°-5’

---editing by trans-esterification ---gRNA have endonuclease & ligase activity

Guide RNA (QRNA50-70 Nt)
CRIE: ATE)




5'f | 3'Pre-mRNA

(a) Hybridizauonl I gRNA- Model for the role of gRNAs in editing

N

| |

N ' P gRNARE-Hi 2 A8 21— Rif

™ PRMRNARE Zi 85 A7 53 3" A Zi 4 [X
| 0 o

(c) Hybridization‘ N GRNA-I|

HAb I gRNARS'-1% X 18,1 5'- [X 15

| N
" l A 1% e gRNASZ (it T U A
itk : AFIG. UMPKHUTP

(e) Repeatl

I | Edited mRNA
(Source:Molecular Biology(2002),Robert F.\Weaver,Page492 )



Y40, GRNA

ACAAAAAAALCAAGS
5 - - - AAGGGUUUUOUUAGUUE-
l Pre-mRNA

i

Editing (U insertion)

3 - - - UGAAAUGACCACAAAAAAAUCAACS
5‘--NuoooﬂﬂobGJéuuuuuuuAéuué--

Inserted UMP

(Source:Molecular Biology(2002),Robert F.Weaver,Page492 )



20

Editing sites of orf355-orf77 mRNA

41 52

GATCTCAT
GATCTCATT
GATCTTAT

GALATCTCATT
GATCTCAT
GATCTCATT
GATCTCAT
GATCTTATT
GATCTCATT
GATCTCATT
GATCTCATT
GATCTCATTLCG
GATCTCATT
GATCTCATT
GATCTTATT
GATCTCATT
GATCTCATTCGTATTE

1 1400
CTC

TTTTTCTTTTG
TTTTTCETTTTG
TTTTTCETTTTG
TTTTTCETTTTG
TTTTTCTTTTG
TTTTTCTTTTG
TTTTTCTTTTG
TTTTTCTTTTG
TTTTTCTTTTG
TTTTTCTTTTG
TTTTTCTTTTG

TTTTTCTTTTGCCTC

CATTTTTCTTTTGCCTCE

100

1410 1420

GCCTTTCTGATCTCATTCGTTTTC
ctcattorc
=
CTCA
TTTCTGATCTC A

TTTCTGATCTC A&
TTTCTGATCTC A

LT T'.g::tl::t
TTTCTGATCT
CTTTCTGALTCTC A
CTTTCTGATCTCA
CTTTCTGATCTCA
CTTTCTGATCTCA
CTTTCTGALTCTC A
CTTTCTGATCTC A GTTTTC
CTTTCTGATCTC A GTTTTC
CTTTCTGATCTCATTCGTTTTCE
CTTTCTGATCTCATTCGTTTTCE

CETTTTC
GTTTTC
GTTTTC

CGCCTTTCTGATCTCATTCGTTTTCL

CTTTeTGATCTCATTCGTTTTEC
GCCTTTCTGATCTCATTCGTTTTC
GCCTTTCTGATCTCATTCGTTTTLC

1430 1440

CGATG

CGTTTTCTGATGCATAMARAGT
GTTTTCTGATGCATAMLLAGT

CGATGCATARLLAAGT

Genotype of
microspores

S-Mol17 3

S-Mo17Rf3

41 orf77

(UCASer to
UUALeu)

30%

0%

5 20rf77

(CGAAMI to
UGA)

80%

40%

1 000rf77
CGAAr9g
UGA)

50%

10%

to



Editing MIAEYSE X g g

Editing FI4AEY% R X
® TUN/MEEAUG, UAA, UAG, UGA...
® t“Fcodonfs B
o I RuIHIIEfLFERE
® mRNA editing %% K FE 5 Hi 4% T DNARI A& (5
i1 125k D] R DNA R AN — B ] s 2 SRR 1 5
%) (abbreviated ) BYFR A BRBARED . FROR L X

(cryptic gene, cryptogene )
® AN JE




