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® Recombination Signal Sequences (RSS)

® Recombination Recognition Sequences (RRS)

(a) Nucleotide sequence of R5S5s

CACAGTG—{23bp[~ACAAAAACC

GTGTCAC—23bp~TGTTTTTGG

Heptamer Nonamer
AN J

~

39165 ol sledllys ©

GGTTTTTGT—12bp~CACTGTG

CCAAAAACA—12bpGTGACAC

Nonamer Heptamer
AN J

Y

4

Two-turn RSS

(PB/1P 0g3lB) it 33353 @y JUad) JylB P £gd g | £o3 bEs

v

4

One-turn RSS

>
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/Germ-line L Vi1 LVi23  LVin J Ci
chainONA 54 Hill--HIll (HHH--m-
N —s
RS
lV-Jjoining
LVl LVelede Gy
Rearranged k-chain DNA 5'_|... s 3
L V. ). C
s H---(HL
recombination activating genes RAG1/2

CLJI 3 3 ,l Cut
v\ 7 9 g 1 N J
B B 4 12 e
TGGTACCCACAGTG = ___. P CACTGTG'CTCCTAC
ACCATGGGTGTCAC — - B GTGACAC GAGGATG

V  Hairpins  J X g 7 7 .
TGGTACC' CTCCTAC 2.0 B _TACAGTE|CACTGTG
ACCATGG, GAGGATG - GTGTCAC GTGACAC

@ Future coding joint Signal joint
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5 -—— coding E @ coding— 4
l Hydrolysis
| | =
== : P HO———

l Transesterification

Jnao RSS L) bli. 2*.»145).\»:'(5),.&“5 g DNA [ZRISVPY sy 3-OH b’)f
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La

ZID: L == ' ™

1
|
and HMGB1 | J Nicking RAG1, RAG2 and HMGB1
I
e .
! :Ol{> Umaw 9 23RSS L 12RSS 4 Js! Juasl
I
:@: : Hairpin
: formation
I
|
I

TR
Signal complex (SC)

l+ PartnarRSS: e 4

Paired complex DNA cleavage
Coding flank 12 bp or 23 bp
CACAGTG======= ACAAAAACC
GTGTCAC TGTTTTTGG

Heptamer Spacer Nonamer
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Z 1 o 3 end

[ P 5 end
L CHy—(

5 end

¥ end ) [ ; ‘

Binding of RAG1/2,
HMG proteins

Synapsis

Cleavage and processing
of signal and coding
joints

Generation of functional
Ig variable region gene

A\
Y o

i i ] 3 end

v
5
. a4
|
3
5
3
RAG1/2
HMG proteins
5
! DN
5' i /
3
Artemis
TdT
DNA ligase IV
NHE] proteins
-
3
Coding joint . B
Signal joint j




Step 3. The hydroxyl group attacks 5 HO, "l P
the phosphate group on the non-
coding strand of the V segment to 3" P
yield a covalently-sealed hairpin
coding end and a blunt signal end P

5

—)

:0H
Coding end Signal end

Step 4. Ligation of the signal ends

Nonamer
vt N My
i CACTGTG
/ N\
OH \/ i3
Nonamer

ol
C >,

Sequence at the signal junction
results from the joining of the
two heptameric regions

Noname CACAGTG[23 bp|Nonamer
Noname! GTGTCAC|23 bp|Nonamer

VAR LVl G
Rearranged k-chain DNA 5'_|_., . ,._l_.]_D_D 3’

recombination activating genes RAG1/2

/Germ-line L V1 LVe23  LVen dic
wechainDNA 5. - HEl HHHHHT -
\ i 7
lV-J joining
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12-bp spacer  23-bp spacer

(2) Constant
Germ-line 5 Vichister J cluster region gene
light chain .-

DNA 3
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Rearrangement between V3 and J3  region gene

g::e)r?n 1l;ecell 3! q // l 2

(b)
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lTranscription

Primary RNA transcript 5’-I-.:|:H]—‘:H:}— 3

Polyadenylation
RNA splicing

10



CACAGTG

GTGTCAC

TGTTTTTGG

GGTTTTTGT CACTGTG [
GTGACAC

CCAAAAACA

A chain

« chain

H chain

(a) Deletional joining (b Joining
L%, el ) .. . o 7. \
4 e D3> e SL 2l o>

(1) Recognition of RSSs
:... byRAG-1/2and synapsis

(@) single-strand
DNA cleavage
by RAG-1/2

. ' (@) Hairpin formation Tk
l and double-strand

DNA break by
RAG-1/2

O I @ random ctesvage -
of hairpin by
endonuclease generates
sites for the addition

of P-nucleotides .- ] ;D;

l (5) Optional addition
to H-chain segments
of N-nucleotides by TdT

L Ve Repair and ligation
of codingand 5
— signal sequences  Signal
Coding joint toformjointsby  joint
% DSBR enzymes
Signal joint

l

—
Coding
joint

P = One-turn Rss
} =Two-turn RSS

T2 o c/ DNA

3
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Binding of RAG1/2 proteins at RSS;
synapsis between V and J RSSs.

g
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Cleavage of signal and coding joints by RAG1/2;
hairpin formation at coding joint

Hairpin

5
: i )
5
3 | 2
Hairpin opening and ligation at coding joint
l Ligation of signal joint to form episome
Signal joint
Vi ]2 13
o —> /
— 4 >
3
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Recombined V-] segment Episome (lost as excision circle)
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Head to head RSS
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Deletion type of
rearrangement

3’

Tail to head

{l 3

Inversional type
of rearrangement

\ J
# = ?

Tail to head
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RSS it
5...CACTGTG GTGGACGTT...3
V21 RSS
5...GGATCCTCCC I
Bge-Beeli, Coding joints Signal joints
[Fhes (V21 J,.1) (RSS/RSS)
\ L
Cellline#1  5-GGATCC GGACGTT-3’ 5"-CACTGTGICACAGTG 3’
J d
Cellline#2  5-GGATC TGGACGTT-3’ 5-CACTGTG|CACAGTG 3
N
Cellline#3  5-GGATCCITC GTGGACGTT-3’ 5-CACTGTGRGAGEE 3
2
Cellline#4  5-GGATCCT TGGACGTT-3 5-CACTGTG|CACAGTG 3
J
RSS —r— 1
__CACTGTG| [GTGGACTAGG
Joining
flexibility
:::GAGGATGCTcé|ICACAGTG:::
I_llv_ll_l RSS
. Productive Glu Asp Ala Thr Arg
[ 1 1 I 1 1
rearrangements () GAGGATGCGACTAGG
Glu Asp Gly Thr Arg
[ 11 11 11 11 1
2 GAGGATGGGACTAGG
Glu Asp Trp Thr Arg
| 1 1 I 1] 1
3 GAGGATTGGACTAGG
Nonproductive Glu Asp Ala Asp Stop
| 1 I 1 1] |
rearrangements @) GAGGATGCGGACTAGG

Glu Val
I 10 i 10 ]
GAGGTGGACTAGG

Asp Stop
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Artemis
Opening at 1 Opening at 2 Opening at 3

yields 5' overhang yiclds blunt end yiclds 3' overhang
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5
Step 6. Cleavage of

5 v Ly 5
the hairpin generates 3 -/\,\(;D CAT I 5

sites for P nucleotide

addition.
Hairpin cleavage

by Artemis

v J

5 —-—r(:(:;\ —l— 3
3 ATAT s

Filling in of complementary

strands by DNA repair enzymes
- s - - 7 )
SN IS I
3 AGCT ATAT 5

Ligation of completed
segments by DNA
Ligase IV and NHE]J
proteins

Step 7. Ligation of
light chain V and J
regions

v
5' —-—T(I(' \'I‘.\TA—.— 3
3 5

AGCTATAT:

-
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Step 8. In heavy chain VD and DJ joints
only: Exonuclease cleavage results in
loss of coding nucleotides at joint - can
occur on either or both sides of joint

Step 9. Non-templated nucleotides (in
red) are added to the coding joint by TDT|

Step 10. Ligation of 5

D
: TCGTCTATA 3
heavy chain by DNA . I o I 5
ligase IV and NHE] 3 AGCAGATAT ;
proteins

(b) N sla ks 5245 55 05 0353

o Sl

b
WS L=

A

Sl 1S 95 Dl 039381 gl 2
ASes oal S P-

l, N-slats 5218 55 TdT

lb@l{l’yﬂs?‘ﬂébﬁuv&ﬁ

S S 5 e 5 (slgas 51
Sl o 1y JeSa
TCGAAGTTATA
:@AG(ITTCAA'I‘AT n:
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Terminal deoxyribonucleotidyl Transferase (TdT) /
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Seilogas Ogamligo et ©

Source of
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Sequence Vsegment Vsegment V,-J,_junction;
encoded by: V,-Dy),; junctions
Junctional - - +
flexibility
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addition
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addition®
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ermutation
cleotide addition occurs only in heavy-chain DNA. /
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haimin ends

Ku70
Ku80
Kug0
Ku70
5"phosphorylated blunt ends
L I
=
v
( DNA-PK:Artemis opens hairpin
Artemis
DMA-PK

L

N
TdT processes DNA ends

Terminal decxynucleotidyl transferase (TdT)

=

3

S
DNA ligase IV:XRCC4 ligates DNA ends

DNIII-I.OIV‘:JWMIMDN!M

DA ligase:XRCC4 DNA ligase:XRCC4
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Proteins
involved in V(D)J
recombination

Protein

Function

@17

@uapke
&=

i

XRCC4
. DNA ligase |

Cernunnos

HMG1/2 proteins

Ku70 and Ku80
heterodimers

Lymphoid-specific complex of two pro-
teins that catalyze DNA strand breakage
and rejoin to form signal and coding joints

Lymphoid-specific protein that adds N

region nucleotides to the joints between
gene segments in the Ig heavy chain and
at all joints between TCR gene segments

Stabilize binding of RAG1/2 to Recombina-
tion Signal Sequences (RSSs), particularly
to the 23-bp RSS; stabilize bend intro-
duced into the 23-bp spacer DNA by the
RAG1/2 proteins

Binds DNA coding and signal ends and
holds them in protein-DNA complex

In complex with Ku proteins, recruits and
phosphorylates Artemis

Opens the coding end hairpins
Stabilizes and activates DNA ligase IV

In complex with XRCC4, and Cernunnos

ligates DNA ends
With XRCC4, activates DNA ligase IV

£95)909,S il
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G:/Animation - Nature Reviews Genetics.flv

-

Nuclear organization
of Igh V(D))
recombination

V region, blue wavy line;
D region, brown line;

J region, orange line;

Eu, pink oval;

constant region, black line.

(a

The two Igh loci are initially at the nuclear periphery;

b

they both move towards the euchromatic centre of the nucleus via the DJC end, pair in association with the Rag
complex (green oval), undergo D to ] recombination and looping of the V region proximal to the D] recombined gene
segment for V to DJ recombination;

the productively VD] recombined allele decontracts and is expressed;

(d

the second allele decontracts and is recruited to pericentromeric heterochromatin (d.

Fig. 3. Proposed model of the role of CTCF in V(D)] recombination. Cartoon oflgerm]ine genomic structure of the

Igh'locus with CTCEF sites (green boxes) located throughout the VH locus, 5 of DFL16.1,and in the 3RR (to

ortion of schematic). Loops between CTCEF sites located 5 of DFL16.1 and CTCF sites clustered in the 3RR may
Form aloop to exclude theg/l—l portion of the locus during the stage of DH to JH recombination (middle portion of
schematic). During VH to DJH recombination, CTCF/CD%]ESin may facilitate the compaction of the Igh locus and the
formation of a multi-loop structure, giving all VH genes access to t{le DHJH gene segment (lower portion of

i:sematic). Grey rings depict cohesin rings. Yellow circles represent enhancers.

/
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(a)

Chromatin configuration in pre-pro-B cell

Distal V regions Proximal V regions
AL A

g N

|

Chromatin configuration in pro-B cell

(h)

Pre-pro-B
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Primary transcript

Processed franscripts

Secreted form

L

splicing

AAN

- /K]tcm:.]ti':';:\

Membrane-bound form

Hydrophilic
segment
w
Membrane-bound segments
Transmembrane IgM
L VDJ Cal Cu2 Cu3  Cu4 SC pAs MC pAm

=

Transcription

Primary
transcript RNA

Cleavage at second
poly(A) addition site
(pAm) and splicing

!

Translation,
protein
processing

C terminus for
transmembrane
IgM

Figure 4-19 part 1 of 2 Immunobiology, 7ed. (© Garland Science 2008)
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Transcription
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transcript RNA
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protein
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CELL Ig EXPRESSED

— Hematopoietic stem cell ©(> None

Lymphoid cell @ None

Partial heavy-chain gene rearrangement
N

4
Pro-B cell @ None

Bone Complete heavy-chain gene rearrangement

marrow i
Pre-B cell @ 1 Heavy chain + surrogate light chain

Light-chain gene rearrangement

v

Immature B cell @ migM

Change in RNA processing

— Mature B cell = migM + migD
(a) H-chain primary transcript
Cy Cs
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vDJ r N r N
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Uy MRNA 5° (A),

(c) Polyadenylation of primary transcript at site 4 —> §,,,
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Gi Cs
VDJ - A N - A ~
L—A— pul  p2 p3 up4s M1 M2 51 82 &3S M1 M2
S, transcript 5~ (A),
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/
Expression of IgM
VDJ Cp pA1 Cs pA2
DNA:
RNA- n
AAA
mRNA- AAA
Protein igM
@me 4-18 part 1 of 2 Immunobiology, 7ed. (© Garland Science 2008)
/
Expression of igD
VvDJ Cu pA1 Cs pA2
DNA: :
RNA- |
AAA
mRNA" AAA
Protein igD

@ure 4-18 part 2 of 2 Immunobiology, 7ed. (© Garland Science 2008)
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