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Agenda

9.00 — 10.00 — BCR and TCR maturation
10.00 — 12.00 Analyse BCR and TCR sequences

12.00 - 13.00 Lunch Break
13.00 — 14.00 Antibody and TCR structure

14.00 — 16.00 Exercise — Prediction of antibody structure



Overview

- BCRs and TCRs have to recognize different antigens

- More than possibly encoded in the genome

BUT
- Functional
- Properly folded

- Non cross-reactive



Solution

Multiple genes that recombine

very precise rules

Somatic Mutations

At specific locations



B lymphocyte development
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B lymphocyte development (2)

— Mature B cell mIgM + migD

Antigen stimulation

\\ oo
Activated B cell

Differentiation

Peripheral >
|ymF[))hoid K—) lgM-secreting plasma cells — %%it

organs
Class switching IgM

/

N

<
éﬁf# Plasma cells
l

secreting various

Memory l isotypes
— B cells

of various \W \\HU \\r(/

isotypes |gG |gA |gE



Read Kuby pages 109-110: Multigene Organization of Ig Genes

(a) A-chain DNA
L V,2 h2 G2 54 G4 LV, 1 h3d G3 h1 G
’ [ ’
70 1.2 2.0 13 19 14 12 13
kb kb kb kb kb kb kb kb
(b) x-chain DNA
n=-~85
L V1 LV.22 L Vin i Ca
23 2.5
kb kb
(c) Heavy-chain DNA
n=-~134
LVH1 LVHn DH1 DH13 JH JH4 C C CY3 C1 CYZb C2a Cg C
| /
SHH#HID—D-D-D-D—I:EQIHHHHH
55 34
kb kb kb kb kb kb kb kb

Kuby Figure 5-3
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mE - Kuby Figure 5-5
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Read Kuby pages 110-112: Variable-Region Gene Rearrangements



ey TcR genes
70-80 J x 61 C

TcR a

L&V

ﬁx52 ﬂDm JB1x6  Cp1 DB2 Jp2x7  Cp2
TcR B

TcR genes segmented into V, (D), J & C elements
(VARIABLE, DIVERSITY, JOINING & CONSTANT)
Closely resemble Ig genes (a~IgL and ~IgH)

This example shows the mouse TcR locus



TcR a gene rearrangement by
SOMATIC RECOMBINATION

Van Vo2 Va1 J C

Germline TcR o H |.I.I.I.I.I.;s;ﬁ-

Rearranged TcRa
1° transcript

Spliced TcR oo mRNA

Rearrangement very similar to the IgL chains



TcR B gene rearrangement
SOMATIC RECOMBINATION

L & VB
~X92 _ Dpp1 J Cp1  Dp2 J Cp2

o il

Germline TcR

D-J Joining -I H -

V-DJ joining —I H -
Rearranged TcR  1° transcript

C-VDJ joining -| |- Spliced TcR B MRNA




V, D, J flanking sequences

Sequencing upstream and downstream of V, D and J elements revealed
conserved sequences of 7, 23, 9 and 12 nucleotides.

v EEE. Jc




Recombination signal sequences (RSS)

HEPTAMER - Always contiguous with
coding sequence

f NONAMER - Separated from
the heptamer by a 12 or 23
nucleotide spacer

12-23 RULE — A gene segment flanked by a 23mer RSS can only be linked to a segment
flanked by a 12mer RSS



Molecular explanation of the 12-23 rule

23-mer = two turns 12-mer = one turn

a

Intervening DNA

23 ‘ of any length 12

» <




Molecular explanation of the 12-23 rule

intervening
DNAis
excised

23-mer

* Heptamers and nonamers
align back-to-back

* The shape generated by the
RSS’ s acts as a target for
recombinases

« An appropriate shape can not be formed if two 23-mer flanked elements
attempted to join (i.e. the 12-23 rule)



Junctional diversity

Mini-circle of DNA is
permanently lost from the
genome

€c

12

Coding joint Signal joint

Imprecise and random events that occur when the DNA breaks and rejoins allows
new nucleotides to be inserted or lost from the sequence at and around the
coding joint.



Non-deletional recombination

—_—

-

V9

Looping out works if all V

_—
_{ [I_ genes are in the same
transcriptional orientation

>

-

How does recombination occur
when a V gene is in opposite
orientation to the DJ region?




Non-deletional recombination

< — . :
_-I‘_j@__-m_ V4 and DJ in opposite
transcriptional orientations
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Heptamer ligation - signal
joint formation

1

B ﬂ—
—_—

Fully recombined VDJ regions in same transcriptional orientation
No DNA is deleted

V to DJ ligation -
coding joint
formation




Junctional diversity: P nucleotide additions

23
AT
)

The recombinase complex makes single
stranded nicks at random sites close to the
ends of the V and D region DNA.

., 2
.

The 2nd strand is cleaved and hairpins form between
the complimentary bases at ends of the V and D
region.




Generation of the palindromic sequence

Regions to be joined are juxtaposed

Endonuclease cleaves single strand at
random sites in V and D segment

The nicked strand ‘flips’ out

The nucleotides that flip out, become
part of the complementary DNA strand

~GA

In terms of G to C and T to A pairing, the ‘new’ nucleotides are palindromic.
The nucleotides GA and TA were not in the genomic sequence and introduce
diversity of sequence at the V to D join.




Junctional Diversity — N nucleotide additions

Terminal deoxynucleotidyl transferase
(TdT) adds nucleotides randomly to
the P nucleotide ends of the single-
stranded V and D segment DNA

~GACACTCCTTA
TTeTTeCAATAfTA L)

~GACACACCTTA
TTCTTGCAATAATA |_) Complementary bases anneal

~GAC,
L} D
TGCAATAAHTA
~GACGTT AT AT
pnnnnnaninn D
CTGCAATAAHTA

Exonucleases nibble back free ends

DNA polymerases fill in the gaps
with complementary nucleotides
and DNA ligase |V joins the strands




Junctional Diversity

GACGTTATAT
CTGCAATATA

TTTTT Germline-encoded nucleotides

TTTTT Palindromic (P) nucleotides - not in the germline

TTTTT Non-template (N) encoded nucleotides - not in the
germline

Creates an essentially random sequence between the V region, D region and J
region in beta chains and the V region and J region in alpha chains.



I
RSS [ I | |

. CACTGTG| [GTGGACTAGG

Joining
flexibility

 GAGGATGCTCC| [CACAGTG
L | Il J RSS

Productive Glu Asp Ala Thr Arg
| I I I If '
|l GAGGATGCGACTAGG

Glu Asp Gly Thr Arg
[ 1 | |
2 GAGGATGGGACTAGG

Glu Asp Trp Thr Arg
| 1 1 1
GAGGATTGGACTAGG

Nonproductive Glu Asp Ala  Asp Stop
rearrangements ! . L l

Glu  Val Asp Stop
' 1 I I I
53) GAGGTGGACTAGG

Kuby Figure 5-9

4 GAGGATGCGGACTAGG

Productive and nonproductive
rearrangements

Joining of segments is not precise
and may result in loss of the correct
reading frame.

This may lead to introduction of stop
codons --> nonproductive
rearrangements.

Read Kuby page 115: Ig-Gene
Rearrangements May Be Productive
or Nonproductive



TcR a gene rearrangement RESCUE PATHWAY

There is only a 1:3 chance of the join between the V and J region being in frame

Van+1 Van Va2 Va1 J C

a. chain tries for a second time to make a productive join using new V and J elements

Productively
rearranged TcRa
1° transcript




TcR B gene rearrangement RESCUE PATHWAY

There is a 1:3 chance of productive D-J rearrangement and a 1:3 chance of
productive D-J rearrangement

(i.e only a 1:9 chance of a productive 3 chain rearrangement)

- v — Dp1

D-J Joining—l H

V-DJ joining

J

N
/

2" chance at
V-DJ joining

Need to remove
non productive
rearrangement

Dp2 J Cp2

CB1
e

Germline TcR B

Use (DJC)p2
elements




Two alleles are available at each locus (maternal and paternal).
A B cell expresses only one heavy and light chain allele.

- ALLELIC EXCLUSION



First, one allele of the heavy chain is rearranged.
If the rearrangement is successful, the other allele will not be rearranged.
If the rearrangement is nonproductive, the other allele will be rearranged.

Once a heavy chain allele rearrangement is productive, light chain
rearrangement will begin.

If rearrangement of both heavy chain alleles is nonproductive, the B cell
will not mature further but will die of apoptosis within the bone marrow.



If a heavy chain allele is successfully rearranged, light chain
rearrangement begins.

In humans, the kappa locus is rearranged first.

Rearrangement occurs at one allele at a time and continues until a
productive rearrangement occurs.

If both kappa alleles rearrange nonproductively, rearrangement will begin
at the lambda locus.

If all 4 alleles (both kappa alleles and both lambda alleles) rearrangements
are nonproductive, the B cell will not mature but will instead die of
apoptosis within the bone marrow.

If either both heavy chain alleles, or all four light chain alleles,
rearrange nonproductively, the B cell will not mature.



= heavy chain inhibits
rearrangement of % allele #2
and induces K rearrangement

\
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!

Cell death
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Kuby Figure 5-11
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Allelic exclusion
Bl 1 /@

Maternal
chromosomes

/a ]
Paternal
chromosomes

Gene rearrangement

Maternal H chain

Maternal
K chain

Kuby Figure 5-10

Maternal
H chain

Paternal
A chain

Read Kuby pages 115-117: Allelic Exclusion Ensures a Single Antigenic Specificity



/ means of generating antibody
diversity

= Multiple germ-line gene segments

= Combinatorial V-(D)-J joining

» Junctional flexibility

= P-region nucleotide addition (P-addition)

= N-region nucleotide addition (N-addition)

= Somatic hypermutation

= Combinatorial association of light and heavy chains

Although the exact contribution of each of these avenues of
diversification to total antibody diversity is not known, they
each contribute significantly to the immense number of dis-
tinct antibodies that the mammalian immune system 1s ca-
pable of generating.



Day 1 Primary immunization Heairy-chaln V region Light-chain V region

Accumulation of V- h ’ii {". CDR1 CDR2  CDR3 = CDR! CDR2  CDR3
region point mutations - “ ‘ ' :
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N
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Is antibody mutation induced?

*Natural mutation rate in the absence of repair is high
~10-%/bp/generation

*With repair, spontaneous mutation rate is ~10-° or less.

*Repair pathways

-DNA polymerase 3’ -->5" exonucleolytic proofreading
improves fidelity ~100X

-mismatch repair system
improves fidelity ~100X

*Initial estimates found values of 10-3-10-%/bp/generation
in clonally related B cells carrying mutations.

*Suggested that repair is either turned off or mutation is
induced.



Characteristics of Somatic Mutation

No oA WN =

. Occurs at high rates: 10 -4 -10 -3 /bp/generation.

. Occurs by untemplated single base substitutions.

. Restricted to a brief period of B cell differentiation.

. Restricted to the rearranged V region and its immediate flanking sequences.

. Occurs in germinal centers with T cell help.

. Occurs throughout the V region but more frequently in RGYW (A/G G C/T A/T) motifs.

Mutations in kappa light chain transgenes require intronic and 3’ enhancers
but not in the V region promoter or V coding region.

BioEssays 20:227-234, 1998



Mutation models involving error-prone DNA polymerases

Table 1| Fidelity of eukaryotic polymerases on undamaged DNA

Pol Gene
(catalytic

subunit)

a POLA
B POLB
Y POLG
Y POLD1
3 POLET
&3 REV3L
n' POLH
i POLI
K POLK
0 POLQ
A POLL
u POLM
Rev1 REVIL
TRF4

Mut/bp?

2x 10+*
7x10*
<1 x 10¢
1x10°
<1 x10°
5x10*
3x10?
3x 10"
6x 107
?
?
?
?
?

Functions

Primase in replication
Base excision repar
Mitochondrial replication
Replication and repair
Replication and repair
Lesion bypass

Lesion bypass

Lesion bypass

Lesion bypass

Crosslink repair?

DNA repair in meiosis?
Lymphoid-specific function?
Lesion bypass

Sister chromatid cohesion

Reference

75
75
75
75
75
45
59
65
a9
76
41
68
77
42

*These enzymes have been proposed to be Invoived In somatic hypermutation (see text).

*Frequency Is averaged for the 12 possible mutagenic events, but the range can vary considerably

depending on the spacific substitution. (Mut/bp, mutations per base palr; Pol, polymerase)

, 2

' DNA Break
3

g' Resection
5:———*—*—* Error-prone
3 repair
e

3’ Religation

collision stalls fork

replicative DNA pol

"defective” Ig transcription activator
l/ stalls transcription complex

DNA pol Z¢ta

Imbalanced base excision repair?



Take Home 1

- Genetic recombination to increase variability
- Somatic mutations in B-cells

- Failsafe mechanisms:

12/23 rule

V(D)J trial and error

allelic switch and exclusion
kappa to lambda switch

Apoptosys

Junction: gene encoded + P + N nucleotides



ldea

- Antigen-fit mutations are favoured
- They leave a "fingerprint" of the antigen
- Positive (missense) and negative (synonymous) pressure

- Binding/important residues -> engineering

We need a way to properly align Igs and TCRs to study this



Sequence classification

Kabat, 1972, from the analysis of antibody variability

CDR: complementarity-determining regions
FR: Framework regions

V-J and VDJ joining regions are in the CDR3

CDR1-2 variability is encoded + somatic mutations

Vi domain Vi domain

CDRI CDR2 CDR3 .
[ ] CDR1 CDR2 CDR3
150 15(
! s,
100 | 3 AAR AAR ~
£ £ 60
- Py )
=} z B
= o
5 =
= s
S0
‘ . Al
‘ ¥ ‘
0 '.I.L.Jl.Llll ol : | o bulllh Ll ]Nl » |
0 20 10 60 80 100 120 0 25

Residue position number



Sequence numbering

Light Chain (x type)

30
J Yaacper 1
DIQMTOSPSSLAASVCDRVT xMu-----meégtanmmloanmummumL“

6 1.1 n / | ) IOG

Kabat Light Chain (A typo)
Kabat+Chothia 1 b L e L d L. %
|MGT «wmmmmmm@mw;;i-ma*vmummx --WAIDIOIHODMHMM&HM-:?::MTH ,fff'l

2 | L] In 0 l L2 Isz n| L3 Iu

Heavy Chain
Ix . cn lu ad tan "‘ur 3 X 1:':””" e Il 'u'
[mv:mwonuuucvmn == YOMH VRQARINOLEWI ALY 1¥ =~ DESNEYY 1SRDONSENTLYLQMS SLRAEDTAVFY AFN= === === DENOQITLVTVES

H1 n ‘JA|H2|B$ " H3

Eypervariadble Loops
CORs (Kadat) TRs (Rabat) (Chothia - Lask) Conserved Residwes Insertions

26 32 o -
CORs Rs LL.L_T c ¥ AsCoey

Modeling of Antibody Structures, Fig. 2 Katut-Chathia numbering of VK, VL, and  isertions, Kaba defininon of FRs and CDRs ax depicsed in yellow and gray, respec
VH.The numbess abave the sequences represent the KC numbering of specific residues,  tively; hothia and Lesk definition of hy pervanablke kops s indicased by arsows
the remaining ®sidoes are numbered consecutively, Letes in Alue carrespond 10 Conserved residues are repared in e

http://www.bioinf.org.uk/abs/



Sequence numbering

Important residues to identify CDRs:
CDRH1: after Cysteine

CDR2: ~ 15 residues after Tryptophan
CDRa3: after 2"d Cysteine

http://www.bioinf.org.uk/abs/



