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Third complementarity-determining region of mutated Vi immunoglobulin genes
contains shorter V, D, J, P, and N components than non-mutated genes
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SUMMARY

The third complementarity-determining region (CDR3) of immunoglobulin variable genes for the
heavy chain (V) has been shown to be shorter in length in hypermutated antibodies than in non-
hypermutated antibodies. To determine which components of CDR3 contribute to the shorter
length, and if there is an effect of age on the length, we analysed 235 cDNA clones from human
peripheral blood of V6 genes rearranged to immunoglobulin M (IgM) constant genes. There was
similar use of diversity (D) and joining (Ji;) gene segments between clones from young and old
donors, and there was similar use of D segments among the mutated and non-mutated heavy chains.
However, in the mutated heavy chains, there was increased use of shorter Jy4 segments and
decreased use of longer J;;6 segments compared to the non-mutated proteins. The overall length of
CDR3 did not change with age within the mutated and non-mutated categories, but was
significantly shorter by three amino acids in the mutated clones compared to the non-mutated
clones. Analyses of the individual components that comprise CDR3 indicated that they were all
shorter in the mutated clones. Thus, there were more nucleotides deleted from the ends of Vg, D,
and Jy; gene segments, and fewer P and N nucleotides added. The results suggest that B cells bearing
immunoglobulin receptors with shorter CDR 3s have been selected for binding to antigen. A smaller
CDR3 may allow room in the antibody binding pocket for antigen to interact with CDRs 1 and 2 as
well, so that as the VDJ gene undergoes hypermutation, substitutions in all three CDRs can further

contribute to the binding energy.

INTRODUCTION

The heavy and light chains of antibodies each contain three
regions of hypervariability, termed complementarity-determin-
ing regions (CDR),' which interact with antigen. The most
diverse of these is the third CDR of the heavy chain, which is
located in the centre of the antibody binding site and makes
more contacts with antigen than any other CDR. This region
varies the most in length because it is constructed from several
components. The heavy chain CDR3 is formed by amino acid
residues encoded by a variable (V) gene segment, diversity (D)
gene segment, and joining (Jy;) gene segment. Using these
multiple building blocks, further diversity is generated during
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joining by (a) addition of short palindromic (P) nucleotides to
the ends of the coding sequences,” (b) deletion of a variable
number of nucleotides from the ends of the coding segments by
exonuclease activity, and (c) subsequent insertion of a variable
number of non-templated (N) nucleotides at the Viz-D and Dy-
J junctions by terminal deoxynucleotidyl transferase (TdT).?
Additional diversity is introduced after joining by the
hypermutational machinery, which introduces point mutations
to change amino acid codons.* Thus in CDR3, both length and
amino acid composition make major contributions to the
antigen specificity. In contrast, CDRs 1 and 2 are relatively
invariant in length and rely primarily on amino acid content to
determine the binding affinity.

The length of CDR3 varies according to donor age and the
hypermutation status of the V gene. Concerning age, a
continuous increase in length occurs during fetal life until
birth in mice and humans, which is primarily due to the relative
absence of N regions in fetal genes.>® Apparently this increase
does not continue into adult life, as it has been reported that
CDR3s from old people were the same size as those from young
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adults.”'® However, since the cDNA libraries in these studies
included genes with and without somatic mutations, a
difference in length may become apparent if the regions are
classified by mutation status. Concerning hypermutation,
mutated antibodies have been shown to have shorter CDR3s
than non-mutated antibodies in mice and humans.''™ In
particular, Brezinschek et al.'? found that the long J6 gene
segment was used less frequently in mutated heavy chains than
in non-mutated proteins, which contributes to the length
difference.

To precisely determine the molecular basis of the shorter
CDR3 length in mutated genes, we examined IgM transcripts
of productively rearranged Vy6 genes from young and old
donors. The lengths of the Vy, D, Jy, P and N elements were
analysed to allow a comparison of the contribution of each to
CDR3 diversity in mutated versus non-mutated antibodies,
and to assess the impact of age on the length.

MATERIALS AND METHODS

Preparation of RNA from peripheral blood cells

Peripheral blood was collected from five young (26-29 years)
and five old (81-86 years) participants in the Baltimore
Longitudinal Study on Aging programme at the Gerontology
Research Center, National Institute on Aging, National
Institutes of Health in Baltimore, MD. The protocol was
approved by the Institutional Review Board for Human
Subjects Research of the Johns Hopkins Bayview Medical
Center. Three people in the young group, Y1, Y3, and Y4 and
four people in the old group, O1, O3, O4, and OS5 were females.
None of the participants expressed an acute illness at the time
of blood removal. Twenty ml of peripheral blood was collected
in ethylenediamene tetra-acetic acid (EDTA). Mononuclear
cells were isolated by centrifugation through Ficoll-Paque Plus
(Amersham Life Science Inc., Arlington Heights, IL), and total
RNA was extracted using RNA STAT-60 (Tel.:Test B, Inc.,
Friendswood, TX).

CDNA cloning and sequencing

To make cDNA, 025 ug of RNA was transcribed with
Superscript 11 reverse transcriptase (Life Technologies,
Gaithersburg, MD) and a reverse primer complementary to
the mRNA starting at codon 264 in the Cyx2 exon of the
constant (C) gene for IgM,! SAAGAAGCCGTCGCGG-
GGTGG. The cDNA was amplified in a 50-pl-reaction
containing half of the cDNA, Pfu DNA polymerase (Strata-
gene, La Jolla, CA), a forward first primer for the leader region
of the V36 gene starting at codon —19,'* 5TCTGTCTCCT-
TCCTCATCTTC, and the reverse first primer shown above.
The amplification consisted of 30 cycles of denaturation at 95°
for 1 min, annealing at 64° for 2 min, and extension at 72° for
3 min, followed by a final incubation at 72° for 10 min. Two ul
of the reaction was then amplified for another 30 cycles using a
second set of nested primers containing restriction sites for
cloning. The forward second primer started at codon — 10 in
the leader region and contained a BamHI site, 5CGCGGA-
TCCGCCCGTGCTGGGCCTCCCATG; and the reverse
second primer started at codon 223 in Cyl in the C,
gene and contained a HindIIl site, STGGAAGCTTCAC-
GTTCTTTTCTTTGTTGCC. The 670-bp PCR products

containing both V and C genes were cloned into restriction-
digested M13mp18. Viral DNA with rearranged V6 genes
were sequenced with a primer starting at codon 140 in Cyl
of the C, gene, S AACGGCCACGCTGCTCGTATC.

Classification of ¢cDNA clones and CDR3 components
Productively rearranged clones were classified as hypermutated
if they had two or more mutations, and non-hypermutated
if they had no or one mutation.'”> The CDR3 length was
calculated by determining the number of nucleotides from
residues 95 through 102." The individual components of CDR3
were assigned as follows. (i) The Vy6 gene segment'
contributed residue 95. (ii) D gene segments were identified if
they were identical to germline sequences'® for at least 8
nucleotides (nt), or if they had a single base substitution within
a stretch of at least 9 nt. (iii) Jyy gene segments'’ contributed
codons up to and including residue 102. (iv) P nucleotides were
identified in clones that had no deletions at the end of V16, D
or Jy segments. (v) N nucleotides were identified as the bases
at the Viy6-D and D-Jy junctions that could not be assigned
to germline sequences or to P nucleotides.

Statistical methods

Comparisons of average gene segment lengths were performed
using two-way analysis of variance methods, so that all com-
parisons between mutated and non-mutated clones were
adjusted for donor age, and all comparisons between old and
young donors were adjusted for clone mutation status. Pearson
correlation coefficients were calculated to quantify associations
between total CDR3 lengths and the lengths for specific gene
segments. Comparisons of the usage distribution in the D and
Ju gene segments were performed using Pearson’s y*-square
test. All P-values reported are two-sided.

RESULTS

The V6 gene was studied because it is the only member of its
family,'* it is non-polymorphic,'® and it is present at similar
levels in adult Vi repertoires.'® This single Vy; gene approach
also circumvented possible bias in cDNA libraries due to
preferential amplification of some members of specific Vi
families.”® Vy rearrangements to the C, constant gene were
studied to include antibodies produced by both naive and
memory B cells, and to obtain a more diverse library without
potential restriction by a few dominant IgG clones. Some
235 unique productively rearranged cDNA clones were
sequenced.'® The mutated clones had an average frequency
of 2-:6% mutations per bp, which is within the normal range of
mutations in IgM molecules from peripheral blood.?! In this
study, the data were analysed for gene segment usage and
length of each component of CDR3 (Fig. 1).

Total CDR3 length

The CDR3 length distribution is shown in Fig. 2. The average
length in the mutated clones was 33-0 nt, ranging from 21 to
60 nt, and the average length in the non-mutated clones was
40-6 nt, ranging from 15 to 72 nt. As shown in Table 1, this
difference was significant (P <0-0001). The mean size of CDR3
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was not different between clones from young and old indivi-
duals within the mutated or non-mutated categories (P =0-55).

V46 gene segment

The Vy6 gene segment makes a minor contribution to CDR3
of 0-2 nt, depending on exonuclease activity. As shown in
Fig. 1 and summarized in Table 1, the average contribution

was around 0-9 nt from mutated clones and 1-2 nt from non-
mutated clones (P=0-0023). Thus, about 1-1 nt were deleted
from the end of Vy6 in the mutated genes, and 0-8 nt was
deleted in the non-mutated genes. Correlation of the Vi length
to CDR3 length was significant in the mutated (P =0-002) and
non-mutated (P=0-035) groups. There was no difference in
length between clones from young and old donors within the
mutated and non-mutated groups.

Clone V6 P/N D D gene BP/N Jg Jy gene
nt nt
Y1H- 5109 2 GGGGGAGCTACAA AGTGGCTACGATT D5-12 TGGGG 12 3
5035 2 TGC CTACGGTGAC D4-17 AAG 12 4
5062 0 GCT TACGGTGGTAAC D4-23 CGAGGG 9 4
5122 2 CGGGGA ATATAGTGGCTA D5-12 TGTA 9 4
5123 0 TCGACGACTGGGGCACGGGGG 9 4
5070 1 GGCCTGGAATTCTC 6 4
5102 2 AACTTTATCAGCGACTACTACACC 10 4
5023 0 GGGGGACTGGTCCTCGGTACTCGGTCGGCAGAAGGGG 11 4
5067 1 GGGC GTLTAACTGGALCTAC D1-7 AATGGGC 20 6
Y2H- JO013 O AGCAGTGGCTGGT D6-19 CCCTCTCCCCACGAG 14 3
J0l6 1 CTG AGYGGGAGCTACTAC D1-26 GG GG 13 3
J008 2 GTATTACTATGATAGTAGTGGTTAT D3-22 T 14 4
J037 2 TTTGGGGCC GAGTATAGCAGCTC D6-6 CcT 9 4
J031 0 TA TTTGLCTGG D3-9 AGGGA 8 4
J036 0 AGCCCTAACAATGGGCCTC 8 4
Joor 2 cC CAACTGGA Dl-1 GATCTTTCTCTG 6 4
J027 1 CACGATTCTACGGGA 11 5
Jgo1i7 2 T AAGTCCG 26 6
Y3H- 4007 2 AGAC ATAGTGGGAGCTACT D1-26 CCCCCAC 14 3
4073 O ACCCGAGG 13 4
4072 2 TGGCGGGGGCACC GTGGCTAaGATTA D5-12 TG 9 4
4071 2 GGAC ACTCTGGTTCGGGGAGTTATTA D3-10 ATCCCC 8 4
4158 0 TCGGTAGGATGGA 8 4
4136 0 GGCCCCTCGCCCCTAAARAA 5 4
4123 2 ACCCGAC AGCAGCAG D6-13 GGGA 15 5
4001 2 CG GTGGCTGGTA D6-19 7 5
4086 2 CTCAATCCTGGTCGGCTCCCAAAGAG TGCTTCGGGGAG D3-10 GT 12 5
4112 1 GAAGAGAA ATAGCAGCAGCTG D6-13 ATCCAGTCCT 28 6
Y4B- 7177 0 ACAGTTAGACCCTTCACTACCAATG 14 3
7107 1 GCCGGT TAGCAGTGGCTGG D6-19 GTGGAAC 12 3
7182 2 TA ATCTAGTGGCTACGATTA D5-12 AG 12 3
7155 1 GGGGCTTAAACGG 10 3
7011 0 TCGGGT GTGGG  AGT GCcAC D1-26 GGT 14 4
7183 1 GCGCCCGTG GCAGCAGCTGGCAC D6-13 CTCC 8 4
7150 1 TT TATTACGATTaTT D3-3 CCCAAAG 10 4
7004 0 ACA AACTGGGGA D7-27 AATACAGCTA 8 4
7113 2 GGGGAGGAGTGGA TGGTGGTA D2-15 10 4
7124 1 GTGTGAGAGGCAGCACGGCGAG 10 4
7160 O ACGGCAATCCGACGG 9 4
7168 O ACCCAGGGCTGGGCCACTCGAC 2 4
7149 2 CGACCGGCATAGAATCAGCCTTC 8 6
Y5H- 2 0 AGGACAGGTGGCAGTAACG 14 3
N81 1 GAATAGTAAACGC 10 4
N66 0 ACGGA AGTGGCTG D6-19 TG 6 4
N86 2 T GGGGAAACTGGCCCAGAA 12 4
N15 1 GTGGGAGCTAC D1-26 ccee 8 4
N78 0 GGAGCGGGGCAGC 8 4
N75 0 TCGAGCCC GTATAGGAGCTCGTCC D6-6 GGGGGGATC 6 4
N9O O TCTACACGTGGGGCTATG 6 4
10 1 CTTTTCTTCTCAATCTGGGGCC 16 5
L79 0 AGCCGTATCGGG 12 5
L53 1 GGTGGCTCAGGGCAGGCG 11 5
OlH- 005 0 GTACCGA ATAGCAGCAGCTGG D6-13 12 4
050 0 GTTGC TAGAGATGGC D5-24 T 14 4
066 2 GGATTGGGATACTGGCTGGGT 1 4
082 2 T GGTAGAATATCACCTCGTCTTTCAT 14 5
033 2T CGAGAGGAGTTTGCAGGGG 11 5
02B- 021 1 GCCAAAGGGG 13 3
025 0 GGAACTGCCACCTCAGC TACTAGTGGTTA D3-22 CCCCCTTAGGG 2 4
180 0 AGTCGGGGG 12 4
037 2 AGGGG GCAGTGGCTGGT D6-19 CTG 11 4
167 O GGGTACCGGGG 10 4
001 0 TGGTTGGA TGGTAGLTG D2-15 GTGT 9 4
013 1 GAGG AGaAGTGGCTGGTA D6-19 GATTA 9 4
034 0 TCGCTGGATGGGAGTTCCCGA 9 4
191 1 GGAGGCC TATAGCAGTGtCTGG D6-19 AGGA 9 4
106 2 TTCGTCTAATCGTATCTCGCGTG GCAGTGGCTGGT D6-19 T 16 5
088 0 AGTGGGTACTTCAAGGAATGG 12 5
009 0 TGTATGCaATA D2-8 TGG 13 5
010 1 TTGCGGCAGRAAGCTCGTTCG 23 6
111 1 CTGGCG TAACTGGGACG D1-20 GCCCTGTAT 21 6
004 0 ATGCGATTGGGAATGAC GAGATGGC D5-24 ccee 19 6
03H- 6018 1 GGCCCGTAC 11 1
6076 1 GACAGTGGCACCTC 12 1
6052 2 TCAC TATAGTGGaAGC D1-26 c 14 4
6066 2 CAAAGTA GGTATAGCAGTGGCTGGTAC D6-19 GGTGAGAT 14 4
6154 1 GCCCCGAAC 11 4
6079 1 GGGGGC ATGGTGTA D2-8 ACAGTGTCTCT 10 4
6081 0 GG AACTGGgAC D1-1/D1-7/D1-20 10 4
6074 0 CTCG CAaCTGCTA D2-2 CAGGCGCCG 8 4
6010 0O TCCTCTGGCCCGC 8 4
6077 O AATAAGGATAGG 12 6
04H- 8003 2 AAAGAGGGATTACTATGATACCACGGA GTACAACTGGAACGAC Dl-1 cc 10 4
8010 2 GTTGTCGT 14 4
8043 1 T TGGCTCGTA D6-19 T 12 4
8044 0 AGGAATGAGTGGGACTCT 9 4
8004 0 GCC AGCAGCAG D6-13 G 12 4
8039 2 A TATAGCAGTGG D6-19 10 4
8050 © GGCAAGAGAACTGG 10 4
8007 1 CTACCCTGAATCA GTtTAGCAGTGGCTGGTA D6-19 TGGAG 11 5
8033 2 TC GACGACAGTGGCAAGG 25 6
8024 0 GGG GTAGTgGTACCA D2-2 AGCCTTTCCTT 10 6
Figure 1. Cont.
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Clone V6 P/N D D gene P/N Jgy Jy gene
nt nt
O4NH- 8011 1 GAAGCGGGACCAATGGAGAATCGTGGTACTCTG 14 3
8021 1 GGGCCTGGGGTGGATCAAGGGG 13 3
8062 0 TACGTCGGAACCAGA AGTGGGAGtTAC D1-26 GGGGTAATTGG 13 3
8035 0 AAGAATGCGGGT 12 3
8022 1 AT 'AACCCCA 'GGAT D1-26 10 3
8009 2 ACCCCTAGAACT GTATAGCAGCTC D6-6 AGTCT 14 4
8013 2 T AAgGTGGAACT D1-7 c 10 4
8048 1 GGgATAGCAGCAGCTGGTA D6-13 T 9 4
8001 2 AGA AGCAGTGGCTGGTAC D6-19 ccer 9 4
8031 2 TTGCCTGGCCGe GTATAGTGGGAGCTACT D1-26 GGC 8 4
8036 1 GGGGTTCCAATATTG GCAGTGGCTGGTAC D6-19 TGG 6 4
8012 1 Ca TATAGCAGTGGCTGGTAC D6-19 CTGGGCT 11 5
8053 2 TCT TGGAGCTC 26 6
8023 1 ATAGTGT GTATTACGATTTTTGGAGTGGTTATTAT D3-3 GGGAGGG 20 6
8037 1 GCTGGTAC D6-13/D6-19 9 6
OSNH- 9004 2 TCCG GCATATTGTGGTGGTGACTGCTAT D2-21 CCTCCACGAG 14 3
9134 2 TACGGGGA ‘TAgGAGTGGGA D1-26 CCCGA 14 3 4
9139 2 TCTCCTACT AGGATATTGTAGTGGTGGTAGCTGCT D2-15 CCACTGT 13 3
9064 0 TTT GTGGCTGtTA D6-19 TTG 14 3
9095 0 ATAGCAGCTCG D6-6 GTCTT 14 4
9049 1 TTTTGTTGAGGAGGGGGCTCACGGATGG 10 4
9135 1 GCTTCCAC GGGTATAGCAGTGGCTGGTAC D6-19 cce 6 4
9013 1 CCAGGGGAGCTCGCA 14 5
9051 2 CGtCAGTGCC GGGTATAGCAGCAGCTGGTAC D6-13 CTTAACTGG 15 5
9015 © AGCAGCAGCTGGTAC D6-13 GTCGGG 12 5
9037 2 GACTCAGGTTACC GGGTATAGCAGCGGCT D6-25 GGTACCG 22 6
9147 0 TCTTATCC GGGTATAGCAGCAGCTGGTA D6-13 GGGATTTGAGG 15 6

Figure 1. CDR3 regions of Vi6-Cp cDNAs from 5 young (Y1, Y2, Y3, Y4, Y5) and 5 old (O1, 02, O3, 04, O5) individuals. H, hypermutated
clones; NH, non-hypermutated clones. The numbers in the V6 nt and Jy nt columns are the number of nucleotides contributed by each gene
segment to the CDR3 region. D and Jy; gene segments are identified in their respective columns. Potential P nucleotides are underlined in the P/N
columns. Bases that do not match identified D segments are indicated in lower case and may represent somatic mutations. Several D segments are
listed for clones that matched more than one germline sequence. When a specific D segment could not be assigned, the sequence is presented as
consecutive nucleotides in the D column, which includes potential N and D nucleotides.

Mutated

5 6 7 8 91011121314 1516 17 18 19 20 21 22 23 24 | Length
(codons)

% clones with CDR3 length

12 Non-mutated

18

Figure 2. Distribution of amino acid codon lengths in mutated and
non-mutated CDR3 sequences.

D gene segment

The D gene segments make the largest contribution to CDR3
length of about 15 nt. The complete sequence of the human D
locus by Corbett et al.'® revealed 27 D gene segments that are
grouped into seven families. Using LALIGN software at http://
www.ch.embnet.org/cgi-bin/LALIGN_form_parser® and the
criteria described in Materials and Methods, sequences were
assigned to D gene segments in 56% (60/108) and 82% (104/127)
of the mutated and non-mutated clones, respectively, and in
62% (53/85) and 74% (111/150) of the clones from young
and old humans, respectively (Fig. 1). D1-26, D6-13 and
D6-19 were the most frequently used segments in all of the
Vu6 cDNA libraries (Fig. 3). The most frequently used
families in the mutated clones were D6 (38%), D3 (14%),
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and D1 (20%), and in the non-mutated clones were D6 (43%),
D3 (16%), and D1 (16%). There was no significant difference in
D usage by either hypermutation status or age. The hydrophilic
reading frame of D segments'® was found in 53% of the 164
heavy chains from mutated and non-mutated clones where a D
gene could be confidently assigned, followed by the hydro-
phobic reading frame in 37% of the clones, and the third frame
in 10% of the clones.

The average length of the D gene segments in CDR3 was
12-3 nt in the mutated clones and 14-8 nt in the non-mutated
clones (P=0-0006; Table 1). Differences in nucleotide length
between mutated and non-mutated clones by family were as
follows: DI, 11-9 versus 12-3; D2, 9-7 versus 17-4; D3, 13-9
versus 17-6; D4, 11-0 versus 158, D5, 12 versus 116, and D6,
13-0 versus 13-7. Around 10-7 nt were deleted from both
the 5" and 3’ ends of D segments in the mutated clones, and
7-7 nt were deleted in the non-mutated clones. Correlation of
D segment length with CDR3 length was significant for the
mutated (P<10~% and non-mutated (P<10~%) clones. The
length of the D segment was not different between clones from
young and old humans within the mutated and non-mutated
categories.

Jy gene segment

Ju gene segments make a substantial contribution to CDR3 of
around 12 nt. There are six functional Ji; segments in humans,
and all were used in the Vy6-C,, cDNA sequences shown in
Fig. 1. Preferential usage of Jy4 and infrequent usage of Jy1
and Ji;2 were found in the cDNA libraries (Fig. 4), as was also
observed by others.”!®7 A decrease in the use of Ji;3 and J;46
was noted in the mutated (12% and 11%) versus non-mutated
(22% and 26%) clones, respectively, and an increase in the use
of Jy4 was observed in mutated (62%) versus non-mutated
(39%) clones. This difference in Jy usage by mutation status
was significant (P=0-001), but there was no difference by age
(P=0-58). These data contrast with a previous report that
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found a difference with age;*®> however, the study analysed
DNA clones which partly may have derived from unstimulated
B cells. Thus, antigen selection may impose a criterion for
expression of certain gene segments.

The average length of the Jy gene segments in CDR3 was
11-1 nt in the mutated clones and 13-9 nt in the non-mutated
clones (P=0-0004; Table 1). About 4-8 nt were deleted from
the ends of the Ji; segments in the mutated genes, and 4-5 nt

Table 1. Comparison of nucleotide lengths of CDR3 components

Mutated Non-mutated

Mutated versus Young
Length Young Old Young Old non-mutatedf versus oldf
Total CDR38 33.3 (1.5)* 32.7(1.4) 39.4 (1.8) 41.8 (1.1) <0.0001 0.55
V6 segment$ 0.96 (0.11) 0.80 (0.11) 1.15(0.14) 1.23 (0.08) 0.0023 0.71
D segment9 12.9 (0.9) 11.7 (0.8) 14.5 (0.9) 15.0 (0.5) 0.0006 0.71
Jy segment$ 10.5 (0.8) 11.6 (0.7) 14.0 (1.0) 13.8 (0.6) 0.0004 0.53
P nucleotides"| 0.25 (0.18) 0.25 (0.16) 0.64 (0.2) 0.76 (0.11) 0.0030 0.68
N nucleotides
5" of D 6.46 (1.15) 6.03 (1.07) 5.88 (1.22) 6.46 (0.68) >0.9 >0.9
3 of D 5.00 (0.84) 4.62 (0.79) 5.48 (0.89) 6.10 (0.50) 0.14 0.81

*Standard errors in parentheses.

fP-value for the comparison of mean lengths adjusted for age.

fP-value for the comparison of mean lengths adjusted for mutation status.

8The analysis included 52 mutated clones from young people, 56 mutated clones from old people, 33 non-mutated clones from young people, and 94
non-mutated clones from old people.

4 The analysis of clones with identified D gene segments: 28 mutated clones from young people, 32 mutated clones from old people, 25 non-mutated clones

from young people, and 79 non-mutated clones from old people.

D gene

Mutated

D1-1
D1-7
D1-20
D1-26
D2-2
D2-8
D2-15
D2-21
D3-3
D3-9
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D3-16
D3-22
D4-17
D4-23
D5-5
D5-12
D5-24
D6-6
D6-13
D6-19
D6-25
D7-27
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[1]

Young

D1-1
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D1-20
D1-26
D2-2
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Figure 3. D gene segment utilization in Vy6-Cp clones. The top half compares usage between all mutated and non-mutated clones,
and the bottom half compares usage between all clones from young and old humans.
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Figure 4. Jj; gene segment utilization in Vy6-Cp clones. The length of
the maximum number of germline nucleotides that each Ji; segment can
contribute to CDR3 is as follows: Jiy1, 18 nt; Ji52, 19 nt; J;3, 14 nt; J44,
14 nt; Jg5, 17 nt; and Jy6, 29 nt.

were deleted in the non-mutated genes. Correlation of the Jy
length to CDR3 length was also significant in the mutated
(P<10~% and non-mutated (P <10~%) categories. There was
no difference in length between clones from young versus old
donors within the mutated and non-mutated groups.

P nucleotides

P nucleotides, which make a minor contribution of 0-4 nt to
CDR3, may be present at the ends of Vi, D, or Ji segments in
the absence of deletions. Hence, the presence of P nucleotides
is dependent on the activity level of exonuclease during VDJ
rearrangement. P nucleotides are shown in Fig. 1 and were
found flanking the Vi, D, and Jy gene segments. Only 18% of
the mutated clones had P nucleotides, compared to 41% of the
non-mutated clones. As seen in Table 1, when P nucleotides
were present, they were shorter in the mutated clones (0-25 nt)
versus non-mutated clones (0-7 nt) (P =0-003). The lengths did
not differ according to age.

N nucleotides

N nucleotides are inserted by TdT at the Vy-D and D-Jy
junctions during joining, and contribute a substantial 12 nt to
CDR3 in these clones. N lengths were analysed only in clones
with identified D gene segments, and are shown in Fig. 1. As
summarized in Table 1, the average length of the N component
was similar on both the 5" and 3’ sides of the D gene, 6-2 nt and
5-3 nt, respectively. The length of N nucleotides was shorter in
the mutated genes compared to the non-mutated genes (111 nt
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versus 12 nt). However, since the length located 5" of D in
young individuals was higher in the mutated clones than
non-mutated clones, the overall difference was not significant.
N nucleotide lengths were similar in genes from the young and
old groups within the mutated and non-mutated categories.

DISCUSSION

Mutated VDJ genes have shorter CDR3 lengths than non-
mutated genes

Heavy chains with somatic hypermutations have been shown to
contain smaller CDR3s than their non-mutated counter-
parts.!'™13 To identify the components that contribute to the
smaller length, we determined the sequence and length of the
Vu, D, Jg, P, and N elements in 235 mutated and non-mutated
rearranged V6 genes from peripheral blood B cells. The over-
all CDR3 length was decreased considerably in the mutated
genes by 8 nt, or around three amino acids, compared to the
non-mutated genes. This diminished length could be due to (a)
different gene segment usage, and/or (b) varying enzymatic
activities of exonuclease and TdT.

Regarding gene segment usage, the V6 gene segment was
associated with 23 different D gene segments in seven families.
Members of the D2 and D3 families are 31 nt long, and the D1,
D4, D5 and D6 families are 16-18 nt. However, since there was
no difference in D gene usage between the mutated and non-
mutated heavy chains, length of the germline D segments was
not an explanation for the shorter regions. All six Jy gene
segments were used in the V6 rearrangements. In the absence
of exonuclease, J;36 can contribute up to 29 nt to CDR3, and
the other segments can donate 14-19 nt. As the mutated genes
used less of the longer J;;6 segment and more of the shorter Ji;4
segment than the non-mutated genes, the shorter CDR3 length
is partly due to differential Jy gene usage, which reduced the
length by 3 nt or one amino acid. These data confirm those of
Brezinschek er al.'?> who observed similar results in heavy
chains containing predominantly V3 gene segments.

Regarding length of the individual components of CDR3,
the N, D and Jy parts comprised the bulk of the region by
contributing about 10-15 nt each, whereas the Vi and P parts
added only 1 nt each. All of these elements were shorter in the
mutated genes than non-mutated genes. The following number
of nucleotides were deleted by exonuclease in the mutated
versus non-mutated genes: Vy segment, 1-1 versus 0-8; D
segment, 10-7 versus 7-7; and Jiy segment, 4-8 versus 4-5. There
were fewer P nucleotides at the ends of Vg, D, and Jy segments
in the mutated clones, and when present, their length was
shorter than in the non-mutated clones: 0-2 versus 0-7. There
were fewer N nucleotides added by TdT in the mutated versus
non-mutated genes: 11-1 versus 12. Thus, both exonuclease and
TdT enzyme activities contributed to the diminished length of
CDR3 in the mutated heavy chains by shortening the five
components a total of 5 nt, or almost two amino acids.

Antigen may select for B cells with short CDR3s

Both length and amino acid composition determine the ability
of the CDRs to bind antigen with high affinity. Although the
lengths of CDRs 1 and 2 are relatively invariant, the length of
CDR3 in the heavy chain is extremely diverse. In this data set,
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we observed CDR3s ranging from 15 to 72 nt, or 5-24 amino
acids. These varied lengths are generated during VDI joining,
and the genes are expressed as immunoglobulin receptors by
naive B cells. B cells bearing receptors with short CDR3s may
bind to antigen with higher affinity than B cells with receptors
with long CDR3s. Selection for cells with short CDR3s is
also seen by comparing the length of genes with productive
rearrangements (41 nt) to genes with non-productive
rearrangements (54 nt) which are not selected.'*>* In contrast,
the length of CDR3 in « light chains does not vary between
mutated and non-mutated clones,'® perhaps because the length
of 6-12 amino acids is optimal for light chains to bind to
antigen.

Why would heavy chains with short CDR3s bind antigen
better than those with long CDR3s? One intriguing possibility
is that since CDR3 is situated in the centre of the antibody
combining site, it can fill the cavity with a varying number of
amino acids and limit the remaining space for antigen to
enter.> Thus, antibodies with long CDR3s may have less room
in the antibody-binding pocket for antigen to fit. The three-
dimensional structures of several antibodies show that long
CDR3s fill the antibody-binding cavity and protrude out of
it.2°2% In contrast, antibodies with short CDR3s may have
more space in the pocket for antigen to enter and make contact
with CDRs 1 and 2 as well. Experimental support for this
model is provided by the crystal structures of three anti-
lysozyme antibodies complexed with lysozyme.>*' As CDR3
shortens, more lysozyme residues come in contact with CDRs 1
and 2-32 The antigen specificity of the V136 heavy chains in this
study is not known, but Vg6-encoded antibodies have been
shown to bind to bacteria, DNA, and cardiolipin.”’35

Once B cells expressing receptors with short CDR3s are
selected, the hypermutation mechanism would be activated. B
cells bearing receptors with substitutions that change amino
acids in the heavy and light chain CDRs 1, 2 and 3 that can
bind antigen with even higher affinity are then further selected
and expanded. The mutated V6 genes in this study were found
to have a very high ratio of replacement to silent amino acid
changes in CDRs 1 and 2."° Thus, there is a correlation
between short CDR3s and mutated CDRs 1 and 2, indicating
that both have been selected for binding to antigen.

CDR3 length does not change in B cells from adults aged
26-86 years

Fetal B cells from mice and humans have a pauciclonal
repertoire of rearranged V gene segments*®>” and significantly
smaller CDR3s, which are primarily due to the limited
generation of N nucleotides by TdT.>® The length of the N
component in human cells increases with time from around 4 nt
at 13 weeks to 15 nt at birth. It is therefore of interest to see if
the length of CDR3 and N components changes over many
decades of life. Previous studies have reported that heavy
chains from young and old people have CDR3s of similar
length.”!%?* However, these studies included genes that
were productively rearranged, non-productively rearranged,
mutated, and non-mutated. Since antigen selection for
productively rearranged genes with mutations is strongly
correlated with diminished CDR3 length, we compared only
the productively rearranged genes with mutations to their
non-mutated counterparts.

There were fewer mutated clones in the old group, 37%,
compared to the young group, 61%, confirming that some
aspects of immunity decline with age.® Thus, naive B cells with
non-mutated antibodies may be generated in old people, but
not undergo hypermutation at a high frequency due to
impaired T- or B-cell function. In both the mutated and
non-mutated categories, there was no difference with age in the
length of CDR3 or its individual components. In particular, the
length of N nucleotides did not differ in the non-mutated genes,
which may arise in newly generated B cells from bone marrow.
These results suggest that the expression of TdT in pre-B cells
remains constant from the third to ninth decade of life.*® Thus,
fetal B cells may compensate for their restricted Vi usage by
expressing immunoglobulin receptors with short CDR3s,
which allow CDRs 1 and 2 to come into contact with antigen.
Adult naive B cells may express receptors with a wide range of
CDR3 lengths to allow the most diversity for making first
contact with antigen. Adult memory B cells with mutated
receptors may have shorter CDR3s, which allows antigen to
interact more effectively with CDRs 1 and 2 in order to initiate
hypermutation, which then triggers the logarithmic increases in
affinity.
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