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SUMMARY

The third complementarity-determining region (CDR3) of immunoglobulin variable genes for the

heavy chain (VH) 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 VH6 genes rearranged to immunoglobulin M (IgM) constant genes. There was

similar use of diversity (D) and joining (JH) 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 JH4 segments and

decreased use of longer JH6 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

signi®cantly 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 VH, D,

and JH gene segments, and fewer P and N nucleotides added. The results suggest that B cells bearing

immunoglobulin receptors with shorter CDR3s 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),1 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 (VH) gene segment, diversity (D)

gene segment, and joining (JH) gene segment. Using these

multiple building blocks, further diversity is generated during

joining by (a) addition of short palindromic (P) nucleotides to

the ends of the coding sequences,2 (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 VH-D and DH-

J junctions by terminal deoxynucleotidyl transferase (TdT).3

Additional diversity is introduced after joining by the

hypermutational machinery, which introduces point mutations

to change amino acid codons.4 Thus in CDR3, both length and

amino acid composition make major contributions to the

antigen speci®city. In contrast, CDRs 1 and 2 are relatively

invariant in length and rely primarily on amino acid content to

determine the binding af®nity.

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.5±8 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.9,10 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

classi®ed by mutation status. Concerning hypermutation,

mutated antibodies have been shown to have shorter CDR3s

than non-mutated antibodies in mice and humans.11±13 In

particular, Brezinschek et al.12 found that the long JH6 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 VH6 genes from young and old

donors. The lengths of the VH, D, JH, 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 ®ve young (26±29 years)

and ®ve 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 O5 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, 0.25 mg of RNA was transcribed with

Superscript II reverse transcriptase (Life Technologies,

Gaithersburg, MD) and a reverse primer complementary to

the mRNA starting at codon 264 in the CH2 exon of the

constant (C) gene for IgM,1 5kAAGAAGCCGTCGCGG-

GGTGG. The cDNA was ampli®ed in a 50-ml-reaction

containing half of the cDNA, Pfu DNA polymerase (Strata-

gene, La Jolla, CA), a forward ®rst primer for the leader region

of the VH6 gene starting at codon x19,14 5kTCTGTCTCCT-

TCCTCATCTTC, and the reverse ®rst primer shown above.

The ampli®cation consisted of 30 cycles of denaturation at 95u
for 1 min, annealing at 64u for 2 min, and extension at 72u for

3 min, followed by a ®nal incubation at 72u for 10 min. Two ml

of the reaction was then ampli®ed for another 30 cycles using a

second set of nested primers containing restriction sites for

cloning. The forward second primer started at codon x10 in

the leader region and contained a BamHI site, 5kCGCGGA-

TCCGCCCGTGCTGGGCCTCCCATG; and the reverse

second primer started at codon 223 in CH1 in the Cm
gene and contained a HindIII site, 5kTGGAAGCTTCAC-

GTTCTTTTCTTTGTTGCC. The 670-bp PCR products

containing both V and C genes were cloned into restriction-

digested M13mp18. Viral DNA with rearranged VH6 genes

were sequenced with a primer starting at codon 140 in CH1

of the Cm gene, 5kAACGGCCACGCTGCTCGTATC.

Classi®cation of cDNA clones and CDR3 components

Productively rearranged clones were classi®ed as hypermutated

if they had two or more mutations, and non-hypermutated

if they had no or one mutation.15 The CDR3 length was

calculated by determining the number of nucleotides from

residues 95 through 102.1 The individual components of CDR3

were assigned as follows. (i) The VH6 gene segment14

contributed residue 95. (ii) D gene segments were identi®ed if

they were identical to germline sequences16 for at least 8

nucleotides (nt), or if they had a single base substitution within

a stretch of at least 9 nt. (iii) JH gene segments17 contributed

codons up to and including residue 102. (iv) P nucleotides were

identi®ed in clones that had no deletions at the end of VH6, D

or JH segments. (v) N nucleotides were identi®ed as the bases

at the VH6-D and D-JH 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 coef®cients were calculated to quantify associations

between total CDR3 lengths and the lengths for speci®c gene

segments. Comparisons of the usage distribution in the D and

JH gene segments were performed using Pearson's x2-square

test. All P-values reported are two-sided.

RESULTS

The VH6 gene was studied because it is the only member of its

family,14 it is non-polymorphic,18 and it is present at similar

levels in adult VH repertoires.19 This single VH gene approach

also circumvented possible bias in cDNA libraries due to

preferential ampli®cation of some members of speci®c VH

families.20 VH rearrangements to the Cm 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.15 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.21 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 signi®cant (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).

VH6 gene segment

The VH6 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 VH6 in the mutated genes, and 0.8 nt was

deleted in the non-mutated genes. Correlation of the VH length

to CDR3 length was signi®cant 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.

Figure 1. Cont.
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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.16 revealed 27 D gene segments that are

grouped into seven families. Using LALIGN software at http://

www.ch.embnet.org/cgi-bin/LALIGN_form_parser22 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

VH6 cDNA libraries (Fig. 3). The most frequently used

families in the mutated clones were D6 (38%), D3 (14%),

and D1 (20%), and in the non-mutated clones were D6 (43%),

D3 (16%), and D1 (16%). There was no signi®cant difference in

D usage by either hypermutation status or age. The hydrophilic

reading frame of D segments16 was found in 53% of the 164

heavy chains from mutated and non-mutated clones where a D

gene could be con®dently 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: D1, 11.9 versus 12.3; D2, 9.7 versus 17.4; D3, 13.9

versus 17.6; D4, 11.0 versus 15.8, D5, 12 versus 11.6, and D6,

13.0 versus 13.7. Around 10.7 nt were deleted from both

the 5k and 3k 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 signi®cant for the

mutated (P<10x4) and non-mutated (P<10x4) clones. The

length of the D segment was not different between clones from

young and old humans within the mutated and non-mutated

categories.

JH gene segment

JH gene segments make a substantial contribution to CDR3 of

around 12 nt. There are six functional JH segments in humans,

and all were used in the VH6-Cm cDNA sequences shown in

Fig. 1. Preferential usage of JH4 and infrequent usage of JH1

and JH2 were found in the cDNA libraries (Fig. 4), as was also

observed by others.9,10,17 A decrease in the use of JH3 and JH6

was noted in the mutated (12% and 11%) versus non-mutated

(22% and 26%) clones, respectively, and an increase in the use

of JH4 was observed in mutated (62%) versus non-mutated

(39%) clones. This difference in JH usage by mutation status

was signi®cant (P=0.001), but there was no difference by age

(P=0.58). These data contrast with a previous report that

Figure 1. CDR3 regions of VH6-Cm cDNAs from 5 young (Y1, Y2, Y3, Y4, Y5) and 5 old (O1, O2, O3, O4, O5) individuals. H, hypermutated

clones; NH, non-hypermutated clones. The numbers in the VH6 nt and JH nt columns are the number of nucleotides contributed by each gene

segment to the CDR3 region. D and JH gene segments are identi®ed in their respective columns. Potential P nucleotides are underlined in the P/N

columns. Bases that do not match identi®ed 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 speci®c D segment could not be assigned, the sequence is presented as

consecutive nucleotides in the D column, which includes potential N and D nucleotides.

Figure 2. Distribution of amino acid codon lengths in mutated and

non-mutated CDR3 sequences.
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found a difference with age;23 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 JH 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 JH segments in the mutated genes, and 4.5 nt

Table 1. Comparison of nucleotide lengths of CDR3 components

Length

Mutated Non-mutated

Mutated versus

non-mutated{
Young

versus old{Young Old Young Old

Total CDR31 33.3 (1.5)* 32.7 (1.4) 39.4 (1.8) 41.8 (1.1) <0.0001 0.55

VH6 segment1 0.96 (0.11) 0.80 (0.11) 1.15 (0.14) 1.23 (0.08) 0.0023 0.71

D segment" 12.9 (0.9) 11.7 (0.8) 14.5 (0.9) 15.0 (0.5) 0.0006 0.71

JH segment1 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"

5k of D 6.46 (1.15) 6.03 (1.07) 5.88 (1.22) 6.46 (0.68) >0.9 >0.9

3k 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.
{P-value for the comparison of mean lengths adjusted for age.
{P-value for the comparison of mean lengths adjusted for mutation status.
1The 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.
"The analysis of clones with identi®ed 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.

Figure 3. D gene segment utilization in VH6-Cm 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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were deleted in the non-mutated genes. Correlation of the JH

length to CDR3 length was also signi®cant in the mutated

(P<10x4) and non-mutated (P<10x4) 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 VH, D, or JH 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 ¯anking the VH, D, and JH 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 VH-D and D-JH

junctions during joining, and contribute a substantial 12 nt to

CDR3 in these clones. N lengths were analysed only in clones

with identi®ed 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 5k and 3k 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 (11.1 nt

versus 12 nt). However, since the length located 5k of D in

young individuals was higher in the mutated clones than

non-mutated clones, the overall difference was not signi®cant.

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.11±13 To identify the components that contribute to the

smaller length, we determined the sequence and length of the

VH, D, JH, P, and N elements in 235 mutated and non-mutated

rearranged VH6 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 VH6 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 JH gene

segments were used in the VH6 rearrangements. In the absence

of exonuclease, JH6 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 JH6 segment and more of the shorter JH4

segment than the non-mutated genes, the shorter CDR3 length

is partly due to differential JH gene usage, which reduced the

length by 3 nt or one amino acid. These data con®rm those of

Brezinschek et al.12 who observed similar results in heavy

chains containing predominantly VH3 gene segments.

Regarding length of the individual components of CDR3,

the N, D and JH parts comprised the bulk of the region by

contributing about 10±15 nt each, whereas the VH 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: VH segment, 1.1 versus 0.8; D

segment, 10.7 versus 7.7; and JH segment, 4.8 versus 4.5. There

were fewer P nucleotides at the ends of VH, D, and JH 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 ®ve

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 af®nity. 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,

Figure 4. JH gene segment utilization in VH6-Cm clones. The length of

the maximum number of germline nucleotides that each JH segment can

contribute to CDR3 is as follows: JH1, 18 nt; JH2, 19 nt; JH3, 14 nt; JH4,

14 nt; JH5, 17 nt; and JH6, 29 nt.
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we observed CDR3s ranging from 15 to 72 nt, or 5±24 amino

acids. These varied lengths are generated during VDJ 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 af®nity 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.12,24 In contrast,

the length of CDR3 in k light chains does not vary between

mutated and non-mutated clones,13 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 ®ll the cavity with a varying number of

amino acids and limit the remaining space for antigen to

enter.25 Thus, antibodies with long CDR3s may have less room

in the antibody-binding pocket for antigen to ®t. The three-

dimensional structures of several antibodies show that long

CDR3s ®ll the antibody-binding cavity and protrude out of

it.26±28 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.29±31 As CDR3

shortens, more lysozyme residues come in contact with CDRs 1

and 2.32 The antigen speci®city of the VH6 heavy chains in this

study is not known, but VH6-encoded antibodies have been

shown to bind to bacteria, DNA, and cardiolipin.33±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 af®nity are then further selected

and expanded. The mutated VH6 genes in this study were found

to have a very high ratio of replacement to silent amino acid

changes in CDRs 1 and 2.15 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 segments36,37 and signi®cantly

smaller CDR3s, which are primarily due to the limited

generation of N nucleotides by TdT.5±8 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.9,10,23 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%, con®rming that some

aspects of immunity decline with age.38 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.39 Thus,

fetal B cells may compensate for their restricted VH 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 ®rst

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

af®nity.
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