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Abstract. Darwinian theory requires that mutations be
produced in a nonanticipatory manner; it is nonetheless
consistent to suggest that mutations that have repeatedly
led to nonviable phenotypes would be introduced less
frequently than others—if under appropriate genetic con-
trol. Immunoglobulins produced during infection acquire
point mutations that are subsequently selected for im-
proved binding to the eliciting antigen. We and others
have speculated that an enhancement of mutability in the
complementarity-determining regions (CDR; where mu-
tations have a greater chance of being advantageous)
and/or decrement of mutability in the framework regions
(FR; where mutations are more likely to be lethal) may
be accomplished by differential codon usage in concert
with the known sequence specificity of the hypermuta-
tion mechanism. We have examined 115 nonproduc-
tively rearranged human Ig sequences. The mutation pat-
terns in these unexpressed genes are unselected and
therefore directly reflect inherent mutation biases. Using
a x2 test, we have shown that the number of mutations in
the CDRs is significantly higher than the number of mu-
tations found in the FRs, providing direct evidence for
the hypothesis that mutations are preferentially targeted
into the CDRs.
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Introduction

Darwinian theory requires that mutations be produced in
a nonanticipatory manner; it is nonetheless consistent to
suggest that mutations that have repeatedly led to non-
viable phenotypes would be introduced less frequently
than others—if under appropriate genetic control. Many
organisms that persist in fluctuating environments de-
pend on genetic variability for their continuing survival.
It is of some interest to investigate the possibility of a
second-order “evolution of evolvability” that would
adapt these organisms to the particular patterns of vari-
ability in the environment. The affinity maturation by
somatic hypermutation and selection of immunoglobu-
lins (Ig) (Berek and Milstein 1987) provides a simplified
yet natural system for the study of just such a process.
We have examined 471 mutations occurring in 115 un-
expressed human Ig V genes and present here the first
conclusive, direct evidence that Ig V genes have evolved
an enhanced evolvability under somatic hypermutation.

Immunoglobulin molecules are assembled from two
heavy and two light polypeptide chains [for general im-
munological background, see Paul (1993)]. These heavy
and light chains are each encoded by distinct gene seg-
ments: a constant-region gene and a variable-region gene
(Tonegawa 1983). The variable-region gene itself is con-
structed by DNA rearrangement involving two (V and J,
for light chains) or three (V, D, and J, for heavy chains)
minigene segments chosen in a quasi-stochastic process
from minigene libraries (Tonegawa 1983). During the
immune response, Ig molecules are synthesized by B
lymphocytes, utilized by them as surface-bound signalCorrespondence to:Thomas B. Kepler;e-mail:kepler@unity.ncsu.edu
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transduction elements, and secreted by them as effector
molecules. In the first few days following infection, a
subset of B cells migrates to the lymphoid tissues, where
they form germinal centers, the site of affinity maturation
(Berek et al. 1991), where the B cells proliferate rapidly
and experience somatic hypermutation targeted specifi-
cally at the rearranged Ig variable region gene (Lebecque
and Gearhart 1990) at rates about 106 times above the
background genomic rate (McKean et al. 1984). Those B
cells whose mutated Ig genes have a higher affinity for
the eliciting antigen are selected on this basis and are
preferentially expanded (MacLennan 1994); these cells
go on to form the memory cell pool, which largely me-
diates the response during repeated encounters with the
same antigen (Berek and Milstein 1987).

Ig have immunoglobulin-fold structures consisting of
b-pleated sheets alternating with loops. Theb sheets,
and other conserved residues necessary for structural in-
tegrity, are coded for in the framework regions (FR) of
the V gene; the complementarily-determining regions
(CDR) encode residues directly involved in antigen bind-
ing. Mutations in the FR are more likely to be deleteri-
ous, while mutations in the CDR are most likely to alter
the affinity (Shlomchik et al. 1989). Indeed, Ig sequences
recovered late in the immune response show an enhance-
ment of mutations in the CDR over FR (Berek and Mil-
stein 1987). Thus, if possible, a focusing of mutations
into the CDR would improve the efficiency with which B
cells adapt to different pathogens.

The hypermutation mechanism displays strong se-
quence specificity, in that particular nucleotide motifs
promote mutation (“hot” motifs), while others have be-
low-average mutability (“cold” motifs) (Betz et al. 1993;
Smith et al. 1996). Differential codon usage between
CDR and FR may therefore be the mechanism by which
the mutability of CDR is enhanced relative to that of FR
(Reynaud et al. 1995).

Suggestive but inconclusive evidence for this intrigu-
ing hypothesis—based on apparent clustering of muta-
tions in CDR—has been offered (Motoyama et al. 1991;
Betz et al. 1993; Do¨rner et al. 1997). Further suggestion
comes from the observed segregation of “hot” (AGY)
and “cold” (TCN) serine codons between CDR and FR
(Wagner et al. 1995), but this methodology, which ig-
nores correlations among related genes, is statistically
problematic. When all codons are analyzed and correla-
tion difficulties obviated, one finds a significant differ-
ential codon usage (Kepler 1997). Our purpose in this
brief communication is to corroborate this indirect evi-
dence with direct observation of the relative mutation
frequencies in the CDR and FR of Ig genes that have not
been subject to selection.

Such unselected genes are available for study because
of the randomness of the rearrangement process: joining
in any of the three reading frames is possible, but only
one produces a productive gene (Tonegawa 1983). If the

initial rearrangement is out of frame, the cell can still be
“rescued” by producing a productive rearrangement on
its other chromosome (Tonegawa 1983). This cell will
then have, in addition to the productive gene that encodes
the Ig molecule the cell produces, a nonproductive gene
that experiences somatic hypermutation but cannot be
the object of selection since it cannot make a protein. By
recovering many such nonproductive genes and analyz-
ing the distribution of mutations they contain, we are
able to show conclusively that CDR are inherently more
mutable than FR.

Materials and Methods

We have collected over 600 Ig sequences from arthritis patients and
healthy donors using DNA isolated from peripheral blood lymphocytes
and synovial infiltrate B cells. Peripheral blood mononuclear cells
(PBMC) were isolated from the total blood of three rheumatoid arthritis
patients and two healthy donors using Ficoll. The PBMC were lysed
with proteinase K, and the immunoglobulin genes were amplified in a
polymerase chain reaction (PCR) using a primer mix designed to bind
all V gene families. The following sequences of oligonucleotides, from
58 to 38, were used as primers for the amplification of rearranged Ig
genes: VH2, CAGATCACCTTGAAGGAGTCTGG; VH3, GAGGT-
GCAGCTGGTGGAGTCTGG; VH4, CAGGTGCAGCTGCAG-
GAGTCGGG; VH6, TACAGCTGCAGCAGTCAGGTCCAGG; JH,
CTCACCTGAGGAGACGGTGACC; Vk1, GACATCCAGATGAC-
CCAGTCTCC; Vk2, GATGTTGTGATGACTCAGTCTCC; Vk3,
GAAATTGTGTTGACGCAGTCTCC; Vk4, GACATCGTGATGAC-
CCAGTCTCC; Vk5, GGAAATTGTGCTGACTCAGTCTCC; Vk6,
GAAATTGTGCTGACTCAGTCTCC; Jk1–4, TACTTACGTTT-
GATCTCCASCTTG; Jk5, GCTTACGTTTAATCTCCAGTCGTG;
V11, CAGTCTGTGTTGACGCAGCCGCC; V12a, CAGTCTGC-
CCTAGACTCAGCCTGC; V12b, CAGTCTGCCTGATT-
CAGCCTCC; V13a, TCCTATGTGCTGACTCAGCCACC; V13b,
TCTTCTGAGCTGACTCAGGACCC; V14, CACGTTATACT-
GACTCAACCGCC; V15, CAGGCTGTGCTCACTCAGCCGTC;
V16, AATTTTATGCTGACTCAGCCCCA; V17–8, CAGACTGTG-
GTGACGCAGGAGCC; J12, GAGAGCCACTTACCTAGGACGG;
and J13, AGAAGAGACTCACCTAGGACGG.

The PCR was carried out in a 50-ml reaction volume containing 10×
buffer and 2U Taq DNA polymerase (Promega); 10 pmol of each
primer; a 200mM concentration each of dATP, dCTP, dTTP, and
dGTP; and 0.1 mM magnesium chloride. The thermal cycler program
was as follows: 2 min at 95°C for one denaturing cycle; 1 min at 94°C,
90 sec at 70°C (for heavy chains) or 65°C (for light chains), 2 min at
72°C for 35 amplification cycles; and 15 min at 72°C for one terminal
cycle. The PCR product was electrophoretically separated (visualized
by UV light in an ethidium bromide-stained 2% low-melting agarose
gel), and product of the correct size (approximately 350 bp) was cut out
of the gel and reamplified. In the second PCR, all reagents and con-
centrations were as in the first PCR except that nested 38 primers were
used. The actual sequences are as follows: JH1, TGAGGAGACGGT-
GACCAGGGTGCC; JH3, TGAAGAGACGGTGACCATTGTCCC;
JH4, TGAGGAGACGGTGACCAGGGTTCC; JH6, TGAGGAGAC-
GGTGACCGTGGTCCC; Jk1, ACGTTTGATTTCCACCTTGGTCCC;
Jk2, ACGTTTGATCTCCAGCTTGGTCCC; Jk3, ACGTTTGATATC-
CACTTTGGTCCC; Jk4, ACGTTTGATCTCCACCTTGGTCCC; Jk5,
ACGTTTAATCTCCAGTCGTGTCCC; J12, ACCTAGGACGGT-
GACCTTGGTCCC; J13, ACCTAGGACGGTCAGCTTGGTCCC; and
J15, ACCTAAAACGGTGAGCTGGGTCCC.

The first 95°C denaturing cycle was followed by 39 amplification
cycles at the same temperatures listed above and one 72°C 15-min
termination cycle. Second-round PCR product of the correct size was
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isolated as described above, extracted from the agarose gel using the
JETSORB kit (Genomed), and cloned using the ONE STEP TA-
CLONING kit (Invitrogen). Plasmid DNA was isolated from clones
using phenol/chloroform extraction, and the Ig genes were sequenced
using the dideoxy sequencing method with Taq polymerase. Digoxi-
genin-labeled −40 and +40 primers for the cloning vector (pCR 2.1,
One Step kit) were used as sequencing primers.

In patients with rheumatoid arthritis (RA) or reactive arthritis
(ReA), lymphocyte infiltrates that resemble germinal centers are found
in the inflamed synovial tissue (Schro¨der et al. 1996; Berek and
Schröder 1997). Analysis of the V regions from B cells isolated from
these lymphocyte infiltrates indicate that clonal expansion and diver-
sification of the B-cell repertoire take place in the synovial infiltrate
(Schröder et al. 1996; Berek and Schro¨der 1997; Berek and Kim 1997).
Cryostat sections were prepared from the synovial tissue of 1 ReA and
3 RA patients as previously described (Schro¨der et al. 1996). Lympho-
cyte infiltrates were located by staining with anti-CD20 and plasma cell
and follicular dendritic cell specific antibodies (Schro¨der et al. 1996).
B cells were directly isolated from the tissue sections by microdissec-
tion, and their rearranged V genes cloned and sequenced as described
above.

The germline sequences for all Ig genes sequenced were identified
using the international ImMunoGeneTics database (IMGT; Lefranc
1997). Base differences between the Ig genes sequenced and the cor-
responding germlines were scored as mutations. No sequences had
insertions. Three sequences had deletions; the deleted bases were not
counted in the analysis. The Kabat CDR and FR locations as depicted
in the V BASE Sequence Directory (Tomlinson et al.) were used. Only
the nonproductively rearranged sequences were included in this analy-
sis.

All data were organized as 2 × 2contingency tables and analyzed
using the Yates-corrected chi-square.

Results and Discussion

Among all the sequences examined, 115 have been found
to be nonproductively rearranged; these sequences may
be obtained by e-mail request to kepler@stat.ncsu.edu.
Nonfunctionally rearranged V regions are not expressed,
thus the mutation patterns are unselected and therefore
directly reflect inherent mutation biases.

We found significant enhancement of the mutation
frequency in CDR over that in FR at all three Ig loci (see
Table 1). The size of the observed enhancement, 58%, is
larger than but consistent with that predicted by differ-
ential codon use (Kepler 1997).

Because the hot and cold serine codons differ from
each other by more than one base change, the possibility

exists that CDR–FR mutability differences are “frozen
accidents” resulting from conservation of the serine resi-
dues and, by extension, their codon classes (Kepler
1997). We removed this confounding effect by reanalyz-
ing the data, ignoring all serine codons, both mutated and
nonmutated (see Table 1). For all loci, the CDR remain
more mutated when serine codons are ignored; thel
locus remains highly significant, thek locus becomes
borderline, and the heavy-chain locus, with many fewer
events, is nonsignificant.

It is a tantalizingly open question whether this type of
adaptation has occurred for other genes, but it is now
clearly established for immunoglobulins.
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