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ABSTRACT We present a statistical method for detection
of palindromes in mRNA or DNA, starting from the protein se-
quence. Analysis of immunoglobulin genes by this method
demonstrates that palindromic se uences are not randomly
distributed. They are located at each side of the hypervariable
regions in the variable (V) genes, whereas no such regular design
is observed in the constant (C) genes. In addition, palindromic
sequences overlap the V-C junction in all immunoglobulin
classes and significant palindromes are present near residue 216
of the heavy chain, which is the end of deletions in many heavy
chain diseases. The relevance of these palindromes to gene
translocation and generation of diversity in antibodies is dis-
cussed.

A palindromic DNA sequence possesses a 2-fold rotational axis
of symmetry perpendicular to the-helix and, as a consequence,
the base sequences of the two strands are identical when read
in the same polarity:

5' G-G-G-A-A-A-T-T-T-C-C-C 3'
3' C-C-C-T-T-T-A-A-A-G-G-G 5'

Such DNA sequences are universally distributed and have been
shown to exist in bacteriophages (1, 2), in Escherichia coli
plasmids (3), and in eukaryotic DNA (4). They can be rather
long (300-1200 nucleotide pairs), and some are able to form
hairpin-like structures in single-stranded DNA (4). They can
also be found in heterogeneous nuclear RNA (5), which is
characterized by its resistance to RNase. It has been suggested
(6) that their structure (cruciform-like DNA) might be a rec-
ognition site for proteins acting at the DNA level; on this basis,
molecular models for genetic recombination have also been
proposed (7). These speculations are supported by several
findings: the Lac operator is double stranded and about 27 base
pairs long; and the sequence of its RNA transcription copy has
been determined (8) and contains a partial 2-fold rotational
symmetry. In phage X, the gene cl is surrounded by three left
operators and three right operators. Each operator has an axis
of partial 2-fold symmetry (9). Inverted repeats have been
found in transposable DNA segments of bacteria (10, 11). The
specific sites of many restriction enzymes contain short sym-
metrical sequences,. and the palindromic structure allows the
cleavage of both DNA strands of opposite polarity at equivalent
points (12).

Restriction enzymes have not yet been found in eukaryotic
cells, although the properties of some eukaryotic genes suggest
their existence. A general hypothesis in immunology is that the
variable (V) and constant (C) parts of either heavy or light
chains are encoded by separate germ line genes. A translocation
mechanism must exist to create contiguous transcribable V-C
genes in lymphocyte DNA. The recent data of Hozumi and
Tonegawa (13) provide evidence for the existence of such a
translocation process. Fougereau and his collaborators have
pointed out that palindromic sequences may occur near the V-C

junction and that these sequences could be recognition sites for
enzymes involved in the translocation process (14).

In this paper, we present a method for detection of palin-
dromes in mRNA, starting from the protein sequences. The
method is applied to the case of immunoglobulins, and we show
that the palindromic sequences are not randomly distributed
but are located preferentially at the boundary of hypervariable
regions and near the V-C junction.

METHODS
The searching procedure is an extension of Fitch's polypeptide
comparison method (15): the protein sequence is translated into
its degenerate mRNA sequence, which is then analyzed for the
presence of palindromes. This analysis is performed by
matching, in a sliding process, each subsequence of 11 nu-
cleotides (polarity 5'-3') with all the possible consecutive sub-
sequences of 11 nucleotides (polarity 3'-5'). For each match,
a complementation index and its probability for occurring by
chance are computed and the coordinates of the complemen-
tary segments are stored.
Complementation Test for Matching Nucleotides. Since

the genetic code is degenerate, probabilities of complementa-
tion must be taken into account in a search for palindromes
starting from the amino-acid sequence. The following symbols
are used for degenerate positions: X = U/C/A/G, S = C/A, T
= U/A, Y = U/C, Z = C/G, R = A/G, and H = A/C/U. Wat-
son-Crick pairs have a complementation score s(i,j) of 36; all
other s(ij) values vary between 0 and 18 according to the
probability of complementation.
Matching Experiments of Nucleotide Sequences. The

protein sequence is translated into its mRNA sequence ac-
cording to the genetic code, and the 5'-3' sequence (A) is
compared to itself read in opposite polarity (B). To do this, both
A and B are subdivided into spans of 11 contiguous nucleotides;
for a sequence of n nucleotides the number of such spans will
be n - 10. Each span from A is then matched with all the spans
of B and complementation analysis is done on the basis of the
complementation probabilities. The complementation index,
S, is obtained by summing the s(i,j) values characterizing each
of the 11 nucleotide matches and its probability is evaluated.

Probability Distribution. The probability of S cannot be
derived from its frequency distribution since it has been shown
that, for such matching experiments, the distribution of S
strongly diverges from a Gaussian curve, especially when the
upper values of S are taken into account (16).

In our experiments the probabilities of the different S values
have been determined by using the multinomial distribution:
if fi(A) and fj(B) are, respectively, the frequencies of nucleotide
i in sequence A and of nucleotide j in sequence B, the proba-
bility for matching i and j is fi(A) X fj(B). Therefore, the
probability for obtaining a complementation score value, s,
when two randomly selected nucleotides are matched is:

Ps= Z fj(A) Xfj(B)
s(ij)=s
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If two randomly selected spans of 11 nucleotides art itd,
the results of 11 matches are assumed to be statistically inde-
pendent (see below). We wish to compute the probability ps(11)
(S = 0, . . ., 396) for obtaining by chance a complementation
index S. The answer is conveniently expressed with the aid of
a mathematical auxiliary polynomial function G(x):

36
G(x) = E psxs [1]

S=0

For 11 nucleotides the probability Ps(11) is given by the
coefficient of xs in [2]:

/36 \11
[G(x)]J" = (EpXs)" [2]

The probability PRO for obtaining by chance a score greater
than or equal to a given result S can be defined by Eq. 3:

396
PRO(S) = Z Ps(

s=S
[3]

This distribution of S has been tested by generating 200 Monte
Carlo nucleotide sequences with the same length and compo-
sition as the flavodoxin-derived mRNA (17), as well as by
generating 200 Monte Carlo amino-acid sequences with the
same length and composition as flavodoxin and analyzing each
of their derived mRNA. Fig. 1 shows that the Monte Carlo and
the theoretical distributions match almost perfectly; the de-
viation observed for probabilities lower than 10-6 is due to the
relatively small number of Monte Carlo trials. Moreover, the
genetic code structure (the third base of the codon is almost
always degenerate, while its first and second bases are almost
always defined) does not affect the results since both Monte
Carlo trials exhibit identical frequency distributions.
Comparison Matrix. The data are more easily handled with

a comparison matrix that can give the topology of the palin-
dromes. Therefore the two nucleotide sequences A and B,
which are compared, are recorded along the sides of the matrix.
All the spans of 11 nucleotides are matched. For each match,
the complementation index, S, is determined and its probability
for occurring by chance is derived from the probability distri-
bution of S (see Fig. 1). The probability value PRO(S), corre-
sponding to each match of 11 nucleotides, is put in the matrix
at the intersection of the coordinates of the central nucleotide
of the two compared spans. To simplify, the probabilities are
replaced by numbers ranging from 1 to 4 in the following way:
Blank: PRO> 10-2; 1: 10-2 > PRO > 5 X 10-3; 2:5 X 10-3
PRO > 10-3; 3: 10-3 > PRO > 5 X 10-4; and 4: 5 X 10-4 >
PRO. After completion, such a matrix is symmetrical and the
palindromic sequences are revealed by the occurrence of di-
agonals with low probability numbers (e.g., 3 and 4) that are
perpendicular to the symmetry axis of the matrix.

RESULTS
The Variable Regions. The following 11 human variable

region sequences (one per subgroup) have been screened: Eu,
VjI; Ti, VJII; Mil, VJIII; New, VXI; Vil, VXII; Kearn, VJIII; Bo,
VxIV; Sh, VxV; Eu, VHI; He, VHII; and Nie, VHIII (18). For
each of them, a comparison matrix has been completed. For
example, Fig. 2 gives the COOH-terminal part of VJII(Ti)
(residues 79-109), including the third hypervariable region (19).
It is obvious that on both sides of this hypervariable segment
there are significant palindromes. Considering the protein se-
quence, their probabilities for occurring by chance are 1.9 X
0-4 and 0.7 X 10-4.
Such a localization for the palindromes does not seem to be

fortuitous, since analyses of all VL and VH subgroups demon-
strate palindromes in similar positions on both sides of the third
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FIG. 1. Cumulative probability distribution of complementation
index in the analysis of flavodoxin. (-) Distribution predicted by Eq.
3; (+) analysis of real sequence; (0) observed results for shuffled
mRNA sequence; (@) observed results for shuffled protein sequences,
when deviating from (0). Both Monte Carlo distributions are identical
up to a probability value of iO-5.

hypervariable region. Moreover, the analysis shows palindromic
sequences also on both sides of the first and second hypervar-
iable regions (Fig. 3). The results obtained by analyzing the
different subgroups are presented in Table 1; their probabilities
of occurring by chance are in the range 10-3 to 10-4. Fig. 4
shows the superposition of mRNA sequence on the amino-acid
variability plot of Wu and Kabat (19). This combined plot
demonstrates that the palindromes exist on both sides of each
of the three hypervariable regions but do not overlap hyper-
variable regions. Table 1 indicates that these palindromes are
a constant feature of all immunoglobulin VL and VH regions.
The localization of these palindromes and their above-men-
tioned properties suggest that they are being selected for and
exist in all V regions due to some important function. The sig-
nificance of this observation is strengthened by the fact that in
none of the constant domains do palindromes appear in a reg-
ular way in such positions.
V-C Junctions. This area was analyzed by matching the

nucleotide sequences corresponding to residue 80-130. The
results show a palindromic sequence in the V-C junction which
is present in all subgroups analyzed. Part of this palindrome
overlaps the end of the V region and part is overlapping up to
30 nucleotides of the C region. This is shown in the following
sequences for light chain Ag(KI):
103 110
Lys - Leu - Glu - Ile - Lys - Arg - Thr - Val - Ala - Ala - Pro - Ser - Val -

AAR YUX GAR AUH AAR SCX ACXCUX GCX GCX C(CX TZX GUX
120

Phe- Ile- Phe- Pro- Pro
UJUY AUH UUY CCX CCX

and for heavy chain Eu(VHIYI):
110 120
Giv - Gly - Leu - Val - Thr - Val - Ser - Ser - Ala - Ser -Thr- Lvss- Clv-
GGX GGX YUX GUX AC'X GUX TZX TZX GCX TZX ACX AAR GGX

Pro- Ser- Val- Phe- Pro
C'C(X TZX GUX UUY CCX

There is a difference between the V-C junctions of the light

*oA
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FIG. 2. Comparison matrix obtained by analyzing the COOH-terminal 30 amino acids of VJIITi). The 5'-3' degenerate mRNA sequence
and its inverted form (3'-5') are reported, respectively, along the abscissa and the ordinate. Palindromic sequences are revealed by the occurrence
of diagonals with a high content of numbers 3 and 4 (see Methods).

and heavy chains: a single palindromic sequence is found in the found to be less significant and, except in the case of the hinge
light chain while double palindromes are found in the heavy region, they seem to be randomly distributed. They are mainly
chain. One may speculate that this is related to the fact that VH located around the first cysteine of the intradomain disulfide
regions are shared by all heavy chain classes (yA, 'etc.) bridge. Contrary to the V-C junction, no significant palin-
whereas VL regions are confined to one L chain class (A or dromes are found in the interdomain junction of C'y2-Cy3. On
K). the other hand, the hinge region [in the My class, it encompasses

Constant Region. The palindromes in the C region were residues located between positions 221 and 233 (18)] presents



Proc. Natil. Acad. Sci. USA 74 (1977) 2529

1 10 20

Clu lie Val Leu Thr Gln Ser Pro GC1) Thr Leu -Ser Leu Ser Pro Gly Clu Arg Ala Thr Leu

CAR AUG CGUX YUJX ACX CAR TZX CCX CCX ACX YUX TZX YIIX TZX C(:X GCCX CAR SGC CCX ACX YUX
-:-----Pi------

30 31 31a 40

Ser Cys Arg Ala Ser Gln Ser Val Ser Asn Ser Phe Leu Asp Trp Tyr Gin Gin Lys Pro

TZX UGY SGX GCX TZX CAR TZX CUX TZX MY TZX UUY YUZ GAY UGG UAY CAR CAR AAR CCX

t t
so 60

._

>o
Gly Gln Ala Pro Arg Leu Leu Ile Tyr Val Ala Ser Ser Arg Ala Thr (ly Ile Pro Asp

GGX CAR GCX CCX SCX YUJX YUX AUII UAY GUX GCX TZX T1'X SRX GCX ACX GCX AUG CCX GAY

t t
70 8s

Arg Phe Ser GCy Ser Gly Ser Gly Thr Asp Phe Thr Leu Thr lie Ser Arg Leu flu Pro

SGX UUY TZX CCX TZX GGX TZX GGX ACX GAY GUY ACX YIIX ACX AlUbi TZX SCX YUX GAR CCX

00

Glu Asp Phe Ala Val Tyr Tyr Cys Gln Gln Tyr Gly Ser Ser Pro Ser Thr Phe Cly Gin

CAR GAY 11UY GCX GUX UAY UAY ICY CAR CAR UAY CGX TZX TZX CCX TZX ACX UVY GGX CAR

t t

Cly Thr Lys Val Clu Leu Lys Arg

CGX ACX AAR CGX GAR YIXAMR SGX

FIG. 3. The amino-acid sequence of VJI(Ti) is given together
with its corresponding degenerate mRNA sequence. Palindromic
subsequences are included between lines. Arrows indicate symmetry
axis of palindromes.

palindromic sequences running from positions 205-215 and
231-237:

His 204
... GUXAAYCAYAARCCXTZXAAYACXAARGUXGAYAARSGXGUX
Glu 216
GARCCX ... UGYCCXGCXCCXGARYUXYUXGGXGGXCCXTZX..

Pro 230 Pro 238

Table 1. Distribution of palindromes in human V regions*

Hypervariable region

V I II III

Vj T22(3)-Q27(3) L46(3)-Y49(3) C88(2)-S93(1)
A34(1)-Q38(2) S60(2)-G64(3) G99(3)-E105(3)

VjI S22(3)-Q27(3) K40(3)-A44(2) Y87(1)-Y92(2)
N35(3)-Q38(3) T57(2)-D61(1) T98(1)-V105(2)

VjII S22(3)-Q27(3) G45(1)-P48(2) M93(1)-Q97(3)
W39(2)-P44(2) P63(3)-F66(3) P99(1)-G104(2)

VA1 P14(1)-G24(2) L47(2)-D52(2) A85(1)-A90(2)
V34(3)-Q38(3) S57(1)-D61(2) N97(1)-F101(2)

VJII C22(1)-T25(3) K47(3)-S51(3) A86(3)-C90(3)
N33(1)-F38(2) R56(1)-V60(2) N97(1)-F101(2)

VXIII V18(1)-N25(3) V45(1)-H48(3) Y84(2)-W89(1)
V31(2)-R37(1) 156(2)-S63(1) 195(1)-L102(2)

VXIV C22(1)-T25(3) P46(2)-E52(1) D87(2)-C90(1)
V35(3)-Q40(3) P57(1)-R63(2) N98(1)-L107(2)

VXV 119(1)-D24(3) V45(3)-G48(1) A83(3)-R89(2)
W33(1)-Q35(3) S54(3)-P57(3) H95(1)-L97(1)

VHI V18(2)-S30(1) V37(3)-W47(2) D90(2)-Y94(1)
V37(3)-W47(2) F55(1)-N59(2) G101(1)-P105(2)

VHII Lli(2)-T31(1) A46(2)-W49(2) N87(1)-Y97(1)
V39(3)-R45(3) D58(1)-P64(2) P103(3)-D109(2)

VHIII C22(1)-T28(3) A49(3)-S52(3) B89(2)-C95(1)
V37(2)-K43(3) K58(2)-A61(3) D101(2)-F105(1)

* The table gives the location of palindromes on both sides of hy-
pervariable regions (I, II, and III). Residues are according to the
one-letter code. The numbers in parentheses are the position in the
codon where palindromes start or end.-In addition to these palin-
dromes, another one was found only in the VK subgroups between
residue Ser 7 and Thr 10.

4'
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Position

70 80 90 100

FIG. 4. Location of palindromes with respect to hypervariable
regions in V region of light chain. The degenerate mRNA sequence
of VJII(Ti) is superimposed on the variability plot ofWu and Kabat
(19). Palindromes are schematically represented' in the positions
described in Table 1 according to their size. (e-@) Base pairs.

Their probabilities of occurring by chance are, respectively,
2.1 X 1O-4 and 3.0 X 1O-4. In this context, it is useful to mention
that many heavy chain diseases have big deletions that end at
position 216; this is the case with proteins Zuc (20), CRA (21),
and Gif (22). Moreover, some heavy chain disease proteins like
McG (23) or LEC (24) have a deletion of residues 216-230. The
presence of a palindrome before Glu 216 and after Pro 230
supports the suggestion (25) that such proteins might be the
result of some unusual repair of broken DNA. Hence, an en-
donuclease recognizing the above-mentioned palindromes
could be a good candidate for the origin of the heavy chain in
the disease.

DISCUSSION
The work presented here uses a statistical method to detect
reversed repeats in the DNA sequence of immunoglobtilin
genes, starting from the protein sequence. The analysis was
carried out on representative sequences of all VL and VH human
subgroups, as well as on the constant sequence of yl. The results
show significant differences between the predicted DNA
structure of Vi and C genes.

(i) In the'V genes all three hypervariable regions (19, 26) are
bounded by two palindromes on each side, whereas the-C genes
do not show a comparable distribution of palindromes.

(ii) The V-C junction always shows a palindromic sequence
that overlaps the end of V and the beginning of C genes,
whereas the interdomain area between CH2 and CH3 does-not
show such palindromes. On the other hand, the hinge region
shows two palindromic sequences, one between positions
204-216 and one between positions 230-238. Because of the
genetic code degeneracy, our computation only detects the
possibility for the existence of palindromes. When the sequence
of mRNA-becomes known, the probability of having palin-
dromes will either increase or decrease, but computation of the
S value of individual palindromes shows that even if the de-
generate positions do not pair, the PRO value will not be higher
than 10-2. It is difficult to dismiss the argument that the pres-
ence of these palindromes is a matter of chance. However, their
location at nonrandom positions suggests that they have bio-

Ii I.
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logical function. Inverse repeats in DNA can be recognition sites
for enzymes or preferred sites for recombination; we shall
discuss their relevance to the immunoglobulin genes.
The two genes-one polypeptide chain hypothesis already

predicted that joining of V and C genes is a necessary step in
expression of Ig genes (18). The recent discovery by Hozumi
and Tonegawa that DNA fragments that hybridize with V or
C mRNA probes are present in different pieces in the embryo
but in the same piece in the plasmacytoma DNA (13) provides
strong direct support for this hypothesis. The palindrome in the
V-C junction is a good candidate for a recognition site by en-
donucleases that might be involved in V gene translocation and
joining to C genes, as was also pointed out by Fougereau et al.
(14). Similarly, the palindrome around position 216 of the y
chain is compatible with this residue being at the end of many
deletions in heavy chains (27).

Therefore, the presence of palindromic structures at the
boundary of each hypervariable region suggests that these re-
gions, which are the expression of antibody diversity, may also
be related to the action of endonucleases. This implies that
somatic or germ line point mutations are not the only mecha-
nisms for explaining antibody diversity and supports other as-
pects of theories on antibody diversity as follows:

(i) It provides support for somatic theories based on the action
of specific endonucleases, such as the hypothesis of Brenner and
Milstein (28) on diversification as a consequence of DNA
breakage and repair. Similarly, the hypothesis of Gally and
Edelman (29), which combines gene translocation with in-
trastrand recombination leading to diversification, is also
compatible 'With these palindromes but restricts the sites of
crossing-over of V genes to regions near the hypervariable
segments.

(ii) The hypothesis of Wu and Kabat (19) about insertion of
episomes coding for the hypervariable regions into framework
genes [it has been extended by Capra and Kehoe (30) to explain
the sharing of idiotypes by different frameworks] is also in line
with the location of palindromes on both sides of the hyper-
variable regions.

(iii) The recombinations allowed by palindromic structures
(31) are not necessarily restricted to the soma and they may also
function in the germ line. The gene expansion hypothesis (32)
does not explain the diversity of hypervariable segments after
rapid gene expansion when a new set of genes, identical to one
member of the old set, appears. The palindromic structures that
are also preferred sites for recombination (31) could promote
exchange of hypervariable segments between the new and old
gene sets. This can conserve variability during V gene expansion
(32) and may also explain the sharing of similar hypervariable
regions by antibodies of different framework sequences (30).

In either of the above possibilities the predicted occurrence
of palindromes in the V genes of immunoglobulins suggests that
they are recognition sites for specific enzymes that may be in-
volved in the generation of antibody diversity. On the basis of
possible palindromes in the V-C junction and inside hyper-
variable regions, a similar suggestion concerning the role of
restriction-modification enzymes in antibody diversity was
recently made by Leder et al. (33).
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