
preferred orientation of crystallites as 
in a polycrystalline aggregate. In some 
photographs, these two types coexist 

(Fig. 8). This may be indicative of the 
method of development of the echino- 
derm skeletal element-a process of 
oriented polycrystalline growth on, or 
in, an organic matrix followed by 
maturation which appears to involve 
recrystallization by continual fusion 
and coalescence. 

Such an hypothesis allows for the 
absence of crystal faces within the ma- 
ture stereom. A recrystallization in the 
solid state produces a pseudomorph, 
the shape of which is determined by 
the polycrystalline aggregate and the 
original organic framework. Most of 
the skeletal stereom occurs in the ma- 
ture state, and, except for the tuber- 
cles, only the actively growing surfaces 
are polycrystalline. Thus, the echino- 
derm skeletal elements are neither sin- 
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identical sequence in the last 105 amino 

Development of the concept that the 
light chains of immunoglobulins have 
a variable NH2-terminal half and an 
essentially invariant COOH-terminal 
half began in 1963 with the suggestion 
of Putnam et al. (1) based on peptide 
maps that "All Bence Jones proteins 
of the same antigenic type share a 
fixed portion of their sequence and 
also have a mutable part." The con- 
cept was explicitly proposed on the 
basis of partial analysis of the amino 
acid sequence of K-type Bence Jones 
proteins (2) and has received strong 
support as a result of complete amino 
acid sequence analysis of one K-type 
(3) and one A-type (4, 5) Bence Jones 
protein of man, and of extensive se- 
quence analysis of two K-type Bence 
Jones proteins from the mouse (6). 
We have now verified this concept for 
human A-chains by amino acid se- 
quence analysis of two more A-type 
Bence Jones proteins reported herein. 
Further support is offered by the con- 
firmation (7) of the sequence we have 
reported for the COOH-terminal half 
of human X-chains (5). 

I050 

identical sequence in the last 105 amino 

Development of the concept that the 
light chains of immunoglobulins have 
a variable NH2-terminal half and an 
essentially invariant COOH-terminal 
half began in 1963 with the suggestion 
of Putnam et al. (1) based on peptide 
maps that "All Bence Jones proteins 
of the same antigenic type share a 
fixed portion of their sequence and 
also have a mutable part." The con- 
cept was explicitly proposed on the 
basis of partial analysis of the amino 
acid sequence of K-type Bence Jones 
proteins (2) and has received strong 
support as a result of complete amino 
acid sequence analysis of one K-type 
(3) and one A-type (4, 5) Bence Jones 
protein of man, and of extensive se- 
quence analysis of two K-type Bence 
Jones proteins from the mouse (6). 
We have now verified this concept for 
human A-chains by amino acid se- 
quence analysis of two more A-type 
Bence Jones proteins reported herein. 
Further support is offered by the con- 
firmation (7) of the sequence we have 
reported for the COOH-terminal half 
of human X-chains (5). 

I050 

gle crystals nor polycrystalline aggre- 
gates, but they are a combination of 
both. These data help to reconcile the 
contradictions in some of the studies 
of earlier workers. 
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We now report the complete amino 
acid sequence of two human A-type 
Bence Jones proteins (designated Ha 
and Bo, respectively) in comparison to 
the complete sequence we have pub- 
lished for the human A-type protein 
designated Sh (5). In Fig. 1, a dif- 
ferent numbering system is employed 
for the Ha and Bo A-chains since 
their length is greater than that of the 
Sh A-chain. This is given underneath 
the sequence for protein Ha. However, 
all citations in the following text refer 
to the Sh numbering system given over 
protein Sh in Fig. 1. [This practice 
is analogous to that introduced by 
Braunitzer et al. (8) for sequence com- 
parison of the a-chains and /-chains of 
hemoglobin, which also are of unequal 
length.] With this alignment the amino 
acid sequence of all human A-chains 
is presumably identical, from Gln-109 
through the COOH-terminal residue 
Ser-213 (9) with the exception that in 
the Oz(+) serological subtype the ar- 
ginine at position 190 is replaced by 
lysine (10). Hence, the amino acid se- 
quence is given in Fig. 1 only for the 
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NH2-terminal portions of proteins Ha 
and Bo through the residue denoted 
Gly-108 in the Sh numbering system. 

The conclusion that the sequence of 
the last 105 residues in human light 
X-chains is essentially invariant is based 
on the following findings. By methods 
already described (4, 5), we have iso- 
lated from proteins Ha and Bo tryptic 
peptides corresponding to all those in 
protein Sh, beginning with Ala-112 
through the COOH-terminal residue 
Ser-213. Without exception, all the cor- 
responding tryptic peptides for this re- 
gion of the three proteins [namely 
peptides TlX, T2, T18, T12, T1, T20, 
T7, T11, Tj9, and T14 of Wikler et al., 
(5)] are identical in amino acid compo- 
sition, in NH-terminal and COOH- 
terminal groups (in those cases deter- 
mined), and in such portions of their se- 
quence as we have already completed. 
These peptides from proteins Ha and 
Bo also have the same elution position 
in ion-exchange chromatography and 
the same electrophoretic mobility at pH 
3.7 as the corresponding peptides iso- 
lated from the Sh protein. Insofar as 
the data have been obtained, the same 
statements apply to the chymotryptic 
peptides we have isolated from this 
portion of the three A-chains. Further- 
more, the published sequence of our A- 
chain Sh is identical in every detail (5), 
except for the position of one amide 
group, with a sequence from Gln-109 
through the COOH-terminus Ser-213 
for another A-type Bence Jones protein 
(X) (7). Thus, residues 109 to 213 are 
identical in all four A-type proteins (Sh, 
Bo, Ha, and X). On the other hand, the 
position corresponding to Gly-108 in 
protein Sh is occupied by arginine in 
proteins Ha and Bo (Fig. 1) and by 
serine in protein X. 

Like K-chains (3), human A-chains 
differ in many positions in the NH.- 
terminal portion of the molecule. Ex- 
actly half of the 108 positions in the 
variable part of the lambda-type pro- 
tein Sh are identical with correspond- 
ing positions in the lambda-type pro- 
teins Bo and Ha (Table 1). However, 
the remaining 54 positions in this por- 
tion of the A-chain Sh differ from one 
or both of the other A-chains (Fig. 1). 
The positions of variation are distrib- 
uted in a seemingly random fashion 
throughout the first half of the A- 
chains; yet, there are two short pep- 
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The positions of variation are distrib- 
uted in a seemingly random fashion 
throughout the first half of the A- 
chains; yet, there are two short pep- 
tide stretches where the amino acids 
differ in all three A-chains (residues 
48 to 51 and 91 to 95). Conversely, 
up to residue 108 there are four tetra- 

SCIENCE, VOL. 157 

tide stretches where the amino acids 
differ in all three A-chains (residues 
48 to 51 and 91 to 95). Conversely, 
up to residue 108 there are four tetra- 

SCIENCE, VOL. 157 

Immunoglobulin Structure: Variation in Amino Acid 

Sequence and Length of Human Lambda Light Chains 

Abstract. Variation and conservation in the primary structure of human lambda 
light chains is revealed by complete amino acid sequence of three Bence Jones 
proteins. These proteins differ in amino acid sequence in from 38 to 48 positions; 
they are of unequal length in the amino-terminal half of the chain but have 
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peptide sequences that are identical in 
all three X-type proteins, and likewise 
one pentapeptide and even one hepta- 
peptide sequence (residues 57 to 63). 
Several of the latter represent areas 
of strong homology with the K-chains 
of man and mouse; the most striking 
is the sequence Arg-Phe-Ser-Gly-Ser 
(residues 59 to 63) which has been 
found in all K- and A-chains for which 

sequence has been reported. This evi- 
dence for conservation of certain areas 
of primary structure in light chains ac- 
cords with our observation from de- 
tailed sequence comparison that posi- 
tions that are variable in x-chains are 
generally variable in the counterpart 
position in K-chains; vice versa, posi- 
tions that are conserved in K-chains 
also tend to be conserved in x-chains. 
Thus, among the 54 positions that are 
identical in the NH2-terminal portion 
of the three X-chains in Fig. 1, 25 or 
almost half are also identical with the 
human K-chain Ag, and thus far have 
not been shown to be variable in other 
human K-chains. 

The three human x-chains com- 

pared in Fig. 1 differ more from each 

other in sequence than do the only two 
human K-type proteins (Ag and Roy) 
for which extensive sequence data are 
available (2, 3); however, the number 
of differences in the variable portion of 
these x-chains [38 to 48 (see Table 
1)] is comparable to the number of dif- 
ferences (42) reported for two mouse 
K<-chains (6). The apparently greater 
homology in primary structure of the 
human K-chains probably reflects the 
insufficiency of the data, for we have 
evidence that there is a comparable 
number of variable loci in two human 
K-type proteins now under study in 
our laboratory (11). 

Because of the difference in length of 
the A-chains, the number of positions 
that can be compared in direct align- 
ment in Fig. 1 varies from 107 to 
111. For the three possible pairings 
(Sh and Ha, Sh and Bo, Ha and Bo) 
the number of positions of identity in 
the variable region of these three A- 
chains ranges from 60 to 73. This is 
substantially greater than the number 
of positions of identity that A-chains 
share with the corresponding regions 
of either human or mouse K-chains. It 

is not surprising that the three human 
X-chains resemble each other in pri- 
mary structure more than they do 
the K-chains of man or mouse. How- 
ever, by the same criterion, that is, 
on the basis of the number of identi- 
ties in primary sequence in the vari- 
able region, these three A-chains are 
as closely related to the two mouse 
K-chains (45 to 50 positions of iden- 
tity) as they are to the only human 
K-type protein (Ag) for which the se- 
quence has been published (42 to 46 
positions of identity). This further sub- 
stantiates our previous conclusion that 
there was an early evolutionary diver- 
gence of the genes for K- and A- 
chains (3-5). 

From the limited data available it is 
difficult to generalize about the nature 
of the mutations, for example, whether 
they are predominantly one-step in ori- 
gin. The only two K-type proteins ex- 
tensively studied (Ag and Roy) happen 
to represent one of the several known 
subgroups of K-chains (3); whereas 
the three X-type proteins of Fig. 1 
represent several subgroups of X- 
chains. For example, proteins Ha and 

10 20 
Sh Ser-Glu-Leu-Thr-Gln-Asp-Pro-Ala-Val-Ser-Val-Ala-Leu-Gly-Gln-Thr-Val-Arg-Ile-Thr-CysGln-Gly -AsP-Ser-Leu-Arg- 

Bo PCA-Ser-Ala-Leu-Thr-Glx-Pro-Pro(Ser Ala)Ser-Gly-Ser-Pro-Gly-Gln-Ser-Val-Thr-Ile-Ser-Cys-Thr-Gly-Thr-Ser-Ser-Asp- 

Ha PCA-Ser-Val-Leu-Thr-Gln-Pro-Pro-Ser-Val-Ser-Gly-"Thr-Pro-Gly-Gln-Arg-Val-Thr-Ile-Ser-Cys-Ser-Gly-Gl1-Ser-Ser-Asn- 
10 20 

30 40 50 
Sh - --- - GlTvrr-Asp-Ala-Ala-Trp-Tyr-Gln-Gln-Lvs-Pro-Gly-Gln-Ala-Pro-Leu-Leu-Valle-Tyr-GlY-Arg-Asn-Asnrg- 

Bo Val-Glv-Asx-Asx-Lys-Tyr-Val-Ser-Trp-Tyr-Gln-Gln-His-Pro-Gly-Ar2-Ala-Pro-Lys-Leu-Val-Ile-Phe-Glu-Val-Ser-Glx-Arg- 

Ha Glv-Thr-Glv-Asn-Asn-Tyr-Val-Tr-Trp-Tyr-Gln-Gln-Leu-Pro-Gly-Thr-Ala-Pro-LysL-Le u-LeIe-Tyr -Ar-As-Asp-Lys-Arg- 
30 40 50 

60 70 80 
Sh Pro-Ser-Gly-Ile-Pro-Asp-Arg-Phe-Ser-Gly-Ser-Ser-Ser-Gly-His-Thr-Ala-Ser-Leu-Thr-Ile-Thr-Gly-Ala-Gln-Ala-Glu-Asp- 

Bo Pro(Ser Gly)Val-Pro-Asp-Arg-Phe-Ser-Gly-Ser-Lys-Ser-Asn-As-Thr-Ala-Ser-Leu-Thr-Val-Ser-Gly-Leu-Arg-Ala-Glx-Asx- 

Ha Pro-Ser-Gly-Val-Pro-Asp-Arg-Phe-Ser-Gly-Ser-Lys-Ser-Gly-Thr-Ser-Ala-Ser-Leu-Ala-Ile-Ser-Gly-Leu-Arg-Ser-Glu-Asp- 
60 70 80 

90 100 108 
Sh Glu-Ala-Asp-Tyr-Tyr-Cys-Asn-Ser-Ser- Glv-Ls-His-Val-LeuPhe-Gly-Gly-Gly-Thr-Lys-Leu-Thr-Val-Leu-GlY- 

Bo Glx-Ala-Asx-Tyr-Tyr-Cys-Ser-Ser-Tyr-Val-Asx-ASX-Asx-Asx-Phe- ? -Val-Phe-Gly-Gly-Gly-Thr-Lys-Leu-Thr-Val-Leu-Arg- 

Ha Glu-Ala-Hi s-Tyr-His-Cy sAa-Ala-Tr-Asp -Tvr -A-Leu-Ser-A1a-V a -Va1-Phe-G y-G1y-G y-Thr-G1 n-Leu-Thr -Va -Le u-Ar g- 
90 100 110 112 

Fig. 1. Comparison of the amino acid sequence of the variable portion of three human X-type Bence Jones proteins (Sh, Bo, Ha). 
Sequences joined by hyphens were determined by analysis. Areas of undetermined sequence are enclosed in parentheses. Where un- 
determined, acid or amide groups are indicated by Asx or Glx. A different numbering system is employed for protein Sh (residues 
1 to 108 above the sequence) and for protein Ha (1 to 112 below the sequence). The sequences of proteins Bo and Ha are 
aligned to achieve maximum homology with protein Sh. Thus, four amino acids are inserted in protein Bo and Ha: the NH2- 
terminal residue PCA and three residues after Arg-27 of protein Sh. Residues which are nonidentical at the same position in the 
three chains are designated by underscored letters. 
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Bo though differing greatly are more 
like each other than like Sh in such 
properties as chain length, the pres- 
ence of pyrrolidone carboxylic acid 
(PCA), the insertions after Arg-27, and 
even in the data on homology given 
in Table 1. The existence of such sub- 
groups may explain why it appears 
that there are more amino acid inter- 
changes in human A-chains than in 
K-chains that are incompatible with 
one-step mutations. In the three pair- 
ings of these A-type proteins the mini- 
mum number of two-step mutations re- 
quired ranges from 10 to 16. When 
all three A-chains are compared, the 
number rises to 24 (Table 1). Of course, 
in some cases where a two-step muta- 
tion would be required to explain an 
interchange at a particular position in 
one pair of A-type proteins, only a 
one-step mutation would be needed to 
explain the changes in both of these 
proteins with respect to the third. [See 
for example, position Ala-32 in the 
Sh protein which corresponds to a 
minimum two-step mutation for the 
change to tyrosine in protein Ha; 
nevertheless the changes of serine to 
alanine (protein Bo) and from serine 
to tyrosine (protein Ha) are both com- 
patible with one-step mutations.] If a 
two-step mutation results from two suc- 
cessive one-step mutations, the presence 
of many two-step changes indicates 
a high frequency of mutation. 

Human A-chains differ not only in 
amino acid sequence in the variable 
region, but also in length. Both the 
Bo and the Ha proteins begin with a 
blocked NH2-terminal group (apparent- 
ly PCA) and also have three addition- 

t e- - I -1. 

C 18 

Pap 3 

Pap 2 

Pap 3 

Pap 4 

Table 1. Homology of lambda-type Bence 
Jones proteins. Distribution of probable 
identities in position and of minimum nucleo- 
tide base changes in codons (variable part- 
112 positions compared). 

. Minimum Positions base changes 

No. com- Identi-. Differ- One 
pared ties ences 

Proteins Sh, Ha, Bo 
107 54 53 29 24 

Proteins Sh, Ha 
108 60 48 32 16 

Proteins Sh, Bo 
107 62 45 3 14 

Proteins Ha, Bo 
111 73 38 28 10 

al residues which are placed after Arg- 
27 in Fig. 1. The evidence for the 
lack of PCA in protein Sh has been 
summarized (5). The presence of PCA 
in proteins Bo and Ha is in accord 
with the report of Hood et a. that 
NH2-terminal PCA does occur in some 
human A-chains (12). Figure 2 gives 
the proof for the sequence of residues 
20 through 34 containing the three 
additional amino acids in this region 
of protein Ha. 

The insertion of three additional 
amino acids in the sequence of pro- 
teins Ha and Bo in the area of Arg- 
27 of protein Sh has precedent in the 
finding by Gray, Dreyer, and Hood 
(6) that the mouse K-type Bence Jones 
protein M-70 has four additional amino 
acids after Gln-27 in its sequence com- 
pared to mouse K-type protein M-41. 
As pointed out by these authors, this 
variability in chain length is incompati- 

__ r____ F~. . ... 1 1 __ 

Ile-Ser(Cys,SerGlyGlyly,Ser, Ser Asx,Gly,Thr,GlyyAsx Asx)T 

Ile-Ser-Cys-Ser-Gly 

Gly-Ser-Ser-Asn-Gly(Thr,Gly,Asx,Asx,Tyr) 

Gly-Ser(Ser,Asn, Gly) 

Thr-Gly-Asn-Asn-Tyr 
r -- -- -, 

Sequence Ile-Ser-Cys-Ser-Gly-Gly-Ser-Ser-Asn-Gly-Thr-Gly-Asn-Asn-Tyr 

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Fig. 2. Proof of the sequence of the chymotryptic peptide (C18) containing the three 
additional amino acids in protein Ha. This is the overlapping sequence for tryptic 
peptides T5 and Tl, part of which are indicated by the symbols above peptide C18. 
Papain peptides (Pap) were obtained from C18 as indicated, and their sequence was 
determined by Edman degradation (-----) and by leucine aminopeptidase (---- ) 
and carboxypeptidase A (--- ) digestion. 
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ble with some proposed theories of 
light-chain variation, for example, the 
proposal of a translational mechanism 
involving different readings of a single 
messenger RNA (13). Both in human 
A-chains and in mouse K-chains, the 
difference in length occurs in a region 
between two positions that have been 
invariant in all light chains studied, for 
example, the first half-cystine (Cys-23 
in human and mouse K-chains and 
Cys-21 in the A-chain protein Sh) and 
the first tryptophan (Trp-35 in human 
and mouse K-chains and Trp-33 in the 
A-chain protein Sh). In Sh the three 
gaps are arbitrarily placed consecu- 
tively. However, if one gap were 
to be placed in proteins Ha and Bo 
and an additional one in Sh, there would 
appear to be greater homology in this 
area of sequence; both human A- and 
mouse K-chains would then have up 
to four gaps, each signifying a codon 
deletion. There may be other places 
where deletions in A- (or K-) chains 
occur in addition to this region of vari- 
able length and the omission of the 
initial PCA residue. For example, a 
definite amino acid cannot yet be as- 
signed to position 100 after Phe-99 in 
protein Bo. Although this omission may 
only reflect technical problems of se- 
quence analysis, it is interesting that, 
to get the best alignment of K- and 
x-chains, two gaps had to be placed at 
this point in K-chains (4). Similarly, 
in the mouse K-type protein M-41, a 
definite amino acid could not be as- 
signed to position 87 (6). 

For the first time, there is available 
for light chains a statistically significant 
number of interchanges to test whether 
these occur randomly or are restricted 
to certain exchanges. In the three pair- 
ings of the variable portions of these 
A-type proteins there are 64 different 
pairs of exchanged amino acids such 
as serine and threonine or serine and 
alanine; this is about one-fifth of the 
theoretically possible number of pair- 
ings of 19 different amino acids. Of 
the 20 natural amino acids all are in- 
volved in the interchange except half- 
cystine, which is present in an apparent- 
ly immutable disulfide bridge, and 
methionine which is absent in these 

A-type proteins. With the exception of 
half-cystine, proline, and possibly gly- 
cine, the number of times a given 
amino acid is involved in the inter- 
changes is closely proportional to its 
abundance in the variable part of 
the chain. For example, in the 
variable parts of the three proteins 
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there are altogether 22 alanines, 24 
threonines, and 24 valines, and these 
amino acids participate in interchanges 
in the three pairings 24, 23, and 21 
times, respectively (each position in the 
sequence of one protein is compared 
twice, once for each of the other pro- 
teins). The lower frequency of cystine, 
proline, and glycine in the interchanges 
may be related to the importance of 
these amino acids in the maintenance 
of the conformation of the polypeptide 
chain and the significance for the spec- 
ificity of light chains for antibody 
activity. 

The random character of the inter- 
changes in the variable regions of X- 
chains is emphasized by the fact that, 
for each pair of proteins, the ratio of 
minimum one-step to two-step muta- 
tions is about two to one (Table 1). 
This is the same base ratio as that re- 

quired to satisfy the relationship of 
amino acid changes in the a- and ,8- 
chains of human hemoglobin (14). Of 
course, many interchanges that are com- 

patible with one-base changes in the 
corresponding codons are equally ex- 

plicable by two-base changes. Hence, 
except for the principle of parsimony, 
the results in Table 1 do not favor a 

predominance of one-step changes. 
The sequence variation described 

herein for X-chains has the following 
characteristics: (i) restriction of the in- 
terchanges to approximately the first 
half of the chain with initiation of a 
constant sequence at Gln-109, (ii) an 
irregular distribution of variable loci 
in the NH2-terminal region, yet a con- 
servation of half the positions including 
the intrachain disulfide bridge, (iii) the 
random nature of the amino acid inter- 
changes, and (iv) variable length of the 
chain. Except for restriction of the 
variable loci to the NH2-terminal re- 
gion, all these characteristics are also 
found on phylogenetic comparison of 
the primary structure of proteins such 
as hemoglobin and cytochrome c (14) 
and are likewise observed on compari- 
son of polymorphic proteins within the 
same species, such as the a-, /3-, y-, 
and 8-chains of human hemoglobin 
(8) or the /3-chains of sheep hemoglob- 
in (15). The normal polymorphic pro- 
teins, however, are limited in number; 
whereas no two pathological light chains 
(Bence Jones proteins) have yet been 
reported to be identical in sequence, 
and the number of normal light chains 
may exceed one thousand. The mech- 
anism for generation of both poly- 
morphic and phylogenetic differences 
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in primary structure of proteins is gen- 
erally accepted to be mutational changes 
in the genes of the germ line, followed 
by evolutionary selection. In all re- 
spects, the constant regions of K- and 
A-chains must have diverged by a sim- 
ilar mechanism. If the variable regions 
of light chains likewise did so, there 
must be many genes for K-chains and 
also for X-chains. If not, some new 
mutational mechanism must be found 
which is somatic in origin and which 
can account for restriction of variation 
to one end of the chain and thus of 
localization of mutation (or codon mis- 
reading) to one end of the gene. It is 
doubtful that the mechanism is as sim- 
ple as codon misreading because of 
the large number of observed substitu- 
tions. Tyrosine, for example, is ex- 
changed for nine different amino acids, 
namely Lys-29, Asn-29, Asp-30, Ala- 
32, Ser-32, Phe-47, His-85, Arg-89, and 
Trp-89. Of these, four represent two- 
step mutations or would require a dou- 
ble misreading. The same objections 
apply to somatic mutation mechanisms 
based on a defective gene repair en- 
zyme that acts after a stretch of DNA 
has been removed from one sister 
strand (16). Furthermore, such a mech- 
anism should set up a gradient so that 
the sequence errors should increase in 
going from the NH2-terminal end of 
the chain toward the starting signal, 
which is assumed to be in the middle 
of the gene. This clearly is not the case 
in A-chains, for the number of vari- 
able loci (underscored positions) in the 
first quarter of the sequence in Fig. 1 
is about the same as in the last quar- 
ter and nearly twice as great as in the 
third quarter. 

The complete sequence data pre- 
sented herein for three A-chains offer 
an excellent opportunity for testing the 
several hypotheses on the origin of anti- 
body diversity which have been devised 
to explain the rather limited sequence 
data hitherto available on K-type light 
chains. The data on A-chains likewise 
offer strong support to the hypothesis 
that light and heavy chains evolved 
from a common ancestral gene (4, 17). 
Not only are human A-chains as close- 
ly related to mouse K-chains as to 
human K-chains, but also there is 
about as much homology between the 
Fc fragment of rabbit heavy chain and 
human A-chains as there is between the 
Fc fragment and human K-chains. In- 
deed, an alignment of the four immuno- 
globulin chains, rabbit Fc, human K 

and X, and mouse K, can be made 

in which there are several stretches 
of 25 consecutive residues of each 
chain where 80 percent of the amino 
acids are identical either in all four 
chains or at least in any two or three 
of the chains (18). These structural re- 
lations which are evidence for a com- 
mon evolutionary origin of the light 
and heavy chains of immunoglobulins 
are in accord with our suggestions that 
K- and A-chain specialization preceded 
interspecies differentiation and that the 
sequence variation in light chains re- 
sults from an accumulation of muta- 
tions through many separate genes for 
K- and A-chains rather than through 
some novel mechanism of somatic hy- 
permutation (14). 
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