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Recent remarkable advances in knowledge of the molecular events underlying
gene function have made it possible to translatb detailed knowledge of protein struc-
ture into genetic terms and vice versa. In this paper we present the results of a
series of amino acid sequence studies of immunoglobulin light chains. When these
and previous data are translated into genetic terms, they place numerous constraints
on theories of antibody formation. The results are tentatively interpreted as
supporting a theory which apparently violates the classical one gene-one poly-
peptide chain rule.

In humans, and in other vertebrates, the organism's main defense against disease
lies in its ability to produce antibodies. These are complex protein molecules
(immunoglobulins) which react with foreign substances, or disease-producing or-
ganisms (antigens), and render them innocuous. The antigen-antibody reaction is
highly specific, and an extraordinarily large number of different kinds of antibody
molecules are required to provide an effective defense against the multitude of an-
tigens encountered in nature. Because of this heterogeneity it has not yet proved
feasible to isolate homogeneous antibodies and to study the nature of the differences
between them. Such studies would be of immense value in increasing our under-
standing of how antibodies are made and of how the antibody-producing system has
developed.

This difficulty in obtaining pure antibodies has been circumvented by taking
advantage of a neoplastic condition (multiple myeloma) of the cells which are
normally responsible for making antibodies. Individual tumors appear to arise
from the unrestrained division of a single cell, and may secrete a homogenous pro-
tein belonging to any one of the major classes of immunoglobulins. Such proteins
are amenable to detailed structural studies of a type which are not possible with
the heterogeneous populations of antibodies secreted in response to antigens.

Multiple myeloma has been encountered only in humans and in mice. Piasma
cell tumor proteins from these two species have been studied for many years, with
particular emphasis on those which resemble the light (L-) chains of immunoglobu-
lins (Bence-Jones proteins). In an early study of mouse myeloma L-chains, 17
proteins were examined by peptide mapping techniques. It was concluded that
each protein contained a large amount of sequence which was common to all, while
each also contained much that was unique to itself.1 2 Further structural investi-
gations3 suggested that each of these proteins is a single polypeptide chain, and that
the common sequence must be localized in a particular region. Concurrent studies
on human proteins revealed a similar situation with the exception that minor se-
quence changes have been found within the common region of the human light
chains.4 5 More recent data on the amino acid sequences of mouse light chains
permits us to say with certainty that all of the common peptides were derived from
the carboxyl terminal 107 residues of these proteins.6 Consideration of these
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findings led to a theory of antibody L-chain formation in which many genes code
for the different "specificity" regions (the amino terminal halves), while a single
gene codes for the "common" region (the carboxyl terminal halves) .I

In this paper we shall present the results of a study of the amino terminal se-
quences of 13 different light chains derived from mice and from humans. The data
are compatible with the assumption that many "specificity" genes code for residues
1-105 in both species. The sequence comparison suggests that these "specificity"
genes exist in the germ line and that they must have evolved long before the diver-
gence of mice and humans on the evolutionary tree.

Materials and Methods.-The L-chains studied were obtained from the following
sources:

(1) Human myeloma L-chain proteins were prepared from the urine of multiple
myeloma patients, and purified by dialysis, ammonium sulfate fractionation, and
gel-filtration on G-100 Sephadex equilibrated with 0.2 N ammonium bicarbonate.

(2) Mouse myeloma L-chain proteins were obtained from the urine of mice carry-
ing various strains of transplantable plasma cell tumors2' 8 and were purified by
the same methods used for the human proteins.

(3) Human yG myeloma proteins were obtained from the serum of myeloma pa-
tients, and were purified by ammonium sulfate fractionation and chromatography
on DEAE-cellulose.9 The proteins were partially reduced and alkylated, and chains
were separated on P-200 acrylamide gel, equilibrated with 1.0M acetic acid. 10

(4) Normal L-chains were obtained from pooled human yG and were purified by
a procedure similar to that used for yG myeloma proteins.
Each of the L-chains was oxidized with performic acid by the method of Hirs" be-

fore analysis by the phenylisothiocyanate procedure.
Sequential degradation of the proteins from the amino terminal end was carried

out using a modified 3-cycle form of the phenylisothiocyanate (PITC) procedure,'2
and terminal amino acids were identified as their phenylthiohydantoin (PTH)
derivatives. In addition, samples of the PTH derivatives were hydrolyzed with
base, and the liberated amino acids were further characterized as their dimethyl-
aminonaphthalene sulphonyl ("Dansyl") derivatives.'3
Results.-The sequences determined by the PITC procedure are shown in Table

1. L-chains from the three tumor sources (mouse myeloma L-chains, human my-
eloma L-chains, and human yG myeloma proteins) show only limited variations in
sequence. It is remarkable that the differences found among the proteins from mice
mirror those found among the human proteins. All proteins studied possess the
same amino acid at the second, fifth, and sixth positions. At the first and third
positions there are two alternatives and at the fourth position there are three.
The single terminal sequence reported by Titani et al.4 also fits this pattern. Obser-
vations on pooled human L-chains are in complete accord with the findings among
the myeloma proteins: that is, two alternatives are found at the first and third
positions and the same amino acid is found in the second position in all cases (the re-
ported N-terminal residues found for pooled human L-chains represent 90-95%0 of
the end groups found at each step'4). Thus, if all the homogeneous L-chains de-
rived from the tumors were mixed together and a "pooled analysis" done, the results
would be essentially identical to those shown for the normal human L-chains.

Discussion.-These results in conjunction with other experimental observations
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TABLE 1
AMINO TERMINAL SEQUENCES OF L-CHAINS

_______________ Residue Number
Source of light chains 1 2 3 4 5 6

Mouse Bence-Jones proteins MBJ 41 Asp Ilu Gln Met Thr Gln
MBJ 70 Asp Ilu Val Leu Thr Gln
MBJ6 Asp Ilu Val Val Thr Gln
MBJ 9 Asp Ilu (Gln)

Human Bence-Jones proteins HBJ 3 Asp Ilu Val Leu Thr Gln
HBJ 12 Glu Ilu Val Val Thr Gln
HBJ 10 Asp Ilu Gln Met Thr Gln
HBJ 6 Asp Ilu Gln Met Thr Gln
HBJ 1 Asp Ilu (-) Met . Thr Gln
HBJ 5 Glu Ilu Val (Leu)
HBJ 4 Asp Ilu Val
Ag* Asp Ilu Gin Met Thr Gin

Human 7S myeloma proteins HS 4 Glu Ilu Val Leu Thr Gin
HS 6 Glu Ilu Val Leu Thr Gin

Pooled 'y-globulin (normal
human) Asp Ilu Val

± +
Glu Gln

* Taken from Titani et al.4

permit us to make the following conclusions: (a) the amino terminal sequences are
remarkably similar in all of the chains studied here; (b) the differences at any one
position in the sequence are restricted to a small number of amino acids; (c) each
of the light chains studied to date which has been derived from different plasma cell
tumors of the mouse contains a different amino acid sequence ;1 2 (d) these molecules
are single polypeptide chains;3 (e) the variations in amino acid sequence occur
from position 1 through 105 in the sequence of the light chains;4-6 (f) there ap-
pears to be no sequence variation in the entire carboxyl terminal region of these
mouse light chain molecules (positions 106-212); (g) small changes noted in the
carboxyl terminal region of light chains from humans probably represent genetic
heterogeneity in the human population;4 I and (h) genetic and structural studies
indicate that at least some portion of the light chains, presumably the carboxyl
terminal half, is coded by a single gene.4-6 15
Numerous theories have been advanced over past decades in an effort to explain

the extraordinary phenomenon of antibody production.7' 16-22 We shall discuss
some of these theories in general terms.

(1) A single gene carried in the germ line undergoes hypermutation during somatic
differentiation: It is unlikely that this hypothesis is correct, since the L-chain se-
quence differences are highly restricted even in pooled human L-chains. To ac-
count for differences of this type it would be necessary to assume either that the mu-
tation mechanism is such as to allow only two or three alternatives, or that intense
selection during somatic differentiation eliminates all other mutant forms. No
single mutation mechanism yet encountered could give rise to the observed differ-
ences without also producing many other alternatives. It is pertinent to remem-
ber that an average triplet code word can generate five to seven amino acid replace-
ments by single base changes alone. For example, the triplet AAC (coding for
asparagine) can generate triplets coding for lysine, aspartic acid, histidine, tyro-
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FIG. 1.-Base sequences of RNA coding for amino terminal sequences of five L-chain variants
(see Table 1).26 Shaded residues are invariant. Abbreviations: Pu, A or G; Py, U or C;
and X, any one of the four bases.

sine, serine, threonine, or isoleucine by this mechanism. Similar objections arise
when considering other mutational processes such as inversion of base sequences,
multiple crossing over, or reading-frame shifts (see Fig. 1).
We are unable to conceive of a really intense mutation-selection system operating

in the absence of an antigen. It is now known that differentiation of the plasma
cells, including specification of the L-chain, does occur prior to the introduction of
the antigen.23

In addition to these objections, we find it difficult to envision either a hypermu-
tability process, or a selection mechanism which operates exclusively on one half
of the L-chain molecule.

(2) A single gene remains constant throughout differentiation, while a specialized
translation mechanism develops in such a way as to cause the changes in sequence:
It has been suggested that special code words might occur in the "specificity" re-
gion of a single gene.22 These could then be translated differently, depending upon
which of a small number of alternative activating enzymes had been selected during
differentiation. The main objection to this theory is that all such ambiguous code
words would have to be strictly limited to one region of this particular gene, since
the carboxyl terminal half of these proteins, and the complete sequences of other
proteins, are always expressed in one form only. Other objections arise when we
consider what the special code words might be, whether we assume that they are
some of the redundant code words of the normal dictionary, or a supplementary
set of words employing unusual nucleotide bases. We feel that both possibilities
are very remote, but are amenable to experimental test.

(3) Multiple germ line genes code for the "specificity" region and a single gene
codes for the "common" region: The data reported herein, taken together with pre-
viously known facts, seem to support the hypothesis that any one of many different
genes may code for the first 105 amino acid residues. Only one of these "specificity"
genes would normally be active in a given plasma cell. Residues 106-212 are as-
sumed to be encoded by a single "common" gene, thus leading to the same sequence
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FIG. 2.-Species comparison of the amino terminal sequences of cytochrome c.27 Shaded residues
are invariant.

in each of the mouse light chains of the K class.8 According to this theory, the
specificity genes arose by the slow process of chemical evolution in a manner not
unlike that which has led to the species variations which occur in the amino acid
sequences of other proteins. A species comparison of the first 15 residues of cyto-
chrome c is presented in Figure 2. Qualitatively speaking, the same general kinds
of restrictions on sequence variation that are seen in cytochromes are also seen in the
amino terminal region of the light chains.

Either of two mechanisms which are known in microbial systems might be utilized
to unite the information from two separate genes, so as to give a single L-chain
product.24' 25 The first possibility is that the two genes operate independently to
produce separate polypeptide chains which are then joined enzymatically. Such a
mechanism would be plausible using an enzyme with a double trypsin-like speci-
ficity for lysine and arginine. All human and mouse L-chains for which we have se-
quence data have Lys or Arg at position 105 and Arg at 106.4-6 (Note that resi-
due 106 is the start of the common region.) This general class of enzymatic mecha-
nisms is utilized for the synthesis of glutathione and cyclic antibiotics.24 Experi-
ments designed to test the possibility of this enzymatic mechanism are in progress.
A second possible mechanism is that the fusion of informational macromolecules

(DNA or RNA) occurs during differentiation of the specific plasma cells. This
process would resemble in many respects the incorporation of a lambda bacterial
virus into an E. coli bacterial genome. The result would be a new combined gene
(or genes) which would be relatively stable and heritable during subsequent cell
divisions in a manner analogous to the genome of E. coli K12 X. , 25

Thus, we favor the hypothesis that, following differentiation of a plasma cell
precursor, two originally distinct genes, coding separately for the N-terminal and C-
terminal halves of a light chain, become expressed as a single, continuous poly-
peptide chain. The genetic mechanisms involved in this unusual phenomenon are
clearly of interest in themselves, and may well be of more general significance in
terms of other types of cellular differentiation and organogenesis.
Summary.-We present the results of sequence analysis of the N-terminal re-

gions of a number of human and mouse L-chains. Several theories of antibody
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formation are discussed in the light of these and earlier structural findings. The
most reasonable theory of L-chain formation seems to be one in which many genes
code for the amino terminal halves of the molecules, while a single gene codes for the
remainder. Mechanisms for synthesizing the complete L-chain from the informa-
tion contained in a "specificity" gene-and the "common" gene are discussed.

Note added in proof: Since this paper was submitted, Milstein's results on human Bence-Jones
proteins have become available for comparison [Nature, 209, 370 (1966)]. From a study of the
amino acid sequences around cysteine residues in a number of proteins, he concluded that the vari-
ations observed could not be accounted for by any one of several simple mutational mechanisms
examined. This is one of the conclusions reached in this work also. The amino acid sequences
are known around the cysteines in two mouse proteins,6 and fit closely the pattern observed in the
human proteins; in both cases the cysteine residues occupy the same positions in the two species
(residues 23 and 86 according to the numbering of Hilschmann6).
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There is considerable evidence that in T-even bacteriophage infection of cells of
E. coli there is a temporal sequence of phage-directed protein synthesis.'-4 How-
ever, the mechanisms controlling "early" and "late" protein formation are not well
understood. Two opposing theories are as follows: (a) The input phage genome
transcribes only "early" messenger RNA (mRNA), while "late" mRNA is tran-
scribed from newly synthesized genome replicas.5'6 This theory thus proposes that
regulation operates at the level of DNA transcription. (b) Both "early" and
"late" mRNA species can be transcribed from the input phage genome, but "late"
mRNA is not expressed during the early phase of the infectious cycle. This theory,
then, assigns a major role in regulation to mRNA translation. Indirect evidence
supporting this latter hypothesis has recently been published.7

In this paper we present some initial results of our study of factors controlling
phage-directed protein synthesis. Using T4-infected, EDTA-treated8 cells of E.
coli, we have investigated the effect of actinomycin D on the production of the
"late" phage-directed enzyme, lysozyme. The data indicate that the formation
of mRNA capable of directing lysozyme synthesis does not significantly precede the
time at which lysozyme activity becomes demonstrable in the infected cells.

Materials and Methods.-The experiments were performed with bacteriophage T4
and E. coli CR34. Conditions of infection and the method of sensitization of E. coli
to actinomycin D by EDTA treatment were as previously described.9 Crude ex-
tracts were prepared from infected cells by rapidly chilling aliquots of the culture


