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Antibody Variability

Somatic recombination between the elements of
“antibody gene pairs” may explain antibody variability.

The amino acid sequences of poly-
peptides are uniquely controlled by the
DNA of corresponding structural genes.
Mutational events in the germ line
alter these genes and lead to changes
in the structure of polypeptides in later
generations. A frequently observed
result of mutations is the replacement
of single amino acid residues, probably
caused by single base-pair changes in
the DNA (7). Less frequently the
mutational events are more complex:
a gene may be duplicated and sub-
sequent divergent evolution may cause
the descendants of the ancestral gene
to code eventually for related but not
identical polypeptides (2). Once a gene
has been duplicated, triplications and
higher orders of repetition arise rela-
tively easily by unequal but homologous
crossing-over between the duplicated
genes (3). An unequal crossing-over be-
tween tandem duplicated genes can be
represented as 2 X 2— 3+ 1 which
correctly implies that the loss of the du-
plication is as likely as the reciprocal
event, the formation of a triplication.
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By extending these principles, one sees
that multiple copies of related genes
can arise but that they may be unstable
in the germ line. Despite the potential
instability of a multiple gene system, an
obvious explanation of the variability
of antibodies is that an animal carries
in its genome a gene for every type of
antibody polypeptide it may need. I
will refer to this explanation of anti-
body variability as the simple multiple-
gene hypothesis.

Lederberg (4) in 1959 proposed an
alternative explanation that antibodies
might be controlled by a small number
of hypermutable genes. These hyper-
mutable -genes, transmitted regularly in
the germ line, were presumed to under-
g0 somatic mutation during the develop-
ment of the immune system. I will refer
to this as the somatic mutation hypoth-
esis. The simplicity of the idea is ap-
pealing, and genetic mechanisms might
be expected to have evolved to ensure
that the needed hypermutability would
be maintained and controlled. Lederberg
in 1959 had little experimental informa-
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tion on the types of variability actually
existing in antibodies, and so did not
propose any specific genetic mechanisms
for obtaining hypermutability.

Experience with the genetic behavior
of a partial gene duplication (Hp?)
in the haptoglobin system (5) led me,
in 1963, to propose a mechanism that
could permit antibody genes to be
hypermutable in a genetically controlled
way (6). I suggested that chromosomal
rearrangements, caused by somatic
crossing-over between duplicated re-
gions of DNA in antibody genes, would
lead to genetically predisposed variabili-
ty. A specific model was considered re-
quiring inversions within the antibody
genes; it was compatible with the
limited peptide data available at that
time (see 7). The model was sufficiently
specific that it could very easily be
tested.

The major source of experimental
data available at present on the nature
of antibody variability is indirect. Na-
tural antibodies produced by single cells
can be detected, but their isolation and
characterization is still impossible.
Individually uniform monoclonal im-
munoglobulins are available only from
humans (8) and mice (9) with multiple
myeloma—a malignancy frequently
leading to the production of large
quantities of antibody-like proteins.
These myeloma immunoglobulins con-
sist of light and heavy polypeptide
chains (10) and show serological types
(8) similar to those observed in natural
antibodies (/7). The myeloma proteins
are, however, much more homogenous.

Dr. Smithies is a professor of genetics and
medical genetics at the University of Wisconsin,
Madison. Portions of this material were presented
at the Cold Spring Harbor Symposium on Quan-
titative Biology, 3 June 1967.
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Bence Jones proteins, consisting of
unique immunoglobulin light chains, are
often excreted into the urine in myelo-
matosis. Studies of the peptides and
amino acid sequences of these pro-
teins by Putnam, his collaborators, and
later workers have been vital to the
development of present understanding
of antibody variability.

The combined data of Titani et al.
and Hilschmann and Craig (12), since
confirmed and extended by others, in-
dicated that Bence Jones proteins of
a given serological type (there are kap-
pa and lambda types) are almost identi-
cal in the COOH-terminal halves of
their molecules. The “invariant” COOH-
terminal half of kappa light chains is
not, however, the same as the “in-
variant” COOH-terminal half of lamb-
da light chains. Each example of a
Bence Jones protein is itself constant,
and remains so in mice after serial
transplantation of the tumor (13), but
the proteins differ so much from one
another that no two have been found
identical in humans. [This may not be
true in inbred strains of mice (/4).] The
individual variations in Bence Jones
proteins occur in the NH,-terminal
half of the molecule and are not ran-
dom, as we shall see later. First, the
kappa and lambda chains show specif-
ic patterns of variability characteristic
of their types. Secondly, within a given
light-chain type there is also a pattern;
some positions in the NH,-terminal
half of the chains are essentially in-
variant, others show regularities in the
observed amino acid variations.

Although the COOH-terminal halves
of all human kappa chains from ap-
proximately position 107 to 214 are
almost identical, there is an inherited
difference in the amino acid residue at
position 191. This difference correlates
(12, 15, 16) with the Inv serological
types of the proteins; the proteins
reacting positively with Inv antiserum
“a” have leucine at position 191; pro-
teins reacting positively with Inv anti-
serum “b” have valine at position 191.
The Inv types are inherited in a simple
Mendelian fashion; that is to say the
genes segregate as single factors in a
heterozygous person (Inv®/Inv’) so
that progeny receive one or the other
of the two genes, but not both. This
cffectively precludes the correctness of
the simple multiple-gene hypothesis
with a single separate gene for each
of the many varieties of light chain.
This is because any extensive number
of multiple genes would not be ex-
pected to continue to segregate as a
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single Mendelian factor; crossing-over
would soon put Inv® and Inv® genes on
the same chromosome.

A modified multiple-gene hypothesis
was accordingly proposed by Dreyer
and Bennett (/7) to accept these facts.
They made the ad hoc assumption that
the constant part of each type of anti-
body polypeptide is controlled by a
single gene that segregates normally,
but that the variable regions are coded
by about 1000 genes which can later
be inserted individually into the DNA
in front of the constant gene. The chief
difficulty of this hypothesis, apart from
its ad hoc nature, is the evolutionary
unwieldiness of the proposed system.
The fact that the kappa and lambda
light chains, and presumably the heavy
chains also, each show type-specific
amino acid sequences implies, on this
hypothesis, the parallel evolution of
several large groups of discretely main-
tained multiple genes. This is difficult
to imagine. Harder still to explain on
any multiple-gene hypothesis is the ob-
servation of Doolittle (/8) that all
rabbit kappa chains have a different
NH,-terminal amino acid from those
found in human and mouse kappa
chains. Complete replacement of even
a few identically situated codons in
such a large group of genes seems un-
likely in the evolutionary time avail-
able for this speciation.

Brenner and Milstein (19) attempted
to account for the variable and con-
stant regions of light chains within
the framework of a somatic mutation
hypothesis by making the ad hoc as-
sumption that a DNA-degrading en-
zyme attacks the gene somewhere near
its midpoint and continues degradation
in the direction of the NHy-terminus.
Subsequent errors during repair were
invoked to explain the mutations. No
attempt was made in their discussion
to account for any regularity in the
patterns of variability within the NH,-
terminal half of the molecule. The
authors recognized the difficulty of
proposing any definitive tests of their
theory.

Two very recent hypotheses require
a limited number of multiple genes
with somatic recombination between
them (20, 27). The numbers of genes
are not clearly stated, but Edelman
and Gally (20) suggest that “perhaps
50 would suffice”; Whitehouse (27) im-
plies that a low estimate of the number
would be 16. Both these multiple genes
plus somatic recombination hypotheses
are so permissive that they will be dif-
ficult to disprove.

By the end of 1965, sufficient data
on the amino acid sequences of Bence
Jones proteins had been published for
me to test my specific model of a so-
matic hypermutable gene containing
intragenic inversions. There was no
clear evidence in its favor (22). On the
contrary, the available data showed that
most but not all of the differences be-
tween Bence Jones proteins could be
understood as being due to single base-
pair changes in the corresponding genes
(23).

The disproof of the specific intra-
genic inversion model led me to con-
sider other simple models within the
general framework of genetically pre-
disposed chromosomal rearrangements.
One alternative was obvious, namely
crossing-over between two related but
not identical genes. I found it was con-
sistent with the data of Titani, Whit-
ley, and Putnam (24) but was ap-
parently not compatible with Milstein’s
data (/5). Indeed, Milstein considered
the same general model in his paper
and rejected it on the grounds that
more than two DNA sequences would
be needed to explain all of the differ-
ent amino acids found at some posi-
tions in different Bence Jones proteins.
I temporarily rejected the model for
essentially the same reasons. However,
the simplicity of a model with recom-
bination between a pair of antibody
genes, and the ease of imagining its
evolution by duplication, has caused
me to reexamine the idea in the light
of newly available data. In analyzing
the data, I sought evidence for two
fundamental sequences of amino acids
from which the observed sequences
could be derived. These two sequences
would correspond to a pair of germ-
line genes, and the derived “mixtures”
would correspond to somatic recom-
binations between these genes. The two
sequences were sought by looking for
(i) the occurrence of one of two alterna-
tive amino acids at some positions in
the proteins, and (ii) the more frequent
occurrence of the alternative amino
acids in certain linear combinations
(linkage groups) than in others.

The analysis of the sequence data,
which follows, shows the existence of
a general pattern of alternative amino
acids, linkage groups, and recombi-
nants and leads me to conclude that a
major part, if not all, of antibody vari-
ability can be explained by chromo-
somal rearrangements resulting from
somatic recombination between similar
but not identical genes in ‘“antibody
gene pairs.” The model is simple, can
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readily be tested, yet has considerable
heuristic value as indicated by several
new sorts of investigation which it
suggests.

Analysis of Amino Acid Sequence Data

Amino acid sequences from a total
of 27 human (and three mouse) Bence
Jones proteins and myeloma globulin
light chains have been published or
kindly made available to me prior to
publication (25). These data are sum-
marized in Fig. 1 which illustrates the
patterns of variation in the first 33
positions in kappa chains and the first
22 of lambda, regions for which at
least six human proteins have been
studied at every position. In some cases,
where peptide compositions are known
but not amino acid sequences, T have
assumed sequences which minimize dif-
ferences, provided they are not in con-
flict with any of the data. Glutamic and
aspartic acid residues of unknown
amide status have also been assigned
the status minimizing differences, un-
less a choice would be prejudicial to
subscquent steps in the analysis. The
mouse data are included in the figure
(the dotted lines) for later comparison,
but were not used in its construction.

The figure was constructed by noting
the following generalities.

1) Many positions in each of the
kappa and lambda polypeptides are es-
sentially invariant. They are numbered,
and the relevant amino acids are shown
in italics above and below the respec-
tive parts of the figure. For example,
Thr at position 5 in kappas, Ser at po-
sition 2 in lambdas (26).

2) At 18 of the first 32 positions in
the kappa chains and at 6 of the first
18 lambda positions one of two alter-
native residues is usually found. The
appropriate positions are numbered,
and the pairs of alternative amino acids
are printed in upright letters in circles
above and below the bulk of each part
of the figure. Different alternative resi-
dues are found in the kappas and
lambdas.

3) The alternative residues for each
type of light chain can be arranged into
two linkage groups, shown by the wavy
lines connecting the circles, which link
those alternative residues occurring to-
gether in the largest number of pro-
teins. For example, Asp, Gln, and Met
occur at positions 1, 3, and 4 in six
kappa proteins, and Glu, Val, and Leu
occur at the same three positions in
three other kappa proteins. The heavy

270

black lines across the figure show the
regions covered by the linkage groups
which can be constructed with the pres-
ent data. The amino acid at any posi-
tion is read from the amino acids
shown at the top or bottom of the
figure, depending on whether the thin
line used to indicate a given protein
is above or below the heavy black line
at that position. For example, the indi-
cating line for protein HBJ3 is below
the black line at positions 19 and 20 so
that the relevant amino acids, read be-
low, are Ala and Ser; the indicating
line for protein Ag at these positions is
above the black line, and the amino
acids are Val and Thr.

4) Recombinants occur; for example,
Asp is found with Val and ILeu at
positions 1, 3, and 4 in the human
Bence Jones protein HBJ3. Many of
the recombinant proteins show multiple
exchanges, that is, the indicating line
crosses the heavy black line several
times.

5) Once the invariant and alternative
residues are taken out of the data,
single differences can be recognized
which are usually unique to a given
protein and occur more or less random-
ly at any position. They are printed in
the bulk of the figure in light italics.
For example, Val is an apparently

unique single difference occurring at

position 2 in BJ; Leu occurs at posi-
tion 3 in HBJ1 (replacing the expected
alternative residue Gin).

6) Positions 9 in the kappas and 17
in the lambdas appear to be hypervari-
able.

7) Block differences, also printed in
light italics, occur in some proteins.
The block differences are too large and
occur too frequently to be random as-
sociations of single differences. The
block differences are not randomly dis-
tributed; three blocks of three occur
at positions 12, 13, and 14 in HBJ3,
Sh, and BJ98; BJ and Rad have block
differences in the region 28 to 33. All
seven block differences occur in the
ten recombinant proteins, and none in
the 17 nonrecombinants,

General Comments

Before discussing the relevance to
antibody variability of the patterns of
variation described here, particularly
the linkage groups and the recombi-
nants, possible trivial reasons for their
observation must be considered. An
obvious possibility is that the proteins
classed as recombinant and nonrecom-

binant (proteins for which the respec-
tive indicating lines does or does not
cross the heavy black line) are the
result of some accidental associations
of amino acids at the relevant positions
which. mimic recombination. I cannot
directly exclude this, but three argu-
ments make it improbable. First, the
general pattern was written down be-
fore the data from all proteins were
available to me; the sequences of pro-
teins Ale, Man, HBJ3 from position
27 to 33, and of Ha, BJ98, and Bo
were obtained later and fitted into the
gencral scheme with no significant
changes. Second, many of the recombi-
nant proteins show what looks like
multiple exchanges; this would be ex-
pected. Although most classical studies
with moderately distant genetic mark-
ers are most easily interpreted by as-
suming that recombination is due to a
single breakage and reunion event, re-
cent data strongly suggest that many
recombinational events lead to what ap-
pear to be multiple exchanges when at
least three very closely linked markers
are examined (27). Third, the detec-
tion of separate pairs of linkage groups
and their respective recombinants in
both kappa and lambda type proteins
is so striking that any accidental corre-
lation is exceedingly unlikely.

If the described recombinant and
nonrecombinant classes are not due to
accidental associations, the question
arises whether their origin is germ-
inal or somatic. The following argu-
ments make a solely germinal origin
unlikely. Polymorphism in the germ
line can probably be excluded, since
the same general pattern is observed
(see the dotted lines in Fig. 1) within a
single strain of inbred mice (BALB/c).
The classes could not be due to unsus-
pected differences associated with the
Inv system, since no associations of
the recombinant and nonrecombinant
classes with Inv types are apparent. The
nonrecombinants Ag, Roy, Day, Ker,
and Cum are respectively b+, a*, b+,

~at, and b-; whereas the recombinants

Man and Rad are b+ (the other pro-
teins have not been tested). Another
explanation of the pairs of nonrecom-
binants and their recombinants might
be that they reflect subclasses of light
chains controlled by still more sets of
multiple genes. The already consider-
able evolutionary problems of multiple-
gene hypotheses would be further com-
pounded by such a suggestion.

A final question is whether the pres-
ence or absence in some proteins of
any of the differences described might
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be due to events associated with myelo-
matosis rather than with normal anti-
body variability. This question is partly
answered by the demonstration (28) of
the amino acids Asp and Glu at posi-
tion 1 and Gln and Val at 3 in
pooled light chains from normal hu-
man y-globulins; these same amino
acids are observed as alternative resi-
dues in discrete myeloma proteins. This
demonstration does not, however, com-
pletely exclude myelomatosis as causa-
tive of some of the other sorts of varia-
tion, or lack of them. For example,
might the apparent absence of recom-
bination in some of the human proteins
be a feature of myeloma proteins but
not of normal antibodies? At least two
possibly identical lambda type Bence
Jones proteins and two minimally differ-
ent kappas have been observed in sep-
arately induced myelomas in BALB/c
mice (I4), which also suggests that
variability in myeloma proteins may
not always occur.

Genetic Mechanisms

I now describe an extremely simple
genetic model which, with its corol-
laries, will account for most of the
differences revealed by the present anal-
ysis. Suppose antibody polypeptide
chains of a given type are controlled
by an antibody gene pair consisting
of a master gene (29) and a second
scrambler gene, similar but not iden-
tical to the master gene. Chromosomal
rearrangement by somatic recombina-
tion between the two genes could lead
to the observed patterns of alternative
residues, linkage groups, and recombi-
nants.

I will illustrate the proposed mech-
anism with kappa type light chains us-
ing one of the several possible chro-
mosomal configurations which could
provide the physical basis for the chro-
mosomal rearrangement. In this illus-
trative configuration the master and
scrambler genes are depicted as being
partial inverted duplications on the
same chromosome (Fig. 2). The in-
verted configuration on one chromo-
some was selected as requiring the
fewest subsidiary conditions for the
recombinational event; it does not re-
quire pairing of homologous chromo-
somes or even of sister chromatids; odd
or even numbers of complete crossing-
over can occur during any number of
recombinational events without losing
any genetic material and without gen-
erating nonsense (gibberish). I stress,
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however, that these arguments are not
compelling and other configurations
are admissible. The scrambler gene is
depicted as a partial gene duplication,
this again being the simplest assump-
tion; the minimum amount of informa=
tion to account for the structure of a
given polypeptide and the observed
patterns of variability in one half of
it is one and a half genes, but the du-
plication could be more extensive than
“half” a gene.

Figure 2 shows an antibody gene
pair with the master and  scrambler
genes differing in six alternative resi-
dues, but identical in the remaining

101 residues of the “variable” half. (A
more realistic antibody gene pair differ-
ing at 20 positions could generate over
a million, 229, possible, recombinants.)
The original chromosome is shown at
the top of the figure. The synaptic con-
figuration during the recombination of
the elements of the antibody gene pair
is in the middle. The rearranged chro-
mosome is shown at the bottom of the
figure, with the recombinant master
and scrambler genes. Four reciprocal
exchanges are depicted, although in
reality exchanges are not always found
to be reciprocal during recombination
(27). Note that the recombinant master
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Fig. 2. One of several possible configurations which would permit somatic chromosomal
rearrangement to produce a recombinant antibody gene from the elements of an anti-
body gene pair. This particular illustrative example depicts a master gene for a light
chain and its scrambler gene, an inverted duplication of the NH.-terminal half of the
master gene identical to it in 101 places, but differing from it in six places: ABCDEF
versus PQRSTU. The original chromosome is shown at the top of the figure, the
synaptic configuration in the middle, and the rearranged chromosome below. Note
the recombinant antibody gene, AQRDTF CONSTANT, differing from the nonrecom-
binant only in the “variable” half of the molecule.
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gene differs from the nonrecombinant
gene only in the “variable” half. Which
of the two linkage groups for the
kappa and lambda proteins (Fig. 1) is
the master and which is the scrambler
cannot be determined at this time.

Corollaries and Extensions

Several corollaries follow from the
present general thesis that variability
in antibodies arises from recombination
between the elements of antibody gene
pairs.

First, rapid production of variability
in antibody genes should be readily
obtained in a developing animal be-
cause even a single recombinational
event can lead to multiple exchanges
(27).

Second, the amount of useless or
deleterious (directed against self) vari-
ability should be minimal, since selec-
tion during evolution could have opti-
mized the number and nature of the
differences between masters and scram-
blers.

Third, the evolution of different anti-
body gene pairs for different purposes
is readily imagined; presumably the
kappa and lambda antibody gene pairs
represent duplicate divergent descend-
ants of some primitive gene pair. Gene
pairs can be expected for heavy chains.
Whether one scrambler is ever used
with several masters, or vice versa, is
presently an open question.

Fourth, the particular antibody vari-
ability needs of a given species, or even
a given racial group, might be expected
to be readily met by selection of suit-
able germ-line mutations in either or
both elements of the gene pair. This
fourth corollary leads to a possible in-
terpretation of the single and block
differences I described above but did
not attempt to explain. These sorts of
differences are, of course, the excep-
tions to the recombinational pattern
which caused Milstein (I5) to reject
a simple recombinational hypothesis
and which made me put it aside tem-
porarily.

If antibody variability is largely due
to the mechanism here proposed, then
there would be strong evolutionary se-
lection in favor of heterozygosity at
loci of antibody gene pairs. Animals
heterozygous for any particular scram-
bler gene, or the relevant part of the
master gene, would have a greater po-
tential range of variability than of a
homozygote. The advantages to any in-
dividual of a greater range of available
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antibodies in combating environmental
microorganisms are obvious. These ad-
vantages would lead to a stable poly-
morphism at loci of antibody gene
pairs for the following reasons (30).
Each new mutant antibody gene pair
capable of producing a different range
of antibody specificities to which the
prevailing microorganisms were not
adapted would enjoy a selective advan-
tage, although this advantage would di-
minish as the mutant became more
frequent.

A balance between the rate of oc-
currence of novel favorable mutants,
their selective advantage while still
relatively infrequent, and loss of al-
leles by random drift, would lead to
a stable polymorphism with a large
number of alleles. (A similar situation
has been known for many years in a
number of plant species, where poly-
morphisms with many alleles are found
at the loci controlling self-fertilization
incompatability.) For these reasons, I
suggest that a likely explanation for at
least some of the deviations from the
general pattern of alternative amino
acids is diversity in the germ line. Con-
ceivably polymorphism for block dif-
ferences might be confined to the
scrambler gene and could account for
the apparent association of block dif-
ferences with recombinant proteins.

Future Experimental Work

The suggestion that some of the
single and block differences which do
not fall into the recombination pattern
may be due to germ-line polymorph-
ism is eminently testable within the
framework of my hypothesis. For ex-
ample, the lambda protein Sh is very
unusual in lacking the NH,-terminal
PCA (pyrrolidonecarboxylic acid) res-
idue, and in having five single amino
acid differences and one block differ-
ence which deviate from those expected
in a recombinant between the two
lambda linkage groups. (The Thr at
position 17 could be an intracodon
recombinant.) The individual was
Japanese! Some of these particular de-
viations from expectation consequently
could well be due to germ-line differ-
ences, in which case any children of
Sh have a chance of showing the same
differences. It is not necessary, within
my hypothesis, to wait for two indi-
viduals with myelomatosis in successive
generations to look for inherited dif-
ferences in the variable regions of the
light chains of single donor normal im-

munoglobulins. Inherited differences
should stand out above the recombina-
tion pattern. (The need for keeping
adequate records of family and racial
origins of proteins under intensive
study is apparent.) An immediately ob-
vious way of eliminating many compli-
cations caused by diversity in the germ
line is to work with myelomas and
Bence Jones proteins in inbred BALB/c
mice (9, 13). Studies in normal iden-
tical twin humans would also be valu-
able and even more reliable.

At this time I have no basis for ex-
cluding the possibility that genetic
mechanisms other than recombination
within an antibody gene pair have be-
come superimposed during evolution
on top of the basically simple mech-
anism described here. Is this the ex-
planation of the hypermutable posi-
tions? Quite extensive data may well
be required to elaborate all the fine
details. Well-founded linkage maps for
antibody gene pairs, based on a statis-
tically adequate sample of proteins,
will be needed together with a study
of their germ-line transmission. Dif-
ferent linkage groups may well be
found in different races and even in
different families. The consequences of
the difference in length of four amino
acid residues in the two kappa linkage
groups will be extremely interesting:
will any recombinants be found indi-
cating mispairing of the two genes in
this region? How much configurational
difference will be found in recombinant
proteins with and without the four
residues? Finally, will the basic pat-
tern of my hypothesis (alternative res-
idues, linkage groups, and recombi-
nants) continue to be observed as more
examples of kappa and lambda type
light chains are studied, and as new
classes of immunoglobulins are investi-
gated? This will constitute the major
test of the hypothesis.

Summary

I have analyzed the available amino
acid sequence data from 30 myeloma-
tosis-derived proteins. Several types of
variation are apparent. I conclude that
a major and genetically predetermined
contribution to the variability of these
proteins and of antibodies could be
provided by chromosomal rearrange-
ments resulting from somatic recombi-
nation between similar but not identical
genes in antibody gene pairs. My hy-
pothesis suggests many new types of
experiment and can be tested (37).
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tenth of the gross national product.
Perhaps it is not surprising that the
rapid growth in the use of automobiles
has caught us somewhat unprepared
to handle the traffic. Compounding the
difficulty of understanding and manag-
ing so vast an operation has been the
fact that it involves not only inanimate
objects but also the often unpredictable
human being. Under the circumstances,
it is not surprising that the manage-
ment of automobile traffic developed
largely as an art, with tools ranging
from ingenious to hit-or-miss. Empiri-
cism was of mnecessity the first ap-
proach in management of automobile
traffic, and still is the mainstay of traf-
fic engineering. However, in the last
10 years or so, a growing effort has
been made to develop a science of
vehicular traffic flow and control. The
contributions to traffic science have
been made by scientists with very di-
verse backgrounds, each of whom has
left the imprint of his discipline on the
literature of traffic theory. The grow-
ing club of traffic scientists has already
convened three times in international
symposia (I-3) and has contributed to
a rapidly growing literature (4). In
this article I attempt to present some
highlights of this work, with emphasis
on the more mathematical areas, some
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