nuclides are introduced into the ocean
in large quantities they may be used
to study local water circulation. Use of
an in situ detector greatly simplifies the
procedure and many more analyses can
be made than would be possible if
extensive radiochemical separations
were required.
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Partial Amino Acid Sequence of a Bence Jones Protein

Abstract. Sequence analysis and ordering of the soluble tryptic peptides of
one Bence Jones protein and comparison with partial sequence data for another
have revealed many structural differences in the half of the molecule with the
terminal amino group, but only one structural difference in the half of the
molecule having the terminal carboxyl group. Somatic chromosomal rearrange-
ments may effect such changes and account for variability in antibody structure.

Because Bence Jones proteins are
the L-chains of the myeloma globulin
from the same patient and are related
to normal IL-chains (/), analysis of
the amino acid sequence of Bence
Jones proteins facilitates study of the
structure of normal human immuno-
globulins (2, 3). There are two wholly
different types of L-chains that cor-
respond to the two antigenic types of
Bence Jones proteins (type I and type
11); these differentiate each of the
structure of normal human immuno-
globulins (yG, yA, and yM) into the
two corresponding antigenic types. The
two types of L-chains differ in terminal
amino groups, peptide maps, and com-
position of their tryptic peptides (4);
hence, they differ greatly in primary
structure. Furthermore, within each
antigenic type the Bence Jones pro-
teins of individual patients differ in
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primary structure in multiple positions
rather than in just one, as in the ab-
normal hemoglobins.

From comparison of peptide maps
and partial sequence studies (3), we
have concluded that the NH,-terminal
portion of type I Bence Jones proteins
is subject to variation whereas the
COOH-terminal  octapeptide -is an
invariant part of the structure of type I
L-chains. We now report the amino
acid sequence (5) of about three-fourths
of an individual’s type 1 Bence Jones
protein (specimen Ag) including the
consecutive sequence of 118 residues in
the COOH-terminal half of the mole-
cule. Figure 1 presents a comparison of
our data with the partial amino acid
sequence of another individual’s type I
Bence Jones protein (specimen Roy)
and with the tryptic peptide composi-
tion of a third specimen (Cu), both of

which have recently been reported (6).
From these data we deduce that Bence
Jones proteins—and presumably normal
L-chains—differ individually in primary
structure in a manner heretofore un-
known for proteins with analogous
function in the same species. With the
exception of a minor homologous in-
terchange, the COOH-terminal portion
of the molecule is apparently identical
in the two specimens (Ag and Roy) for
which partial sequence is known and
is probably the same for the third pro-
tein (Cu) for which only the order
and composition of the tryptic peptides
is known. On the other hand, the NH,-
terminal portion has many replace-
ments involving the exchange of both
homologous and nonhomologous amino
acids. Although most of these inter-
changes appear randomly distributed,
some are clustered in a tetrapeptide
sequence (designated the “switch pep-
tide”) that is located just before the
exact middle of the polypeptide chain
where the sequence becomes almost in-
variant.

The procedures for the isolation of
the tryptic peptides of the type I Bence
Jones protein Ag and for their se-
quence determination have been de-
scribed (3). The sequence of the
larger tryptic peptides was established
by comparison of the fragments result-
ing from peptic and chymotryptic di-
gestion of these peptides. The ordering
of the tryptic peptides is based on two
kinds of evidence: (i) on the overlaps
we have established independently from
the amino acid composition of peptides
obtained from a separate chymotryptic
digest of the intact carboxymethylated
protein, and (ii) on the deductions
drawn by Hilschmann and Craig (6)
who compared their results with our
data (2). Furthermore, just as they
have used identity or similarity in the
amino acid composition to order our
tryptic peptides relative to theirs, we
have tentatively assigned amino acids
whose position was not determined by
one laboratory to the position deter-
mined by the other. If the sequence of
a peptide is not known in any of the
three proteins, the amino acids com-
prising it are written in the order of
their elution from the column of the
amino acid analyzer. For comparative
purposes the polypeptide chain is as-
sumed to contain 212 amino acids, and
the numbering system proposed by
Hilschmann and Craig is adopted. In
this way we have constructed a chart
comparing the tentative sequence of
three Bence Jones proteins of type I
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The test of our assumption lies in the (6), 148 are given herein for Ag, and Ileu and Phe at 104; Val and Leu at
conflict or agreement in position a total of 164 different positions are 189). There are two instances where
where sequences are known in both known in one case or the other. Among the peptide composition suggests that
laboratories. Although there are many the 80 positions known in both cases, interchanges have probably occurred
sites of agreement, only one small area there are 72 sites of agreement and five which involve nonhomologous amino
of conflict has been found (positions known sites of interchange. There are acids, though the sequence is not yet
173 to 176) (7). also at least two probable sites of in- certain (Asp and Lys at 53; GIn and

Detailed discussion is restricted to terchange where the sequence is known Gly at 98). Additional interchanges
the two proteins Ag and Roy, for in only one protein. All five known undoubtedly occur in the “core” region
which much sequence data is available. interchanges involve homologous amino where the tryptic peptides are insolu-
Of the assumed 212 positions in the acids (Ileu and Leu at position 46; Leu ble and the sequences are not yet avail-
chain, 96 have been reported for Roy and Val at 102; Glu and Asp at 103; able for specimen Ag (positions 19-
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Fig. 1. Comparison of the known partial amino acid sequence and the putative sequence of three Bence Jones proteins of antigenic
type L. Known sequences are indicated by joining together the abbreviations for the amino acids by dashes [for example; Asp-llu-
Gln- (3)1. Areas of undetermined sequence are enclosed by a horizontal dashed line. In cases of known composition the amino acid
residues are placed in the order of their elution from the column of the analyzer if the sequence is unknown for any protein; however,
if the sequence is known for one protein, the residues enclosed by a dashed line (undetermined sequence) are ordered to correspond
with the known sequence. Regions of probable homologous or nonhomologous interchanges are emphasized by enclosure in a box
with a solid line. Regions of possible interchange are enclosed with a vertical dashed box. Data for specimens Roy and Cu are
derived from the report by Hilschmann and Craig (6). The latter did not report which glutamic and aspartic acid residues are present
as. the amides. ’
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32 and 62-94), though most of the
chymotryptic peptides have been ana-
lyzed.

In view of the frequent occurrence
of interchanges in the NH,-terminal
portion, the remarkable feature of the
COOH-terminal portion is the prob-
able identity in sequence of the last
106 amino acids except for the Val-
Leu interchange at position 189, which
was independently observed by Hilsch-
mann and Craig (6) for the two pro-
teins they studied (7). This agreement
begins at position 106 after the “switch
peptide,” in which four homologous in-
terchanges occur in the three proteins
(8). Although the switch point involves
two basic amino acids, it has no other
unique features.

The conclusions reached by com-
parison of the sequence data for Ag
and Roy are supported by the limited
data available for the third protein,
Cu. Although positions at only 37
residues can be assumed from end-
group data on the tryptic peptides,
these include four definite homologous
interchanges with either Ag or Roy
(positions 1, 102, 105, 189) as well as
two nonhomologous interchanges (55
and 72). In agreement with that of
Hilschmann and Craig (6), our com-
parative data suggest that there are
many other interchanges, both homol-
ogous and nonhomologous, in the NHo-
terminal half of this protein. Some of
these involve the replacement by argi-
nine and lysine in specimens Cu and
Ag of amino acids present in Roy for
which trypsin lacks specificity; this, of
course, leads to different tryptic pep-
tides. Although sequence data are not
available for the Cu protein, our data
for Ag support the hypothesis of
Hilschmann and Craig (6) that its
entire sequence from 106 to 212 is like
that of Roy.

The possibility of widespread rear-
rangement in amino acid sequence has
obvious significance for antibody struc-
ture since Bence Jones proteins are
abnormal products of a tumor of cells
(plasmocytes) that have the normal
function of antibody synthesis. We
have other results that indicate that at
least four different NH,-terminal
tryptic peptides may be obtained from
different type I Bence Jones proteins
and L-chains. This appears to exclude
the mechanism of chromosomal re-
arrangement through a single event of
unequal but homologous crossover
ascribed to Lepore-type hemoglobins,
since only two different NH,-terminal
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sequences could arise by such a mech-
anism,

The multiple structural differences
reported here for Bence Jones proteins
are incompatible with the concept of
single point mutations now accepted
for the abnormal hemoglobins. We
favor the hypothesis of somatic chro-
mosomal rearrangements in the genes
controlling  antibody structure. In
Smithies” hypothesis of y-globulin vari-
ability (70), he postulates that the -
globulin genes contain local inverted
duplications of base sequence that per-
mit intragenic crossing over. One pos-
sible consequence of duplications with-
in a gene is the expression as repeated
amino acid sequences, but the number
of these does not seem significant in
our data (/7). Complete analysis of
amino acid sequence of a number of
Bence Jones proteins of each antigenic
type will be needed for an experimental
test of the Smithies hypothesis and of
other theories of y-globulin variability.

Koitt TrtaNi, EDWARD WHITLEY, JR.
LAUREL AVOGARDO, FRANK W. PUurNAM
Department of Biochemistry,
University of Florida College of
Medicine, Gainesville
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Liquid Waves by Computer

Abstract. A numerical, fluid-dynam-
ics technique for high-speed computers
is described and illustrated. It applies
to the solution of problems dealing with
incompressible viscous fluids and involy-
ing nonsteady motions in several di-
mensions in space. The ability to handle
free-surface boundary conditions allows
waves to be studied through all phases
of breaking and splashing, as well as
a number of related phenomena.

We have developed a new technique
for numerically solving problems in
fluid dynamics. It is particularly appli-
cable to studies of waves and of other
phenomena that are associated with the
motion of an incompressible fluid with
a free surface. Examples are the flow
of water from a broken dam, the gen-
eration of water waves by an explosion,
the formation of breakers on a beach,
and the splash of a jet of liquid hitting
a plate.

The application illustrated in Fig. 1
is to the surge of water under a sluice
gate. The initial frame (top left) shows
the water at rest immediately after the
gate has quickly opened; the deep reser-
voir (left) is subjected to a surface
pressure in addition to that produced
by gravity and the shallow pond (right)
is initially quiescent. Subsequent frames
show the formation of a backward
breaker, in which the flow is partly
smooth, partly irregular.

The problem was scaled to give unit
density to the water. The downward
gravitational acceleration was also of
unit magnitude, while the scale of dis-
tance is determined by the initial height
of the reservoir behind the sluice gate,
2.9 distance units. In these dimensions,
the applied surface pressure was 2.5,
the coefficient of kinematic viscosity
was (.01, and the times of the six
frames are + = 0, 1.0, 1.5, 2.0, 2.5,
and 2.73.

The elements of fluid are represented
in the calculations by marker particles.
Determination of the trajectories of the
particles is based on a finite-difference
approximation to the full, nonlinear,
Navier-Stokes equation for a viscous,
incompressible fluid. The finite-differ-
ence equations are related to a Eulerian
mesh of cells not shown in the figure.
The cells cover the entire region of
interest, amounting to 1500 in this case.

The computing method has been de-
signed for use with a high-speed com-
puter. The present program is run on
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