morphological, histochemical, and phys-
iological characteristics are very likely
connected with the ways in which the
different motor unit groups, even within
a single muscle, are utilized by the cen-
tral nervous system in various types of
movement [see (2) and (22)].
R. E. BURKE, D. N. LEVINE
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Laboratory of Neural Control,
National Institute of Neurological
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Creation of “Amyloid” Fibrils from

Bence Jones Proteins in vitro

Abstract. “Amyloid” fibrils have been created from some human Bence Jones
proteins by proteolytic digestion under physiologic conditions. These fibrils with
an antiparallel, B-pleated sheet conformation consist of only a portion of the vari-
able region of the immunoglobulin light polypeptide chain and share the physical
properties of amyloid fibrils. The relation between amyloidosis and immunoglo-
bulins is thus more firmly established and a pathogenetic mechanism for amyloid

fibril formation is suggested.

Amyloid fibrils, the structures that
are generally recognized as the charac-
teristic and lethal component deposited
in tissues in the disease amyloidosis (1),
have certain well-defined properties.
These include a green polarization bire-
fringence after being stained with Con-
go red (2), a protein consisting of
polypeptide chains in an antiparallel
conformation and B-pleated sheet struc-
ture, as judged by x-ray crystallography
(3), a distinguishing (4) but occasionally
variable appearance (5) when viewed by

electron microscopy, and a relative re-
sistance to enzymic degradation (6).
Evidence obtained by amino acid se-
quence and immunochemical studies of
purified amyloid fibril proteins (7) sug-
gests that amyloid fibrils consist pri-
marily of the amino-terminal variable
segment of the light polypeptide chain
of homogeneous immunoglobulins in
those cases studied. If indeed this is
their source, then it should be possible
to produce a variable region fragment
having the characteristics of amyloid

Fig. 1. Electron micrograph of fibrils formed by peptic digestion of a A Bence Jones
protein, Nic, after incubation at pH 3.5 for 2 hours at 37°C.
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fibrils from homogeneous light chains.

A method for cleaving Bence Jones
proteins into variable and constant frag-
ments by proteolysis has been described
by Solomon et al. (8). We subjected
three x and two A Bence Jones proteins
having no polysaccharide constituents
from patients not known to have amy-
loidosis to a 2- to S-hour incubation in
0.05M glycine—HCI buffer, pH 3.5, at
a concentration of 10 mg/ml in the
presence of pepsin (40 pg/ml) at
37°C. During the incubation, precipi-
tates formed with the two A Bence
Jones proteins. These precipitates were
centrifuged at 8000g for 1 hour in a
refrigerated centrifuge (Sorvall), and a
portion of the sediments was stained
with alkaline Congo red, examined by
polarization microscopy, and found to
have a green birefringence (2). Electron
microscopy by the negative staining
method (9) showed that the precipitates
were composed of fibrils measuring
from 70 to 80 A in width and from
1000 to 2000 A in length, and that they
had the appearance of twisted doublet
filaments characteristic of amyloid fi-
brils (Fig. 1). The remaining sediments
were throughly washed with 0.1N am-
monium acetate buffer, pH 5.0, and
lyophilized. Examination of both sedi-
ments by x-ray diffraction methods (3)
revealed a strong, sharp band at 4.75 A
and a moderately strong, diffuse halo
at 9.3 A (Fig. 2). This picture is typi-
cal of the antiparallel B-pleated sheet
configuration of amyloid fibrils (3). In-
frared studies (10) confirmed this x-
ray diffraction interpretation of the
fibril conformation.

One of the A Bence Jones proteins
(Nic BJ) was chosen for further study.
The proteolytically derived sediment
(Nic fragment) was denatured in 6M
guanidine hydrochloride buffered to pH
8.0 with 0.1N tris-HCl containing 1
percent mercaptoethanol, exhaustively
dialyzed with distilled water, and ly-
ophilized. The molecular weight of the
Nic fragment, as determined by column
chromatography on Sephadex G-100
equilibrated with SM guanidine in 1N
acetic acid (/1), was 4600. By this
method of column chromatography, the
Nic fragment was also purified to give
a single band when subjected to disc
electrophoresis on a sodium dodecyl
sulfate—polyacrylamide gel (/2). Both
the Nic BJ and the Nic fragment were
aminoethylated (/3) in 6M guanidine
hydrochloride buffered to pH 8.0 with
0.1N tris-HCI. The aminoethylated pro-
teins were digested with trypsin, and
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Fig. 2. X-ray diffraction of fibrils (see Fig.
1) formed from the Nic Bence Jones pro-
tein after peptic digestion. Solid arrow
points to 4.75-A backbone spacing and
dashed arrow indicates 9.3-A side chain
spacing.

peptide mapping was performed (I4).
Common region peptides from the
peptide map of the Nic fragment were
absent. The partial amino acid sequence
of the constant region of Nic BJ has
been reported (I5). The amino acid se-
quence of the aminoethylated Nic frag-
ment was determined with an automatic
amino acid analyzer (Beckman model
890) (16). The amino-terminal amino
acid sequence of the Nic fragment is
compared in Table 1 with that of Ha,
a A Bence Jones protein of variable
region subgroup VAI (17). They are
very similar except that the Nic frag-
ment appears to lack the first three
amino acids. The yield of leucine at the
first step (position 4) was 25 percent
of theoretical, based on a molecular
weight of 4600. This may mean that a
portion of the Nic fragment may still
have a blocked amino terminus. De-
spite the possible heterogeneity at the
amino terminus, the sequence data in
conjunction with peptide mapping and
molecular weight studies show that the
Nic fragment derives exclusively from
a portion of the variable region of Nic
BJ (18).

These studies demonstrate that fibrils
having the tinctorial, ultrastructural,

and crystallographic properties (3-5)
of amyloid fibrils can be created from
some but not all Bence Jones proteins
by peptic digestion at pH 3.5 and 37°C.
The results of peptide mapping, se-
quence analysis, and molecular weight
determinations prove that these fibrils
are derived solely from the variable
region of the parent light chain. This
ability to form structures with proper-
ties similar to those of amyloid fibrils
from the variable region of some Bence
Jones proteins further corroborates the
findings that amyloid fibrils are de-
rived primarily from the variable region
of immunoglobulin proteins (7).

The ratio of A to « light chains of
intact myeloma proteins in multiple
myeloma is approximately 1 : 2, where-
as there is an equal ratio of A to «
types when Bence Jones proteins only
are produced in multiple myeloma with-
out amyloidosis (19). However, in amy-
loidosis associated with Bence Jones
proteinuria, the ratio of A to « Bence
Jones proteins is increased to approxi-
mately 3:2 (20). In the small series of
amyloid proteins studied by us the ra-
tio of A to k variable region fragments
is 2:1 (7). Our finding of a higher
frequency of A, as compared to x Bence
Jones proteins capable of forming fibril
aggregates under the proteolytic condi-
tions employed, parallels the preferen-
tial association of amyloidosis with A
light chains. Differences both in pri-
mary structure and physical properties
are known to distinguish A from « light
chains (27). Such differences may ex-
plain the greater “amyloid” fibril-form-
ing capacity of the variable fragments
created by proteolysis from the A as
compared to the x Bence Jones pro-
teins noted here and the relatively high-
er ratio of A to « light chains associ-
ated with amyloidosis.

The fact that “amyloid” fibrils can be
created from some Bence Jones proteins
at a physiologic temperature in the
presence of a proteolytic enzyme hav-
ing an acidic pH optimum suggests
that one possible pathogenetic mecha-

Table 1. Amino acid sequence of Nic fragment compared to the sequence of the prototype
VAL, Ha (/7). Peptic digestion cleaved the first three amino acids from the Nic Bence
Jones protein, therefore, in Nic fragment these deletions are introduced to maximize the

homology (18).

1 2 3 4
Nic fragment Leu
Ha Glp Ser  Val Leu
12 13 14 15
Nic fragment Gly Ala Pro Gly
Ha Gly Thr Pro Gly

5 6 7 8 9 10 11
Thr GIn Pro Pro Ser Val  Ser
Thr Gln Pro Pro Ser Val Ser
16 17 18 19 20 21 22
Gln Arg Val Thr Ile Ser Cys
Gin Arg Val Thr Ile Ser Cys
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nism for amyloid formation may be by
means of intralysosomal catheptic (22)
digestion of light polypeptide chains of
immunoglobulins. This mechanism is
supported by the frequent close spatial
relationship between amyloid deposits
and cells of the macrophage system
(23) and by the electron microscopic
observations of fibrils within plasmalem-
mal invaginations and membrane-bound
vesicles of macrophages (24). Since
none of the patients whose Bence Jones
proteins could be degraded to form
“amyloid” fibrils in vitro were known
to have amyloidosis, other mechanisms
or factors in addition to those noted
here may be necessary for the produc-
tion of amyloid fibrils in vivo. The type
(and homogeneity) of variable frag-
ment of immunoglobulin protein de-
posited in tissues as amyloid fibrils may
be dependent on a selection process oc-
curring at the level of either immuno-
globulin-synthesizing cells or immuno-
globulin-degrading phagocytic cells or
both. Furthermore, the possibility must
still be considered that some cases of
amyloidosis may result from tissue de-
position of antiparallel, B-pleated sheet
fibrils derived from portions of immu-
noglobulins other than light chains or
of proteins other than immunoglobulins.
G. G. GLENNER, D. EIN
E. D. Eangs, H. A. BLADEN
W. TERRY, D, L. PAGE

National Institutes of Health,

Bethesda, Maryland 20014
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DNA Constancy in Heteroploidy and the Stem Line

Theory of Tumors

Abstract. Cellular DNA was measured by high-speed flow microfluorometry
in mammalian diploid and heteroploid cell populations stained by the fluorescent-
Feulgen procedure. Heteroploid cells with elevated modal chromosome number
showed the expected increase in modal DNA content. However, the variability of
DNA content was the same in, diploid and heteroploid cell populations despite the
large variability of chromosome number in the latter populations. This suggests
that heteroploidy may include defects in the chromosomal condensation and

kinetochore development systems.

Heteroploidy, abnormal variability
of chromosome number and structure
(1), is a common feature of the cell
populations of tumors and of estab-
lished cell lines in culture (2). By con-
trast, normal animal cells exhibit very
little karyotypic variability either  in
vivo or in vitro (2). Many heteroploid
cell populations have high modal chro-
mosome numbers as well as high varia-
bility of chromosome number; studies of
such populations show a positive cor-
relation between modes for chromo-
some number and cellular DNA con-
tent (3). It has been assumed that,
within each such population, high vari-
ability of chromosome number corre-

sponds to high variability of DNA .

content per cell. It has thus been as-
sumed that such cell populations have
abnormal genetic variability, a notion
that has encouraged acceptance and ex-
tension of Makino’s stem line theory
(4), which has important implications
for tumor therapy (5).

We present evidence that heteroploid
cell populations consist of one or more
subpopulations, each with its charac-

teristic DNA content per cell and
modal chromosome number. The DNA
content per cell is constant within a
subpopulation, but chromosome num-
ber is variable. Thus, variability of
chromosome number for the entire
population is the sum of two con-
tributions: one due to the presence of
one or more subpopulations, each with
the same ratio between modal chro-
mosome number and DNA content per
cell; and the other due to variability of
chromosome number, despite uniform
DNA content, within each subpopula-
tion.

Much of the published data on DNA
distribution in cell populations has been
obtained by measurement of relatively
small numbers of Feulgen-stained cells.
Because of poor statistical precision,
histograms of these populations have
failed to reveal details of shape and fine
structure. As a result, it has been dif-
ficult to distinguish among components
of a population heterogeneous with re-
spect to mitotic cycle phase, stem line,
and proportion of cells of each stem
line that are in cell cycle traverse. A
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