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Electrophoretic Heterogeneity of the
Polypeptide Chains of
Human G-Myeloma Proteins

Abstract. The light and heavy poly-
peptide chains derived from human G-
myeloma proteins are electrophoretical-
ly heterogeneous as judged by disc
electrophoresis of the polypeptide
chains in urea-acrylamide gels. Individ-
ual myeloma proteins contained as
many as eight light-chain and nine
heavy-chain components.

Normal human serum immunoglobu-
lin G (IgG) consists of a group of
molecules that are heterogeneous when
judged by immunochemical and elec-
trophoretic criteria (/). Human G-mye-
loma proteins, by contrast, have been
considered homogeneous (2). It has be-
come increasingly apparent, however,
that myeloma proteins are only rela-
tively homogeneous by electrophoretic
criteria.

Electrophoretic heterogeneity in the
starch-gel patterns of intact G-myeloma
proteins has been demonstrated by
'Askonas, Fahey, and others (3) using
myeloma proteins from both man and
mouse. The constituent light and heavy
polypeptide chains of human myeloma
proteins are also electrophoretically
heterogeneous. Cohen and Porter (4)
demonstrated two bands in alkaline
urea starch-gel analyses of light chains
from most partially reduced and alky-
lated G-myeloma proteins. Heavy poly-
peptide chains (y-chains) yielded a dif-
fuse electrophoretic zone that did not
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resolve into bands. Poulik (5) reported
even greater heterogeneity; he* found
at least five components in some ‘mye-
loma light chains analyzed by starch-
gel electrophoresis at alkaline pH. His
studies in acid urea starch gel also sug-
gested the presence of multiple com-
ponents in myeloma protein y-chains.

Myeloma proteins are the most
homogeneous preparations of immuno-
globulin molecules now available. For
this reason they have served as models
for structural analyses of immunoglobu-
lin molecules. The high resolving pow-
er of disc electrophoresis in acrylamide
gels prompted us to reexamine the elec-
trophoretic homogeneity of polypeptide
chains isolated from myeloma proteins.

A G-myeloma protein molecule is
constructed of two light polypeptide
chains that are antigenically either of
type K (xk-chains) or type L (A-chains)
(6) and two heavy polypeptide chains
of one of the four antigenic subclasses
(y2as Y20» y200 y2a) (7). Four human
G-myeloma proteins were selected to
represent the four heavy chain sub-
classes and both types of light chains.
These proteins were isolated (8) and
found by immunochemical means to
be relatively uncontaminated (9).

In previous electrophoretic studies of
myeloma polypeptide chains (4, 5) the
chains were obtained by partial reduc-
tion of the myeloma proteins, under
conditions that resulted in the break-
ing predominantly of interpolypeptide-
chain disulfide bonds. To minimize the
possibility that folding of polypeptide
chains (caused by intrachain disulfide
bridges) might contribute to electro-
phoretic heterogeneity, the isolated pro-
teins were extensively reduced in 7TM
guanidine hydrochloride (/0) with
0.1M dithioerythritol, and then alky-
lated in 5.2M guanidine hydrochloride
with 0.22M ijodoacetamide at pH 8.2.
Light and heavy polypeptide chains
were isolated by gel filtration on Sepha-
dex G-200 in 5SM guanidine hydro-
chloride (10). Since it is not possible
to perform electrophoresis in the pres-
ence of high concentrations of charged
molecules (such as guanidine hydro-
chloride), the polypeptide chains were
dialyzed against 8.5M urea and then
analyzed by disc electrophoresis on 4
percent polyacrylamide gels at pH 9.4
in the presence of 8.5M deionized urea
(11).

The acrylamide-gel patterns of
heavy-chain preparations from myelo-
ma proteins representing the four anti-
genic subclasses of IgG all showed

from six to nine discrete bands (Fig. 1,
upper). Light polypeptide chains iso-
lated from these same myeloma pro-
teins showed from three to eight dis-
crete components (Fig. 1, lower).
Light chains from pooled normal serum
I1gG showed seven to eight components
(Fig. 1, lower). The intensity of stain-
ing of light-chain bands of most mye-
loma preparations differed markedly
from the “gaussian distribution” usually
seen in patterns of normal light chains
4).

These gel patterns indicate consid-
erable degrees of electrophoretic het-
erogeneity of both the light and heavy
chains derived from G-myeloma pro-
teins. The following experiments were
performed to examine several possible
causes for the multiple electrophoretic
components. A single molecular spe-
cies might produce multiple bands as
the result of some unknown process
during electrophoresis. In that in-
stance, reelectrophoresis of one isola-
ted band should lead again to the gen-
eration of multiple bands. In an experi-
ment performed on the k-chains from
protein Sp, two identical gels were sub-
jected to electrophoresis simultaneous-
ly at pH 9.4. The multiple bands were

DISC ELECTROPHORESIS OF HUMAN G-MYELOMA

POLYPEPTIDE CHAINS AT pH 9.4
¥ -CHAINS
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Fig. 1. Electrophoretic patterns of re-
duced and alkylated G-myeloma polypep-
tide chains. Upper: heavy chains, type 7:a
from Sa; ya from Sp; v:. from Ta; vea
from Me. Lower: light chains, type « from
Sa; « from Sp; A from Ta; A from Me;
and light chains from pooled normal IgG.
Disc electrophoresis in direction of arrow
in 4 percent acrylamide gel, pH 9.4 tris-
HCI buffer, 8.5M urea.
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RE-ELECTROPHORESIS OF ISOLATED G-
MYELOMA LIGHT CHAIN BANDS AT pH 9.4
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Fig. 2. Electrophoretic patterns of Sp pro-
tein light-chain bands after reelectro-
phoresis. x-Chain from protein Sp is at the
extreme right. Bands 2, §, and 7 were cut
out of an acrylamide gel and subjected to
reelectrophoresis at pH 9.4, 8.5M urea.

quickly detected by immersing one
gel in 10 percent trichloroacetic acid
to precipitate the protein. Appropriate
zones were cut out of the companion
gel. Reelectrophoresis of these gel slices
yielded single components of the ex-
pected mobility (Fig. 2), an indication
that the bands are not artifacts of
electrophoresis.

Another potential artifact could arise
from unequal alkylation of the poly-
peptide chains. For example, some
molecules are alkylated only at cysteine
residues, whereas others that are alky-
lated at cysteine may also be alkylated
at histidine, or lysine, or both. These
possibilities were investigated by com-
paring the electrophoretic patterns of
a reduced but nonalkylated myeloma
protein with the patterns produced by
the reduced, alkylated, and separated
heavy and light chains from the same
protein. This comparison could not be
carried out at alkaline pH, presumably
“because of incomplete dissociation of
the light and heavy chains in 8.5M
urea at pH 9.4. Therefore, myeloma
protein Sp was reduced in 8 to 10M
urea at pH 8.2, and the reduction
product was then acidified to pH 2 to 3.
This reduced protein was compared
with its reduced, alkylated, and sepa-
rated chains by electrophoresis in poly-
acrylamide gels at pH 2.3 in 7M urea
(12). Essentially identical banding pat-
terns of the alkylated and nonalkylated
heavy chains were observed (Fig. 3).
Some studies of light chains showed
comparable banding for the alkylated
and nonalkylated proteins, but resolu-
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tion was relatively poor. In Fig. 3
the alkylated light chains show several
bands, while the nonalkylated light
chains give a broad zone of the same
average mobility, but without discrete
banding. Thus, although the data on
light chains are not conclusive, the
banding of heavy chains could not be
shown to be an artifact of alkylation
in these experiments.

Deterioration of myeloma proteins
during long-term storage of serum
seemed to be an unlikely cause of
the observed heterogeneity, since chains
isolated from myeloma protein obtained
from the same patient 1 and 3 years
prior to this study gave essentially
identical patterns in acrylamide gel elec-
trophoresis (patterns not shown). More
rapid deterioration also seems an un-
likely cause of heterogeneity, since
Askonas (3) has shown that the mye-
loma protein extracted from the micro-
somal fraction of a mouse plasma cell
tumor is as heterogeneous as the serum
myeloma protein.

Multiple electrophoretic components
might also result from aggregation of
the polypeptide chains. To test this
possibility, extensively reduced and al-
kylated light and heavy polypeptide
chains were subjected to high-speed
sedimentation equilibrium analysis (13)
in the buffer used for gel electrophore-
sis (8.5M urea, tris, pH 9.4). Results
calculated for both light and heavy
chains from interference fringe meas-
urements obtained at three protein con-
centrations showed linear curve when
the log., (In) of concentration was
plotted against the square of the ra-
dius (Fig. 4) and gave no evidence of
mass heterogeneity (/4). Mass heter-
ogeneity thus does not account for the
observed electrophoretic banding.

Myeloma proteins appear to be more
homogeneous than normal serum IgG;
however, the polypeptide chains of the
myeloma proteins examined in this
study are all electrophoretically het-
erogeneous. The finding of eight elec-
trophoretically different light chains and
nine heavy chains in a single myeloma
protein would be consistent with the
possibility of as many as 72 “dif-
ferent” molecules within a single mye-
loma protein. The heterogeneity is pres-
ent in light polypeptide chains of anti-
genic types K and L and also in
heavy chains of antigenic subclasses
¥2a» Y210 y2e» and yoq. This heterogene-
ity has not been shown to result from
prolonged serum - storage, contamina-
tion with other proteins, mass hetero-

geneity, unequal alkylation, or the ef-
fects of electrophoresis per se.

The chemical factors responsible for
these multiple electrophoretic compo-
nents have not yet been elucidated. Our

COMPARISON OF ALKYLATED AND NON-
ALKYLATED G-MYELOMA POLYPEPTIDE CHAINS

AT pH 2.3
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Fig. 3. Electrophoretic patterns comparing
reduced myeloma protein Sp with its re-
duced and alkylated polypeptide chains.
From left to right: reduced and alkylated
Sp heavy chain; reduced nonalkylated Sp
myeloma protein; reduced and alkylated
Sp light chain. Electrophoresis in 4 percent
acrylamide gel, pH 2.3, 7M urea.
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Fig. 4. High-speed sedimentation equilibri-
um analysis. Open circles are data points
for light chain from Sa at an initial con-
centration of 0.3 mg/ml, centrifuged for
48 hours at 39,460 rev/min at 20°C.
Solid circles are data points for the heavy
chain from Sa at an initial concentration
of 0.3 mg/ml, centrifuged for 48 hours at
35,600 rev/min. Solid lines are the “least
squares” fit of the experimental points,
while the dashed line represents the line
that would have been obtained if the light-
chain sample contained 10 percent dimer
in addition to the monomeric light chain.
Molecular weights were derived from
these data (/4).
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data do not bear on the question of
whether the observed heterogeneity
(whatever its chemical basis) is de-
veloped at the time of synthesis, or
whether this is a “postsynthesis” phe-
nomenon similar to that described for
mouse myeloma protein (75).
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Tritiated Norepinephrine: Release from Brain

Slices by Electrical Stimulation

Abstract. Slices of rat brain and heart that had concentrated H’-norepinephrine
were superfused and electrically stimulated. Stimulation induced a marked release
of H’-norepinephrine with a threshold and a maximum repsonse. Release also
occurred with increased concentrations of potassium, presumably due to neuronal
depolarization. Inhibition of electrically induced release occurred with low cal-
cium and with chlorpromazine and pentobarbital.

Norepinephrine has been thought
to be a neurotransmitter in the cen-
tral nervous system, although the evi-
dence is incomplete. Endogenous con-
centration and regional distribution
of norepinephrine have been deter-
mined in brain (/). The blood-brain
barrier prevents entry of administered
norepinephrine into the brain from
the circulation. Tritiated norepineph-
rine introduced into the lateral ven-
tricle of rat brain appears to mix with
endogenous norepinephrine, since its
regional and subcellular distributions
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parallel those of the endogenous amine
).

In oxygenated physiologic media,
slices of tissues rich in adrenergic
nerve endings concentrate H3-norep-
inephrine (3). Norepinephrine taken
up by brain slices is concentrated at
nerve endings in regions rich in en-
dogenous catecholamine, and the tis-
sue appears to maintain histologic in-
tegrity after incubation (4). In addi-
tion, neurons in such preparations of
brain slices maintain their resting mem-
brane potentials and their ability to

form action potentials during 2 to 3
hours of incubation (5, 6). Brain
slices stimulated with alternating cur-
rent at 1 to 10 volts have a markedly
increased respiratory rate (7, 8). Such
stimuli depolarize neurons in brain
slices (5) and are known to elicit
physiologic responses when applied to
the mammalian cortex (7).

We used slices of rat heart and rat
brain to study the effect of electrical
stimulation on release of norepineph-
rine. Slices of heart and mid-coronal
sections of brain (100 to 200 mg)
were incubated for 30 minutes at
37°C in Ringer solution supplemented
with tricarboxylic cycle intermediates
(3)  containing  H3-norepinephrine
(25 ng and 1.25 pc per milliliter).
The medium was agitated and saturated
with 5 percent carbon dioxide in
oxygen. After incubation, concentra-
tion of tritium in brain slices was 18
times the concentration in incubation
medium; in heart slices, 6 times.

Slices were transferred to a 5-ml
organ bath and bathed at 37°C with
a continuous flow (2.5 ml/min) of
oxygenated Krebs-Ringer medium. Se-
rial fractions of effluent medium were
collected during 2-minute intervals and
assayed for total radioactivity and for
H3-norepinephrine and its metabolites
(9). Unaltered H3-norepinephrine ac-
counted for about 80 percent of total
radioactivity in effluent solutions; only
traces of methylated catecholamine
(normetanephrine) were found, and
oxidized metabolites of norepineph-
rine accounted for most of the re-
maining radioactivity.

The rate of washout of H3-norep-
inephrine from brain slices followed
a multiphase course and was greatest
during the first 10 to 15 minutes.
Electrical stimuli of the order of 5
volts for 60 seconds, when applied
about 20 minutes after the start of
superfusion, produced striking and
rapid increases in efflux of H3-nor-
epinephrine, with a return to base line
within a few minutes (Fig. 1). Heart
slices behaved similarly. At the end of
these experiments, the slices had lost
only a small fraction of their radio-
activity.

Stimuli of 0.5 volt applied for 30
seconds did not appear to release trit-
ium; from 1 to 4 volts, there ap-
peared to be a direct relation between
release of tritium and applied voltage.
Stimuli above 4 volts, applied for 30
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