Table 1. DEAE-cellulose chromatography of
mammary-tissue culture fluid.

NaC1*

Recovered

(M) (%) Labeled yA
0 2 0
0.1 18 0
02 . 24 +4+
0.3 32 +
0.5 19 0
1.0 8 0
Not re- 7.
covered

*In 0.005M phosphate buffer, pH 7.9. T Pro-
tein precipitated with 5 percent trichloroacetic acid.
Results expressed as fraction of original TCA-
insoluble radioactive protein.

trichloroacetic acid (TCA) of the orig-
inal culture fluid. To this pool was
added as a carrier 15 mg of nonlabeled
rabbit immunoglobulin G (yG); the
mixture was extensively reduced and
alkylated and passed through a previ-
ously calibrated Sephadex G-200 col-
umn in the presence of guanidine. The
fractions containing heavy (« and vy)
and light chains had about 40 and 60
percent, respectively, of the radio-
activity applied. They were dialyzed,
lyophilized, and analyzed by disk elec-
trophoresis in the presence of urea.
The procedures for separation and
analysis of the polypeptide chains have
been described previously (4). The re-
sulting patterns were - typical - of yG
heavy and light chains. The concentra-
tion of yA was insufficient to give visi-
ble a- or T-chain bands in these pat-
terns. After dialysis against distilled
water, the stained disk gels were laid
flat on a lantern slide and embedded
in 2 percent agarose in saline. The em-

bedded gels were dried under wet filter .

paper and exposed for 8 weeks to
Kodak Royal Pan film. Spots of very
dilute Cl4-lysine were placed near the
ends of the gels to serve as markers for
aligning the autoradiograph.

Figure 1 shows an electrophoretic
pattern of the light chains with the
corresponding  autoradiograph. We
found a radioactive band migrating
more rapidly than the light chains, with
a faint trail extending into the light-
chain region. Densitometric analysis of
the  autoradiograph showed that 75
percent of the label in the gel was in the
fast component in the area where T-
chain migrates. In similar analysis of
the heavy-chain fractions, most of the
radioactive material  was retained in
the spacer gel and hence seemed to be
contaminating large protein.

Our data show that T-chains, which
are intimately associated with colostral

17 NOVEMBER 1967

vA, are synthesized by mammary tis-
sue. This observation is consistent with
that of Tomasi et al. (/) who reported
that T-chains are present in parotid
gland acinar cells; it also extends the
finding of Hochwald et al. (7) who
showed that human mammary and pa-
rotid gland synthesized a protein that
coprecipitated with yA. Furthermore,
it seems likely that the heavy and light
chains of the colostral yA are synthe-
sized elsewhere, in that there was no
significant amount of label associated
with them. This latter conclusion could
be invalidated if the T-chain was par-
ticularly rich in lysine or isoleucine, or
both, or if there were very large pools
to dilute newly synthesized heavy and
light chains. Both of these possibilities
seem unlikely to us. Since at least three
times as much radioactivity is present
in T-chains as in light chains, and since
there are probably twice as many light
chains as T-chains in the whole mole-
cule, a sixfold difference in content of

- the two amino acids would be required

to explain our data. This is not con-
sistent either with the observed electro-
phoretic mobility of T-chain or with the
published amino acid composition of
the whole molecule (6). To our knowl-
edge, there is no evidence that large
pools of intracellular yA exist in secre-

tory glands. Immunofluorescent studies
of human parotid tissue (I) indicate
that yA is formed only in plasma cells
which are probably actively synthe-
sizing the protein.

Our experiments indicate that colos-
trum rich in yA can be produced with-
out local synthesis of either light or
heavy chains. Therefore, it seems likely
that yA is actively transported and con-
centrated from serum into colostrum.

RICHARD ASOFSKY
National Institutes of Health,
Bethesda, Maryland 20014
PARKER A. SMALL, JR.*
Department of Microbiology,
University of Florida, Gainesville
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Ultrastructure of Gamma M Immunoglobulin and

Alpha Macroglobulin: Electron-Microscopic Study

Abstract. Electron microscopy of purified Waldenstrom macroglobulins and
normal human and rabbit yM immunoglobulins revealed spider-like structures with
five legs varying in length and often joining a central ring. Usually only the cen-
tral more rigid part of this structure (about 150 by 170 angstroms) was clearly
visible, but occasionally particles were seen with longer very flexible legs having
a total span of about 350 angstroms. Molecules of yM antibody retained antibody
activity during preparation for electron microscopy. Human and rabbit alpha
macroglobulins revealed more rigid symmetric structures (100 by 200 angstroms)

which resembled the Russian letter .

The size and conformation of several
serum proteins have been estimated by
light scattering, x-ray diffraction, fluo-
rescence polarization, intrinsic viscosity
measurement, analytical ultracentrifu-
gation, and electron microscopy. Some

of these techniques have been applied

to studies of myeloma proteins and
Waldenstrom macroglobulins. But we
are aware of no reported electron-
microscopic studies of these parapro-
teins, and the only electron-microscopic
data relating to normal M immuno-
globulins, not in complexes with

antigen, -have been published by
Hoglund and Levin (Z) and Hoglund
(2). The limited application of electron
microscopy in studies of serum macro-
globulins can be partially ascribed to
their apparent low electron density.

A different situation exists when the
yM globulins have antibody activity and
can be examined when they form com-
plexes with an antigen of well-defined
and characteristic shape. This approach
has recently been utilized in electron-
microscopic studies of complexes of
virus and yM antibody (2—4). In
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one of these studies (4), the biological
activity of the yM antibody was cor-
related to its capacity to form visible
complexes with the antigen. These re-
sults led us to attempt an electron-
microscope study of purified yM glob-
ulins that were not complexed with
antigen. We now report observations on
the ultrastructure of the following pro-
teins: rabbit yM immunoglobulins with
antibody activity to poliovirus, normal
human M globulins, Waldenstr6m
macroglobulins, and—for comparison—
human alpha macroglobulins («,M) and
rabbit alpha macroglobulins (a;M).

The yM globulins examined were
from several sources. The two rabbit
yM preparations and two normal hu-
man yM preparations were purified in
our laboratory by methods outlined
below; three Waldenstrém macroglob-
ulin preparations were supplied by Drs.
H. Metzger and R. Norberg, purified as
described (5).

Six «M globulin preparations were
studied. Two human «,M and two
rabbit o;M preparations were purified
in this laboratory; an additional human
asM preparation was supplied by Dr.
P. O. Ganrot and was purified as de-
scribed (6); the final human @M
preparation was supplied by Dr. G.
Schwick, Behringwerke AG.

The rabbit and human yM and «M
globulins purified in this laboratory
were prepared by a five-step procedure
including: (i) removal of low-density
lipoproteins by precipitation with

dextran sulphate (molecular weight,
560000) and Ca2+ (7), (ii) precipita-
tion of the macroglobulins with 7.5
percent (weight/volume) polyethylene
glycol (molecular weight, 6000) (8), (iii)
subjecting the redissolved macroglob-
ulins to gel filtration on Sephadex G-
200 or Sepharose 4B, (iv) fractiona-
tion of the first eluted protein peak in
a sucrose-density gradient, and finally
(v) separation of the obtained yM and
oM globulins by zone electrophoresis
on polyvinyl chloride (PVC) (9). No
lipoproteins were detectable by double
diffusion in 1 percent agar gel (LKB
immunodiffusion equipment) in the
macroglobulin preparations subjected
to electrophoresis.

In order to prepare rabbit M
globulins with antibody activity to
poliovirus, 4- to S5-month-old rabbits,
weighing 2 to 3 kg, were injected in-
travenously with 3 ml [4 X 108 plaque-
forming units (PFU) per milliliter] of
poliovirus, type 1, produced and puri-
fied on a CsCl gradient (4). The rabbits
were bled by cardiac puncture 10 days
after immunization, the blood was al-
lowed to clot, and the serums were
stored at —20°C without preservatives.
Such serums or yM globulin prepara-
tions were titrated for virus-neutralizing
antibodies by mixing equal volumes of
virus (150 PFU) and varying dilutions
of the serum or yM preparation. The
mixtures were held for 20 hours at
3°C and then 4 hours at room tempera-
ture, and assayed without dilution on

Fig. 1. Electron micrographs of purified rabbit and human M globulins. (a) Spider-
like structures with five legs of varying length in both normal and pathological YM
globulin preparations. (b) Normal human M preparation showing both the spider-
like structures (arrows) and loop formation apparently due to folding. The scale

represents 60 myu.
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Fig. 2. Agar double-diffusion analysis of
(a),normal human yM globulin and (b)
human oM globulin. Well A4: purified
normal human yM globulin; well B: puri-
fied human «:M globulin; wells 1, 2, and
3: antiserum to human serum, rabbit
antiserum to human vM globulin and rab-
bit antiserum to human «:M globulin, re-
spectively. The precipitation lines between
wells 1 and 2 are due to the reaction of

.the horse antiserum to human serum

(well 1) with human serum proteins added
to the rabbit serum (well 2) when re-
moving rabbit antibodies not directed
against human ¥M globulin.

HeLa cell monolayers by the plaque-
inhibition method.

Specimens for electron microscopy
were prepared by placing a drop of a
suspension of macroglobulin and 2
percent sodium tungstosilicate on a
400-mesh carbon-coated grid; the ex-
cess fluid was removed with a filter
paper after a few seconds. The grids
were immediately transferred into the
vacuum compartment of a JEM-5Y
electron microscope and examined at an
initial magnification of 50,000; double
condensed illumination was used.

Initial electron micrographs of iso-
lated complexes of poliovirus and rab-
bit yM antibody (4) occasionally re-
vealed, in addition to the complexes,
structures—not associated with virus—
having principally two different shapes,
one of uniform size resembling the
Russian letter &, and the other a
structure resembling a spider with five
legs of varying lengths (modifications
of this latter structure showed loop
formation). Since at this stage of the
study the final electrophoresis step was
omitted in the purification proce-
dure, the macroglobulin preparation
with which the virus was incubated
contained both yM and oM globulins.
Thus, it was impossible to determine
which, if either, of the free-lying
structures actually represented the yM
antibody molecules. However, when
rabbit yM and oM globulins were
separated by zone electrophoresis, evi-
dence pointing to the identity of the
spider-like structures with yM globulin
molecules was obtained. Electron micro-
graphs of fractions, within the yM
region of PVC blocks containing the
peak of the antibody activity revealed a
high concentration of flexible spider-
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like structures with five legs often join-
ing a central ring and occasionally oc-
curring in small aggregates (Fig. 1a).
An often-observed modification of the
latter structure involved the folding of
the legs in toward the central midpoint,
thus forming double loops on one or
both sides (Fig. 1b). In a previous
study of complexes of poliovirus and
rabbit yM antibody (4), such double
loops were often seen attached to the
virus capsid.

Fractions from the yM region of the
PVC blocks had poliovirus neutralizing-
antibody activity in the plaque-inhibi-
tion neutralization test. In addition,
these yM antibodies formed specific
complexes with poliovirus which were
visible in the electron microscope, an in-
dication that the yM antibodies retained
antigen-binding capacity during both
purification and preparation for electron
microscopy. In the complex, the antigen
may have a stabilizing effect on the
combining site of the antibody mole-
cule, and therefore we tried to ascer-
tain whether purified, yM antibody
molecules not associated with antigen
retained activity during the staining
and drying necessary for electron mi-
croscopy. These experiments indicated
that the yM antibody preparations re-
tained at least 50 percent of their original
antibody activity when redissolved in
phosphate-buffered physiological saline
after this treatment (9a).

The human yM preparations (0.5 to
0.6 mg of protein per milliliter) which
gave a single line of precipitation when
tested against horse antiserum to hu-
man serum and horse or rabbit anti-
serum to human yM globulin by the
Ouchterlony technique (70) (Fig. 2a),
revealed structures indistinguishable
from those seen in the rabbit yM prep-
arations.

Three different yM  macroglobulin
preparations (type Waldenstrém), con-
taining 5 to 15 mg of protein per milli-
liter, were examined in the electron
microscope. All three
showed the same general features: five-
pointed spider-like particles occasionally
entangled in small aggregates were the
predominating structures (Fig. 3). There
was great variability in the lengths of
the legs of these particles, and thus the
overall dimensions varied between 150
X 170 A for the denser, more compact
structures to 150 X 350 A in the case
of particles whose legs appeared maxi-
mally extended.

A single line of precipitation was ob-
tained when two of the Waldenstrom
yM preparations were tested by im-
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preparations -

=

Fig. 3. Electron micrograph of human M globulin (type Waldenstr6m) revealing
a high concentration of flexible spider-like structures with five legs, occasionally
occurring in small aggregates. Usually only the central, more rigid, electron-opaque
part of the structure is clearly visible (see arrows). The scale line represents 50 mug.

munoelectrophoresis against horse anti-
serum to human serum and rabbit anti-
serum to human yM globulin by the
micromethod of Scheidegger (11).
Electron micrographs of purified hu-
man oM and rabbit o;M globulin re-
vealed a high concentration of intact
structures resembling the Russian letter
. These structures were more sym-
metric and rigid than the spider-like
particles observed in purified yM prep-

arations and seemed to have shorter

side legs (Fig. 4). The modal values for
the breadth (the horizontal bar) and
height of apparently intact ooM mole-
cules were estimated to be 90 to 100 A
and 180 to 200 A, respectively. Besides
apparently intact «M particles, partially
collapsed particles were occasionally
seen in some areas of the grid which
were covered with a rather thick layer
of the STS stain. The rabbit ;M and
human «,M preparations were analyzed
by immunoelectrophoresis and double-
diffusion in agar, with sheep antiserum to
rabbit serum, horse antiserum to human
serum and rabbit antiserum to human
asM globulin. These tests revealed a

single precipitation line typical for «M
in each system (Fig. 2b).

Much of our knowledge of immu-
noglobulins ‘has emerged from studies
of myeloma proteins and Waldenstrém
macroglobulins. The results have sub-
sequently been confirmed in studies of
normal immunoglobulins and specific
antibodies. But it is still an open ques-
tion whether the paraproteins are truly
abnormal serum proteins or merely ex-
treme elevations of certain regions with-
in the normal y-globulin moiety.

In our study no distinct difference in
the electron-microscopic appearance of
normal yM globulins and Waldenstrém
macroglobulins was observed. The
spider-like structures were dominant in
both kinds of preparations, while some
of the electron micrographs suggested
that normal yM preparations contained
a greater number of apparently intact
such structures with long, thin, very
flexible legs. This can, however, be a
spurious finding since the purified nor-
mal yM preparations examined were
fresher than the Waldenstrdm macro-
globulins. In addition, the two types of

Fig. 4. Electron micrographs of purified human «:M globulin. Structures resembling
the Russian letter »x are seen in high concentration (see arrow). The scale lines rep-
resent 50 mu.
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yM preparations were purified by dif-
ferent methods.

Although it is not unreasonable that
the yM molecule might have an ultra-
structure somewhat resembling that of
the «M globulin, since many of their
physicochemical properties indicate a
strong similarity, we consider it unlikely
that the spider-like particles observed
in the yM preparations represented a
contamination with oM globulin mole-
cules for the following reasons. (i)
There were recognizable differences
in the shape of these two struc-
tures, the spider-like structures in the
yM preparations being more slender and
less symmetric with longer, more flexi-
ble side legs than the «M particles. (ii)
No contamination with oM globulins
was detectable in the yM preparations
by the Ouchterlony technique or immu-
noelectrophoresis. The maximum con-
tamination that could escape detection
was about 12 to 15 pg/ml, which would
amount to about 2 percent of the total
protein in the yM preparations. There-
fore, the number of «M molecules ex-
pected in the preparations would be far
less than the observed number of spider-
like particles. (iii) In the yM prepara-
tions, structures could be seen at various
stages of transition from apparently in-
tact extended spider-like particles to
those whose legs folded together to form
small loops, which were remarkably
similar to the loops surrounding the
poliovirus capsids in the poliovirus-yM
complexes (4).

In Hoglund and Levin’s (I) and Hog-
lund’s (2, 12a) -electron-microscopic
studies of normal human yM globulin
and yM antibodies against T2 bacterio-
phage, the yM molecule was reported to
have an ovoid shape with dimensions of
about 200 X 300 A. This large ellip-
soid structure is not in accordance
with our observations on both patho-
logical and normal human yM globulins.
In addition, Rowe (14) has pointed out
that the molecular weight, calculated on
the basis of Hoglund and Levin’s dimen-
sions differs grossly from values gener-
ally accepted for yM.

Humphrey and Dourmashkin (13)
and Feinstein and Munn (I4) have pub-
lished electron micrographs showing
filamentous structures, considered to rep-
resent yM antibodies, attached to the
erythrocyte membrane and bacterial
flagella, respectively. The length of these
structures, ‘which appears to be about
100 to 150 A, is compatible with the
size of the isolated folded vM molecules
that we examined. The electron micro-
scopic appearance of complexes of virus
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and yM antibody has been studied in
detail (3, 4). The flexibility of the yM
molecule and the tendency to react with
the virus with the formation of two to
four loops on the surface of the virus
capsid are consistent with our present
results. The structure here considered to
represent the yM molecule is also com-
patible with the suggestion (/5) that the
molecule should have five 65 to 7§
subunits (Fig. 1a).

That yM globulins apparently yield
intrinsic viscosity values which are
higher than those typical for “globular”
proteins (16) has been attributed to a
structure that is either a rigid asym-
metric ellipsoid or one that has a high
degree of. intramolecular, rotational
freedom. The latter explanation is com-
patible both with data from measure-
ments of fluorescence depolarization
(17) and with the observation that the
vyM subunits are probably linked by only
two disulfide bonds per subunit (I8).
This concept of great intramolecular
flexibility was supported by our ultra-
structural study.

Our data are also compatible with
earlier data on fluorescence depolariza-~
tion (19), an indication that the aoM
molecule is more rigid than the yM
molecule. The ellipsoidal or spherical
structure proposed earlier (Z, 20) for the
asM globulin is difficult to reconcile
with the electron-microscopic appear-
ance of this molecule in our study.

S-E. SVEHAG
B. CHESEBRO
Department of Immunology, National
Bacteriological Laboratory,
Stockholm 1, Sweden
B. BrorH
Department of Virus Research,
Karolinska Institute School of
Medicine, Stockholm 1, Sweden
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Enzyme Concentrations in Tissues

Abstract, Apparent enzyme concen-
trations in cells and in mitochondria are
calculated from data available in the
literature. These values are 10-¢ to 107
moles per kilogram of tissue. It is
pointed . out . that. these -concentrations
are much higher than those used in
enzymatic studies in vitro. Metabolic in-
terpretations of experiments in Vitro
should consider this additional de-
parture from conditions in vivo.

Experiments with purified enzymes
for the study of metabolic control at-
tempt to use physiological concentra-
tions of substrates and effectors. Be-
cause in most cases sensitive assays are
usually available for such studies,
enzyme concentrations of about 10-7 to
10-*° mole/liter are used. In addition to
limitations of technique and insufficient
quantities of pure enzyme, a lack of
knowledge of cellular enzyme concen-
trations has prevented adequate study
of the effects of enzyme concentrations
on proposed metabolic regulatory in-
teractions in vivo.

Quite different kinetic behavior re-
sults when high concentrations of en-
zymes (10-5 to 10-¢ mole/liter) are
used instead of assay concentrations
(10-7 to 10-1¢ mole/liter). I have known
(1) that 1075M-palmityl coenzyme A,
a proposed regulator- for citrate syn-
thase, is effective against 10-8M enzyme
but not inhibitory for 10-°M enzyme.
Frieden and Colman (2) showed that
10-8M glutamate dehydrogenase ex-
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