that of pure dimethylsulfide (Fig. 1).
Mass spectrography provided further
evidence.

Analysis was performed on 200
ml of cat breath collected over a
5-minute period shortly after the in-
travenous injection of 400 mg of the
sulfoxide per kilogram of body weight,
which is approximately the maximum
tolerated single dose. Figure 2 shows
that pure dimethylsulfide appears at
mass 62. The peak at 35 is quite rare
and characteristic of the sulfide. The
fragment patterns for the breath sam-
ple (Fig. 24) and pure dimethylsulfide
(Fig. 2B) are identical. The sulfide
was absent in a sample of the injected
dimethylsulfoxide analyzed by both gas
chromatographic and mass spectro-
graphic techniques.

These studies are highly sugges-
tive of the existence of a meta-
bolic pathway in the cat which
reduces the sulfoxide to the sulfide.
Mazel et al. (6) have reported that in
contrast to some other S-methyl com-
pounds, dimethylsulfide is not S-de-
methylated by rat liver microsomes.
Although their studies were carried out
in vitro, their results lend support to
the contention that dimethylsulfide is
a terminal metabolite of dimethylsulf-
oxide. This does not exclude the exist-
ence of other metabolic pathways.

Also noted in the course of these
studies was the appearance of a deep
red coloration of the urine. Preliminary
spectrographic analysis of bladder urine
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Fig. 2. Mass spectrograms of cat’s exhaled
breath (A) and dimethylsulfide (B) (8).
The sample of exhaled air was exhausted
through a liquid nitrogen—chilled trap.
The contents of the trap were admitted
to the mass spectrometer by warming. B,
dimethylsulfide introduced by air exhaus-
tion.
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from cats treated with dimethylsulf-

oxide indicates the presence of both

hemoglobin and methemoglobin.
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Linear Polymerization of a Gastropod Hemocyanin

Abstract. The decreased solubility of a gastropod hemocyanin in the region of
the isoelectric point has been correlated with a sharp increase in light scattering
produced by the protein in solution. Electron microscopic observations on nega-
tively stained spray preparations in the isoelectric region demonstrated that the
formation. of linear polymers of the molecule underlies both the increase in light
scattering as well as the decreased solubility of the protein. While the linear
polymerization produces chains of varying length with no evidence of interaction
between chains, the polymerization proceeds with a high degree of ordering of
individual molecules. On either side of the isoelectric region of this hemocyanin
two forms of molecules are present, rectangular and circular. The rectangular
molecules polymerize in an end-to-end fashion in the isoelectric region. The
rectangular molecules which participate in the polymerization appear to be di-
vided perpendicularly to their length into three major segments.

Hemocyanin, the copper-containing
respiratory protein of various inverte-
brate phyla, was among the first pro-
teins to be characterized by ultracen-
trifugation (/). These and subsequent
studies led to the first accurate deter-
mination of molecular weights for such
macromolecules (2). Among these fun-
damental observations was the demon-
stration of dissociation of hemocyanin
on either side of the isoelectric point
(2) into particles whose weights are
characteristically halves or eighths of
that of the original associated molecule
(3). These changes may be observed
visually; for example, the hemocyanin
of Kelletia kelletia (the sea snail) in as-
sociated form is an opalescent gray-
blue exhibiting a marked Tyndall ef-
fect, but at the pH where the dissocia-
tion occurs and above that pH, it is a
clear dark blue.

It has not yet been possible to recon-
cile the data on size and shape of those
proteins in solution from sedimentation
and diffusion studies with the appear-
ance of dried hemocyanin in the elec-
tron microscope (4). Brohult (5) con-

cluded, on the basis of the high friction-
al coefficients, that the hemocyanin of
Helix pomatia existed in solution as
highly asymmetrical particles. Assuming
their shape to be elongated prolate ellip-
soids, he calculated their length to be
1130 A and their width to be 136 A.
Dissociation involved splitting in a plane
parallel to the long axis and resulted in
two half molecules with lengths of 890
A and widths of 60 A. Electron micros-

0.D. 320 my
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Fig. 1. Light scattering by Kelletia kelletia
hemocyanin, 100 wug/ml, pH 2.1 to 6.0,
0.02M acetate buffer; pH 6.0 to 9.1, 0.02M
phosphate buffer; pH increments 0.2 units;
optical density at 320 mpu.
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copy of negatively stained spray prep-
arations of Helix pomatia hemocyanin
showed rectangular and circular mole-
cules with lengths of 335 A, widths
of 300 A, and diameters of 300 A (6).
These findings were reproducible and

there was no evidence of particles or .

chains of particles (4} 1130 A in length
and 136 A in width. A single cylindri-
cal form for the hemocyanin molecule
was proposed: the rectangular and cir-
cular forms were merely two different
views of the same molecule (7).

In our laboratories, we have been
concerned with the shape and size of
proteins of high antigenicity, among
them the hemocyanins. A recent focus
of study has been the nature of the
dissociation and aggregation phenom-
ena of the hemocyanin of the sea
snail Kelletia kelletia (8). It is prepared
from the animal’s hemolymph by three
cycles of centrifugation consisting of
sedimentation at 78,000g for 3 hours,
resuspension, and precipitation of debris
and other aggregates at 5000g for 1
hour. Immunoelectrophoresis, using
rabbit antibody to hemocyanin,
showed a single broad migrating com-
ponent made up of two lines of hemo-
cyanin antibody-antigen precipitates.
The two bands may indicate two anti-
genic determinants or possibly two dif-
ferent molecular species.

While the isoelectric point as classi-
cally defined is the pH of a buffer of
specified composition in which no net
migration of the protein is produced
by application of an electric field, for
many proteins it also represents the
region of least solubility (9). The iso-
electric region of Kelletia kelletia he-
mocyanin was determined by measur-
ing the light scattering over a range of
pH’s. The marked increase in light scat-
tering over a narrow pH range was used
as an approximation of the isoelectric
point. The purified protein was sus-
pended in 0.02M acetate buffer in a
concentration of 100 pg/ml, and the
pH was varied from 2.1 to 9.1 in 0.2
pH unit increments. The solutions were
read in a Beckman DU spectrophotom-
eter at 320 my. Figure 1 shows the
result of these studies. There is a sharp
increase in optical density at pH 4.2
which reaches a peak at pH 4.4. When
the Kelletia kelletia hemocyanin at this
PH, ionic strength, and concentration is
allowed to stand, it precipitates from the
solution.

The problem, which has been ap-
proached by electron microscopy, is
whether this gross aggregation and pre-
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cipitation phenomenon is random or
whether it represents a specific organi-
zation of molecules. The electron micro-
scopic studies were made of spray prep-
arations of hemocyanin at a concentra-

tion of 500 pg/ml in 0.02M ammonium
acetate volatile buffer. Two-percent

uranyl acetate was added immediately
before spraying on carbon-coated grids.
Preparations of the aggregated form (at

Fig. 2. Kelletia kelletia hemocyanin, pH 3.4, 500 wg/ml, negatively stained with 2

percent uranyl acetate, 0.02M ammonium acetate buffer. The circular molecules are
310 A diameter, and the rectangular molecules are 330 A long and 290 A wide.
Note the three major divisions perpendicular to length.

Fig. 3. Linear polymers of Kelletia kelletia hemocyanin in region of isoelectric point,
pH 4.8, 500 ug/ml, negatively stained with 2 percent uranyl acetate 0.02M ammonium
acetate buffer. Polymer length is variable, width 355 A. Polymers consist of rectangular
molecules oriented end to end. Few circular molecules are present.
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Fig. 4. Monomers of the linear polymer. Conditions of preparation same as in Fig. 3.
Individual monomers making up the polymers have length 365 A, width 355 A. Each
molecule appears divided perpendicular to length into three major segments. Each
segment suggests two helical coils, 60 A in width and 355 A in length.

the isoelectric point) and the nonaggre-
gated form (confirmed by light scat-
tering and sedimentation analysis at pH
3.4) were viewed in the Siemens Elmis-
kop I electron microscope (I0) at in-
strument magnifications of 40,000 and
80,000. Figure 2 shows two types of
molecules of sea snail hemocyanin at
PH 3.4. The rectangular molecules have
widths of 290 A and lengths of 330
A. A segmentation perpendicular to the
length dividing the forms into three or
six equal segments is apparent. The
circular molecules have diameters of
310 A and show internal structure. The
forms and overall dimensions of these
preparations agree very closely with
those reported recently for Helix po-
matia hemocyanin (6, 7, 11). The studies
on sedimentation rates and pH dissoci-
ation indicate that Kelletia kelletia and
Helix pomatia hemocyanins have simi-
lar molecular weight and pH dissocia-
tion (/2). Extensive studies, which will
be reported later, suggest that, for Kel-
letia kelletia hemocyanin, the circular
and rectangular forms represent two
different species of molecules.

The negatively stained spray prepa-
ration of Kelletia kelletia hemocyanin
in the isoelectric region shows a remark-
ably high degree of molecular organi-
zation (Fig. 3). The characteristic forms
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are linear polymers of varying length
representing end-to-end aggregations of
the hemocyanin particles. The orienta-
tion of the polymers seems to be ran-
dom, without evidence of interaction
between polymers. Figure 4 shows the
polymers at high magnification: the in-
ternal segmentation characteristic of the
rectangular forms can be distinguished,
suggesting that the association and ori-
entation of the molecules at the isoelec-
tric point involves the 355-A ends of
the rectangles. Under the conditions of
preparation, no characteristic dimen-
sion other than width (355 A) is evi-
dent, the polymers varying in length.
That the pH range of maximal poly-
merization in electron microscopic prep-
arations (4.8) is not identical to the pH
of the optical-density peak (4.4) may
be a reflection of changes in pH occur-
ring during the drying phase of the
negative staining process. This is con-
sistent with the observation of Bradley
(13) that uranyl acetate buffer in this
PH range underwent elevation in pH in
the drying process. Examination of
preparations over a wide pH range in-
dicated that the polymerization occurred
only in this narrow pH range.
Concerning the nature and type of
forces operating in producing the high
degree of molecular organization, one

factor may possibly be the condi-
tions of preparation of this protein for
final viewing in the electron microscope
which involves a drying in a vacuum.
Since hemocyanin is no longer soluble
in water after lyophilization (12, 14), it
is likely that the specimens prepared
for electron microscopy are also modi-
fied to a great extent. The high degree
of structural organization and the re-
producibility of these forms suggest
that these molecules as observed in the
electron microscope are a direct result
of the amino acid composition and se-
quence, and therefore represent the
configuration of the molecule under the
conditions of preparation. Thus, we as-
sume that we are seeing the hemocyanin
molecule in its most stable form but
under very unfavorable conditions.
The affinity of the ends of each mole-

cule in the chain with its neighbors
might indicate that the forces operating
in maintaining the size and shape of
the rectangular molecule at pH’s on
either side of the isoelectric point are
similar. Studies have been done on the
mechanism of dissociation and reasso-
ciation on hemocyanins of this and other
species (15).
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