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ABSTRACT Previous studies have shown that sialidase-
treated mammalian erythrocytes were rapidly eliminated from
circulation. In contrast, chicken asialoerythrocytes remained
fully viable. This investigation was undertaken to ascertain the
reason for this difference in behavior as well as to determine
the extent of the similarity of the physiological mechanism for
the elimination from circulation of asialoglycoproteins and
mammalian asialoerythrocytes. To that end, erythrocytes from
dogs, rabbits, and chickens were each subjected to the action
of galactose oxidase (D-galactose:oxygen 6-oxidoreductase; EC
1.1.3.9) both before and after sialidase (acylneuraminyl hydro-
lase; EC 3.2.1.18) treatment. The viability of the autologously
transfused erythrocytes in circulation was monitored by
Na251CrO4 labeling. Galactose oxidase had no deleterious effect
on the viability of either dog or chicken erythrocytes, nor did
it restore the viability of dog or rabbit asialoerythrocytes. On
the other hand, desialated chicken erythrocytes, which were
fully viable, were rendered nonviable upon treatment with ga-
lactose oxidase. It may be concluded therefore that (a) the
physiological mechanism of elimination of mammalian asi-
aloerythrocytes from circulation is not the same as that for
plasma asialoglycoproteins and (b) the treatment of chicken
asialoerythrocytes with galactose oxidase results in the oxidation
at carbons 6 of the galactosyl- or N-acetylgalactosaminyl resi-
dues, thereby rendering the erythrocytes nonviable.

Almost all the sialic acid known to be present on the erythrocyte
surface is released upon treatment with sialidase (neuramin-
idase; acylneuraminyl hydrolase; EC 3.2.1.18) (1). Autologous
transfusion of the sialidase-treated erythrocytes results in their
rapid elimination from circulation in rats (2, 3), rabbits (1, 3-6),
dogs (1), goats (1), and humans (7), but not in chickens (1).
The asialoglycoproteins are recognized by the liver by virtue

of the galactose residues that are exposed upon removal of the
sialic acid (8). While, in general, galactose has been identified
as the sugar penultimate to sialic acid in plasma glycoproteins,
that role has also been ascribed to N-acetyl-D-galactosamine
in both erythrocyte glycoproteins and glycolipids, e.g., in the
M and N blood group substances (9). Fortunately D-galactose
and N-acetyl-D-galactosamine are both susceptible to oxidation
with galactose oxidase (D-galactose:oxygen 6-oxidoreductase;
EC 1.1.3.9) (10, 11) and in both cases it is C6 of the monosac-
charide that is oxidized. Sialic acid is most frequently attached
either to C3 or C6 of either galactose or N-acetylgalactosamine.
Oxidation at C6 with galactose oxidase, -CH20H - -CHO,
prevents the reattachment of sialic acid.
A significant difference between mammalian and chicken

erythrocytes is the presence of a nucleus in the latter but not in
the former and, as was postulated in a previous communication
(1), the nucleated chicken erythrocyte would have the capa-
bility to regenerate the sialic acid on the cell surface by virtue

of the presence of CMP-N-acylneuraminate synthetase
(CTP:N-acylneuraminate cytidyltransferase; EC 2.7.7.43) in
the nucleus. The synthetase has not been detected in mam-
malian red cells (12), but has been detected in most nucleated
cells and is localized only within the nucleus of the cell (13-15).
It might be argued, therefore, that the nucleated chicken
erythrocyte would have the capability to make available
CMP-N-acylneuraminate to the sialyltransferase to resialate
the cell surface and thereby remain in circulation. Treatment
of chicken asialoerythrocytes with galactose oxidase could be
expected to interfere with the resialation process.

This investigation was therefore undertaken with two ob-
jectives in mind: (a) to ascertain whether the mechanism for
the removal of asialoerythrocytes from circulation is similar to
that for asialoglycoproteins (8), and (b) to ascertain the reason
for the observed differences in the viability of chicken and
mammalian erythrocytes. A preliminary report of these studies
has already appeared (16).

MATERIALS AND METHODS
White leghorn chickens (1-2 kg), mongrel dogs (13-18 kg), and
New Zealand White rabbits (3-5 kg) were used. EDTA-Va-
cutainers were purchased from Becton-Dickenson Corp. Ga-
lactose oxidase (68 Worthington units/mg of protein) and
horseradish peroxidase (698 Worthington units/mg) were
purchased from Worthington Biochemicals and coffee bean
a-galactosidase from Boehringer Mannheim. Isotonic bacter-
iostatic saline was purchased from Invenex; o-tolidine from
Eastman Organic Chemicals; Ampholine, pH 3-10, from LKB
Instruments; Sephadex G-75 superfine from Pharmacia Fine
Chemicals; 51Cr, as Na251CrO4, from E. R. Squibb and Sons;
NaB3H4 from New England Nuclear Corp.; NaBH4 from
SigmaChemical Co.; NCS tissue solubilizer from Amersham-
Searle; PM-10 membranes from Amicon Corp. Phosphate-
buffered saline, pH 7.0 and pH 7.4, containing 1 mM CaC12,
and isotonic saline, containing 1 mM CaCl2 and adjusted to pH
7.0 with NaHCO3, were prepared from reagent grade chemi-
cals.
Analytical procedures
Total sialic acid was determined by a modification (17) of the
Svennerholm resorcinol procedure (18). Free sialic acid was
determined by the thiobarbituric acid assay (19). Radioactivity
of samples labeled with 3H was determined by liquid scintil-
lation. Radioactivity of 5ICr-labeled cells was determined in
a gamma well counter.

Paper chromatography was performed by the descending
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technique using Whatman 3 MM paper and butanol/pyri-
dine/water 6:4:3 (vol/vol). After chromatography, the papers
were cut into 1-cm sections and the radioactivity was deter-
mined by liquid scintillation in toluene/2,5-diphenyloxa-
zole.
Purification of sialidase
A Iyophilized culture filtrate (1 g) of the Ogawa strain of Vibrio
cholerae was suspended in 90 ml of 1% glycine and dialyzed
overnight against 4 liters of 1% glycine. This solution was then
used to suspend 5 g of Sephadex G-75 superfine. After the ad-
dition of S ml of Ampholine, pH 3-10, the slurry was subjected
to flat-bed isoelectric focusing (20, 21). After 16 hr the gel was
sliced and the resulting fractions were assayed for sialidase
activity. The activity was determined with 1% ovine submax-
illary mucin as substrate in 0.5 M acetate buffer containing 1
mM CaCl2 (1 unit of activity was defined as that amount of
enzyme liberating 1 gmol of sialic acid per min at 370 from the
ovine submaxillary mucin). Fractions containing sialidase ac-
tivity were pooled and the Ampholine was removed by per-
meation through Sephadex G-75. The active fractions were then
pooled and concentrated 10-fold by ultrafiltration through an
Amicon PM-10 membrane. This procedure results in a purifi-
cation of 17.4-fold, with a yield of 66%. Such preparations
contain no detectable protease or other glycosidase activity. This
is a very rapid method of obtaining sialidase with suitable ac-
tivity.

Stroma
Production. Blood samples were drawn into EDTA-Vacu-

tainers and the stroma were prepared by the method of Dodge
et al. (22). The stromal pellet was then suspended in saline and
stored at -20° until used.
Optimal Concentration of Galactose Oxidase for Oxida-

tion. Stroma were prepared from dog erythrocytes. The total
sialic acid content of the preparation, as determined by the
resorcinol technique (17), was used to calculate the equivalent
volume of packed erythrocytes. Equal portions of stroma were
distributed into tubes and desialated with 0.2 unit of sialidase
per ml of packed erythrocytes for 30 min at 370 in isotonic sa-
line containing 1 mM CaCl2 (1). Dilutions of galactose oxidase
equivalent to 0, 2, 4, and 6 units/ml of packed erythrocytes
were added. Each tube contained 12 units of horseradish per-
oxidase and 0.685 ,mol of o-tolidine. The tubes were incubated
for 30 min at 370 and the reactions stopped by the addition of
a mixture of 50 ,ul of 0.5 M EDTA (pH 10.5) and 100,l of 2%
Triton X-100. The samples were then centrifuged at 500 X g
for 10 min, and the absorbance of the supernatant solutions was
determined at 425 nm to measure the extent of the oxida-
tion.

Erythrocytes
Preparation. Blood was obtained from the medial ear artery

of rabbits, cephalic vein of dogs, and wing vein of chickens. The
erythrocytes were then sedimented at 500 X g for 4 min. Serum
and buffy coat were removed and the erythrocytes were re-
suspended in 4 volumes of sterile isotonic saline. The cells were
washed three times with isotonic saline and once with isotonic
saline containing 1 mM CaC12. Packed cell volume of the
washed erythrocytes was determined in duplicate in hematocrit
tubes.
Enzyme Treatment and 51Cr Labeling. Sialidase (0.2 unit)

and Na25ICrO4 (1.5 ,uCi/kg) were added to each ml of the
packed erythrocytes. The cell suspensions were then diluted
with CaCl2/saline to yield a final microhematocrit value of

50%. Suspensions were incubated at 370 for 30 min with gentle
agitation. To some of the suspensions were added 5 units of
galactose oxidase per ml of packed erythrocytes and the cell
suspensions were incubated an additional 30 min at 370.
The cells were then sedimented at 500 X g for 5 min and

washed three times with sterile isotonic bacteriostatic saline.
The supernatant and washes were retained. The cell pellet was
then suspended in sterile isotonic bacteriostatic saline to the
initial hematocrit value of the sample. The radioactivity of
samples (0.5 ml) of the cells, supernatant solution, and washes
was determined. The cell suspensions contained 80-95% of the
radioactivity used. The supemate and washes were also assayed
for free sialic acid (19).

Injection and Determination of Radioactivity. The labeled
erythrocytes were autologously transfused and blood samples
were obtained from the transfused animals 30 min after
transfusion and every 24 hr thereafter until the radioactivity
of the samples reached 50% (the half-life) of that exhibited by
the 24-hr sample. The counts, using 0.5-ml samples, were cor-
rected for 5lCr decay by the inclusion of the 24-hr sample at
each counting interval. The radioactivity of subsequent samples
was also corrected for any change in hematocrit reading, which
varied from day to day.

Labeling with NaB3H4 after Treatment with Galactose
Oxidase. The procedure used was essentially that described by
Gahmberg and Haleomori (23). The buffy coat was removed
and the erythrocytes were washed three times with phos-
phate-buffered saline, pH 7.4. After the final wash, the cells
were suspended in phosphate-buffered saline, pH 7.0, con-
taining 1 mM CaC12, and incubated at 370 for 30 min with si-
alidase, 0.2 unit/ml of packed erythrocytes (1). Control cells
were treated in a similar manner, except that the sialidase was
omitted. To cells to be treated with galactose oxidase, 5 units
were then added per ml of packed erythrocytes (24) and the
cell suspensions were incubated for an additional 30 min. The
cells were sedimented at 500 X g for 4 min, washed three times
with phosphate-buffered saline, pH 7.4, and suspended in an
equal volume of phosphate-buffered saline, pH 7.4, containing
0.25 mCi of NaB3H4 per 0.8 ml of packed erythrocytes. The
cell suspensions were incubated at room temperature for 30 min
and then diluted by the addition of 1 mg of KBH4 in 5 ml of
phosphate-buffered saline, pH 7.4, to complete reduction. The
cells were finally washed with phosphate-buffered saline, pH
7.4, until the supernatant solutions were essentially free of ra-
dioactivity.
The labeled cells were lysed by the addition of phosphate-

buffered saline, pH 7.4, (diluted 1:9 vol/vol) and the stromal
pellet was suspended in 0.5 ml of phosphate-buffered saline,
pH 7.4. Samples were taken for determination of radioactivity.
Tissue solubilizer (0.5 ml) was added to each sample and the
mixtures were incubated overnight at 500. To each sample, 9
ml of counting fluid (8.4 g of 2,5-diphenyloxazole, 0.21 g of
1,4-bis[2(5-phenyloxazolyl)]benzene in 2.1 liters of toluene and
1.8 liters of Triton X-100) was added and the radioactivity of
the samples was determined.

CMP-N-acylneuraminate synthetase
The enzyme was assayed as described by Kean (12, 25). Chicken
and rat erythrocytes were lysed and assayed for the enzyme.
A sample of rat liver was also assayed alone and together with
chicken erythrocyte lysate to provide a positive control.

RESULTS
Optimal Enzyme Concentrations for Erythrocyte Treat-

ment. In a previous report (1) we had demonstrated that
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FIG. 1. Rate and extent of oxidation of asialoerythrocyte stroma
from (3) dogs and (0) rabbits with various amounts of galactose ox-
idase (1, 2, 4, and 6 units). See text for experimental details.

maximal amounts of sialic acid were released when erythrocytes
were treated with sialidase under conditions described above.
This procedure was adopted to prevent the deleterious effects
of prolonged incubations leading to increased fragility of the
treated cells. The same time period was also chosen for optimal
galactose oxidase treatment.

Stroma were prepared from washed dog erythrocytes
(chicken erythrocytes were excluded because of difficulties in
obtaining stromal preparations without contamination with
nuclear material), and resorcinol assays for total sialic acid
enabled us to calculate the volume of stroma equivalent to 1 ml
of packed erythrocytes. These stroma were then treated with
sialidase followed by 2, 4, and 6 units of galactose oxidase for
30, 60, and 120 min. The pimol of galactose and/or N-acetyl-
galactosamine oxidized per ml of packed erythrocytes is shown
in Fig. 1. The maximal value for oxidizible galactose and/or
N-acetylgalactosamine in dog erythrocytes was found to be
approximately the same as the value found for sialic acid
present on the cell surface. On the basis of these preliminary
experiments, we decided to use 5 units of galactose oxidase for
a 30-min incubation at 370 in all subsequent experiments using
galactose oxidase. Under these conditions a minimal amount
of hemolysis occurred (less than 0.1%) of the cells to be re-
injected. This amount of galactose oxidase was also shown to
be optimal for oxidation of human erythrocytes (24).

Survival of Enzyme-Treated Erythrocytes. About 70% of
the dog erythrocytes treated with galactose oxidase alone sur-
vived in the circulation for 24 hr; their half-life was 25 days.
These findings were comparable to those obtained with un-
treated control erythrocytes (Table 1). On the other hand,
treatment with sialidase yielded a cell population of which only

Table 1. Effect of sialidase and galactose oxidase on erythrocytes
of various species

% Half-life
survival of
after survivors,

Animal Treatment 24 hr days

Dog Control 83 25
Sialidase 12 2
Galactose oxidase 70 25
Sialidase + galactose oxidase 18 3

Rabbit Control 86 12
Sialidase 34 3
Galactose oxidase 15 4
Sialidase + galactose oxidase 22 3.5

Chicken Control 89 8.5
Sialidase 100 7.5
Galactose oxidase 100 8.5
Sialidase + galactose oxidase 2 2

12% survived the first 24 hr, and their half-life was estimated
to be 2 days. Treatment of dog erythrocytes with both sialidase
and galactose oxidase gave cells of which only 16-20% survived
the first 24 hr, and the survivors exhibited a half-life of 3 days
(Table 1).

In contrast to the dog erythrocytes, only 15-30% of rabbit
erythrocytes survived for 24 hr after treatment with sialidase,
galactose oxidase, and sialidase plus galactose oxidase, with
roughly the same half-life, 3, 4, and 4 days, respectively (Table
1).

Sialidase-treated chicken erythrocytes gave 24-hr survivals
of 100% compared to 89% in the untreated control cells. Ga-
lactose oxidase-treated cells exhibited a similar 24-hr survival
(100%). However, when galactose oxidase and sialidase were
used in concert, virtually all the erythrocytes were removed
from the circulation in 24 hr (98%) and the half-life of the
survivors was 2 days (Table 1).

Erythrocyte Labeling with NaB3H% after Treatment with
Galactose Oxidase. Gahmberg and Hakomori (23, 24) and
Steck and Dawson (26) have used treatment of erythrocytes
with galactose oxidase followed by 3H-labeled borohydride to
label the surface components of human erythrocytes. Carraway
et al. (27) have used a similar procedure to investigate the
species variability in the surface glycoproteins of bovine and
equine erythrocytes. We have adapted these techniques to es-
tablish the variability of response to galactose oxidase among
dog, chicken, and rabbit erythrocytes.

The labeling pattern obtained from dogs (Table 2) demon-
strated that without prior desialation, dog erythrocytes treated
with galactose oxidase did not incorporate significantly higher
levels of tritium than did the untreated control cells. The re-
moval of sialyl residues by sialidase and subsequent galactose
oxidase treatment increased the level of tritium incorporation
8- to 16-fold.

Rabbit erythrocytes, on the other hand, exhibited a signifi-
cantly different response to labeling than that observed in dog
cells. Rabbit cells treated with galactose oxidase alone were
labeled almost as efficiently as those treated with sialidase and
galactose oxidase (Table 2).

Chicken erythrocytes showed little incorporation of tritium
regardless of prior enzymatic treatment. Some incorporation
was observed after sialidase and galactose oxidase treatment,
but the amount incorporated was considerably less than that

Biochemistry: Bell et al.
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Table 2. Incorporation of tritium into erythrocytes after
enzyme treatment

dpm X 10-4/ dpm X 10-3/
Animal Treatment ml packed cells million cells

Dog Control 2.2, 2.7 1.6,1.9
Sialidase 4.6, 3.2 3.3, 2.3
Galactose oxidase 2.3, 2.3 1.6, 1.6
Sialidase + galactose

oxidase 32.1, 24.5 22.9, 17.5

Chicken Control 1.5 1.9
Sialidase 3.1 3.9
Galactose oxidase 2.0 2.5
Sialidase + galactose

oxidase 4.8 6.0

Rabbit Control 2.1 1.5
Sialidase 2.0 1.4
Galactose oxidase 26.3 18.9
Sialidase + galactose

oxidase 25.9 18.6

of the other species. This result was not significantly altered by
correcting for the larger size of chicken erythrocytes (Table
2).

Identification of Labeled Sugar. Samples of erythrocytes
of the three species studied were subjected to treatment with
sialidase, galactose oxidase, or sialidase followed by galatose
oxidase. The erythrocytes were then labeled with NaB3H4 and
incubated with ca-galactosidase. The supernatants of these in-
cubations were analyzed by paper chromatography followed
by liquid scintillation counting. Some [3H]galactose was ob-
tained from dog erythrocytes treated with sialidase and ga-

lactose oxidase. The major labeled compound obtained from
rabbit erythrocytes treated either with galactose oxidase alone
or sialidase followed by galactose oxidase was shown to be ga-

lactose.
CMP-N-Acylneuraminate Synthetase and Chicken

Erythrocytes. No synthetase could be demonstrated in chicken
or rat erythrocytes, although the presence of the enzyme was

readily demonstrated in rat liver. Admixture of rat liver with
chicken erythrocytes was still positive, thereby ruling out the
possibility of an inhibitor of the synthetase in the chicken
erythrocytes.

DISCUSSION
Ashwell and Morell (8) have demonstrated that elimination of
asialoglycoproteins from the circulation can be effectively re-

versed by their treatment with j3-galactosidase or by oxidation
with galactose oxidase. This identified the exposed galactosyl
residue on the oligosaccharide chain of the asialoglycoprotein
as the recognition site for their removal from circulation by the
liver.

Oxidation of the asialoerythrocytes with galactose oxidase
did not restore their viability. Thus, it would appear that the
mechanism for removal of asialoerythrocytes is not the same
as that for removal of asialoglycoproteins. The demonstration
by Jancik and Schauer (4) that 13-galactosidase does not restore
the viability of asialoerythrocytes in rabbits would be further
evidence that the two systems are analogous but not identi-
cal.
The results with the chicken erythrocytes may indicate that

while sialidase treatment exposes galactosyl and/or N-acetyl-
galactosaminyl residues, these residues are quickly masked

again in vivo to maintain the initial viability of the erythrocytes.
Galactose oxidase treatment alone has no effect, but galactose
oxidase subsequent to sialidase treatment is effective in de-
stroying the viability of the erythrocytes. A plausible explana-
tion would be that the oxidation at C6 of galactose or N-
acetylgalactosamine prevents regeneration of the sialic acid on
the cell surface. However, our inability to find CMP-N-acyl-
neuraminate synthetase activity, presumably required for such
resialation, argues against this explanation.

Regoeczi et al. (28) were the first to note that asialo-al-acid
glycoprotein was not removed from the circulation of chickens
in the same manner as it was from that of mammals. Lunney
and Ashwell (29) further investigated this problem and dem-
onstrated that in chickens the liver cells bind a terminal N-
acetylglucosaminyl residue rather than a terminal galactosyl
residue, as is the case in mammalian liver.

In summary, it may be stated that the present observations
support the following conclusions: (a) the physiological
mechanisms in mammals for the elimination from circulation
of asialoerythrocytes and asialoglycoproteins, while analogous
in many respects, are not identical; (b) the viability of chicken
asialoerythrocytes cannot be attributed to the presence of
CMP-N-acylneuraminate synthetase in the nucleus with its
capability to resialate the erythrocyte surface; and (c) rabbit
erythrocytes have terminal a-galactosyl residues that are sus-
ceptible to oxidation with galactose oxidase, and this treatment
renders them nonviable. In contrast, cell surface carbohydrate
components of dog and chicken erythrocytes are not susceptible
to oxidation with galactose oxidase.
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