tact, but suffered considerable distor-
tion. The nuclei seemed to undergo
partial homogenization, losing their
normal chromatin pattern, while the
nuclear membrane appeared to become
thicker.

Further work will be necessary to
determine whether these changes are
caused by thermal or radiation damage
from the incident triton beam. The cell
damage, if caused by heating, may be
ameliorated in future experiments by
cooling the block with liquid nitrogen
and eliminating the thermal insulation
formed by the 100-um Mylar support-
ing the cellulose nitrate film. Alter-
natively, cooling might be accomplished
by conduction to a cold gas contained
above the sample.

Although all erythrocytes fixed in
deuterated formaldehyde produced
radial track patterns, some phytohe-
magglutinin-treated lymphocytes ex-
posed to deuterated thymidine did not
(Fig. 2, ¢ and d). Sparse tracks were
noted over all nondeuterated control
lymphocytes. It is inferred that the
labeled cells were transformed by the
phytohemagglutinin, while the cells as-
sociated with few tracks in excess of
background were not transformed. The
number of alpha particle tracks in indi-
vidual clusters corresponding to lym-
phocytes were counted. The greatest
deuterium content of a lymphocyte was
estimated to be (6 = 3) X 109 atoms.
A lymphocyte fully labeled with
methyl-deuterated thymidine is ex-
pected to incorporate 5 X 10° deuteri-
um atoms during one cell division
(12). Unexpectedly, a randomly ori-
ented background track pattern was
observed. We suspect that this was due
to contamination of the Teflon film by
detergent during the dispersion and
fusion of the 0.2-um tetrafluoroethylene
particles which were used during the
casting of the film. Any contaminant of
tetrafluoroethylene that contains hydro-
gen should introduce deuterium in the
absorber and result in randomly ori-
ented background tracks. The radial
track pattern associated with cells was
readily distinguishable from the ran-
dom background pattern, especially at
low magnification. This pattern was not
observed in the erythrocyte samples be-
cause the triton fluence—and hence the
sensitivity—was lower by a factor of
50.

The system of deuterium micromap-
ping described in this report is less
sensitive than conventional tritium
ARG, but it may prove useful for
certain clinical studies of patients to
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whom it may be considered inappropri-
ate to administer tritiated metabolic
precursors or tritiated cells. As a par-
ticular example, the feasibility of label-
ing human lymphocytes with deuterated
thymidine is demonstrated.
F. H. GEsLER, K. W. JONES
J. S. FOwWLER, H. W. KRANER
A. P. WoLF, E. P. CRONKITE
D. N. SLATKIN
Brookhaven National Laboratory,
Upton, New York 11973
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Singlet Excited Oxygen as a Mediator of the

Antibacterial Action of Leukocytes

Abstract. Human polymorphonuclear leukocytes kill a colorless mutant strain
of Sarcina lutea much more readily than a carotenoid-containing strain. A similar
protective effect has been reported in the organism during photodynamic inacti-
vation, where it is attributable to the quenching of singlet excited oxygen by
carotenoids. The findings with leukocytes support the suggestion. that singlet ex-
cited oxygen acts as one of the mediators of their bactericidal action.

Although oxidation has been consid-
ered one of the primary means whereby
polymorphonuclear (PMN) leukocytes
destroy ingested bacteria, the actual
bactericidal cellular reactions have not
been well characterized. The respiratory
burst which accompanies phagocytosis
in leukocytes was assumed by Iyer et al.
(/) to be due to the formation of H,0,,
and Paul and Sbarra (2) subsequently
made direct measurements of an in-
crease in H,0, production by leuko-
cytes during phagocytosis. Klebanoff
and co-workers (3) extended these ob-
servations and suggested that a three-
component system including myeloper-
oxidase, H,0,, and halide (Cl— or I—)
is responsible for the bactericidal activ-
ity of PMN leukocytes. The role of
these compounds as antibacterial agents
in PMN leukocytes has been studied in
patients suffering from chronic granu-
lomatous disease, whose PMN leuko-
cytes are unable to produce H,0, when

stimulated (4), and in patients with
myeloperoxidase deficiency (5). In both
of these cases, bactericidal activity is
impaired.

Another hypothesis has been ad-
vanced to explain bacterial killing with-
in leukocytes. Allen et al. (6) reported
the appearance of chemiluminescence
from human PMN leukocytes after
stimulation with either bacteria or latex
particles. They proposed that the chemi-
luminescence reflects the generation of
singlet excited oxygen (1O.*), which
acts as the bactericidal agent. The *0,*
could be formed, according to Allen
et al.,, from the decomposition of an
oxygen intermediate, such as the super-
oxide radical (-O:2—), formed during
pyridine nucleotide oxidation. Several
workers (7) have suggested that the
spontaneous dismutation of ‘Oz~ pro-
duces 10,*, as follows
+207
e

0.+ 0y H:0: + 10.*
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Fig. 1. Survival of carotenoid-containing
wild-type Sarcina lutea and a pigmentless
mutant strain, 93A, exposed to human
PMN leukocytes. Flasks containing both
leukocytes and pooled human serum were
prepared as described in the text. Control
flasks contained no serum. At time zero
(2.5 to 7.5) x 10° live S. lutea (either
wild type or mutant strain 93A) were
added to both control and experimental
tubes; the number of viable cells in the
zero time sample was taken as 100 percent
in calculating the percentage of survivors.
Each data point represents three experi-
ments; vertical lines denote 1 standard
error and are plotted only for mutant
strain 93A. No significant difference was
found between the control (dashed line)
and experimental (solid line) tubes for
the wild-type pigmented strain. The color-
less mutant strain 93A was readily killed
by the human PMN leukocytes in the
presence of homologous serum. The com-
parison between mutant strain with and
without serum was significant (P = 0.05)
after incubation for 90 minutes.

The enhanced production of ‘O, by
phagocytosing human PMN leukocytes
has now been reported by Babior and
co-workers (8). These authors have
also observed an absence of ‘O,~ pro-
duction in leukocytes from patients
with chronic granulomatous disease.

Another mechanism for producing
10,* from PMN leukocytes has been
discussed (9). In the myeloperoxidase-
H,0,-halide system, a halide could be
oxidized to a hypohalite anion, which
could then react with another molecule
of H,O. to produce 10,*. The latter
system represents one of the chemical
reactions for the production of 1Q0,%,
as described by Seliger (10).

MPro
H:0. 4 CI'— H.O + OCI-
OCI- 4 H.0.— H.0 + Cl- 4 10,*
where MPO stands for myeloperoxidase.

Carotenoids have now been well doc-
umented as efficient 10,* quenchers
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in vitro (I1) and have been assumed
to function similarly in vivo (12), and
we have taken advantage of this fact to
test the hypothesis that 10,* is involved
in the bactericidal action of human
PMN leukocytes. We used a yellow
coccus, Sarcina lutea, and a mutant
strain, 93A, which appears to be a
single-step mutation lacking colored
carotenoid pigments (13). These two
strains have been studied extensively
(13) with respect to the ability of the
carotenoid pigments in the wild-type
strain to protect against the harmful
effects of visible light excitation, pre-
sumably mediated through the genera-
tion of 10,*.

Human PMN leukocytes were iso-
lated by the dextran sedimentation tech-
nique of Holmes et al. (14) and ex-
posed briefly to a medium of low ionic
strength to lyse erythrocytes, as de-
scribed by Woeber et al. (15). Under
these circumstances, preparations con-
taining 90 to 95 percent PMN neutro-
phils could be routinely obtained. The
leukocytes were suspended in Krebs-
Ringer phosphate solution containing
0.1M glucose at pH 7.4 and an appropri-
ate amount of pooled human serum was
added to yield a final concentration of
10 percent serum. Overnight cultures
of S. lutea, both wild type and mutant
strain 93A, were washed and suspended
in phosphate-buffered saline, pH 7.4, to
a concentration of 108 cells per milli-
liter. The bacteria were added to the
leukocyte preparation at a ratio of 1 to
3 bacteria per leukocyte, incubated at
37°C with shaking, and 0.1-ml portions
were removed for enumeration of via-
ble bacteria. The portions were diluted
with 100 volumes of distilled H,O and
shaken vigorously to lyse the leukocytes
and release any ingested bacteria. Suit-
able dilutions of these samples were
plated in duplicate onto nutrient agar
plates and incubated at 30°C for 48
hours before counting. The protocol is
described in Table 1.

Our results, shown in Fig. 1, indicate
that during a 90-minute incubation of
PMN with wild-type S. lutea there was
no significant killing either in the pres-
ence or absence of human serum. A dif-
ferent result was obtained when the
colorless mutant strain, 93A, was in-
cubated under similar circumstances. In
the absence of human serum, there was
no killing during the 90-minute incuba-
tion period. However, in the presence
of both human PMN leukocytes and
serum, the colorless mutant strain was
rapidly killed.

These results, demonstrating the en-

Table 1. Protocol for experiments and con-
trols. Symbols: +, present; —, absent. Con-
centrations: leukocytes, 10° per milliliter; se-
rum, 10 percent; S. lutea, (1 to 3) X 10° per
milliliter.

Tube number

Component
1 2 3 4
Leukocytes -+ -+ + +
Serum — — + +
Sarcina lutea
Wild type + — + —
93A — + - +

hanced bactericidal effectiveness of hu-
man PMN leukocytes against nonpig-
mented as opposed to pigmented S.
lutea, are very similar to the results
obtained when the lethal photodynamic
effect of endogenous or exogenous pho-
tosensitizers was studied (12, 13). In
the photodynamic system, the photo-
sensitizer generates 10,*, which is pre-
sumed to act as the lethal agent (I6).
Carotenoid pigments, which quench
10,*, act as protective agents against
photodynamic inactivation (11, 12).
The effect of the carotenoid pigments,
both in quenching '0,* and acting as
protective agents in vivo, is very much
dependent on the number of conjugated
double bonds in the molecule (11),
which supports the hypothesis that these
pigments function in vivo by quenching
10,*. Inasmuch as the absence of col-
ored carotenoid pigments in mutant
strain 93A of S. lutea renders those or-
ganisms susceptible to the bactericidal
action of human PMN leukocytes, we
conclude that 10,* may serve as one of
the bactericidal agents of human leuko-
cytes.

Another possible explanation for the
effectiveness of carotenoid pigments in
vivo in protecting against both photo-
dynamic inactivation and the bacteri-
cidal action of PMN leukocytes is that
the carotenoids may react directly with
*0,—, rendering it harmless. Yost and
Fridovich (I7) have demonstrated
quite convincingly the importance of
superoxide dismutase in imparting en-
hanced resistance to phagocytosis by
Escherichia coli B, thus supporting the
involvement of *O,~ at some stage of
the process of PMN action. Johnston
et al. (18) have reported that both
*0,— and H,0, are necessary for PMN
bactericidal activity, suggesting that hy-
droxyl radicals (*OH) may be in-
volved in the process through the
following reaction

0y + H.0. — *‘OH + OH- -l" O:
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Although we do not know whether
PMN leukocytes actually generate 10,*,
their ability to make ‘O~ (8), cou-
pled with their unique characteristic of
lacking the enzyme superoxide dismu-
tase (19), would enable any ‘O,— gen-
erated by the metabolic changes induced
by phagocytosis to spontaneously under-
go dismutation to 10,*, as described
earlier (7). These observations raise
the question of whether some forms of
virulence may be associated with bac-
terial strains that are particularly effec-
tive in neutralizng the lethal effects of
]0.'*.

NorMAN I. KRINSKY
Department of Biochemistry and
Pharmacology,
Tufts University School of Medicine,
Boston, Massachusetts 02111
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Mammalian Hepatic Lectin

Abstract. A rabbit hepatic protein that specifically binds asialoglycoproteins
is also a lectin that agglutinates untreated human and rabbit erythrocytes and
neuraminidase-treated erythrocytes from rat, mouse, and guinea pig. Both binding
of asialoglycoproteins and agglutination of erythrocytes appear to involve reaction

on the same active sites of the hepatic protein.

When the terminal sialic acid resi-
dues of their carbohydrate moieties are
removed from a number of plasma pro-
teins, the desialylated molecules are
rapidly transferred from blood to hepat-
ic parenchymal cells where they are
catabolized by lysosomes (1). The
transfer is initiated by binding of the
desialylated protein to a hepatocytic
plasma membrane glycoprotein that has
been isolated, solubilized, and partly
characterized (2). We report now on
the erythrocyte-agglutinating ability of
this tissue glycoprotein. Proteins exhibit-
ing such agglutinating activity, collec-
tively known as lectins, have been iso-
lated from a variety of plants, inverte-
brates, and lower vertebrates (3). To
our knowledge the rabbit hepatic bind-
ing protein (HBP) described herein is
the first lectin of mammalian origin.

The protein was isolated from rabbit
liver and purified by affinity chromatog-
raphy on a Sepharose-asialoorosomucoid
column (4). It was eluted by a solution
of 1.25M NaCl, 20 mM ammonium
acetate, and 0.5 percent Triton X-100,
at pH 6.4, and extensively dialyzed
against 20 mM ammonium acetate and

jf ok

0.25 percent Triton X-100, at pH 6.4. To
the dialyzed solution cadmium acetate
was added to a final concentration of
20 mM. The solution was then kept for
30 minutes at 0°C; the precipitated pro-
tein was separated by centrifugation for
15 minutes at 10,000g, suspended in 2
mM cadmium acetate, recentrifuged,
and resuspended in a solution of 1.25M
NaCl containing 20 mM ammonium
acetate, at pH 6.4. Solubilization, ef-
fected by the addition of one part of
0.2M disodium EDTA to 100 parts of
suspension, was followed by a final am-
monium sulfate precipitation of the pro-
tein and dialysis (4). The HBP, pre-
pared in this way, is polydisperse, as
characterized by electrophoresis, ultra-
centrifugation, and chromatography (4).
The criteria by which purity of this
polydisperse protein is estimated are
complex (4).

Agglutination of red cells by HBP
requires the presence of intact sialic
acid residues on HBP, a pH above 6.5,
and at least 0.003M calcium ions—con-
ditions also essential to the ability of
HBP to bind desialylated glycoproteins
in vitro (4). Both the agglutination and
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Fig. 1. Binding of erythrocytes by Sepharose-asialoorosomucoid-HBP. A solution of
HBP, 1.0 mg/ml in 0.9 percent NaCl, containing 0.001A NaHCO;, and 0.01M CaCl,,
pH 7.5, was passed through a small column containing 1.0 ml of CNBr-activated
Sepharose 4B to which 3.0 mg of human asialoorosomucoid had been attached (4).
After the column was washed with the same solution, the suspension of Sepharose
beads was incubated for 10 minutes with either (a) human group A or (b) mouse
erythrocytes (X 150).
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