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Human A, B, and O erythrocytes (RBC) were agglutinated by many human
strains of Actinomyces viscosus and A. naeslundii. At 37°C, these bacterium-
mediated hemagglutination reactions required the action of bacterial neuramini-
dase upon the RBC; however, at 4°C, the requirement for neuraminidase was not
as striking. Bacterial cell suspensions which caused hemagglutination at 37°C
contained both soluble extracellular and cell-associated neuraminidase activities
as shown by enzyme assays using a soluble substrate (i.e., a;-acid glycoprotein).
Bacterium-mediated hemagglutination occurred only in the presence of soluble
neuraminidase activity, and the rate of hemagglutination could be inhibited by 2-
deoxy-2,3-dehydro-N-acetylneuraminic acid, a competitive inhibitor of purified
soluble neuraminidase from A. viscosus T14V. Suspensions of bacteria which
contained only cell-associated neuraminidase activity were unable to initiate
hemagglutination, but they caused immediate hemagglutination when mixed with
neuraminidase-treated RBC. All hemagglutination reactions were reversible in
the presence of 0.02 M lactose and were abolished by heating (85°C for 30 min)
the actinomycete cells but not the RBC. The proposed mechanism of hemagglu-
tination involves two sequential steps: (i) the action of neuraminidase to unmask
galactose-containing receptors on the RBC and (ii) the multivalent binding of

these receptors by many low-affinity lectin sites on the bacterial surface.

The adherence of certain bacteria to mucosal
surfaces may involve lectin-like sites on the bac-
terial surface which bind to specific sugar resi-
dues on mammalian cells. This concept was il-
lustrated by the mannose-inhibited binding of
Escherichia coli to erythrocytes (RBC) and to
certain other mammalian cells (9, 12, 24-26, 33,
34) and by the fucose-inhibited adherence of
Vibrio cholerae to human RBC and rabbit in-
testinal brush border membranes (15). Lectin-
like binding also has been described for another
group of bacteria, the oral actinomycetes, as
shown by the ability of lactose to inhibit cell-cell
interactions between many human strains of
Actinomyces viscosus or A. naeslundii and cer-
tain isolates of Streptococcus sanguis and S.
mitis (6, 20). These interactions, which may
contribute to the formation of dental plaque, are
thought to result from specific sites on the acti-
nomycetes which bind galactose-like residues on
the streptococcal surface.

The mechanisms of adherence which allow
actinomycetes to reside on oral surfaces are of
interest because these bacteria have been asso-
ciated with various disease states (4). Though

commonly found in plaque, the isolation of ac-
tinomycetes from oral mucosal surfaces (10) im-
plies that mechanisms exist for the direct attach-
ment of these bacteria to mammalian cells. In-
deed, adherence of A. naeslundii to human buc-
cal epithelial cells (11) and hemagglutination of
human RBC by A. viscosus (14, 31) have been
demonstrated.

The present investigation focuses on the
mechanism by which A. viscosus and A. naes-
lundii cells adhere to human RBC, resulting in
hemagglutination. These hemagglutination re-
actions, like cell-cell interactions between cer-
tain actinomycetes and plaque streptococci (6,
20), were reversed by lactose and appeared to
involve lectin sites on the actinomycetes. The
production of neuraminidase by many strains of
actinomycetes and its essential role in hemagglu-
tination are described.

(Preliminary reports of this work have ap-
peared elsewhere [O. Gabriel, J. Dent. Res. §7:
202, Abstr. 510, 1978; A. H. Costello, J. O. Cisar,
P. E. Kolenbrander, and O. Gabriel, J. Dent.
Res. 58:342, Abstr. 1000, 1979]. This work was
done in partial fulfillment of the requirements
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for the Ph.D. from the Department of Biochem-
istry, Georgetown University.)

MATERIALS AND METHODS

Bacterial strains. Listed in Table 1 are the host
origin and the strain designation of the actinomycetes
studied. The source of most strains was given in a
previous report (6), and the culture source of addi-
tional strains was as follows: A. viscosus strain A32B1
from S. Socransky; A. viscosus strain W1628 from the
Center for Disease Control (S. L. Bragg); A. viscosus
strain 626 from a National Institute of Dental Re-
search stock culture originally obtained from J. M.
Slack; A. naeslundii strain N16 from M. A. Gerencser;
A. naeslundii strain CROB 2039 from B. Williams;
and A. bovis ATCC 13683 from the American Type
Culture Collection.

Bacterial growth conditions. Each strain was
grown aerobically in static culture at 37°C in a complex
growth medium (100-ml volume) containing 0.5% yeast
extract, 0.5% Tryptone (Difco Laboratories), 0.5%
K;HPO,, and 0.05% Tween 80, with glucose (0.2%) as
the source of energy (6). Cultures were harvested
during the midexponential phase of growth (about 100
to 150 Klett units) as determined by use of a Klett
Summerson colorimeter fitted with a red filter (660
nm). The pH of cultures at the time of harvest varied
from 6 to 7. Each culture was divided into two portions,
and the cells were prepared for hemagglutination or
neuraminidase assays by the procedures outlined be-
low.

Bacterium-mediated hemagglutination. Bacte-
rial cells were harvested from culture, washed three
times by centrifugation (10,000 X g for 10 min) in 0.02
M phosphate-0.85% NaCl, pH 7.2 (PBS), containing
0.02% sodium azide, and suspended in buffer to an
optical density of 2.0 at 650 nm (about 10" cells/ml).
Human RBC from blood drawn in anticoagulant cit-
rate phosphate dextrose solution (Fenwal Laborato-
ries, Deerfield, Ill.) were washed three times by cen-
trifugation (300 X g for 10 min) in PBS and were used
within 1 week of collection. Enzyme treatments of
washed RBC were performed with 15% (vol/vol)
packed-cell suspensions and incubation periods of 2 h
at 37°C. The enzymes used were type V neuraminidase
from Clostridium perfringens (N2876; Sigma Chemi-
cal Co., St. Louis, Mo.) at 30 pg/ml, protease from
Streptomyces griseus (P5130; Sigma) at 2 mg/ml, and
trypsin (T8253; Sigma) at 2 mg/ml. Enzyme-treated
RBC along with control RBC were washed three times
by centrifugation in PBS containing 0.1% gelatin be-
fore use.

Visual assays for bacterium-mediated hemaggluti-
nation were performed in round-bottom microtiter
plates or in small tubes. Serial dilutions of bacterial
cell suspensions prepared in PBS containing 0.1% gel-
atin were mixed with equal volumes of either 1 or 4%
(vol/vol) RBC suspensions at 4°C, room temperature,
and 37°C. Assays were examined immediately for he-
magglutination and also were examined after various
incubation periods. Reversal of hemagglutination was
accomplished by the addition of lactose to a final
concentration of 0.02 M. In assays for the inhibition of
hemagglutination by sugars, 25 ul of the sugar solution
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TABLE 1. Neuraminidase activity displayed by
various Actinomyces strains and the ability of these
strains to cause lactose-reversible lutination

of neuraminidase-treated human A, B and O RBC

Lactose-
. Hostori- o'  Enzyme
Strain gin ble heu- activity®
tination
A. viscosus
T14V Human + 284
MG1 Human + 187
Al1B1 Human + 137
Keyes Human + 101
A32B1 Human + 90
w1628 Human + 76
626 Human - 113
T14AV Human - 6 (100)®
A828 Hamster - 84
X-602 Hamster - 42
T6-1600 Hamster - 32
R-28 Rat - 8
A. naeslundi
W1544 Human + 108
N16 Human + 96
W752 Human + 89
CROB2039 Human + 76
WvVU820 Human + 68
WVU45 Human + 59
1 Human + 33
W1096 Human + 28
WVU398A Human + 17
ATCC 12104 Human + 14
w826 Human + 0
A. odontolyti-
cus
ATCC Human - 198
17982
A. parabifidus  Human - 35
(Bifido-
bacterium
bifidum)
A. bovis W827
ATCC Bovine - 2
13683

“ Measured as nanomoles of N-acetylneuraminic
acid released per hour at 37°C by 150 ul of a washed-
cell suspension which contained cell-associated neur-

® Activity after mechanical shearing of culture; see
text.

and 25 pl of a bacterial suspension (about 2 x 107
bacteria) were mixed before the RBC suspension was
added (20 ul containing about 2 X 10° RBC).
Bacterium-mediated hemagglutination also was fol-
lowed by a turbidimetric method (3), using a model
300 Chrono-Log platelet aggregometer (Chrono-Log
Corp., Broomall, Pa.) in conjunction with a model 481
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recorder (Pharmacia Fine Chemicals, Inc., Piscataway,
N.J.). Cell mixtures for aggregometry contained about
2 x 10" RBC and 10° bacteria in 0.5 ml of PBS
containing 0.1% gelatin. These mixtures were stirred
at 1,200 rpm in glass cuvettes (7 by 50 mm) maintained
at 37°C. The aggregometer was adjusted so that 10%
transmission corresponded to the RBC alone in 0.475
ml, and 80% transmission was achieved for maximum
hemagglutination with neuraminidase-treated RBC
and the bacteria in 0.5 ml. In hemagglutination exper-
iments, a stable base line was established for the RBC
in 0.475 ml before the addition (25 ul) of bacterial
suspensions. Solutions of 1 M lactose and 107 M 2-
deoxy-2,3-dehydro-N-acetylneuraminic acid were
added to cell mixtures to obtain the desired final
concentrations of these substances. The latter com-
pound was provided by Roland Schauer, Christian-
Albrechts-Universitat, Kiel, Germany.

Assays for neuraminidase activity. Enzyme as-
says were carried out either in 0.1 M tris(hydroxy-
methyl)aminomethane (Tris)-maleate buffer (pH 6.4)
containing 0.005 M CaCl; or in PBS.

Bacteria were harvested, washed twice with either
buffer, and suspended in buffer to approximately 10'°
cells/ml. Reaction mixtures, containing 150 ul of the
bacterial cell suspension and 50 ul of a solution of a;-
acid glycoprotein (10 mg/ml), were incubated at 37°C
for either 2 or 6 h. Bacteria were removed from these
mixtures by centrifugation, and supernatants were
assayed for the amount of free sialic acid released,
using the colorimetric procedure described by Warren
(37).

A total of 906 nmol of bound N-acetylneuraminic
acid was present in each incubation mixture. All values
for neuraminidase activity shown in Tables 1, 2, and
3 were derived from data that were obtained within
the linear range of the assay.

As a second independent assay, the formation of
asialo aj-acid glycoprotein was demonstrated by its
electrophoretic mobility, which was slower than that
of the native glycoprotein. In these determinations,
polyacrylamide disc gel electrophoresis was performed
according to Davis (8) with 7.5% polyacrylamide gel at
pH 89, and gels were stained for protein with Coo-
massie blue as described by Chrambach et al. (5).
Soluble neuraminidase in culture medium and in
buffer was measured by the above procedures, except
that the incubation mixture contained 150 ul of cell-
free enzyme solution and 50 pl of a;-acid glycoprotein
(10 mg/ml).

TABLE 2. Effect of 2-deoxy-2,3-dehydro-N-
acetylneuraminic acid on the enzymatic activity of
soluble neuraminidase from A. viscosus T14V

Inhibitor Relative
concn enzyme ac-
M) tivity (%)

None 100°
10 50
25 28
250 14

¢ 100% relative activity equals 292 U (nanomoles of
N-acetylneuraminic acid released per hour).
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TABLE 3. Requirement of soluble neuraminidase
activity for hemagglutination by several strains of

Actinomyces

. o Hemas.

Strain Sample’ activity® gl;:;::ta-
A. viscosus T14V Supernatant 31 +
Cells 185 -
A. viscosus MG1 Supernatant 21 +
Cells 74 -
A. naeslundii W1544 Supernatant 16 +
Cells 63 -
A. naeslundii W826 Supernatant  (5)¢ -
Cells 9) -

? Bacterial cells were incubated overnight in buffer
at 37°C to obtain a cell suspension with soluble and
cell-associated neuraminidase activity. Centrifugation
of this suspension yielded a cell-free supernatant frac-
tion and the bacterial cells, which were washed and
adjusted to their original density in fresh buffer.

® Nanomoles of N-acetylneuraminic acid released
per hour.

¢ With human O RBC. Bacterial cells were included
in assays of the supernatant fractions.

¢ Values in parentheses are not significant.

Release of galactose from asialo aj-acid gly-
coprotein. The preparation of asialo a;-acid glycopro-
tein labeled with tritium on terminal D-galactose resi-
dues was carried out as described for ceruloplasmin
(22). Incubation of this specifically labeled substrate
with A. viscosus cells in the presence or absence of
unlabeled a;-acid glycoprotein was carried out under
conditions identical to those in the assay for neura-
minidase described above (Tris-maleate buffer, pH
6.4). After incubation for 2 h, the release of terminal
galactose residues was determined by two procedures.
In the first, the sample was centrifuged to remove
bacterial cells and the supernatant was subjected to
polyacrylamide gel electrophoresis (conditions de-
scribed above). The amount of radioactivity located in
the area corresponding to the mobility of asialo a;-
acid glycoprotein was determined and compared with
the total radioactivity initially present in the sample.
Alternatively, the sample was applied to a Sephadex
G-15 column (1-cm diameter X 30 cm), and the mate-
rials eluting in the void volume and in the salt volume
were collected separately and assayed for radioactiv-
ity.

RESULTS

Hemagglutination of human RBC by ac-
tinomycete cells. Several human strains of A.
viscosus and A. naeslundii caused agglutination
of human A, B, and O RBC. These reactions
occurred slowly and required incubation periods
ranging from minutes to hours at room temper-
ature or 37°C. When the RBC were pretreated
with neuraminidase from C. perfringens, imme-
diate hemagglutinations were observed with 17
human strains of A. viscosus and A. naeslundii,
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but reactions did not occur with two human
strains of A. viscosus and with various other
actinomycetes (Table 1). The immediate hemag-
glutinations with neuraminidase-treated RBC
and the slower reactions with untreated RBC
were inhibited or reversed by the addition of
lactose to a final concentration of 0.02 M. Sig-
nificantly, about half of the bacterial strains gave
immediate hemagglutination with untreated
RBC when the assays were performed at 4°C.
These cold hemagglutinations, like the slower
reactions, at higher temperatures, were lactose
reversible. The inhibitory activity of lactose ap-
peared to involve the terminal galactose moiety
of the disaccharide because B-methyl-galacto-
side inhibited hemagglutination at concentra-
tions up to 0.1 M. Hemagglutinations that were
inhibited by lactose were prevented by heating
(85°C for 30 min) the actinomycete cells but not
by similar heating of the neuraminidase-treated
RBC. These findings suggested a mechanism of
hemagglutination which involved the interac-
tion of lectins on the actinomycetes with carbo-
hydrate receptors on the RBC surface.
Production of neuraminidase by bacte-
rial strains. Washed-cell suspensions of the
actinomycetes listed in Table 1 were assayed for
neuraminidase. Most of the strains displayed
considerable activity as measured by the release
of sialic acid from a;-acid glycoprotein (Table 1)
and by the corresponding formation of asialo ai-
acid glycoprotein which was detected by disc gel
electrophoresis (electrophoretic patterns not
shown). In a few instances, very low or question-
able neuraminidase activities were present as
judged by values for the release of sialic acid (A.
viscosus R-28, A. naeslundii W826, A. bovis
W827, and A. viscosus T14AV); however, with
A. bovis W827 and A. viscosus T14AV, signifi-
cant activity was present as shown by the ap-
pearance of asialo glycoproteins in disc gel elec-
trophoresis. Although A. viscosus T14AV dis-
played low activity, mechanical shearing or
freezing and thawing of the culture resulted in
an amount of neuraminidase activity which was
comparable to that found with A. viscosus T14V.
Neuraminidase-dependent hemaggluti-
nation. The immediate hemagglutination of
neuraminidase-treated RBC by several human
strains of A. viscosus and A. naeslundii sug-
gested that hemagglutination of normal RBC at
room temperature or 37°C required the action
of neuraminidase. This suggestion was sup-
ported by studies with three actinomycetes (A.
naeslundii strains W1544 and W826 and A. vis-
cosus MG1) in which hemagglutination at 37°C
was followed by aggregometry. RBC pretreated
with neuraminidase from C. perfringens (Fig.
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1A) or from A. viscosus T14V (data not shown)
agglutinated immediately when actinomycete
cells were added. By contrast, untreated RBC
and washed bacterial cells did not react until a
small amount of purified neuraminidase from A.
viscosus T14V was added (Fig. 1B). RBC pre-
treated with protease from S. griseus also were
not agglutinated by the actinomycete cells until
neuraminidase was added (Fig. 1B), and similar
results were obtained with trypsin-treated RBC
(results not shown). Significantly, the extent of
neuraminidase-dependent  hemagglutination
was less with protease or trypsin-treated RBC
than with untreated RBC (Fig. 1B). With all
hemagglutination reactions, the addition of lac-
tose to a final concentration of 0.02 M caused
complete reversal. Thus, lactose-reversible he-
magglutination of normal RBC at 37°C was
initiated by neuraminidase and not by proteo-
lytic enzymes.

Additional strong evidence for neuraminidase-
dependent hemagglutination at 37°C was pro-
vided by studies with a competitive inhibitor for
neuraminidase (21), 2-deoxy-2,3-dehydro-N-ace-
tyl-neuraminic acid. This compound at a con-
centration of about 10~° M gave 50% inhibition
of the purified extracellular neuraminidase from
A. viscosus T14V (Table 2) and also inhibited
the rate of hemagglutination resulting from the
addition of neuraminidase to a mixture of RBC
and actinomycete cells (Fig. 2). With the amount
of neuraminidase used in the experiments pre-
sented in Fig. 2, the rates of hemagglutination
at inhibitor concentrations between 1.4 X 107°
and 3.4 X 10~ M displayed a proportional, in-
verse relationship to the inhibitor concentration.
Thus, under these conditions the progress of
hemagglutination depended directly on the ac-
tion of neuraminidase.

Role in hemagglutination of soluble ver-
sus cell-bound neuraminidase. In view of the
finding that hemagglutination at 37°C was neur-
aminidase dependent, a puzzling aspect of pre-
liminary studies was that the time required for
hemagglutination of normal RBC by suspen-
sions of bacteria was not related clearly to the
total amount of neuraminidase activity (i.e., sol-
uble plus cell associated) detected in these sus-
pensions by enzyme assays using a soluble gly-
coprotein substrate. This was explained when
bacterium-mediated hemagglutination of nor-
mal RBC was found to depend on neuraminidase
activity which was soluble rather than cell as-
sociated. To demonstrate this point, suspensions
of bacteria containing both soluble and cell-as-
sociated neuraminidase activity were prepared.
This was done conveniently by overnight incu-
bation of washed bacterial cells in buffer at 37°C.
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F1G. 1. Ability of neuraminidase to promote hemagglutination of human RBC by A. naeslundii W1544
cells. The progress of hemagglutination was followed by the continuous recording of turbidity measurements,
using an aggregometer. Bacterial cells were added to: (A) RBC treated with neuraminidase from C.
perfringens; immediate hemagglutination occurred. (B) Protease-treated (upper curve) or untreated RBC
(lower curve); hemagglutination did not occur until purified neuraminidase from A. viscosus T14V was added
to these cell mixtures. All hemagglutination reactions were reversed by the addition of lactose to a final

concentration of 0.02 M.

The soluble neuraminidase activity in these sus-
pensions was measured in assays of cell-free
supernatants, and cell-associated enzyme activ-
ity was determined with the washed bacteria
freshly suspended in buffer (Table 3). Visible
hemagglutination of normal RBC did not occur
in the presence of freshly washed bacteria but
proceeded when the supernatant was added to
the mixture of RBC and bacteria (Table 3). This
observation was unexpected at first glance be-
cause the levels of cell-associated neuraminidase
activity displayed by freshly washed bacteria
were two to four times greater than the amounts
of soluble neuraminidase activity in the cell-free
supernatants.

The absolute nature of the requirement for
soluble versus cell-bound neuraminidase in the
hemagglutination reaction was shown by aggre-
gometry. A suspension of A. naeslundii W1544
cells containing both soluble and cell-associated

neuraminidase activity caused slow hemagglu-
tination of normal RBC at 37°C (Fig. 3A). This
reaction was shown to be neuraminidase de-
pendent by the ability of 2-deoxy-2,3-dehydro-
N-acetylneuraminic acid to inhibit the rate of
hemagglutination (Fig. 4). When bacterial cells
from the suspension were collected, washed by
centrifugation in fresh buffer, and added to nor-
mal RBC, hemagglutination did not occur over
a period of 40 min (Fig. 3B) even though 72% of
the original neuraminidase activity remained as-
sociated with the bacterial cells and was de-
tected by enzyme assays with soluble a;-acid
glycoprotein as the substrate. The cell-free su-
pernatant from the original suspension of bac-
teria contained soluble neuraminidase activity
(28% of the original) and initiated slow hemag-
glutination when added to the mixture of RBC
and washed bacterial cells. In the converse ex-
periment (Fig. 3C), incubation with the cell-free
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Fi1c. 2. Hemagglutination reactions with human
RBC and A. naeslundii W1544 cells in the presence
of purified neuraminidase from A. viscosus TI14V,
and the inhibition of these reactions by a competitive
neuraminidase inhibitor, 2-deoxy-2,3-dehydro-N-ace-
tylneuraminic acid. The rate of hemagglutination
was followed by the continuous recording of turbidity
measurements, using an aggregometer. Bacterial
cells (B) and purified neuraminidase (N) were added
separately to the RBC suspension. After the initiation
of hemagglutination by neuraminidase, the neura-
minidase inhibitor (I) was added to final concentra-
tions of: 1.4 X 10™° M (upper curve); 3.4 X 107 M
(middle curve); no inhibitor (lower curve). All hemag-
glutination reactions were reversed by the addition
of lactose (L) to a final concentration of 0.02 M.

supernatant for 40 min yielded RBC which were
agglutinated immediately by the washed bacte-
rial cells. Thus, both soluble and cell-associated
neuraminidase were detected with a soluble sub-
strate (i.e., a;-acid glycoprotein), but only solu-
ble neuraminidase acted on the RBC to initiate
hemagglutination by the actinomycete cells.
The complete reversal of all hemagglutination
reactions by 0.02 M lactose suggested that the
actinomycetes interacted with galactose residues
which would be exposed on the RBC surface by
the action of soluble neuraminidase. This sug-
gestion was consistent with results from an ex-
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periment in which A. viscosus cells were incu-
bated with asialo a;-acid glycoprotein which
contained terminal D-galactose residues specifi-
cally labeled with tritium. During a 2-h incuba-
tion period, more than 80% of the radioactivity
remained associated with the asialo glycopro-
tein. Thus, terminal galactose residues exposed
by the action of neuraminidase remained linked
to the glycoprotein.

DISCUSSION

In the present investigation, hemagglutination
of human RBC by human strains of A. viscosus
and A. naeslundii was studied to help define
mechanisms which may contribute to the adher-
ence of these bacteria to oral mucosal surfaces
(11) and possibly to the glycoprotein pellicle of
teeth (31). The results show clearly that at 37°C,
bacterium-mediated hemagglutination requires
neuraminidase which acts on the RBC glycopro-
teins (Fig. 5) and glycolipids. In addition, these
hemagglutination reactions were inhibited or re-
versed specifically by relatively high concentra-
tions (0.02 M) of lactose and a-methylgalacto-
side. Finally, hemagglutination was abolished by
heating (85°C for 30 min) the actinomycete cells
but not the RBC. These findings are consistent
with a mechanism of hemagglutination which
involves two sequential steps: (i) the action of
neuraminidase to expose galactosyl groups on
the RBC surface and (ii) the binding of these
groups by lectin-like molecules on the actino-
mycete cells.

An important additional characteristic of sev-
eral bacterium-mediated hemagglutinations was
their similiarity to cold agglutination reactions.
At 37°C in the absence of soluble neuraminidase,
freshly washed bacteria did not cause aggluti-
nation of normal RBC, but at 4°C, these cell
mixtures gave immediate hemagglutination re-
actions which were lactose reversible. Studies
from Ginsburg’s laboratory (35, 36) have shown
that cross-linking of erythrocytes by immuno-
globulin M cold agglutinins occurs at 4°C but
not 37°C when the density of receptors on the
RBC surface is relatively low. These findings,
when applied to the present results, suggest that
adherence of actinomycete cells to RBC requires
the combined effect of many low-affinity lectin
sites on the bacterial surface. Thus, bacterium-
mediated hemagglutination may not occur at
37°C in the absence of neuraminidase because
the low density of galactosyl receptors on the
RBC surface does not permit enough multiva-
lent binding for strong cross-linking of the RBC.
By contrast, multivalent binding and hemagglu-
tination may be favored at 4°C by a small in-
crease in affinity of individual binding sites
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F1c. 3. Ability of soluble but not cell-associated neuraminidase activity to promote hemagglutination of
human RBC by A. naeslundii W1544 cells. The progress of hemagglutination was followed by the continuous
recording of turbidity measurements using an aggregometer. (A) A bacterial cell suspension, which contained
both soluble and cell-associated neuraminidase activity, caused slow hemagglutination of normal RBC. The
bacterial cell suspension was centrifuged to obtain the cell-free supernatant buffer which contained soluble
neuraminidase activity (84 U/ml), and the pelleted bacteria were used to prepare a suspension of freshly
washed bacteria which contained only cell-associated neuraminidase activity (211 U/ml). Experiments with
normal RBC revealed: (B) no hemagglutination after addition of the washed bacteria and slow hemaggluti-
nation after a subsequent addition of the supernatant buffer; (C) no hemagglutination after addition of the
supernatant buffer and immediate hemagglutination after a subsequent addition of the washed bacteria.
Addition of the supernatant buffer in panels B and C caused a drop in transmittance due to dilution. All
hemagglutination reactions were reversed by the addition of lactose to a final concentration of 0.02 M.

Bl T which would be expected at this temperature.

The observation that relatively high concentra-
tions of lactose (0.02 M) were required to inhibit
these reactions is consistent with the notion that
bacterial attachment involves multivalent bind-
ing by many low-affinity sites. Such a mecha-
J nism may enable the bacterial surface to adhere

Fi6. 4. Hemagglutination of human RBC by a sus-
Dpension of A. naeslundii W1544 cells containing neur-
aminidase activity (28% soluble, 72% cell associated),
and the inhibition of hemagglutination by a compet-
itive neuraminidase inhibitor, 2-deoxy-2,3-dehydro-
N-acetylneuraminic acid. The rate of hemagglutina-
tion was followed by the continuous recording of
turbidity measurements, using an aggregometer. The
bacterial cell suspension (B) was added to the RBC
suspension. After the initiation of hemagglutination,
the neuraminidase inhibitor (I) was added to final
concentrations of: 4.2 X 107° M (upper curve); 1.4 X
107% M (middle curve); no inhibitor (lower curve). All
:—, L 1'5 1 2‘5 — hemagglutination reactions were reversed by the ad-
dition of lactose (L) to a final concentration of 0.02
TIME (Min.) M.

TRANSMITTANCE
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Fic. 5. Action of neuraminidase upon glycoprotein.

to host cells in the presence of salivary asialo
glycoproteins containing galactose termini.

The production of neuraminidase by many
pathogenic or saprophytic microorganisms sug-
gests an important function for this enzyme in
the colonization and penetration of mucosal sur-
faces (23, 27). This idea is consistent with the
present results, which show that at 37°C, he-
magglutination caused by many actinomycete
strains proceeds only after the removal of neu-
raminic acid from the RBC surface. The abso-
lute requirement for neuraminidase in these re-
actions was demonstrated clearly by the ability
of 2-deoxy-2,3-dehydro- N-acetylneuraminic acid
to act as a potent competitive inhibitor of bac-
terium-mediated hemagglutination (Fig. 2 and
4). This compound appears to be a transition-
state analog for neuraminidase (Fig. 6; 21), and
as such, it is bound more tightly in the catalytic

site than is the substrate. The essential role for
neuraminidase in the interaction of actinomy-
cete cells with human RBC raises the possibility
that this enzyme also functions in the adherence
of these bacteria to oral surfaces. Indeed, it is
possible that the actinomycetes contribute sig-
nificantly to the neuraminidase activity of hu-
man saliva (17, 29).

An important feature of the neuraminidase
activity in actinomycete cultures was that a frac-
tion of the total activity appeared as a soluble
extracellular enzyme, whereas the remainder
was associated with the bacterial surface. Signif-
icantly, only soluble neuraminidase acted on the
RBC to initiate hemagglutination by the acti-
nomycete cells. By contrast, both the soluble
and cell-associated neuraminidase acted on sol-
uble a;-acid glycoprotein as shown by two inde-
pendent assays: (i) the colorimetric measure-
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ment (37) of released neuraminic acid and (ii)
the electrophoretic demonstration of asialo a;-
acid glycoprotein. The latter method was used
to ensure the detection of neuraminidase activity
in cases where released N-acetylneuraminic acid
was converted to products which no longer re-
acted in the colorimetric assay. It is interesting
that the neuraminidase from V. cholerae, when
immobilized on Sepharose, retained some ability
to release neuraminic acid from human RBC
(28). Thus, the complete inability of cell-associ-
ated neuraminidase to initiate hemagglutination
(Fig. 3B) suggests that the enzyme exists on the
bacterial surface in a location which is inacces-
gsible to the RBC. Studies are underway to iden-
tify this location and also to examine both the
biosynthesis and substrate specificity of the sol-
uble and cell-associated neuraminidase.

It is well established that the removal of neu-
raminic acid from mammalian glycoproteins ex-
poses the penultimate galactosyl residues which
then can serve as receptors for lectins and anti-
bodies of appropriate specificity. Perhaps the
best-studied example of this recognition mech-
anism has come from the work of Ashwell and
colleagues (1, 2) on binding of asialo glycopro-
teins by a galactose-specific, hepatic lectin. Sim-
ilarly, the action of neuraminidase on human
RBC exposes the T antigen, which is recognized
by naturally occurring anti-T antibodies (13)
and by the galactose-specific peanut lectin (18).
Both the MN antigens and the T antigen are
carried by glycophorin, the major glycoprotein
of the RBC membrane (19); the removal of
neuraminic acid to expose galactosyl residues
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destroys MN reactivity and creates T determi-
nants which include Gal B8(1 — 3)GalNAc se-
quences (16, 18, 32). Other sugar sequences
which contain terminal or penultimate galacto-
syl residues have been identified in glycopro-
teins, and similar sequences also occur in glyco-
lipids (30). Thus, many possibilities exist for the
RBC receptors in neuraminidase-dependent he-
magglutination, and studies are underway to
define the structures which are involved. In this
regard, the reduced extent of hemagglutination
with protease-treated RBC as compared with
untreated RBC (Fig. 1B) is consistent with
structures which occur on membrane glycopro-
teins rather than glycolipids.

Previous results (6, 20) have shown that most
human strains of A. viscosus and A. naeslundii
display a surface-associated, lectin-like activity
which mediates lactose-inhibitable interactions
of these bacteria with certain oral streptococci.
The present findings show that these actino-
mycete strains also cause lactose-reversible he-
magglutination reactions with neuraminidase-
treated RBC. Recent results (J. Cisar, unpub-
lished data) indicate that these interactions with
streptococci and RBC are mediated by fimbriae
(7) on the actinomycetes, and studies are in
progress to characterize the lactose-inhibitable
binding sites on these structures. The possibility
that lectin-like sites contribute to adherence of
the actinomycetes provides additional support
for the idea that interactions of a lectin-carbo-
hydrate type represent a significant mechanism
for the attachment of microorganisms to mam-
malian cell surfaces (25). A better understanding
of these lectin-receptor interactions may suggest
new and useful approaches for the control of
certain bacterial infections.
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