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The mechanism(s) of interaction between Mycoplasma pulmonis and eucaryotic cells was studied by
adherence to and hemagglutination of erythrocytes. Simple and complex carbohydrates and glycoproteins
were unable to inhibit either adherence or hemagglutination, indicating that neither was a lectin activity.
Both interactions appeared to be hydrophobic due to their requirement for salt and their sensitivity to
temperature. Hemagglutination, but not adherence, was inhibited by both trypsin and glutaraldehyde
treatment of the mycoplasma, suggesting that adherence and hemagglutination are qualitatively different.
The erythrocyte receptor sites for the two activities were also separable since hemagglutination, but not
adherence, required trypsinization of erythrocytes. The hemagglutinin was shown to be an integral
mycoplasma component and not a broth contaminant. Once removed, hemagglutinating activity could not
be replenished by incubation in serum or broth at 4°C, but could be regenerated during protein synthesis
under nonreplicative conditions. Thus, a mycoplasma membrane protein was detected which was capable of
interacting with opposing membrane surfaces through hydrophobic interactions. Consequently, a multipha-

sic model of M. pulmonis-eucaryotic cell interactions was proposed.

Mycoplasma pneumoniae, Mycoplasma gallisepticum,
and Mycoplasma pulmonis are cell wall-less procaryotes
which colonize the mucosal surfaces of their specific hosts
(humans, poultry, and rodents, respectively) (34). Since
their pathogenic potential seems to stem from membrane-
membrane interactions with eucaryotic cell surfaces (34),
these interactions are of particular interest. M. pneumoniae
and M. gallisepticum host cell receptor sites are neuramini-
dase sensitive, and the adherence sites on the mycoplasmas
are proteolytic sensitive (2, 3, 7, 10, 13). Further, hemad-
sorption and adherence are related since both are affected by
proteolytic and neuraminidase treatments (10, 24, 25). M.
pulmonis, unlike M. pneumoniae (16) and M. gallisepticum
(2), does not have a readily apparent attachment organelle
(4-6). Also, preliminary nonquantitative studies with M.
pulmonis indicate that its interactions with eucaryotic cells
are not neuraminidase sensitive (18, 19, 26) and are thus not
amenable to the same type of analysis.

An understanding of the nature of the cell-cell interactions
during M. pulmonis infections is important for several
reasons. Due to the lack of several de novo synthetic
capabilities, mycoplasmas must acquire host cell compo-
nents for growth. Since some of these materials, such as
fatty acids, cholesterol, and nucleic acid precursors, are not
readily diffusible across the aqueous milieu of the mucosal
cell surface or are compartmentalized within the cell, the
mycoplasma must maintain an intimate association with the
cell membrane to acquire them. Active acquisition of these
materials by mycoplasmas is conjectural at this time, but it is
certainly possible that M. pulmonis has surface structures
which can function in vitro or in vivo to acquire host
membrane components and other cellular constituents.

M. pulmonis-eucaryotic cell interactions could best be
studied by a simple, reproducible model based on a cell
which (i) could be probed or modified with a variety of
agents while retaining the molecular topography of the
eucaryotic cell surface, (ii) is not subject to alterations of its
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membrane composition and structure by external stimuli,
and (iii) is available in essentially a pure state, in large
quantities. Erythrocytes (RBCs) were chosen for the present
studies because they meet all of these criteria and also
because of our detailed knowledge of their membrane struc-
ture, including the receptor sites for M. pneumoniae and M.
gallisepticum.

The specific objectives of the present study were to
quantitate and characterize adherence (the first step in cell
association), and to investigate hemagglutination (HA) as a
means of defining possible surface lectin activities which
may mediate cellular communication (28). The results give
further evidence that the mechanisms for cell association of
M. pulmonis are fundamentally different from those of M.
pneumoniae and M. gallisepticum and that M. pulmonis
adherence and HA are mediated through two distinct myco-
plasma components. Based on these findings, a multistep
model for cell association by M. pulmonis is proposed.

MATERIALS AND METHODS

Microorganisms. Strain UAB6510 (fifth artificial passage)
of M. pulmonis was used throughout this study. It was
originally isolated from the lungs of a naturally infected rat
and was cloned three times and identified as a pure culture
by immunofluorescence (9).

Growth media and culture conditions. Edwards medium
was used to grow radiolabeled organisms for the RBC-
binding assays (31). For the HA studies, M. pulmonis was
grown in dialyzed medium to reduce broth component
contamination (29). The dialyzed broth base was prepared as
described (29) except that brain heart infusion (Difco Labo-
ratories, Detroit, Mich.) was used in lieu of soy peptone. The
dialyzed base was supplemented with 10% agamma horse
serum (GIBCO Laboratories, Grand Island, N.Y.), 0.5%
glucose, and 0.05% thallium acetate (Sargent-Welch Scien-
tific Co., Skokie, Ill.).

For RBC-binding studies, M. pulmonis was radiolabeled
with [**Slmethionine. Early-log-phase cultures (pH 7.6)
were centrifuged at 8,000 x g for 20 min at room temperature
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and resuspended in a nonreplicative maintenance medium of
Hanks balanced salt solution (GIBCO) containing 10 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; Research Organics, Inc., Cleveland, Ohio), 0.5 mg
of glucose per ml, and 10% dialyzed horse serum, pH 7.6
(HBSS). The horse serum was prepared by dialysis against
40 volumes of phosphate-buffered saline (PBS) (0.14 M
NacCl, 0.010 M Na,HPO,, pH 7.3) overnight at 4°C, followed
by sterile filtration. Two wCi of [**S]methionine per ml
(Amersham Corp., Arlington Heights, Ill.) was added and
incubated for 4 h at 37°C, an equal volume of warm Edwards
medium was added, and the suspension was incubated for an
additional 2 h. The organisms were then washed twice with
PBS containing 0.5 mg of glucose per ml (PBS-glc) by
centrifugation at 8,000 X g for 20 min and resuspended to
about 1 mg of protein per ml (protein dye reagent; Bio-Rad
Laboratories, Richmond, Calif.) in the same buffer. Immedi-
ately before use in the binding assays, all mycoplasma
suspensions were centrifuged at 500 X g for 4 min to remove
aggregates.

For HA studies, the cells from an overnight M. pulmonis
culture were washed once with PBS, pH 7.3, resuspended to
1 to 2 mg of protein per ml in PBS, and sonicated for 15 s on
ice with a Biosonik IV sonicator (Bronwill VWR Scientific,
San Francisco, Calif.) equipped with a cup tip at 30% output,
on high setting. Aggregation of the mycoplasma suspensions
was monitored microscopically by adding acridine orange
(Allied Chemical, Morristown, N.J.) to the suspension (25
uM final concentration), followed by epifluorescence obser-
vation. CFU were determined by plating 10-fold dilutions on
agar plates (15) and counting the colonies after 4 to 5 days of
incubation.

Preparation of membranes. Organisms grown in Edwards
medium were harvested as above, washed twice with 0.25 M
NaCl, and resuspended in a minimal volume of PBS (1 to 2
ml/liter of culture). The suspension was injected into water
doubled distilled in glass containing 10 pg of phenylmethyl-
sulfonylfluoride per ml (Sigma Chemical Co., St. Louis,
Mo.) which was maintained at 37°C. The lysed organisms
were-cooled immediately to 4°C and centrifuged at 37,000 X
g for 20 min to separate the cytoplasmic fraction. The
membranes were washed once with 0.05 M sodium phos-
phate—0.05 M NaCl, pH 7.2, and once with distilled water.
When examined by transmission electron microscopy, these
preparations contained less than 10% intact organisms.

Preparation of RBCs. For the RBC-binding studies, fresh
human or rat blood was drawn into citrate anticoagulant,
stored at 4°C, and used within 1 week (2). The RBCs were
washed three times with PBS-glc by centrifuging at 370 X g
for 5 min. The final pellet was resuspended in the same
buffer to 2% (vol/vol).

RBCs for the HA assays were collected in citrate anticoag-
ulant from humans, rabbits, rats, and mice. Sheep and cow
RBCs in citrate anticoagulant were obtained commercially
(Sigma, and Flow Laboratories, Inc., McLean, Va.). All
RBC suspensions were prepared and stored as described
previously (11), with no detectable drop in HA titers over a
12-month period.

Preparation of lymphocytes. Rats were anesthetized with
ketamine hydrochloride (Bristol Laboratories, Syracuse,
N.Y.) and pentobarbital sodium (The Butler Company,
Columbus, Ohio). Spleens were removed aseptically,
minced, and passed through a 250-um mesh nylon screen
into RPMI medium (GIBCO) containing 10 mM HEPES and
10% fetal calf serum, pH 7.3. The cells were pelleted by
centrifugation at 1,000 x g for 7 min and then layered on
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Ficoll-Paque lymphocyte separation medium (Pharmacia
Fine Chemicals, Inc., Piscataway, N.J.), after which they
were centrifuged at 500 X g for 45 min at room temperature.
The cells were then washed in RPMI medium, and phagocyt-
ic cells were removed by adherence to plastic tissue culture
flasks (Corning Glass Works, Corning, N.Y.) for 1 h at 37°C.
A portion of lymphocytes was resuspended in RPMI medium
without serum, treated with trypsin (100 pg/ml) for 15 min at
37°C, washed twice with RPMI medium without serum, and
resuspended to 3 X 107 to 4 x 107 cells per ml in PBS. The
viability of the preparations always exceeded 95% by trypan
blue exclusion.

Mycoplasma adherence assay. Adherence mixtures con-
sisting of 0.1 ml of PBS-glc, 0.05 ml of a cell suspension (2%
RBCs or 3 x 107 to 4 X 10’ lymphocytes per ml), and 0.1 mi
of the mycoplasma suspension in PBS-glc were incubated
with shaking at 37°C in plastic or siliconized glass test tubes
for 30 min (2). Unbound mycoplasmas were separated from
the RBCs by layering the reaction mixture on 0.2 ml of 40%
sucrose in PBS in a 0.5-ml microfuge tube and centrifuging at
1,000 x g for 4 min. The upper two-thirds of the sucrose
layer was aspirated, the tube was quickly frozen on dry ice-
acetone, and the tip was sliced immediately and placed in a
scintillation vial. Protosol (New England Nuclear Corp.,
Boston, Mass.) was added to each vial (total volume of 0.5
ml) and left overnight at room temperature. Ten milliliters of
Econofluor (New England Nuclear) was added, and the
samples were counted by liquid scintillation.

HA assay. The HA assay was performed as described
previously (12) in V-bottom microtiter plates (CoStar, Cam-
bridge, Mass.). Each test was run in duplicate with a
minimum of three replications. An agglutination unit was
defined as the reciprocal of the last dilution giving a positive
reaction. A partially agglutinated well was considered as 0.5
well.

Adherence and HA inhibition studies. These studies were
performed by adding the test substance to the adherence
reaction mixture at the indicated concentrations. The effects
of preincubation of the mycoplasmas with the test substance
was also evaluated. Salt concentrations were tested by
washing and resuspending the organisms and RBCs in 0.25
M sucrose containing 10 mM Tris, pH 7.3. Samples of M.
pulmonis were also treated with 1 mM EDTA (Sigma) or 1
mM ethylene glycol-bis(B-aminoethyl ether)N,N,N',N’-te-
traacetic acid (Sigma) in PBS by diluting the mycoplasmas to
0.1 to 0.2 mg of protein per ml of solution. The cells were
incubated for 1 h at 37°C, washed twice with PBS, resus-
pended to the original volume, sonicated, and then tested for
HA activity as described above. Glutaraldehyde-treated
mycoplasmas were obtained by incubation with 0.25 or 1%
glutaraldehyde (Sigma) in PBS for 30 to 60 min on ice,
followed by the addition of glycine (50 mM) and further
incubation for 15 to 30 min. The organisms were then
pelleted, washed once with PBS, and resuspended in either
PBS or PBS-glc.

Enzyme treatments. Human and rat RBCs were treated
with Vibrio cholerae neuraminidase (Behring-werke AG,
Marburg-Lahn, Federal Republic of Germany) as described
previously (2) with slight modifications. A 10% RBC suspen-
sion in PBS-glc was treated with 0.01 U of enzyme per ml for
30 min at 37°C and washed, and the released sialic acid was
determined as described (1). M. pulmonis suspensions were
treated with trypsin (Sigma) at a concentration of 10 to 100
ng of enzyme per ml of M. pulmonis protein for 30 to 60 min
at 37°C, except where noted. Pronase (lot 102613; activity,
45,000 PUK/g; Calbiochem-Behring, La Jolla, Calif.) was



396 MINION ET AL.

used at a concentration of 5 to 50 pg per mg of M. pulmonis
protein. After treatment, the mycoplasmas were washed
three times with PBS by centrifugation (Beckman microfuge,
2 min) with or without the trypsin inhibitor Na-p-tosyl-L-
lysine chloromethyl ketone hydrochloride (10™* M; Sigma).
All final pellets were resuspended to original volumes and, in
the case of the HA assay, were sonicated for 15 s before use.
Controls (untreated organisms) were washed and incubated
at the specified times simultaneously with the treated organ-
isms.

Glycoproteins and oligosaccharides. Fetuin and ovalbumin
were purchased from Sigma. Human glycophorin A was
prepared according to the method of Segrest et al. (33). A
human breast milk oligosaccharide fraction was prepared by
the method of Kobata (20) and contained greater than 300 mg
of carbohydrate per ml by the anthrone reaction (35).

Regeneration of the hemagglutinin. Regeneration of the
hemagglutinin was tested by incubating trypsin-treated my-
coplasmas in HBSS nonreplicative maintenance medium for
S h at 37°C, washing once with PBS, and then testing for HA
activity. Portions of the trypsin-treated organisms were also
incubated in the presence of 100 pg of chloramphenicol per
ml (Merrell Pharmaceuticals, Inc., Cincinnati, Ohio) or 40
g of mitomycin C per ml (Sigma).

Statistical analysis. The data from each group of experi-
ments were analyzed by analysis of variance. Variation was
considered significant at a P value <0.05.

RESULTS

Mycoplasma adherence. The adherence of M. pulmonis to
fresh human RBCs was measured as a function of time,
temperature, and salt (Fig. 1). Binding was significantly
reduced in the absence of salt and at 0°C. Membranes were
found to adhere as well as intact cells (data not given).
Adherence of M. pulmonis to rat RBCs was either compara-
ble with or at the most twice that of M. pulmonis to human
RBCs (data not given).

Figure 2 compares the effect of trypsin on M. pulmonis
binding to human RBCs and rat spleen lymphocytes. Trypsin
treatment of M. pulmonis had no effect on binding to RBCs
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FIG. 1. Attachment of M. pulmonis to human RBCs as a func-
tion of time, salt, and temperature. Radiolabeled M. pulmonis
([**SImethionine) was reacted with human RBCs in PBS at 37°C (A)
or 0°C (C). Organisms were also reacted in 0.25 M sucrose-10 mM
Tris (pH 7.3) in the absence of salt (B). Data represent the mean +
standard deviation of duplicates.
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FIG. 2. The effect of trypsin treatment (t) on the binding of M.
pulmonis (Mp) to human RBCs and rat spleen lymphocytes (Lym).
The protein bound was determined from the specific activity (counts
per minute per milligram of protein) of [**S]methionine-labeled
mycoplasmas. Equal amounts of mycoplasmas were added to both
RBCs and lymphocytes. Data represent the mean * standard
deviation of three experiments (RBCs) or two experiments (Lym).

(Fig. 2). However, trypsin-treated RBCs (tRBCs) bound M.
pulmonis better than normal RBCs (P < 0.001). This in-
creased binding could be removed by trypsin treatment of
the mycoplasma. M. pulmonis bound more efficiently to
lymphocytes than to RBCs (P = 0.009), but no difference
was observed between tRBCs and lymphocytes. Trypsin
treatment of the lymphocyte population had no effect on
mycoplasma binding, but trypsin treatment of M. pulmonis
increased binding to lymphocytes (P = 0.003).

HA. To test the possibility that M. pulmonis could bind to
cryptic RBC receptors (32) and cause agglutination, trypsin-
ized as well as nontrypsinized RBCs were tested in a HA
microtiter assay. In confirmation of earlier reports (24), no
HA was observed with untreated RBCs. After trypsin treat-
ment, however, the RBCs were agglutinated by M. pul-
monis.

The effect of formaldehyde treatment of the RBC was
tested by comparing tRBCs with and without formaldehyde
treatment. In addition, formaldehyde-fixed tRBCs were
treated with PBS plus 100 mM glycine or 50 mM Tris, pH
7.3, to block any possible chemical reactive sites. Nontryp-
sinized, formaldehyde-fixed RBCs were also tested. In all
cases formaldehyde had no effect on HA.

M. pulmonis agglutinated formaldehyde-fixed tRBCs from
all animal species tested (100 to 400 HA units per mg of
protein). Sonication of the mycoplasma suspension under
mild conditions was necessary to achieve maximum HA
activity (at least a fourfold increase), but it had no effect on
mycoplasma viability (data not given). This increased activi-
ty was due to disruption of mycoplasma aggregates, as
determined by acridine orange staining.

Effect of culture conditions on HA. To test the possibility
that HA activity is sensitive to medium effects, organisms
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FIG. 3. Effects of NaCl orn HA. Organisms and RBCs were
washed in 0.25 M sucrose-10 mM Tris (pH 7.3). HA was measured
in a standard microtiter assay with trypsin-treated, formaldehyde-
fixed human RBCs. NaCl was added at the indicated concentra-
tions. Data represent the mean of duplicates.

were grown in Edwards or dialyzed medium supplemented
with various sera and harvested at various points in the
growth cycle. Organisms grown in Edwards medium or in
dialyzed medium supplemented with various sera and har-
vested in mid-log phase (pH 7.2) did not differ in HA activity
toward hurhan RBCs (data not given). However, culture age
did affect HA activity. Maximum activity was always ob-
tained with organisms in late-log phase (pH 6.8 to 7.2) as
opposed to those in early-log (pH 7.8 to 8.0) or stationary
phase (pH <6.8) (data not given).

Inhibition of adherence and HA. HA is characteristic of
lectin-binding activities (28), and to identify possible M.
pulmonis surface lectin activity, simple carbohydrates were
tested for adherence inhibition activity with hunian RBCs
and for HA inhibition activity against both human and rat
RBCs (see below). None of the carbohydrates tested had
inhibitory activity at the indicated concentrations. Complex
oligosaccharide preparations from three different donors of
human breast milk also had no inhibitory activity (1to 1.5 mg
of carbohydrate per ml).

All carbohydrates were tested in the HA assay at a 30 mM
concentration against human and rat RBCs. These include D-
glucose, p-glucosamine, N-acetyl glucosamine, D-galactose,
D-galactosamine, N-acetyl galactosamine, D-mannose, D-
mannosamine, D-a-methyl mannoside, D-1-0-methyl-a-D-
glucopyranoside, L-fucose, p-fucose, N-acetyl neuraminic
acid, thiodigalactoside, rhamnose, lactose, sucrose, malt-
ose, raffinose, melezitose, melibionic acid, melibiose, treha-
lose, salicin, cellobiose, stachyose, and gentiobiose.
D-glucosamine, N-acetyl glucosamine, D-galactose, D-galac-
tosamine, N-acetyl galactosamine, D-a-methyl mannoside,
L-fucose, D-fucose, rhamnose, lactose, sucrose, and maltose
were also tested in the HA assay at a 60 mM concentratiori.
The carbohydrates tested in the adherence assay at a 100
mM concentration against human RBCs were D-glucosam-
ine, N-acetyl glucosamine, D-galactose, D-galactosamine, N-
acetyl galactosamine, L-fucose, D-fucose, N-acetyl neura-
minic acid, and thiodigalactoside.

Purified glycophorin, the major RBC surface glycoprotein,
had no effect on HA or adherence, although it did aggregate
mycoplasmal suspensions when incubated for 20 min at 37°C
at a final concentration of 250 wg/ml. Mild sonication dis-
rupted these aggregates and allowed full expression of HA
activity.

Other substances found to have no effect on HA were
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sodium azide (0.02%), 2-mercaptoethanol (0.1%), ovalbumin
(10 mg/ml), and fetuin (10 mg/ml). The latter was also tested
in the adherence assay (1 mg/ml) and found to have no effect.

To test the possibility that media contaminants were
responsible for HA, complete media (1:1 dilution in PBS),
horse serum (1%), bovine serum albumin (1%), and fetal calf
serum (1%) were tested and found to have no effect.

The effects of EDTA and ethyléne glycol-bis(B-amino
ethyl ether)N,N,N’,N'-tetraactic acid on HA were also
tested at various concentrations with human RBCs. There
was no effect at 0.1 mM, but higher concentrations showed
reduced activity: 70% of control at 1 mM and 35% of control
at 10 mM. When M. pulmonis was treated with 1 mM EDTA
or ethylene glycol-bis(B-amino ethyl ether)N,N,N',N’-te-
traacetic acid for 1 h at 37°C and then washed and tested,
less than 10% of the HA activity remained in the prepara-
tions (data not given).

Glutaraldehyde treatment of M. pulmonis did not affect
adherence to RBC but did eliminate all HA activity (data not
given). Heat treatment (56°C, 15 min) inhibited both adher-
ence and HA (data not given).

Effect of salt, temperature, and pH on HA. In addition to
lectin activities, bacterial adhesion is also mediated by
hydrophobic interactions (22) which are sensitive to salt
concentrations, temperature, and pH (8). In the absence of
NacCl (Fig. 3), there was no HA, and there appeared to be a
linear relationship between HA and NaCl concentrations in
the range of 12 to 40 mM. Magnesium and calcium could
replace NaCl in the buffer at 1 to 10 mM, but not at 0.1 mM
(data not given). HA was also reduced by 85% at 4°C as
compared with 23 and 37°C (data not given). The pH of the
buffer had no effect on HA in the physiological range of 7.0
to 8.0, but there was a reduction to 35% of control at pH 6.5
(data not given).

Enzymatic treatment effects on HA. In contrast to adher-
ence (Fig. 2), HA was extremely sensitive to proteolytic
treatments (Table 1). Trypsin at 1 pg/ml reduced HA activity
to 40% of control with only a 7% loss of protein. Other
experiments with the trypsin inhibitor Na-p-tosyl-L-lysine
chloromethyl ketone hydrochloride showed that neither the
inhibitor alone nor trypsin plus inhibitor (107 M) had an
effect on HA. Thus, trypsin was not inhibiting HA activity
by binding to the mycoplasma but rather by its proteolytic
function. The possibility that trypsin treatment induced
aggregation of the mycoplasma suspension was excluded by
monitoring trypsin-treated, sonicated preparations by acri-
dine orange staining and epifluorescence for 1.5 h, the
duration of the HA assay.

Replacement or regeneration of the trypsin-sensitive hemag-
glutinin. To show that HA activity was associated with a
mycoplasma protein and not derived from the growth media,
the replacement or regeneration of the hemagglutinin was
attempted. Trypsin-treated mycoplasmas were incubated in
broth, 1% horse serum, or 1% bovine serum albumin at 4°C
for 1 h. The trypsin-sensitive hemagglutinin could not be
replenished in this way.

Regeneration of HA was tested by incubating trypsin-
treated organisms in HBSS maintenance medium. This me-
dium was shown to sustain mycoplasma viability without
replication by measuring CFU during the experiment (data
not given). After a 5-h incubation period, there was regener-
ation of HA activity (Table 2). The requirement for protein
synthesis, and not nucleic acid synthesis, ir regeneration
was demonstrated by the ability of the organisms to regain
HA activity in the presence of mitomycin C (Table 2) but not
in the presence of chloramphenicol.
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DISCUSSION

The present studies demonstrate the ability of M. pul-
monis to adhere to and agglutinate tRBCs and to adhere to,
but not agglutinate, untreated RBCs. Previous studies have
shown that M. pulmonis colonies on agar could hemadsorb
untreated RBCs, but not agglutinate the same in suspension
(24). The abilities to adhere and hemadsorb and the inability
to agglutinate untreated RBCs seem contradictory since
these phenomena all require interactions with the RBC
surface. Several explanations for these discrepancies are
possible. Weak binding interactions of individual organisms
may be sufficient to cause hemadsorption on colonies, but
may not be strong enough to effectively cross-link RBCs,
thereby causing agglutination. Adherence, and possibly
hemadsorption, may be univalent in nature, or once bound,
M. pulmonis may lose its affinity for other RBC adherence
receptor site(s). Another possibility, which is suggested by
the present studies, is that adherence and hemadsorption are
mediated by mycoplasma elemeénts other than those in-
volved in HA, and that their respective host cell receptor
sites are different.

Adherence and HA have been differentiated in the present
studies by proteolytic and glutaraldehyde sensitivities. Fail-
ure of RBC adherence to be blocked by proteolytic, neur-
aminidase, and glutaraldehyde treatments is consistent with
the failure of these treatments to block adherence of M.
pulmonis to mouse macrophages (18). Thus, the similarities
of M. pulmonis adherence to both RBCs and macrophages
suggest that the RBC is a valid model in investigations of M.
pulmonis-eucaryotic cell interactions at the cellular and
molecular levels.

Hydrophobicity plays an important role in bacterial adhe-
sion, as has been shown with Salmonella sp., Escherichia
coli, and Neisseria gonorrheae (23). The requirement for salt
and the sensitivity to temperature indicate that both M.
pulmonis adherence to fresh RBCs and agglutination of
tRBCs are hydrophobic interactions. Since proteolytic treat-
ment of the mycoplasma was capable of removing HA
activity, an M. pulmonis protein seemed to be involved. The
protein nature was further established by regeneration ex-
periments in which chloramphenicol, but not mitomycin C,
blocked regeneration of the HA activity. Thus it appeared
that an M. pulmonis membrane protein(s) was capable of
interacting with the opposing RBC surface through hydro-
phobic interactions.

To incorporate the separate phenomena of adherence and
HA into a working hypothesis, we propose that the interac-
tion of M. pulmonis with eucaryotic cells is a multiphasic
process involving an initial recognition event, the exposure
of additional binding sites by the induction of membrane

TABLE 1. Effect of proteolytic treatment on HA

Enzyme* Concn® C o‘z rol % ll’(r’;)ttem
Control 100 ND¢
Trypsin 100 0 25
Trypsin + TLCK 100 100 0
Trypsin 10 0 15
Trypsin 1 40 7
Pronase 50 0 40

“ Enzyme treatments were for 30 min at 37°C. Organisms were
then washed and tested for HA activity. TLCK, Na-P-tosyl-L-lysine
chloromethyl ketone hydrochloride.

® Micrograms per milligram of M. pulmonis protein.

< ND, Not done.

INFECT. IMMUN.

TABLE 2. Regeneration of M. pulmonis HA activity
HA (U/mg

Treatment® of protein)®
NODE. .ottt e 134 + 45
Trypsin treatedonly ............ ... ... .....oo..... 0
Trypsin treated, incubated in HBSS® ................ 44 + 114
Trypsin treated, incubated in HBSS + mitomycin C... 27 = 10°
Trypsin treated, incubated in HBSS + chloramphenicol 0

2 Organisms were treated with trypsin (100 pg/ml of M. pulmonis
protein) for 1 h at 37°C, washed with PBS, and placed in regenera-
tion media or tested directly for HA activity with human RBCs.
Controls consisted of nontrypsinized organisms. Mitomycin C con-
centration was 40 pg/ml; chloramphenicol concentration was 100
pg/mi.

® Data represent the mean * standard deviation of three experi-
ments. Each treatment was tested in duplicate.

¢ HBSS, Hanks balanced salt solution with 0.5% glucose, 10%
dialyzed horse serum, and 10 mM HEPES, pH 7.5. Incubation time
was S h at 37°C. The organisms were then washed and tested for HA
activity.

4 Significantly different from the trypsin-treated only group (P <
0.001).

¢ Significantly different from the trypsin-treated only group (P <
0.001) and HBSS + chloramphenicol group (P < 0.001).

protein diffusion on the eucaryotic cell surface, and the
recognition and binding to these additional receptors by the
mycoplasma (Fig. 4). The culmination of these events is an
intimate association between the membranes and a possible
avenue by which M. pulmonis parasitizes host membrane
surfaces.

The initial recognition event in M. pulmonis-eucaryotic
cell interactions very likely involves long-range, attractive,
hydrophobic forces because of (i) the large number of cell
types to which M. pulmonis can bind (4-6), (ii) the seeming
inability of the hydrophilic mucosal secretions to block
attachment, and (iii) the results of the present studies which
indicate a salt-dependent, temperature-sensitive interaction
during adherence (22). Once this initial contact has been
made, repulsive forces (electrostatic pressure) could induce
molecular rearrangements in the host cell surface topogra-
phy through diffusional movements of highly charged mem-
brane proteins, thereby exposing additional interaction sites
on the cell surface and reducing the electrostatic pressure in
the immediate vicinity (30). This type of rearrangement, for
instance, is a general characteristic of contact and fusion
events between opposing membranes (21). Finally, an M.
pulmonis specific protein(s), now influenced by a reduced
electrostatic pressure, could recognize these additional bind-
ing sites, and the membranes could become firmly anchored
in intimate association. In this model, the initial binding
interactions are represented by the adherence of M. pul-
monis to untreated RBCs. The second phase of interaction is
represented by the HA of tRBCs.

The observation that trypsin treatment of the RBC is
required for HA can be explained by the proposed model.
Under normal conditions, a rearrangement of surface macro-
molecules could be required for exposing the second phase
or HA receptor sites. The surface glycoproteins on RBCs,
however, are firmly anchoied in the membrane through the
cytoskeletal network (14) and are unable to diffuse in re-
sponse to the approaching mycoplasma surface, unlike other
eucaryotic cell types. Trypsin treatment is required to re-
move these overlying glycoproteins, primarily glycophorin
(17), and to expose the underlying HA receptor sites.

The effect of trypsin treatment on M. pulmonis binding to
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FIG. 4. Proposed model of M. pulmonis-eucaryotic cell interactions. (I) Nonspecific interactions dominate the initial recognition phase of
the interactions. (II) As the two bilayers approach, repulsive forces induce molecular rearrangements in the cell surface. (III) Diffusional
movement of surface proteins uncovers cryptic binding sites. (IV) These sites are recognized and bound by the mycoplasma hemagglutinin,

resulting in an intimate association.

human RBCs and rat spleen lymphocytes lends support to
this model. If overlying glycoproteins on the RBC surface
shield HA binding sites, removal of these proteins should be
accompanied by an increase in binding. This was shown to
be the case. Further, additional binding activity was re-
moved by trypsin treatment of the mycoplasma, demonstrat-
ing that trypsin-sensitive proteins can be involved in cell
association once their receptor sites are exposed. If these
receptors are present on other cell types which exhibit freely
diffusible membrane glycoproteins, then M. pulmonis should
be able to recognize these receptors without the need for
trypsin treatment. Lymphocytes showed increased binding
of M. pulmonis when compared with RBCs but not with
tRBCs, which bound equal amounts of mycoplasmas. Tryp-
sin treatment of the lymphocyte had no effect on binding and
thus additional receptor sites were not uncovered by proteo-
lytic treatment. This suggests that receptor sites comparable
to those exposed on tRBCs are accessible to the mycoplas-
ma on the lymphocyte cell surface. It should be noted that
trypsin-treated M. pulmonis appeared to bind better to
lymphocytes than untreated mycoplasmas. This could be
due to the inherent differences in the membrane composition
and structure between the cell types. More likely though, the
increase could be due to residual macrophages in the lym-
phocyte preparations, since they have been shown to
actively phagocytize protease-treated M. pulmonis but not
untreated mycoplasmas (18). The 2 to 5% macrophage
contamination in the preparations could account for the
apparent increase in binding.

Previous observations of M. pulmonis interactions with
mucosal epithelial surfaces suggested that its interactions
were different than those described with M. pneumoniae and
M. gallisepticum (4-6). Adhesion to host cells was mediated
by a generalized interaction with the mycoplasma membrane
(which conformed to the shape of the cell) rather than by a
specialized attachment tip. In addition, electron micrographs
indicated alterations of the host membrane at the site of M.
pulmonis attachment. These alterations seemed to resemble
an intercellular junction, i.e., a nexus. In some instances,
membrane fusion appeared to occur between M. pulmonis
and the host cell; thus, the morphological evidence of M.

pulmonis-host cell interactions in vivo suggests that adhe-
sion is not a simple attachment event.

This model is speculative, and other possibilities exist for
interpretations of this data. It is possible that lymphocyte
receptors differ categorically from RBC receptors and that
lymphocytes may simply express additional M. pulmonis
receptors or the same receptor in greater numbers on their
surface. Alternatively, the RBC receptors may be unique,
and similar receptors may not be present on other cell types.
If so, a comparison between RBCs and other mammalian
cells may not be useful. It should be noted, however, that
both the lymphocyte receptor and the high-affinity RBC
receptor are trypsin resistant. This lends credence to the
idea that similar receptor sites for M. pulmonis exist on
many, if not all, mammalian cells, including RBCs. Thus the
RBC surface would adequately represent the mammalian
cell surface seen by the mycoplasma during in vivo coloniza-
tion.

In summary, the present studies indicate a multiphasic
mode of cell association by M. pulmonis. One phase is
expressed as HA of tRBCs. This activity is sensitive to
treatments which have been shown to remove or alter
mycoplasmal membrane proteins, i.e., trypsin and EDTA,
and is hydrophobic in nature. It can be regenerated after
trypsin removal by incubation in nonpermissive media. The
role of the hemagglutinin in vivo is unclear, but it could
possibly be the mechanism by which acquisition of host
cellular components is achieved. This type of activity could
induce severe perturbations in a host cell membrane and
cause cellular alterations, cell death, and possibly nonspecif-
ic lymphocyte activation (27). The other phase of M. pul-
monis-cell association, adherence, although it is also hydro-
phobic in nature, utilizes different mycoplasma elements
than does HA since it is not trypsin sensitive and occurs with
untreated RBCs. The use of the RBC as a model for cell
interactions has provided insight into the molecular events
which occur between M. pulmonis and host cell surfaces.
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