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Interaction of Bifidobacterial Lipoteichoic Acid with Human
Intestinal Epithelial Cells
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Binding of the lipoteichoic acids of Bifidobacterium bfidum to human colonic epithelial cells appeared to be
specific, reversible, and cell concentration and time dependent. A single population of approximately 8.3 x 108
binding sites per cell was detected, with a dissociation constant of 125 ,M. Ester-linked fatty acids are essential
for binding.

Lipoteichoic acids (LTA) of gram-positive bacteria have
been shown to possess a high binding affinity to mammalian
cell membranes (2-4, 8, 9, 14, 26). Binding occurs sponta-
neously via the lipid part of the LTA (4, 9, 17). Studies
concerning the binding of LTA are of special interest,
because LTA appears to play an important role in the
adherence of several gram-positive bacteria to epithelial and
other mammalian cells (1, 5, 7, 9). LTA may also serve as a
carrier for other antigens and bind them to target tissues, in
which they may provoke immunocytotoxic reactions (9, 11).

Bifidobacterium bifidum subsp. pennsylvanicum is a gram-
positive, nonmotile, asporogenous, anaerobic organism nor-
mally present in the human intestine (13). Previously we
described the structures of the rather unique teichoic acid
(27) and LTA (19a) of this bacterium. The present investi-
gations, concerning the binding of the bifidobacterial LTA to
human colonic epithelial cells (colonocytes), were per-
formed to obtain more information about the biological
activities and functions of the LTA.

B. bifidum subsp. pennsylvanicum was grown in a chem-
ically defined medium (16) for 16 h at 37°C under an N2-CO2
(90%:10%) atmosphere. For labeling, [14C]oleic acid (250
,uCi/liter) was included in the medium, and the Tween 80
concentration was lowered from 0.5 to 0.1 g/liter. Unlabeled
LTA and [14C]oleic acid-labeled LTA ([14C]LTA) were ex-
tracted from cytoplasmic membranes with aqueous phenol
and purified as described before (19a). The purified [14C]LTA
had a specific activity of about 190 dpm/,lg. For preparation
of free colonocytes, biopsies from colon resection surgery
were incubated in appropriate buffers with the chelation-elu-
tion method described by Pinkus (20). The suspension of
isolated colonocytes was washed three times in 0.02 M
phosphate-0.15 M NaCl (PBS) (pH 7.4), resuspended in
PBS, and counted in a hemacytometer. Cell viability was
estimated by trypan-blue exclusion. Although the viability of
the isolated colonocytes varied between 40 and 80%, we
could not detect any significant differences in their ability to
bind LTA.

Binding assays were performed in 1.5-ml Eppendorf tubes
(Brinkmann Instruments, Inc., Westbury, N.Y.). Tubes
containing 150 ,ul of PBS with various amounts of [14C]LTA
and colonocytes were incubated at 37°C with shaking. After
a specified time, the assay was terminated by adding 1.5 ml
of PBS to each tube. The cell-[14C]LTA complexes were
collected by centrifugation, washed three times with 1.0 ml
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of PBS, resuspended in 0.5 ml of 0.1 M NaOH, and heated
for 5 min at 96°C. Bound [14C]LTA was determined by liquid
scintillation counting in an Opti-Fluor (Packard Instrument,
Brussels, Belgium).
The binding ofLTA to colonocytes was cell concentration

(Fig. 1) and time dependent (Fig. 2). Binding reached a
maximum within 60 min and was comparable with the
binding of streptococcal LTA to buccal epithelial cells (26).
Binding of bifidobacterial LTA appeared to be reversible,
since 45% of the bound [14C]LTA was displaced by a 50-fold
excess of unlabeled LTA within 10 min. ['4C]LTA remained
bound in PBS controls. Displacement of 80% of labeled LTA
has only been described for leukocytes (9). Other authors
have found 40 to 55% displacement (2, 4, 8, 26). The
occurrence of the added unlabeled LTA in micelles may be
responsible for the inability to displace all of the bound LTA
(8). Internalization is not expected. Control incubation with
a 50-fold excess of unlabeled LTA included in the binding
assay revealed aspecific binding values which were always
less than 10% of the experimental values.
To study the influence of deacylation of LTA on the

binding, we labeled the polar part of the LTA with [U-
14C]glucose. Glycerol could not be used for labeling since it
is not incorporated by B. bifidum. Extraction and purifica-
tion of LTA was as described above. Experiments with
[14C]glucose-labeled LTA gave identical results as those
with [14C]oleic acid-labeled LTA, but the low specific activ-
ity of the former made it less useful for all experiments.
Deacylation of the [U-_4C]glucose-labeled LTA, by treat-
ment with 0.1 M NaOH in ethanol for 30 min at 37°C,
abolished the binding of the LTA. This is consistent with the
requirement of ester-linked fatty acids for binding (1, 2, 8).
To determine the number of LTA binding sites per colono-
cyte and the affinity constant, we incubated 4 x 105 colono-
cytes with various amounts of [14C]LTA (50 to 1,000 jig) for
1 h at 37°C. Bound [14C]LTA was calculated, and the data
were analyzed by the method of Scatchard (22) (Fig. 3). The
Scatchard plot revealed a maximal binding (at saturation) of
5.49 ,ug of LTA per 4 x 105 colonocytes. Assuming a
molecular weight of 10,000 for the bifidobacterial LTA (19a),
we calculated that colonocytes possess a single population
of about 8.3 x 108 binding sites per cell. The dissociation
constant was 125 ,uM. Since bifidobacterial LTA also binds
to human erythrocytes, for comparison we determined the
population of binding sites on these cells. Human erythro-
cytes appeared to possess a single population of about 2.1 x

106 binding sites per cell, with a dissociation constant of 44
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FIG. 1. Relationship between the number of colonocytes and
binding of LTA. The indicated number of cells were incubated with
50 ,ug of [14C]LTA for 1 h at 37°C, and bound [14C]LTA was
determined. Values are means of two separate experiments and are
corrected for nonspecific binding.

,uM. The values for colonocytes as well as for erythrocytes
are comparable with those described for other LTA (8, 26).
We also tested the effect of some sugars and albumin on

the binding of [14C]LTA to colonocytes. None of the sugars
tested (fucose, glucose, galactose, mannose, arabinose, and
xylose)
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FIG. 3. Scatchard plot of the binding of LTA to human colono-

cytes. The ratio of bound to free ['4C]LTA is plotted as a function of
bound ['4C]LTA. The intercept of the abcissa (5.49 ,ug) corresponds
to the maximal binding capacity of human colonocytes.

inhibited the binding at concentrations up to 25 The present study revealed that bifidobacterial LTA binds
indicating that sugar moieties are not involved in the in a specific and reversible way to colonocytes. Binding
:ion between the epithelial cell membrane and the characteristics were comparable with those described for
Libumin (5 mg/ml) markedly reduced the binding to 34 oral epithelial cells (26). The LTA binds via the ester-linked
hat of the control, most probably by masking of the fatty acids of the lipid part of the molecule, since deacylated
Irt of the LTA. Simpson et al. (25) showed that LTA did not show binding activity and albumin effectively
;occal LTA binds readily to the fatty acid binding inhibited the binding. Because of the specificity of the
serum albumin. binding and the importance of the lipid part, a protein or

glycoprotein with fatty acid-binding sites appears to be the
most probable receptor in the membrane of the colonocytes.
The binding of closely related fatty acids to this putative
receptor will be about equal since the rather high percentage
of oleic acid in the bifidobacterial LTA compared to strepto-
coccal LTA (40 versus 24%) (21) did not change the binding
characteristics. Glatz and Veerkamp (12) reported that pal-
mitic and oleic acid bound to the fatty acid-binding sites of
albumin with the same affinity. Recently, evidence was
obtained for the presence of fibronectin as a membrane
receptor for streptococci on epithelial cells (6, 23, 24).
Fibronectin is capable of binding LTA via its fatty acid-bind-
ing sites (10) as described for albumin (25). The importance
of the lipid part of the bifidobacterial LTA in its binding to
colonocytes correlates well with the role of LTA as the main
component responsible for surface hydrophobicity of whole
bacteria (15, 19). If the model depicted by Ofek et al. (18),
concerning the interaction of LTA with cell wall proteins
and its orientation, can be applied to other bacteria, hydro-

______,_____,____,_____,____ ,_____ ,___ phobic interaction mediated by LTA may play an important
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FIG. 2. Time-dependent binding of LTA to human colonocytes.
50 jig of ['4C]LTA was incubated with 4 x 105 colonocytes at 37°C.
At the indicated time intervals, bound [14C]LTA was determined.
Values are means of two separate experiments and corrected for
nonspecific binding.

We thank T. Hendriks, Department of Surgery, University of
Nijmegen, Nijmegen, The Netherlands, for supplying the colon
biopsies.

This investigation was supported by the Foundation for Funda-
mental Biological Research (BION) which is subsidized by the

VOL. 47, 1985



INFECT. IMMUN.

Netherlands Organization for the Advancement of Pure Research
(ZWO).

LITERATURE CITED
1. Beachey, E. H. 1981. Bacterial adherence: adhesin-receptor

interactions mediating the attachment of bacteria to mucosal
surfaces. J. Infect. Dis. 143:325-345.

2. Beachey, E. H., T. M. Chiang, I. Ofek, and A. H. Kang. 1977.
Interaction of lipoteichoic acid of group A streptococci with
human platelets. Infect. Immun. 16:649-654.

3. Beachey, E. H., J. B. Dale, S. Grebe, A. Ahmed, W. A. Simpson,
and I. Ofek. 1979. Lymphocyte binding and T cell mitogenic
properties of group A streptococcal lipoteichoic acid. J. Im-
munol. 122:189-195.

4. Beachey, E. H., J. B. Dale, W. A. Simpson, J. D. Evans, K. W.
Knox, I. Ofek, and A. J. Wicken. 1978. Erythrocyte binding
properties of streptococcal lipoteichoic acids. Infect. Immun.
23:618-625.

5. Beachey, E. H., and I. Ofek. 1976. Epithelial cell binding of
group A streptococci by lipoteichoic acid on fimbriae denuded
of M protein. J. Exp. Med. 143:990-1003.

6. Beachey, E. H., and W. A. Simpson. 1982. The adherence of
group A streptococci to oropharyngeal epithelial cells: the
lipoteichoic acid adhesin and fibronectin receptor. Infection
10:107-111.

7. Carruthers, M. M., and W. J. Kabat. 1983. Mediation of
staphylococcal adherence to mucosal cells by lipoteichoic acid.
Infect. Immun. 40:444-446.

8. Chiang, T. M., M. L. Alkan, and E. H. Beachey. 1979. Binding
of lipoteichoic acid of group A streptococci to isolated human
erythrocyte membranes. Infect. Immun. 26:316-321.

9. Courtney, H. S., I. Ofek, W. A. Simpson, and E. H. Beachey.
1981. Characterization of lipoteichoic acid binding to polymor-
phonuclear leukocytes of human blood. Infect. Immun.
32:625-631.

10. Courtney, H. S., W. A. Simpson, and E. H. Beachey. 1983.
Binding of streptococcal lipoteichoic acid to the fatty acid
binding sites of human plasma fibronectin. J. Bacteriol.
153:763-770.

11. Fiedel, B. A., and R. W. Jackson. 1979. Nephropathy in the
rabbit associated with immunization to a group A streptococcal
lipoteichoic acid. Med. Microbiol. Immunol. 167:251-260.

12. Glatz, J. F. C., and J. H. Veerkamp. 1983. A radiochemical
procedure for the assay of fatty acid binding by proteins. Anal.
Biochem. 132:89-95.

13. Gyorgy, P., R. F. Norris, and C. S. Rose. 1954. Bifidus factor I.
Variant of Lactobacillus bifidus requiring a special growth
factor. Arch. Biochem. Biophys. 48:193-201.

14. Knox, K. W., and A. J. Wicken. 1973. Immunological properties
of teichoic acids. Bacteriol. Rev. 37:215-257.

15. Miorner, H., G. Johansson, and G. Kronvall. 1983. Lipoteichoic
acid is the major cell wall component responsible for surface
hydrophobicity of group A streptococci. Infect. Immun.
39:336-343.

16. Norris, R. F., T. Flanders, R. M. Tomarelli, and P. Gyorgy.
1950. The isolation and cultivation of Lactobacillus bifidus. J.
Bacteriol. 60:681-696.

17. Ofek, I., E. H. Beachey, W. Jefferson, and G. L. Campbell. 1975.
Cell membrane binding properties of group A streptococ-
cal lipoteichoic acid. J. Exp. Med. 141:990-1003.

18. Ofek, I., W. A. Simpson, and E. H. Beachey. 1982. Formation of
molecular complexes between a structurally defined M protein
and acylated or deacylated lipoteichoic acid of Streptococcus
pyogenes. J. Bacteriol. 149:426-433.

19. Ofek, I., E. Whitnack, and E. H. Beachey. 1983. Hydrophobic
interactions of group A streptococci with hexadecane droplets.
J. Bacteriol. 154:139-145.

19a.Op den Camp, H. J. M., J. H. Veerkamp, A. Oosterhof, and H.
van Halbeek. 1984. Structure of the lipoteichoic acids from
Bifidobacterium bifidum spp. pennsylvanicum. Biochim. Bi-
ophys. Acta 795:301-313.

20. Pinkus, L. M. 1981. Separation and use of enterocytes. Methods
Enzymol. 77:154-162.

21. Rudczynski, A. B., and R. W. Jackson. 1978. The properties of
a lipoteichoic acid antigen from Streptococcus pyogenes. Im-
munochemistry 15:83-91.

22. Scatchard, G. 1949. The attraction of proteins for small mole-
cules and ions. Ann. N.Y. Acad. Sci. 51:660-672.

23. Simpson, W. A., and E. H. Beachey. 1983. Adherence of group
A streptococci to fibronectin on human oral epithelial cells.
Infect. Immun. 39:275-279.

24. Simpson, W. A., D. L. Hasty, J. M. Mason, and E. H. Beachey.
1982. Fibronectin-mediated binding of group A streptococci to
human polymorphonuclear leukocytes. Infect. Immun.
37:805-810.

25. Simpson, W. A., I. Ofek, and E. H. Beachey. 1980. Binding of
streptococcal lipoteichoic acid to the fatty acid binding sites on
serum albumin. J. Biol. Chem. 255:6092-6097.

26. Simpson, W. A., I. Ofek, C. Sarasohn, J. M. Morrison, and
E. H. Beachey. 1980. Characterization of the binding of strepto-
coccal lipoteichoic acid to human oral epithelial cells. J. Infect.
Dis. 141:457-462.

27. Veerkamp, J. H., G. E. J. M. Hoelen, and H. J. M. Op den
Camp. 1983. The structure of a mannitol teichoic acid from
Bifidobacterium bifidum ssp. pennsylvanicum. Biochim. Bi-
ophys. Acta 755:439-451.

334 NOTES


