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Summary. Human lactoferrin (HLf) is an iron-binding protein and a host-defence component 
at the mucosal surface. Recently, a specific receptor for HLf has been identified on a strain 
of Staphylococcus aureus associated with toxic shock syndrome. We have looked for the 
occurrence of ' 251-HLf binding among 489 strains of S. aureus isolated from various clinical 
sources. HLf binding was common among S .  aureus strains associated with furunculosis 
(94.373, toxic shock syndrome (94.373, endocarditis (83.3%) and septicaemia (8243%) and 
other (nasal, vaginal or ocular) infections (96.1%) with a mean binding (in fmol) of 29.1, 
21.9, 16.9, 22.2 and 29.2 respectively; the differences between mean HLf binding values of 
29- 1-29-2, 21 -9-22-2 and 16-9 were significant. Furunculosis-associated (low-invasive or 
localised) isolates were high-to-moderate binders of HLf; 50% gave positive results at a 
threshold of > 3 1 fmol of ' 251-HLf bound. In contrast, endocarditis-associated (high-invasive 
or systemic) isolates demonstrated low binding and did not bind 12'I-HLf at the above 
threshold level. S. aureus recognised human or bovine Lf. However, bound 12'I-HLf was 
more effectively inhibited in a dose-dependent manner by unlabelled bovine Lf than by 
homologous HLf. Binding of ' 251-HLf to staphylococci was optimal with organisms grown 
in agar compared with those from broth cultures. The binding capacity of S.  aureus was 
abolished when strains were grown on carbohydrate- and salt-rich agar media. HLf-binding 
ability of S .  aureus did not correlate with fibronectin, fibrinogen, immunoglobulin G or 
laminin binding. 

Introduction 

Iron is an essential requirement for many bacte- 
ria.'* In mammalian tissues, this element forms 
complexes with various biological molecules or is 
bound with high affinity to transferrin in plasma and 
lactoferrin (Lo in mucous secretions.2* For iron 
acquisition, certain bacteria release low-mol. wt iron 
chelators known collectively as siderophores. ' 

Staphylococcus aureus is associated with human 
illnesses ranging from localised superficial infections 
such as folliculitis to severe systemic diseases such as 
fatal endocarditis and toxic shock syndrome (TSS). 
This gram-positive pathogen requires approximately 
1-6 p~ iron for g r ~ w t h . ~  Three extracellular 
haemolysins' and a recently identified iron chelator6 
of S.  aureus may provide an iron-sufficient environ- 
ment in uivo. During the early stages of pathogenesis, 
staphylococci confront inflammatory cell defence, 
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mainly the polymorphonuclear leukocytes (PMNLs) 
at mucosal surfaces.' PMNLs secrete various antibac- 
terial compounds such as lysozyme, myeloperoxidase 
and lactoferrin, an iron-binding protein. 7-9 Lf de- 
prives the invading pathogen of iron and provides an 
important defence at the host mucosal surface. lo-' 

Lf concentration in plasma is elevated during inflam- 
mation, septicaemia or endotoxic shock and ultimately 
leads to physiological hyp~ferrinaemia'~~ l4 such as in 
TSS. ' ' 

Human plasma contains approximately 1 pg of HLf 
per ml, with a turnover rate of 5.7 pg/day, processed 
mainly by the liver.I6 This glycoprotein has a 
prominent role in various physiological functions. It 
amplifies inflammatory responses by promoting the 
adhesion as well as aggregation of PMNLs to the 
endothelial surface. 1 It stimulates the phagocytic and 
cytotoxic properties of the macrophagesl 8-20 and 
mediates both hydrogen-peroxide-dependent and 
-independent bacterial killing.219 22 It has been sug- 
gested that HLf may regulate myelopoiesis by inhib- 
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iting the granulocyte-monocyte colony stimulating 
factor. 23 Furthermore, mouse peritoneal macro- 
phages,24 human mononuclear cells,25 and human 
P M N L s ~ ~  demonstrate specific receptors for HLf. The 
molecular-interaction of acute-phase proteins secreted 
by inflammatory cells (Lf in particular) with pathogens 
is still unclear. 

Recently we have demonstrated a specific HLf- 
binding component on the TSS-associated S. aureus 
strain MAS-89 (Naidu et al., unpublished observa- 
tion). In this study we examined a large collection of 
S. aureus isolates from various clinical conditions for 
HLf binding. We have also compared the incidence 
of fibronectin (Fn), fibrinogen (Fg), immunoglobulin 
G (IgG) and laminin (Lm) binding properties of 
S. aureus with HLf binding. 

Materials and methods 

Clinical isolates 

A total of 489 S. aureus isolates from various clinical 
sources was examined. Strains associated with furun- 
culosis (88) and septicaemia (1 22, originating from 
complicated and uncomplicated illnesses) were iso- 
lated in Sweden and characterised in earlier studies. 27 

Strains associated with endocarditis (192) were iso- 
lated in Denmark.28 TSS (35, comprising menstrual 
and non-menstrual cases) isolates were from Europe 
or the USA and were characterised extensively in 
earlier studies. 299 30 Isolates from infected nasal, 
vaginal or ocular sites (52, TSS toxin-1-positive with 
no manifestation of clinical TSS) from a previous 
study3’ were also included. Bacterial cells were 
harvested, washed and resuspended in phosphate- 
buffered saline (PBS), pH 7.2, to a final density of 
c. 10” cells/ml. The cell density was adjusted by 
measuring absorbance at 540nm and confirmed by 
counting stained samples of bacterial suspensions in a 
Pe troff-Hausser chamber . 

Media 

The effect of growth conditions on 251-HLf binding 
was examined after growth of representative strains 
for 24 h at 37°C on Nutrient Agar, Blood Agar, 
Proteose Peptone Agar, Staphylococcus Medium- 1 10, 
Brain-Heart Infusion Agar and Mannitol-Salt Agar 
and in Trypticase-Soy Broth, Brain-Heart Infusion 
Broth, Nutrient Broth and skimmed milk. All media 
were from Difco Laboratories, Detroit, MI, USA. 

Chemicals 

Human (H) Lf (lot 63541) was from US Biochemi- 
cals Corp., Cleveland, OH, USA. Bovine (B) Lf, 
purified from bovine milk whey, was kindly provided 
by Dr H. Burling, Swedish Dairies Association, 
Malmo, Sweden. Fibronectin was purified from 

human plasma by the method of Veunto and Vaheri.31 
IgG was obtained from Kabi Vitrum, Stockholm, 
Sweden. Laminin, purified from the basement mem- 
brane of the Engelbreth-Holm-Swarm transplantable 
tumour, was purchased from Collaborative Research, 
Inc., Bedford, MA, USA. All chemicals used for the 
preparation of buffer solutions were of analytical 
grade. 

25 I-labelled protein binding assay 

HLf was labelled by a modified chloramine-T 
method with Na12’I (specific activity 629 GBq/mg; 
DuPont Scandinavia AB, Stockholm, Sweden) and 
Iodobeads (Pierce Chemicals Co., Rockford, IL, 
USA).32 Binding assays were performed as described 

c. lo9 bacterial cells (in 0.1 ml of PBS) 
were mixed with 0.1 ml of 12’I-HLf [radioactivity 
adjusted to (2-2.5) x lo4 cpm, i.e., c. 8 ng, when 
diluted in cold PBS] and, after incubation for 1 h at 
room temperature, 2 ml of ice-cold PBS (containing 
Tween 20 0.1%) was added to the tubes; the suspension 
was centrifuged at 4500 g for 15 min and the supernate 
was aspirated. Radioactivity retained in the bacterial 
pellet was measured in a y-counter (LKB Wallac 
Clingamma 1271, Turku, Finland). Background radio- 
activity from incubation mixtures containing no 
bacteria was 2.5%, and the nonspecific 12’I-HLf 
binding in the presence of excess unlabelled HLf was 
c. 7.5% of the total labelled protein added. Therefore, 
an 251-HLf-binding value below 10% was considered 
to be a negative result. Samples were tested in triplicate 
and each experiment was repeated at least twice unless 
otherwise stated. Binding experiments with 12’1- 
labelled Fn, Fg, IgG, and Lm were performed by the 
same method with a selected group of HLf-binding or 
non-binding strains. 

12%HLf binding inhibition 

Increasing amounts (0-0-1 mg) of HLf and BLf 
diluted in PBS were mixed with 12’I-HLf [c. 8 ng of 
protein; (2.5-3.0) x lo4 cpm] in 0-1-ml volumes and 
added to c. lo9 cells of S. aureus strain MAS-89 grown 
on blood agar for 24 h at 37°C. 12’I-HLf binding was 
measured after incubation for 1 h. Logarithmic curves 
were plotted for each pair of Lf preparations. 

Data analysis 

The HLf binding by S. aureus isolates from different 
clinical sources revealed normal frequency distribu- 
tion. Therefore, the unpaired Student’s t test was used 
to assess the significance of differences between the 
groups. 

Of the 489 human clinical isolates of S. aureus 
tested, 417 (85.3%) strains bound 12’I-HLf (fig. 1). 
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Furunculosis 88 
Septicaemia 122 
Endocardit is 192 
TSS 35 
Other diagnoses? 52 

a 

a 
a 

44 (50.0) 25 (28.4) 14 (15.4) 5 (5.7) 
27 (22.1) 48 (39.3) 26 (21.3) 21 (17.2) 
0 (0.0) 54 (28.1) 106 (55.2) 32 (16.7) 
5 (14.3) 17 (48.6) 11 (31.4) 2(5*7) 

23 (44.2) 22 (42.3) 5 (9.6) 2 (3.9) 

Furu ncu losis Sept icaemia Endocardit is TSS other 

Fig. 1. '2s1-HLf binding in clinical isolates of S .  aweus grown on blood agar. Bar-HLf mean binding value for each group of isolates. 

Mean HLf binding values (in fmol) were 29.1, 21.9, 
16.9, 22-2 and 29.2 for strains isolated from furuncu- 
losis, TSS, endocarditis, septicaemia and other (nasal, 
ocular or vaginal) infections respectively. The HLf 
binding by strains associated with septicaemia and 
TSS groups or with furunculosis and other infections 
did not differ. The differences in HLf binding between 
these pairs and between each pair in the endocarditis- 
associated strains were significant (p < 0.001). 

Individual strains in each clinical group were further 
categorised according to the degree of HLf binding 
(table I). Strains associated with furunculosis demon- 
strated high (50.0%) or moderate (28.4%) 12'I-HLf 
binding. Conversely, among endocarditis-associated 
strains, 12'I-HLf binding was low in 55.2% of strains 
and 16.7% isolates did not bind '251-HLf. With TSS- 
associated strains, binding was moderate (48.4%) or 
low (31.4%). Of the strains associated with septicae- 
mia, 17% did not bind HLf; those that did bind HLf 
showed an even distribution among the three cate- 
gories of HLf binding. 

Strains MAS-89 (TSS-associated, HLf-binder) and 
strain E-84 (endocarditis-associated, HLf-non-binder) 
were grown under different growth conditions and 
tested for 1251-HLf binding capacity (table 11). Cells 
of strain MAS-89 expressed HLf binding capacity 
when grown on nutrient agar (45.3 fmol) and blood 
agar (37.9 fmol). However, brain-heart-infusion agar, 
carbohydrate-and salt-rich (mannitol-salt or staphy- 
lococcus medium- 1 10 agar) or broth media suppressed 
HLf binding ability in strain MAS-89. The negative 
control, strain E-84, was consistently an HLf non- 
binder (within the limits of non-specificity) in all the 
growth conditions. Strain MAS-89 recognised both 
human and bovine Lf. However, in HLf binding- 
inhibition studies, bovine Lf was three times more 
effective than HLf. A concentration of 0 .32pg  of 
unlabelled HLf or 0.09 pg of unlabelled BLf was 
required to cause 50% inhibition of 251-HLf binding 
to c. lo9 cells of strain MAS-89 (fig. 2). 

In each of the HLf high, low or non-binding 
categories, 30 isolates were compared for the degree 

Table I. 12'I-HLf binding to S.  aureus isolates from different clinical sources 

2sI-HLf binding*, in fmol (percentage of strains) 

High Moderate Low Negative 

Number of 
Source strains tested 

* Bacteria (10' cells) were incubated with c. 8 ng of '"I-HLf; radio-isotope binding (fmol) was high (> 31.0), moderate (21-30), low (1 1-20) 
or negative (< 10; non-binding). 
t Strains associated with nasal, vaginal or ocular infections. 
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of Fn, Fg, IgG and Lm binding (fig. 3). With HLf 
high binders (> 40% of total ligand bound) median 
binding values of Fn 31.2%, Fg 35-5%, IgG 68.7% and 
Lm 11.3% were demonstrated. The HLf low binders 
(10.1-15-0% of total ligand bound) gave median 
binding values of Fn 28-8%, Fg 34.2%, IgG 66- 1 % and 
Lm 7.5%. Strains considered to be HLf non-binders 
(< 7.5% of total ligand bound) gave median binding 
values of Fn 17-6%, Fg 30.0%, IgG 57.9% and 
Lm 6- 1 %. These glycoprotein interactions showed no 
correlation with HLf binding. 

- 

- 

Table 11. Influence of growth media on 251-HLf binding to 
S. aureus 

0 

0 

0. 

- 0 3  - 

--e 
3 

0.. 

0: 0 

.=f 

251-HLf binding (in fmol) to 
Growth medium I strain MAS-89 strain E-84 

Nutrient agar 
Blood agar 
Proteose peptone agar 
Staphylococcus medium-1 10 
Brain heart infusion agar 
Mannitol salt agar 
Trypticase soy broth 
Brain heart infusion 
Nutrient broth 
Skimmed milk 

45.3 
37.9 
16.7 
3.2 
2.3 
1.9 
2-8 
2.7 
0.4 
0.1 

6-9 
4-2 
9-7 
1.5 
2.1 
1.2 
1-9 
1.9 
2.3 
0.0 Discussion 

Iron in mammalian systems is regulated mainly by 
two iron-binding proteins-transferrin in plasma and 
Lf at the mucosal surface.2*3 Lf is secreted by 
mammary, lachrymal, bronchial and salivary glands, 
kidney, and mucosae of the endometrium and seminal 
 vesicle^.^' PMNLs, the common inflammatory cell 
population, also secrete this acute-phase protein.g9 l8 
Lf exerts bactericidal or bacteriostatic effects during 
the exponential and late stationary phases of bacterial 
growth re~pectively.~~ The antigen-processing cells of 
the RES (macrophages, mononuclear cells and 
PMNLs) have specific surface receptors for HLf. 24-26 
Furthermore, HLf has a key function in various host- 
defence processes. Since most infections are initiated 
at the mucosal surface, the specific interaction of HLf 
with bacteria may be important. Recently, we have 
demonstrated a specific receptor for HLf on the TSS- 
associated S.  aureus strain MAS-89 (Naidu et al., 
unpublished observation). In this study, S .  aureus 
strains isolated from various human infections were 
tested for this novel binding property. 

Our data suggest that HLf binding is common (85% 
of strains gave positive results) among clinical isolates 

0 20 40 60 80 100 

Unlabelled Lf added (Ng) 
Fig. 2. Inhibition of binding of '251-labelled HLf by unlabelled HLf 
(0) or BLf (0). For HLf, y=43.3889 X-0'1246, r=0.94; and for 
BLf, y=37-445 X-O.ll*', r=0.91. 
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Fn Fg IgG Lm Fn Fg IgG Lm Fn Fg IgG Lm 
Fig. 3. Fibronectin (Fn), fibrinogen (Fg), immunoglobulin-G (IgG) and laminin (Lm) binding among HLf high (H), Low (L) or non-binding 
(N) clinical isolates of S. aureus; 30 isolates were tested in each grade. Mean "'I-HLf binding values (fmol) were: high >40, low - 15, non- 
binding < 7.5 (----). Bar-median glycoprotein binding value. 
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of S. aureus. However, the degree of binding varied 
among isolates from different clinical groups. Furun- 
culosis-associated strains demonstrated high HLf 
binding, in contrast to the low binding capacity of 
endocarditis-associated strains of S. aureus. Low- 
invasive strains of s. aureus cause localised pyogenic 
skin infections, e.g., fur~nculosis ,~~ whereas high 
invasive ability is an important requirement for 
staphylococci to cause deep systemic infections such 
as endocarditis. 38 Whether these apparent differences 
in HLf binding, would influence the host defence 
mechanisms or the adhesive, colonising and invasive 
properties of staphylococci is not known. Izhar et aZ.39 
have reported an inhibitory effect of HLf on bacterial 
adherence to epithelial cells. Our preliminary studies 
suggest a regulatory effect of HLf on the phenotypic 
expression of staphylococcal cell-surface receptors 
involved in fibronectin, and collagen binding (unpub- 
lished observation). 

Lf from different mammalian species demonstrates 
chemical and antigenic heter~geneity.~’ Human and 
bovine Lfs vary in M,, gross amino-acid composition, 
and in glycosidyl contents4’* 42 Schryvers and Mor- 
r i ~ , ~ ~  have reported that HLf receptors on Neisseria 
meningitidis do not recognise bovine Lf. However, 
S. aureus recognised both human and bovine Lf. 
Unlabelled bovine Lf caused more effective inhibition 
of 12’I-HLf binding than unlabelled HLf, in dose- 
dependent HLf binding-inhibition studies. Such rec- 
ognition may not be unusual, since staphylococcal 
infections are common in animals.44 

Growth conditions influence plasma or connective 
tissue protein binding and other cell-surface properties 
of ~taphylococci.~~~ 459 46 Cheung and F i ~ c h e t t i ~ ~  have 
shown that production of high-mol. wt surface proteins 
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Identification of a human lactoferrin-binding protein in 
Staphylococcus aureus 

A. S. NAIDU, M. ANDERSSON and A. FORSGREN 

Department of Medical Microbiology, University of 1 und, Malmo General Hospital, S- 2 14 0 1 Malmo, Sweden 

Summary. Human lactoferrin (HLf) is an iron-binding protein with antimicrobial activity 
that is present in high concentrations in milk and various exocrine secretions. HLf is also an 
acute-phase protein secreted by polymorphonuclear leucocytes, and its binding to a large 
number of clinical isolates of Staphylococcus aureus has been described recently from our 
laboratory. We have now characterised the HLf-staphylococcal interaction in S. aureus 
strain MAS-89. The binding of '251-HLf to strain MAS-89 reached saturation in <90 min 
and was maximal between pH 4 and 9. Unlabelled HLf displaced ' 251-HLf binding. Various 
plasma and subepithelial matrix proteins, such as IgG, fibrinogen, fibronectin, collagen and 
laminin, which are known to interact specifically with S.  aureus, did not interfere with HLf 
binding. A Scatchard plot was non-linear; this implied a low affinity (1.55 x lo7 L/mol) and 
a high affinity (2.70 x lo8 L/mol) binding mechanism. We estimated that there were c. 5700 
HLf binding sites/cell. The staphylococcal HLf-binding protein (HLf-BP) was partially 
susceptible to proteolytic enzymes or periodate treatment and was resistant to glycosidases. 
An active HLf-BP with an apparent M, of c. 450 Kda was isolated from strain MAS-89 cell 
lysate by ion-exchange chromatography on Q-sepharose. In SDS-PAGE, the reduced HLf- 
BP was resolved into two components of 67 and 62 Kda. The two components demonstrated 
a positive reaction with HLf-HRPO in a Western blot. These data establish that there is a 
specific receptor for HLf in S .  aureus. 

Introduction 

Human lactoferrin (HLf) is an iron-binding protein 
with anti-microbial activity that is present in milk, 
leucocytes and various exocrine secretions. ' Human 
plasma contains c. 1 pg of HLf/ml, with a turnover 
rate of 5.7% per day, processed mainly by the liver.3 
HLf is a glycoprotein of c. 80 Kda and is composed of 
a single polypeptide chain with two heterogeneous 
glycans attached through N-glycosidic  linkage^.^. 
HLf has a capacity to bind reversibly two Fe3+ ions 
with high affinity (K, = lo2' L/mol), in co-operation 
with two HC03 - ions.6* 

The involvement of HLf in various physiological 
pathways has been suggested.8 It regulates myelo- 
poiesis and thereby antibody production by causing 
feed-back inhibition of granulocyte-monocyte colony 
stimulating factor.g9 l o  HLf also stimulates the cidal 
properties of phagocytes and participates in H202- 
dependent and -independent bacterial killing. ' '* ' 

The antimicrobial property of HLf has been 
attributed mainly to its iron-scavenging capacity. A 

Received 11 Feb. 1991 ; revised version accepted 9 May 1991. 

bacteriostatic, a bactericidal, and an opsonic effect for 
HLf has been suggested. 2-1 The antimicrobial 
activity increases when HLf adsorbs to bacterial 
surfaces. '' Moreover, interaction of HLf with gram- 
negative bacteria has been shown to cause permeabil- 
ity alterations in the outer membrane and release of 
lipopolysaccharide. ' 

Other studies have revealed a specific receptor- 
mediated interaction of HLf with Neisseria meningiti- 
dis, N .  gono rrhoeae, Haemop h ilus influenzae , Treponema 
pallidum and Trichomonas uaginalis. ' 7-2 ' These studies 
have suggested that HLf receptors may play a role in 
bacterial iron acquisition. Thus, the significance of 
HLf-bacterial interaction has been attributed to both 
host defence mechanisms and bacterial virulence. 

Recently, we have demonstrated the binding of HLf 
to various clinical isolates of S .  aureus. Furthermore, 
we have also reported the interaction of bovine Lf 
(BLf) with S .  aureus and coagulase-negative staphylo- 
cocci associated with bovine mas ti ti^.^^^ 24 We have 
now examined the presence of a specific HLf-binding 
protein (HLf-BP) in S.  aureus and have characterised 
the HLf-staphylococcal interaction in S.  aureus strain 
MAS-89. 

177 
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Materials and methods 

Chemicals 

HLf (lot 63541) purified from milk was purchased 
from US Biochemicals Corp., Cleveland, OH, USA. 
BLf purified from whey was kindly provided by Dr H. 
Burling, Research Division, Swedish Dairies Associ- 
ation, Lund, Sweden. Both Lf preparations were 
homogeneous when tested in ion-exchange (Mono-Q 
column, Pharmacia AB, Uppsala, Sweden) and in 
molecular-sieve (TSK G4000 SW, LKB Produkter 
AB, Bromma, Sweden) high-performance liquid chro- 
matography. Fibronectin was purified from human 
plasma by the method of Veunto and Vaheri,25 and 
was provided by Dr J. Erdei. Laminin (from basement 
membrane of the Engelbreth-Holm-Swarm trans- 
plantable tumour) was purchased from Collaborative 
Research, Inc., Bedford, MA, USA. Vitrogen-1 OOTM 
(containing type I 95% and type I11 5% collagens) was 
purchased from Collagen Corporation Inc., Palo Alto, 
CA, USA. Human immunoglobulin-G was obtained 
from Kabi Vitrum, Stockholm, Sweden. 

The following substances were obtained from 
Sigma : Chernicals-p hen ylmet hylsulp hon yl fluoride, 
sodium-p-periodate, diamino-benzidine ; Proteins- 
fibrinogen (from human plasma), transferrin (from 
human serum), fetuin (from fetal calf serum), trypsin 
inhibitor (from soy bean) and human serum albumin; 
Sugars-glucose, mannose, fucose, sorbitol, ribose, 
sialic acid type-VIII (from sheep submaxillary glands), 
N-acetyl-D-galactosamine, and N-acetyl-D-glucosa- 
mine ; Enzymes-trypsin (type-XIIS), pepsin (from 
porcine stomach mucosa, proteinase K (type-XIS, 
from Tritirachium album), p-glucosidase (from al- 
monds), P-galactosidase (from Escherichia coli), a- l 
fucosidase, neuraminidase, deoxyribonuclease I1 
(from bovine spleen), ribonuclease A (from bovine 
pancreas), peroxidase (from horse-radish) and lyso- 
staphin. All chemicals used in the preparation of 
buffer solutions were of analytical grade. 

Bacteria 

In a previous study,22 we examined 489 S. aureus 
isolates (from various clinical conditions in man) and 
found 417 (85.3%) strains that bound 12'I-HLf. From 
this collection, a high-HLf-binding S. aureus strain, 
MAS-89, was selected for characterisation in the 
present study. Strain MAS-89 was associated with 
toxic shock syndrome, and has been extensively 
characterised for various biochemical properties in 
earlier studies. 26-28 For binding experiments, bacteria 
were grown on blood agar at 37°C for 24 h. Cells were 
harvested, washed and resuspended in phosphate- 
buffered saline (PBS), pH 7.2, to a density of lo1' 
bacteria/ml (standardised spectrophotometrically at 
540 nm). 

"'I-HLf binding assay 

HLf was labelled by a modified chloramine-T 

method with Na' 251 (specific activity 629 GBq/mg ; 
DuPont Scandinavia AB, Stockholm, Sweden) by 
means of Iodobeads (Pierce Chemicals Co., Rockford, 
IL, USA). The 251-HLf preparation was homogene- 
ous in autoradiography after SDS-PAGE. The binding 
assay was performed as described previously. * 2-24 

Briefly, lo9 bacteria (in 0.1 ml of PBS) were mixed 
with 0.1 ml of 12'I-HLf solution [c. 8 ng, correspond- 
ing to a radioactivity of (2.5-3.0) x lo4 cpm] and 
incubated for 1 h at room temperature. After adding 
2 ml of ice-cold PBS (containing Tween 20 O-lx), 
tubes were centrifuged at 9500 g for 15 min and the 
supernate was aspirated. Radio-activity bound to the 
bacterial pellet was measured in a y-counter (LKB 
Wallac Clinigamma 1272, Turku, Finland). Back- 
ground radio-activity from incubation mixtures wit h- 
out bacteria was 2.5%, and the non-specific '*'I-HLf 
binding to S. aureus (in the presence of 100-fold excess 
of unlabelled HLf) was c. 7.5%. Therefore, a binding 
value of < 10% was considered to be a negative result. 
Samples were tested in triplicate and each experiment 
was repeated at least twice unless otherwise stated. 

Enzymatic treatment of bacteria 

A suspension of S. aureus strain MAS-89 (lo9 
bacteria/O.l ml) harvested from blood agar was treated 
with proteases or glycosidases (final volume, 0.2 ml). 
Trypsin (25 000 units/ml) digestion was performed in 
0.15 M PBS, pH 7.4, and the reaction was blocked 
with soybean trypsin inhibitor. Pepsin (10 000 units/ 
ml) treatment was performed in 100 mM sodium 
acetate buffer, pH 4-5, and was stopped by increasing 
the pH of the reaction mixture to 7.4. Proteinase K 
(100 units/ml) digestion was performed in 40 mM 
potassium phosphate buffer, pH 7.5, and the reaction 
was inhibited by adding 0-5 M phenylmethylsulphonyl- 
fluoride. Glycosidase treatment with neuraminidase 
(1 0 units/ml), P-galactosidase (1 00 units/ml) of a- 1 - 
fucosidase (0.5 unitslml) was performed in 30 mM 
Tris-HC1 buffer, pH 7-3. After enzymatic treatment 
for 1 h, the bacteria were thoroughly washed and 
resuspended in PBS. Untreated cells suspended in 
appropriate buffers were tested as controls. 

Heat or periodate treatment of bacteria 

A l-ml volume of bacterial suspension (10" cells/ 
ml) was heated at 80°C or 100°C for 1 h, with gentle 
shaking in a water bath. For periodate treatment, 1 ml 
of bacterial suspension (10" cells) was mixed with 
5 mg of sodium periodate. The mixture was protected 
from light and kept at 4°C with gentle agitation. After 
incubation for 24 h, the mixture was centrifuged at 
500 rpm for 5 min (sodium periodate crystals were 
sedimented) and the bacteria from the supernate were 
carefully collected. Any excess of sodium periodate 
was removed by dialysis with PBS at 4°C for 24 h. The 
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density of the sodium periodate-free cell suspension 
was adjusted to 10" cells/ml. 

Isolation of s tap hy lococcal HLf- binding protein 
(HLf-BP) 

S .  aureus strain MAS-89 cell surface components 
were extracted by the technique of RydCn et 
Briefly, 20 g (wet weight) of bacteria were suspended 
in 200 ml of 50 mM Tris-HC1, pH 7.5 (Tris-buffer), 
containing 0.145 M NaCl, 2 mg of lysostaphin, 2 mg 
of DNAase and 2 mg of RNAase. After incubation 
with constant shaking (200 rpm) at 37°C for 2 h, the 
reaction mixture was centrifuged (18 000 g for 30 min) 
and the supernate (now termed "lysate") was collected. 
The presence of functionally active HLf-BP in the 
lysate was detected in an 251-HLf binding inhibition 
assay with strain MAS-89 whole cells. Lysate (50 ml) 
was applied to a column (25 x 2.5 cm) of Q-Sepharose 
(Pharmacia) equilibrated with Tris-buffer. After a 
thorough wash with Tris-buffer, the column was eluted 
with a 1250-ml salt gradient (0-1-0 M NaCl in Tris- 
buffer) at a flow rate of 48 ml/h and fractions (10 ml) 
were collected. All buffers and solutions used in the 
chromatography contained 1 mM phenylmethylsul- 
phony1 fluoride. Duplicate samples (0-2 ml) from each 
fraction were incubated overnight at 4"C, in a 96-well 
microtitration plate (Nunc, Roskilde, Denmark). Free 
sites in the well were blocked with ovalbumin 2%. 
Horse-radish peroxidase (HLf-HRPO) was prepared 
according to the method of Nakamura et aL3' and 
used as a probe for detecting the HLf-BP activity. 
Enzyme-linked ligand-binding assay was performed 
essentially as described for a standard ELISA.31 0- 
phenylenediamine (Sigma) prepared in 34 mM citrate 
buffer, pH 5.4, containing H 2 0 2  0.55% was used as 
the enzyme substrate. Enzyme hydrolysis was termi- 
nated with 4 N sulphuric acid (25 pl) and the colour 
development was measured at 450nm in a Titertek 
Multiscan. Fraction(s) that gave a positive reaction 
were tested for blocking of '251-HLf binding to strain 
MAS-89 whole cells. The active fraction was further 
analysed for homogeneity, on a Mono-Q (Pharmacia) 
column by high-performance liquid chromatography 
with 200-p1 samples); the equilibration buffer was 
0.2 M Tris-Bis, pH 2; the elution-equilibration buffer 
had a gradient of 0.01-4.0 M NaCl. 

Gel electrophoresis 

The molecular weight determination of the isolated 
HLf-BP was determined in SDS-PAGE according to 
the method of S t ~ d i e r ~ ~  with two electrophoretic 
conditions. (i) The running gel was prepared with 
acrylamide 5%; non-reduced samples were applied to 
lanes; gels were developed with silver stain after 
electrophoresis ; and cross-linked alkaline phosphatase 
(Sigma) was a mo1.-wt standard. (ii) The running gel 
consisted of a linear 5-1 5% acrylamide gradient; 
samples or a mixture of reference proteins (4pg of 

each protein; Pharmacia) were applied to each lane 
after boiling in the presence of SDS containing 
mercaptoethanol ; after electrophoresis, proteins were 
transferred to Immobilon membrane (Millipore Co., 
Bedford, MA, USA) by electrophoretic transfer;33 the 
free hydrophobic sites on the membrane were blocked 
with Tween-20 2% for 30 min and probed with HLf- 
HRPO (diluted 1 in 200) for detecting the binding 
substance, in a Western blot; and mo1.-wt standards 
in the gel were stained with Coomassie Brilliant Blue 
R. 

Results 

The binding of HLf to S.  aureus strain MAS-89 was 
maximal between pH 4.0 and 9.0 (c. 9.8 fmol bound). 
Treatment with unlabelled HLf elicited a dose- 
dependent displacement of ' 251-labelled HLf binding 
and required c. 0.8 pg of unlabelled ligand for 50% 
inhibition (fig. 1). BLf blocked HLf binding, but other 
iron-binding proteins (transferrin and haemin) did not 
interfere in binding. Proteins that bind to distinct 
receptors on S .  aureus such as immunoglobulin G, 
fibrinogen, fibronectin, collagen and laminin did not 
inhibit 251-HLf binding (table). HLf binding reached 
50% and 100% saturation within 10 and 90min 
respectively (fig. 2, inset). Scatchard plot analysis34 
was non-linear and implied that there was a low 
(1.55 x lo7 L/mol) and a high affinity (2.70 x lo8 L/ 
mol) binding mechanism. The average number of 
HLf-binding sites on strain MAS-89 was estimated to 
be 5700/cell (fig. 2). 

Nature of HLf-bacteria interaction 

The HLf binding to strain MAS-89 was abolished 
by heat treatment-partially ( ~ 3 9 % )  at 80°C and 

100 1 

Unlabelled HLf (vg) 
Fig. 1. Concentration-dependent displacement of 251-labelled HLf 
binding to strain MAS-89 with unlabelled ligand; 0.8pg of 
unlabelled HLf (added to - 8 ng of labelled HLf) caused 50% 
inhibition for lo9 cells. 
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Table. Inhibitory effect of various unlabelled proteins on *'I-HLf-binding to S. 
uureus strain MAS-89 

Inhibitor 

Mean (SD) percentage inhibition (mean f SD) at 
a concentration of 

HLf 
BLf 
Transferrin (human) 
Fibronectin (human) 
Fibrinogen (human) 
Immunoglobulin-G (human) 
Laminin (murine) 
Collagen type-I (bovine) 
Fetuin 
Human serum albumin 

77.3 (0.7) 
84.5 (1.1) 

1.8 (1.8) 
- 5.4 (1 '6) 
- 5.2 (4.1) 
- 1.3 (2.0) 

4.1 (4-0) 
5.0 (2.5) 
3.7 (0.8) 
4.4 (0.4) 

80.5 (1.1) 
87.7 (2.3) 

1.1 (2.4) 
0-8 (3.6) 
6.6 (2.7) 

- 16.3 (12.3) 
Not tested 

0.6 (2.0) 
4.6 (0.5) 
5-1 (3.6) 

completely at 100°C after 1 h. Treatment with protein- 
ase K or trypsin reduced HLf binding by 50% and 
45% respectively. A high concentration of pepsin 
reduced the binding by 25%, but at a lower concentra- 
tion, the HLf binding capacity was increased, due 
perhaps to the exposure of cryptic binding sites. 
Digestion with neuraminidase, a-1 fucosidase, p- 
glucosidase or p-D-galactosidase did not change the 
HLf-binding ability. Oxidation of carbohydrate moie- 
ties on the staphylococcal cell surface by sodium 
periodate treatment did not change the HLf binding. 

Isolation of staphylococcal HLf- BP 

Strain MAS-89 cell lysate prepared by lysostaphin 
digestion contained c.  40 mg of protein/ml. The 
possible interaction of HLf (PI c. 9.0) with DNA or 
RNA was eliminated by hydrolysis with nucleases 
during extraction. A 27-1-pl volume of lysate (corre- 

n cn 30 -. 
Q) 25 - - 0 

0 1 2 3 4 5  

I ' I ' I W I - I ~ I  

0 1 2 3 4 5 6  

Fig. 2. Scatchard analysis34 of HLf-binding to strain MAS-89 (1 a2 x 

was plotted and affinity constants (K,) of 2.70 x lo8 and 1.55 x 
lo7 L/mol were obtained for high and low affinity binding 
respectively. The estimated number of binding sites was c. 5700/ 
cell. (Inset) Saturation of ' "I-HLf binding as a function of time. 

10'' cells/ml). An exponential curve (y = 27 486~10~-00~00038601 9 

sponding to c. 1.1 mg of protein) inhibited 12'I-HLf 
binding to strain MAS-89 whole cells by SO%, 
indicating the presence of free and functional HLf-BP 
in the preparation (fig. 3). Lysate was fractionated by 
Q-Sepharose (fast flow) ion-exchange chromatogra- 
phy, and was eluted with a salt gradient (0-1.0 M 
NaC1). The presence of HLf-BP in the fractions was 
detected by two methods: (i) by probing with HLf- 
HRPO conjugate in an enzyme-linked ligand-binding 
assay, and (ii) by testing the blocking capacity in a 
12'I-HLf binding-inhibition assay. A peak eluted at 
0.7 M salt concentration showed HLf-binding and 
HLf-binding-inhibition activity (fig. 4a). Correspond- 
ing fractions were pooled and dialysed against distilled 
water. The isolated HLf-BP was found to be homoge- 
neous in high-performance liquid chromatography 
with a Mono-Q column (fig. 4b). HLf-BP migrated as 
a single band of - 450 Kda in SDS-PAGE under non- 
reducing conditions (fig. 5A). The 450-Kda material 
was recovered from the gel by electro-dialysis and the 
binding-blocking activity was reconfirmed. However, 

a loo 1 

Cell tysate ( ~ l )  
Fig. 3. Concentration-dependent HLf-binding inhibition activity of 
strain MAS-89 cell lysate. A logarithmic curve (y = 232 790 x 
-0'46638) was plotted. A volume of 27-1 pl, corresponding to 
c. 1.1 mg of protein, caused 50% inhibition. 
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Fig. 4. (a) HLf-binding activity in lysate fractions separated on Q-Sepharose and probed with HLf-peroxidase conjugate in an enzyme-linked 
ligand binding assay. (b) Analysis of HLf-BP activity-positive fractions (pooled and five-fold concentrated) for homogeneity by high- 
performance liquid chromatography on Mono-Q column. The major peak was at - 0.9 M NaCl and appeared at 35 min. 

after reduction with P-mercaptoethanol, the HLf-BP 
resolved into two components of c. 62 and c. 67 Kda 
that reacted with HLf-HRPO; in the Western-blot 
analysis a similar pattern was obtained with the cell 
lysate (fig. 5B). Treatment with detergents (SDS, 
Triton, X- 100, N-octyl-P-D-glycopyranoside, Tween- 
20, Novidet, Lubrol PX-all at 0.15% or 0.25% 
concentration) or with 6 M urea did not dissociate the 
450-Kda substance. However, treatment with Tween- 
80 0.5% at 50°C for 2 h demonstrated moderate 
dissociation. 

Discussion 

Most staphylococcal infections originate at the skin 
or mucosal surface and one of the early host responses 
is generally acute inflammati~n.~' Various acute- 
phase proteins, including HLf, are secreted in large 
amounts by stimulated polymorphonuclear leucocytes 
during such an inflammatory process.2y36 HLf with 
iron-binding capacity may evoke physiological hypos- 
ideraemia in the inflammatory milieu,37 and elicit anti- 
microbial effects towards the invading p a t h ~ g e n . ' ~ ~  l4 

The antimicrobial action could be enhanced when 
HLf adsorbs to the bacterial surface.' ', l 6  We have 
demonstrated recently the binding of HLf to various 
clinical isolates of S .  aureus. 2 2  Now we have examined 
further the nature of HLf-staphylococcal interaction 
and identified an HLf-BP in a previously well 
characterised clinical isolate of S.  aureus, strain MAS- 
89. 

The HLf binding to strain MAS-89 could be 
saturated and was time-dependent, indicating that 
there was a limited number of binding sites on the cell 
surface. The 12'I-HLf binding could be displaced by 

unlabelled protein, which showed that the interaction 
mechanism was reversible and indicated that both 
labelled and native ligands were recognised by the 
bacteria. The Scatchard-plot was non-linear and 
implied the presence of a low- and high-affinity HLf- 
binding mechanism. The binding affinity constants 
(K, values) were within the range of affinity constants 
estimated for other staphylococcal receptors or for 
most antigen-antibody ~ y s t e r n s . ~ ~ - ~ l  

Our in-vitro results indicated that the interaction of 
HLf with staphylococci occurs over a wide pH range 

Fig. 5. Identification of HLf-BP in S. aureus strain MAS-89 by SDS- 
PAGE. (A) Electrophoresis of non-reduced proteins on a 5% gel: 
lane 1, high mol. wt standards (cross-linked alkaline phosphatase); 
2, non-reduced HLf-BP (silver stained). (B) Electrophoresis of 
reduced proteins on a 5-15% gradient gel: Lane 3, reduced HLf- 
binding component (Western blot with HLf-peroxidase conjugate) ; 
4, strain MAS-89 cell lysate (Coomassie Brilliant Blue R, destained); 
5, low mol. wt standards. 
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that includes the iso-electric point of HLf. Further- 
more, 2 M NaCl did not dissociate the HLf-staphylo- 
coccal interaction (data not shown). Thus, the HLf 
binding did not seem to be electrostatic in nature and 
due to the basic charge of the protein. The HLf 
binding capacity at acidic pH may be of patho- 
physiological relevance in vivo, because the inflamma- 
tory milieu is acidic and is heavily infiltrated with Lf- 
secreting P M N L s . ~ ~  

Unlabelled BLf displaced the 2’I-HLf binding 
more effectively than the homologous ligand. Previ- 
ously we demonstrated 67- and 92-Kda BLf receptors 
in a S. aureus strain associated with bovine mas ti ti^.^^ 
Although HLf and BLf are both recognised, the 
interaction of BLf with staphylococci seems to be of a 
higher affinity. Amongst the veterinary clinical isolates 
of S. aureus and coagulase-negative staphylococci, the 
receptor density per cell was 2000-6000, with affinity 
constants in the range (0.96-1 1.9) x lo6 L/m01.~~* 24 

Specific receptors for IgG, fibrinogen, fibronectin, 
collagen and laminin have been identified on S. 
a ~ r e u s . ~ ~ - ~ ~  These glycoproteins, or the iron-binding 
proteins transferrin and haemin, did not inhibit the 
binding, indicating that the HLf recognition process 
is distinct from previously described protein-staphy- 
lococcal interactions. The staphylococcal HLf-BP was 
partially destroyed by heat and of limited susceptibility 
to proteolytic digestion, suggesting partial involve- 
ment of a protein residue. Staphylococcal cell-surface 
receptors involved in binding of the plasma and 
subepithelial matrix components are also proteins. 
The N-terminal sequence and the total amino-acid 
composition of HLf-BP protein moiety was distinct 
from the previously known staphylococcal receptors 
(unpublished observations). Chromatographic and 
electrophoretic data suggested a tightly aggregated or 
a complexed HLf-BP, with a high M, of -450 Kda. 
When reduced, HLf-BP resolved into 62- and 67-Kda 
components, suggesting the possibility of disulphide 
linkages in the structure. By analogy, the native 
staphylococcal fibronectin-binding receptor is a pro- 
tein of -200 Kda,48 with no disulphide bonds.49 
However, the cloned receptor gene appears to code 
for a 100-Kda protein” suggesting that it produces a 
dimer containing two copies of the translation prod- 
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Abstract. During investigation of the interaction of human lactoferrin (HLf) with various bacteria, 
it was found that, in Streptococcuspyogenes, HLf binding occurred to agar- rather than broth-grown 
cells irrespective of the nutrients used. Furthermore, binding of HLf to broth-grown, heat-killed 
bacteria was induced by overnight incubation on agar media or short-time exposure of the cells to 
water-soluble agar extract. The binding pattern was revealed in most of 92 S. pyogenes strains 
representing various M- or T-types with no apparent type variation. The component thus bridging 
the attachment of HLf to the streptococcal cell surface was recovered in extracts of agar-grown 
cells and isolated by affinity chromatography on HLf-sepharose. By gel filtration in the presence of 
radiolabeled HLf, this component exhibited similar elution position as crude water-soluble agar 
extract. Chemical analysis identified the active HLf-binding agar component to be a galactose-rich 
polysaccharide (GRP). Further binding tests showed that the interaction between streptococci and 
GRP was stable in the presence of high molar NaC1, KSCN, or urea and was unaffected by various 
serum or matrix proteins or by streptococcal lipoteichoic acid; however, a moderate inhibition by 
heparin or bovine mucin was observed. Studies on isogenic mutants of S. pyogenes did not support 
the involvement of M-protein or the hyaluronate capsule in the binding of GRP. SDS-PAGE and 
Western blot analyses revealed a GRP-binding protein of approximately 70 kDa in the cell-wall 
extracts of two strains of S. pyogenes, types M19 and M55. Finally, the adherence of (broth-grown) 
3H-thymidine-labeled S. pyogenes, type M19, to the pharyngeal epithelial cell line DT-562 or to 
normal tonsillar epithelial cells was inhibited by GRP in a dose-related manner. We thus propose 
that the streptococcal GRP-binding component may represent a novel surface lectin acting as a 
mucosal adhesin for S. pyogenes, in accordance with previous data indicating that galactose- 
containing sugar moieties may serve as ligands for the adherence of streptococci to pharyngeal 
cells. Our results also indicate that GRP-like components such as mucin or heparin might act to 
block epithelial adherence of S. pyogenes at the mucosal level. 

The group A streptococcus (Streptococcuspyogenes) is 
a major etiological agent of acute pharyngitis, impe- 
tigo, and a number of other suppurative human 
infections. This pathogen also causes glomerulone- 
phritis and acute rheumatic fever with severe heart 
damage, especially in children [39]. 

Streptococcuspyogenes selectively colonizes tonsil- 
lar and pharyngeal epithelia [36]. Streptococcal cell 
surface components such as M protein and lipotei- 
choic acid are suggested to be involved in the bacte- 
rial colonization of tissues [15, 17]. Thus, fibronectin 
was proposed to act as a cell-bound, low-affinity 
ligand for streptococcal lipoteichoic acid to various 

cell-types [4], whereas M protein was suggested to 
mediate more specific binding of the bacteria to 
pharyngeal cells [12, 13]. This concept, however, was 
not supported by a recent study with well-defined 
isogenic strains showing that M protein accounted for 
enhanced aggregation of the bacteria rather than 
direct binding to host cells [8]. Furthermore, a fibro- 
nectin-binding surface protein of S. pyogenes acting 
like an epithelial adhesin was recently characterized 
[16, 40]. 

On the basis of sugar-inhibition experiments with 
galactose and fucose, in particular, a lectin-type of 
interaction between S. pyogenes and pharyngeal cells 
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w a s  s u g g e s t e d  [43, 44]; h o w e v e r ,  speci f ic  c e l l - b i n d i n g  
l i gands  in th is  b a c t e r i u m  h a v e  n o t  b e e n  i s o l a t e d  to  
da t e .  D u r i n g  s t u d i e s  o n  t h e  b i n d i n g  o f  h u m a n  l ac to fe r -  
r in  ( H L f )  to  S. pyogenes ,  w e  f o u n d  b a c t e r i a l  i n t e r a c -  
t i o n  w i t h  a w a t e r - s o l u b l e ,  g a l a c t o s e - r i c h  p o l y s a c c h a -  
r i d e  ( G R P )  f r o m  agar .  F u r t h e r  i n v e s t i g a t i o n  o f  t h e  
b i n d i n g  p h e n o m e n o n  h a s  l ed  to  t h e  i d e n t i f i c a t i o n  o f  a 
7 0 - k D a  l ec t in  in S. pyogenes ,  h e r e  r e p o r t e d .  In  add i -  
t ion ,  w e  p r e s e n t  p r e l i m i n a r y  e v i d e n c e  fo r  a ro le  o f  
th i s  n e w  lec t in  in e p i t h e l i a l  a d h e r e n c e  o f  s t r e p t o c o c c i .  

M a t e r i a l s  a n d  M e t h o d s  

Bacterial strains. Forty-five S. pyogenes reference strains, represent- 
ing various M-types, had been obtained previously from the WHO 
Streptococcal Reference Laboratory in Prague. In addition, a 
highly mucoid strain of type M50, the reference strain B514/33, 
obtained from V. Fischetti (The Rockefeller University, New 
York), here designated M50/873, and its acapsular mutant, M50/ 
819 (created by transposon mutagenesis [38]), as well as a type M76 
strain CS110, its M protein-deficient mutant CS112 and convertant 
CS124 [37], provided by P.P. Cleary (Minneapolis), were tested. 
Finally, 38 clinical strains, mostly throat isolates of S. pyogenes, 
representing 10 different T-types, were studied. Bacteria were 
cultivated in Todd-Hewitt (TH) broth or agar (Difco Laboratories, 
Detroit, Michigan) aerobically for 18 h unless otherwise stated. 

Preparation of a water-soluble agar extract. Ten grams of solid 
agar (Agar no. 2, Labm, Lancastershire, England) was mixed with 
100 ml of PBS containing 0.05% Tween-20 (PBS-Tween). After 
constant stirring for 1 h, the soluble extract was passed through a 
scintered glass filter. The filtrate was dialyzed against distilled 
water, and the absorption maximum of the dialysate was deter- 
mined in a UV spectrophotometer (Varian DMS 100S). The agar 
extract solution was freeze-dried and stored at room temperature. 

Carbohydrate analysis. The agar extract was hydrolyzed in 4 M 
trifluoroacetic acid at 100~ for 4 h. Monosaccharides were 
quantitated as alditol acetates by gas-liquid chromatography accord- 
ing to Sawardeker et al. [33]. Chemical analysis revealed that the 
extract was composed mainly of galactose derivatives (see Results); 
therefore, instead of "water-soluble agar extract," the term "galac- 
tose-rich polysaccharide (GRP)" has been used throughout. 

Coating of bacteria with GRP. TH broth-grown bacteria (2 x 101~ 
cells/ml) were mixed with 1% (wt/vol) GRP solution at a 1:1 
volume ratio. The mixture was kept at room temperature with a 
gentle end-to-end rotation. After 10 min of incubation the bacteria 
were harvested by centrifugation (4500 g for 15 min) and resus- 
pended in PBS to a density of 1010 bacteria/ml. 

~2SI-labeled HLf binding assay. HLf was labeled with 125iodine 
(specific activity 629 GBq/mg) (DuPont Scandinavia AB, Stock- 
holm, Sweden) with lodobeads (Pierce Chemicals Co., Rockford, 
Illinois, USA). Binding assays were performed as described [26]; in 
brief, 109 bacterial cells (in 0.1 ml PBS) were mixed with 0.1 ml 
125I-HLf ( ~ 8 ng, corresponding to a radioactivity of 2.5-30 kcpm). 
After 1 h incubation at room temperature, 2 ml of ice-cold 
PBS-Tween was added. The suspension was centrifuged at 4500 g 
for 15 min, and the supernatant was aspirated. Radioactivity bound 
to the bacterial pellet was measured in a gamma counter (LKB 
Wallac Clinigamma 1272, Turku, Finland). Binding was expressed 
as a percentage of total 125I-HLf added. Samples were always 

tested in triplicate and the tests repeated at least twice unless 
stated otherwise. 

Extraction of streptococcal cell surface components. Solubilization 
of streptococcal GRP-binding material was attempted by either 
alkaline hydrolysis or phage-lysin with the reference strains of type 
M19 or M55. Bacteria were grown at 37~ for 24 h either in 100 ml 
TH broth or on three 90-ram TH agar plates. Cells were harvested, 
washed, and resuspended in 10 ml 0.15 M NaC1 (approximately 109 
cells/ml). (i) For alkaline extraction, 0.05 M NaOH was added to 
the suspension, and the pH was adjusted to 12.0. After incubation 
at room temperature for 10 min, the mixture was centrifuged 
(5000 g for 10 rain), the supernatant was collected, and the pH was 
readjusted (with HCI) to 7.0. (ii) Phage-associated lysin (PAL) 
extraction: PAL was recovered from group C streptococci, strain 
4540 (provided by K.-H. Schmidt, Jena, Germany), essentially as 
described by Cohen et al. [10]. To 10 ml of bacterial suspension, 0.5 
ml PAL was added, and the mixture was incubated at 37~ for 3 h. 
Benzamidinium hydrochloride (Sigma Chemical Co., St. Louis, 
Missouri, USA) was added to a final concentration of 0.01 M, and 
cells were removed by centrifugation as above. 

Affinity chromatography with HLf-sepharose. Cyanogen bromide 
(CNBr)-activated Sepharose (3.48 g) was treated according to the 
manufacturer's instructions and mixed with 20 ml HLf (extinction 
E 2s~ = 2.0, corresponding to ~ 1.3 mg/ml protein). The mixture 
was kept at room temperature for 2 h until the coupling reaction 
was complete (i.e., extinction of the supernatant E 2s0 = 0.06), and 
the gel was blocked with 0.1 M Tris, pH 8.0. The final concentration 
of the HLf coupled to the gel was estimated to 2 mg/ml. A 10-ml 
volume of alkaline-extracted material from strain M19 (TH agar- 
grown) was passed through an HLf-CNBr-Sepharose column (1 
cm x 5 cm) containing 4 ml gel. The column was washed with 
PBS-Tween until the extinction was zero. The components bound 
to the column were eluted with 1 M NaCI in PBS. The HLf-binding 
activity of the fractions was tested with peroxidase-labeled HLf 
(HRPO-HLf) in a dot-blot assay. A fraction (no. 14) that showed a 
positive reaction was dialyzed against distilled water (final volume, 
3 ml) and stored at 4~ until used. 

Gel-filtration. An HLf-binding active fraction from the affinity 
separation (volume, 0.4 ml) was mixed with 10 ~1 of I:SI-HLf (1800 
kcpm, corresponding to ~ 600 ng of protein) and was kept at room 
temperature for 15 min. The mixture was passed through a 
Sephacryl S-200 HR column (1.8 x 57 cm) equilibrated with 0.02 M 
Tris, pH 7.7, containing 0.1 M NaCI and 0.02% NAN3. At a flow rate 
of 0.33 ml/min, fractions (volume, 1.32 ml) were collected, and the 
radioactivity was measured. Furthermore, 1% wt/vol GRP (in 0.4 
ml distilled water) was mixed with 5 Ixl of 125I-HLf (870 kcpm, 
corresponding to ~ 280 ng of protein) and kept at room tempera- 
ture for 15 min. Gel-filtration of the mixture was performed in a 
Sephacryl S-200 HR column, under chromatographic conditions as 
described above. 

Electrophoresis and Western blotting. Alkaline-extracted material 
from strain M19 and phage-associated lysin extract from strain 
M55 (both strains were grown in TH broth) were diluted (1:2) in a 
sample buffer containing mercaptoethanol and heated to 100~ for 
5 min. A volume of 20 Ixl was applied and SDS-PAGE was 
performed in a discontinuous buffer system according to Laemmli 
[21]. Separating gels containing 15% polyacrylamide and 0.2% 
SDS were used in a Miniprotean II apparatus (Bio-Rad, Rich- 
mond, Virginia) at 100-200 V for 2 h. After electrophoresis, 
proteins in the gel were blotted to an Immobilon membrane 
(Millipore Co., Bedford, Massachusetts) by electrophoretic trans- 
fer [42], at 0.8 mA/cm 2 for 2-3 h, with a semi-dry blot equipment 
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(Novablot 2117-250; Pharmacia LKB, Bromma, Sweden). Free 
sites on the membrane were blocked with 2% Tween for 2 min and 
washed with PBS-Tween for 5 min. The membrane was incubated 
with 0.01% (wt/vol) GRP solution for 2 h at room temperature and 
thoroughly washed with PBS-Tween (three times for 10 rain each). 
HLf was labeled with horseradish peroxidase (HRPO) as previ- 
ously described [20, 29]. The membrane was incubated with 
HRPO-HLf (1:200) at room temperature, and after 2 h the 
membrane was thoroughly washed with PBS-Tween. A color 
reaction developed with diaminobenzidine chromophore (0.25 
mg/ml; Sigma) in 0.05 M acetate buffer, pH 5.0, containing 
hydrogen peroxide (0.03% vol/vol). The reaction was terminated 
by adding 5% sodium pyrosulfite (1% wt/vol). Proteins in the gel 
were stained with Coomassie Brilliant Blue. 

Bacterial adhesion assays. For labeling of bacteria, TH broth- 
grown cells (0.5% inoculum) were added to a fresh TH broth and 
incubated at 37~ on a rotary shaker (100 rpm). After 6 h of 
bacterial growth, 3H-thymidine was incorporated into the medium, 
and the incubation was continued for an additional 12 h. The 
3H-thymidine-labeled bacteria were harvested by centrifugation 
(5000 g for 10 rain) and resuspended in PBS. Bacterial aggregates 
(if any) were separated by low-speed centrifugation (1000 g for 5 
min). The top phase of the supernatant was collected, and the 
density was adjusted to 107 bacteria/ml (D ~ 0.3 at 540 nm). Either 
Detroit (DT)-562 cells or normal tonsillar epithelial cells were 
used for bacterial adhesion assays, as follows. 

DT-562, a metastatic pharyngeal carcinoma cell line, was 
purchased from Flow Laboratories (Irvine, Scotland). The cells 
were grown in petri plates (3-ram diameter; Flow Laboratories) 
containing Eagle's minimal essential medium (MEM; lot 0101092, 
Flow Laboratories) (with 1% nonessential amino acids, 10% fetal 
bovine serum, penicillin, and gentamicin) in a CO2 incubator for 
~ 72 h. Plates were washed three times with PBS. DT-562 cells 
(~  1.4-2 x 105/plate) were mixed with 1.25 ml of 3H-thymidine- 
labeled bacteria (suspended in MEM with 1% NEAA). The ratio 
between eukaryotic cells and bacteria was maintained at about 
1:200. After 1 h incubation at 37~ the plates were washed three 
times with PBS, and the remaining radioactivity was removed by 
adding 0.25% trypsin (lot 78F-6804, Sigma) for 10 min at room 
temperature. The trypsinized material was carefully transferred to 
a scintillation vial (No. 73.662, Sarstedt, Numbrecht, Germany) 
containing 6 ml scintillation fluid (Opti Phase "Hi-safe II," 
LKB-Pharmacia, Bromma, Sweden). The 13-radiation was mea- 
sured in a liquid scintillation counter (1209 Rackbeta, LKB Wallac, 
Turku, Finland). For inhibition studies, radiolabeled bacteria were 
preincubated for 10 min with 0.1 ml of dilutions of GRP in PBS and 
then washed in 2 ml PBS by centrifugation at 4500g for 15 rain. 

Normal epithelial cells were collected from a healthy human 
volunteer by gently scraping the tonsillar region with a sterile 
cotton swab. The swabbing was thoroughly rinsed with 10 ml sterile 
PBS, and the epithelial cells released from the swab were collected 
by centrifugation (100g for 10 rain). The washing step was repeated 
five times to remove debris, and a pellet containing epithelial cells 
was suspended in PBS to a final density of ~ 105 cells/ml in a 
Burker chamber. A volume of 0.1 ml cell suspension was added to 
0.1 ml of 3H-labeled bacteria in 3-ml glass tubes, and the mixture 
was incubated at 37~ for 1 h with a gentle end-to-end rotation. 
Then 2 ml PBS was added, the tubes were centrifuged (1000 rpm 
for 5 min), and the supernatant was partially aspirated, leaving 
~0.5 ml fluid in the bottom of the tube. After five washings the 
unaspirated 0.5 ml bottom phase was carefully transferred to a 
scintillation vial and measured for [3-radiation as described. For 
inhibition tests, radiolabeled bacteria were preincubated with 
GRP dilutions and washed as above. 

Results 

Requirement of agar for streptococcal HLf binding. 
In  to ta l ,  92 s t ra ins  o f  S. pyogenes w e r e  t e s t e d  fo r  
i n t e r a c t i o n  wi th  H L f  in a l :5 I - l abe led  p r o t e i n  b i n d i n g  
assay. W h e n  g r o w n  in T H  bro th ,  all  s t ra ins  f a i l ed  to 
b i n d  H L f .  In  con t ras t ,  w h e n  g r o w n  on  T H  agar ,  m o s t  
s t ra ins  d e m o n s t r a t e d  a h igh  m a g n i t u d e  o f  125I-HLf 
i n t e r ac t i on .  Thus ,  a m o n g  46 r e f e r e n c e  s t ra ins  b e l o n g -  
ing to va r i ous  M types,  39 b o u n d  H L f  to  a leve l  
e x c e e d i n g  4 0 %  ( T a b l e  1). A m o n g  46 cl inical  i so la tes ,  
c o m p r i s i n g  10 T- types ,  44 b o u n d  125I-HLf a b o v e  4 0 %  
wi th  no  a p p a r e n t  type  d i f f e r e n c e s  in b i n d i n g  leve ls  
(no t  shown) .  

T h e  abi l i ty  o f  agar -  as o p p o s e d  to  b r o t h - g r o w n  
s t r e p t o c o c c i  to b i n d  H L f  was  nex t  e x a m i n e d .  B r o t h  
m e d i a  c o m p o n e n t s  d id  no t  b l o c k  t h e  H L f  i n t e r a c t i o n  
wi th  s t r ep tococc i .  F u r t h e r m o r e ,  b r o t h - c u l t u r e  s u p e r -  
n a t a n t s  d id  no t  r e v e a l  H L f - b i n d i n g  c o m p o n e n t s  in 
e l e c t r o p h o r e t i c  b lo t t i ng  (wi th  H R P O - H L f )  o r  in au to -  
r a d i o g r a p h y  (wi th  t25I-HLf). S ince  sol id  m e d i a  r a t h e r  
t h a n  b r o t h  m i g h t  p r o v i d e  a m o r e  o p t i m a l  e n v i r o n -  
m e n t ,  e.g.,  bu f fe r  capac i ty  and  oxygen  t ens ion ,  fo r  t h e  
b i n d i n g  to be  exp re s sed ,  s t r e p t o c o c c i  w e r e  g r o w n  in a 
f e r m e n t o r  u n d e r  va r i o us  c o n t r o l l e d  c o n d i t i o n s ;  how-  
ever ,  b a c t e r i a  fa i l ed  to  express  H L f  b ind ing .  F ina l ly ,  
h e a t - k i l l e d  H L f  n o n - b i n d i n g  cel ls  f r o m  T H  b r o t h -  
g r o w n  s t ra in  M 1 9  a c q u i r e d  an  abi l i ty  to b i n d  H L f  
w h e n  p l a c e d  on  T H - a g a r  and  le f t  at  4~ ove rn igh t .  
Th i s  f ind ing  s u g g e s t e d  tha t  H L f  b i n d i n g  to s t r e p t o -  
cocc i  r e q u i r e d  c o a t i n g  o f  t he  ce l ls  w i th  an  agar -  
d e r i v e d  c o m p o n e n t ,  w h i c h  was  p r o v e n  by the  f ind ing  
tha t  H L f  b i n d i n g  capac i ty  was  r e s t o r e d  w h e n  T H  
b r o t h - g r o w n  cel ls  w e r e  i n c u b a t e d  wi th  a so lub le  aga r  
ex t rac t ,  G R P ,  at 20~ for  10 m i n  ( T a b l e  2). M o n o s a c -  
c h a r i d e  analysis  o f  G R P  r e v e a l e d  3 ,6 - anhy d ro g a l ac -  
tose  and  g a l a c t o s e  at 0.2:1 r a t io  ( T a b l e  3). 

Table 1. Distribution of 46 group A streptococcal reference 
strains of different M-types according to their HLf binding ability" 

Binding (%) Group A streptococcal reference strain of type 

< 20 
21-40 
41-60 

>61 

M49 
M9, M18, M26, M28, M36, M38 
M1, M5, M8, M23, M24, M25, M29, M32, M34, 

M47, M49, M50, M51, M53, M54, M57, M76 
M3, M4, M6, M12, MI3, M15, M17, MI9, M22, 

M27, M30, M31, M37, M39, M40, M41, M43, 
M46, M48, M55, M56, M58 

u TH agar-growth bacteria were washed in PBS, and uptake of 
a25I-HLf was measured. TH broth-grown bacteria failed to bind 
HLf. Binding was expressed as a percentage calculated from total 
labeled protein added. 
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Table 2. Binding of 125I-labeled HLf to S. pyogenes strain M19 a 

% mSI-HLf bound 
Culture condition (mean _+ SD) 

A) TH agar-grown cells 57 _+ 5.1 
B) TH broth-grown cells 4 _+ 0.3 
C) TH broth-grown cells (heat killed at 

73~ 30 min) 4 _+ 0.5 
D) Cells as in (C) incubated on TH agar 

(4~ 18 h) 56 _+ 5.7 
E) Cells as in (C) mixed with agar extract 

(10 rain) 61 _+ 4.5 

Bacteria were thoroughly washed in PBS, and the cell density was 
optically adjusted. A volume of 0.1 ml bacteria ( ~ 109 cells) was 
mixed with 1251-HLf diluted in PBS (0.1 ml containing ~8  ng 
protein), and the binding assay was performed as described in 
Materials and Methods. Binding was expressed as a percentage 
calculated from the total labeled protein added. 

Table 3. Chemical composition of water-soluble agar extract 
(ORP) 

o 
0 
0 

X 

b 

2 

20 

15 

10 

0 

3O 

-" -" Cell extract 

40  50  60  70  

Fraction n0. 
Fig. 1. Gel filtration of GRP and solubilized, HLf-binding material 
from Streptococcuspyogenes after coupling to mSI-HLf. Either GRP 
or HLf affinity chromatography-purified alkaline extract of strain 
M19 (agar-grown) was incubated with mSI-HLf at 20~ for 1 h. 
Chromatography was performed with a Sephacryl S-200 HR 
column. Fractions were measured for radioactivity in a gamma 
counter, as described in Materials and Methods. 

Analyte Relative molar proportions 

Carbohydrates: 
Galactose 1.0 
3,6-anhydrogalactose 0.2 
2-OMe-galactose trace a 
4-OMe-galactose trace 

Elements: 
Carbon 36.8% 
Hydrogen 5.2% 
Nitrogen 2.9% 
Oxygen 39.4% 
Sulfur 2.8% 

a Trace = <0.05; monosaccharides were assayed as alditol acetate 
derivative according to Sawardeker et al. [33]. 

Our experiments described above suggested that 
agar, in a native form, was absorbed on the surface of 
agar-grown streptococci. For direct verification of the 
presence of an agar-derived moiety bound to strepto- 
cocci and able to interact with mSI-HLf, surface 
and/or  surface-bound components from agar-grown 
cells of strain M19 were released by alkaline hydroly- 
sis, and HLf-binding material  was then isolated on a 
HLf-CNBr-Sepharose  column. By gel filtration, msI- 
HLf  complexed with G R P  or with the affinity-isolated 
component,  recovered from agar-grown cells, demon- 
strated similar elution position (Fig. 1). 

Analysis of binding of HLf to GRP-coated strepto- 
cocci. To analyze the interaction between G R P  and 
streptococci, we first studied the uptake of 125I-HLf 
on GRP-coated  cells. TH broth-grown cells of strain 
M19 were thus coated with G R P  as above, washed, 

and then examined for 125I-HLf binding. The kinetics 
of binding was rapid and required ~ 90 rain for 109 
bacterial cells to reach an equilibrium in the presence 
of 10 ng of mSI-HLf (Fig. 2A). Unlabeled HLf  caused 
a concentrat ion-dependent  dispIacement of ~25I-HLf 
(Fig. 2B). Of several other proteins and carbohy- 
drates (1000-fold excess) tested, only bovine Lf and 
heparin significantly inhibited the binding of 125I-HLf 
to GRP-coated  bacteria (Table 4). 

Characterization of streptococcal binding of GRP. 
The GRP-streptococci  complex was stable in the 
presence of high molar  NaC1, KSCN, or urea (data 
not shown). Of  the substances tested above, only 
heparin and bovine submaxillary mucin interfered 
with the binding of G R P  to TH broth-grown M19 
cells; however, compared with the almost total inhibi- 
tion of the uptake of mSI-HLf to GRP-coated  cells, 
the binding of G R P  was moderately affected by 
heparin, and the possibility that bound heparin acted 
to inhibit the tracer substance, mSI-HLf, rather than 
G R P  could not be excluded. There  was no effect of 
either HLf  or bovine Lf (Table 4). Furthermore,  
lipoteichoic acid from S. pyogenes in a concentration 
of 0.1 mg/ml  did not block the G R P  binding to whole 
cells (data not shown). 

The heavily encapsulated S. pyogenes strain M50/ 
873 and the acapsular transposon mutant  M50/819, 
as well as M-positive strain M76/CSl10, its M- 
negative mutant  M76/CSl12, and M-positive conver- 
tant M76/CS124, were examined for GRP binding. 
The presence or absence of hyaluronic acid capsule 
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Fig. 2. (A) Kinetics of  HLf  binding to GRP-coated Streptococcus 
pyogenes, type MI9.  TH broth-grown bacteria were coated with 
GRP  as described, and a 0.1-ml suspension (containing ~ 109 
bacteria) was mixed with 0.1 ml of 12st-labeled HL f  solution 
(containing ~ 8 ng protein) at 20~ The reaction was terminated 
with 2 ml ice-cold PBS-Tween at different indicated time points, 
and specific binding was determined according to the standard 
procedure. (B) Displacement of aaSl-HLf binding to GRP-coated 
cells of  strain M19 with unlabeled HLf. Bacteria were coated with 
GRP and mixed with lzSI-HLf as above. Following incubation at 
20~ for 2 h, increasing amounts  (0.1 txg/ml to 5 mg/ml)  of 
unlabeled HLf  (in 0.1 ml PBS) were added to the 1251-HLf-bacteria 
complex (final volume, 0.3 ml) and further  incubated for an 
additional hour. Remaining 12SI-HLf binding was measured  as 
described. The level of binding in the absence of inhibitor was 
considered as 100%. 

or M-protein did not appear to affect the whole-cell 
interaction with GRP (Table 5). 

Identification of a GRP-binding protein in strepto- 
cocci. As described above, the GRP interaction with 
HLf  seemed to be specific, which provided a technical 
basis to identify a GRP-binding component in the cell 
extracts of streptococci. By SDS-PAGE and Western- 
blot analysis (with GRP as probe and HRPO-HLf  as 
tracer), a distinct GRP-binding protein with an esti- 
mated molecular mass of 70-kDa was identified in 

Table 4. Effect of various unlabeled proteins and carbohydrates 
on GRP and 125I-Lf interaction with S. pyogenes strain M19 

% Lf binding (mean _+ SD) 

Substance (0.1 mg/ml)  System-14 System-2 b 

Control (PBS) 100 100 
Lactoferrin (human)  8 • 0.7 97 +_ 1.8 
Lactoferrin (bovine) 5 • 0.3 94 _+ 2.3 
Transferrin (human)  98 • 1.3 95 • 4.1 
Fibronectin (human)  95 --- 3.7 94 +_ 3.5 
Fibrinogen (human)  96 _+ 1.4 97 _+ 2.6 
Fibrinogen (bovine) 93 -+ 1.2 98 _+ 2.2 
Immunoglobulin G (human)  98 _+ 12  99 _+ 1.5 
Mucin type (bovine) 92 _-2 2.2 65 _4- 5.3 
Fetuin 95 • 3.8 93 _ 3.3 
Heparin 11 • 0.6 67 _+ 4.1 
Collagen type-IV (murine) 99 • 1.3 94 _-2 2.6 
Laminin (murine) 91 _+ 6.1 Not tested 

" TH broth-grown cells (in 5 ml PBS containing 1011 bacter ia/ml)  
were mixed with GRP (5 ml PBS containing 1 mg/ml  freeze-dried 
GRP)  and kept at room tempera ture  with end-to-end rotation for 
15 min. Cells were thoroughly washed and resuspended in PBS at a 
density of  101~ cells/ml. 125I-HLf binding experiments were per- 
formed as described in the text, in the presence of unlabeled test 
substance. 
b TH broth-grown cells (in 0.1 ml PBS containing 109 bacteria) 
were mixed with 0.1 ml test substance (1 mg/ml).  After  1 h 
incubation at room temperature,  cells were washed, resuspended 
in 0.1 ml PBS, and further  mixed with 0.I m[ of GRP  (1 mg/ml) .  
After  15 min incubation at room temperature,  cells were washed 
and the I25I-Lf binding was performed as described in the text. 
Standard deviations were based on four experiments.  Percentage 
binding was calculated from the IzSI-HLf binding to cells incubated 
with PBS instead of  test substance. 

Table 5. 125I-HLf binding to GRP-coated  and uncoated cells of  
acapsular and M-protein-negative derivatives of  S. pyogenes 

% 1251 HLf  binding -+ SD 

Uncoated a GRP-coated  b 
Strain (character) (control) (1 mg/ml)  

M50/873 (parent) 7 • 1.6 49 _+ 5.2 
M50/819 (acapsular variant) 5 • 2.2 47 _ 4.7 
M76/CSl10 (M+ parent)  5 • 1.9 48 _+ 4.2 
M76/CSt12 ( M -  mutant)  6 -+ 1.8 54 • 5.1 
M76/CS122 ( M +  convertant) 5 _+ 2.0 51 +_ 4.6 

a TH broth-grown bacteria were tested for 125I-HLf binding as 
described in Materials and Methods  
b One  milliliter of  TH broth-grown bacteria (10 tl cells) was mixed 
with 1 ml GRP solution (1 mg/ml  freeze-dried GRP)  and  kept at 
room tempera ture  with end-to-end rotation for 15 rain. Cells were 
thoroughly washed and resuspended in PBS at a density of  10 l~ 
cells/ml. Binding experiments  were performed as described in the 
text, and values were expressed as a percentage calculated from the 
total labeled protein added. 
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extracts of TH broth-grown S. pyogenes strains M19 
(Fig. 3) and M55 (not shown). A slight amount of 
binding protein was also detected in the bacteria-free 
culture supernatant. 

Effect of GRP on bacterial  adherence.  The ratio 
between eukaryotic cells and 3H-thymidine-labeled 
bacteria (from strain M19) was maintained at 1:200 in 
the adhesion studies. Approximately 50 bacteria bound 
to each DT-562 cell. GRP moderately but in a 
dose-dependent manner decreased the bacterial ad- 
herence and elicited 50% inhibition at ~ 250 ixg/ml 
concentration. The adherence capacity of strain M19 
to normal tonsillar epithelia was ~ 16 bacteria/cell, 
which was threefold lower than the adherence to 
DT-562 cells. This interaction was blocked by GRP 
also in a concentration-dependent fashion but re- 
quired only ~ 30 Ixg/ml of GRP for 50% inhibition 
(Fig. 4). 

Discussion 
Lactoferrin, an antimicrobial acute-phase protein in 
milk and exocrine secretions with an important role 
suggested in nonspecific mucosal defense [2, 7, 23, 
30], binds to specific receptors in various Gram- 
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Fig. 3. SDS-PAGE and Western-blot analyses of streptococcal 
extracts and bacteria-free culture supernates. Proteins transferred 
from the gel to an Immobilon membrane were exposed to 0.01% 
(wt/vol) GRP solution and subsequently probed by an HRPO-HLf  
reagent. Electrophoretic and blotting procedures were described 
in Materials and Methods. Lane 1, molecular-weight standards 
(gel); lane 2, strain M55 bacterial phage lysin extract (gel); lane 3, 
GRP reactivity of lane 2 (blot); lane 4, HLf-Sepharose-purified 
material from alkaline extract of  strain M19 (gel); Lane 5, GRP 
reactivity of lane 4 (blot); Lane 6, A fivefold concentrated bacteria- 
free culture supernatant of strain M19 from TH broth (gel); and 
Lane 7, GRP reactivity of lane 6 (blot). 
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Fig. 4. Effect of GRP on the interaction of strain M19 with DT-562 
cells (filled circles) and normal tonsillar epithelial cells (open 
circles). 3H-thymidine-labeled bacteria were incubated with the 
indicated concentrations of GRP for 10 min at 20~ and then 
washed. The capacity of uncoated or GRP-coated bacteria to 
interact with eukaryotic cells was examined in an adhesion assay 
described in Materials and Methods. Values represent a represen- 
tative experiment. 

positive and Gram-negative bacterial pathogens [19, 
26-28, 34, 35, 41]. In contrast to earlier data showing 
direct binding of labeled Lf to a number of bacterial 
species in similar uptake experiments, the present 
results demonstrated that binding of HLf to S. pyo- 
genes required agar- rather than broth-grown bacte- 
rial cells. Blocking or steric hindrance with broth 
media components was ruled out in competitive 
binding inhibition experiments, and HLf-binding com- 
ponents could not be detected in the broth-culture 
supernatants. Though growth conditions may alter 
the bacterial cell surface [9, 25], streptococci grown in 
a fermentor under various controlled conditions also 
failed to express HEr binding. Thus, our results led to 
the identification of an agar-derived moiety mediat- 
ing the binding of HLf to the streptococcal surface. 
Furthermore, a crude agar extract, GRP, proved 
similar or identical to this bridging component. 

Agar-type polysaccharides contain sulfated carbo- 
hydrates with repeating units of 13-D-galactosyl(1-4)- 
3,6-anhydro-L-galactose connected by A-L-(1-3) link- 
ages [1, 18]. The 0.2:1 ratio of 3,6-anhydrogalactose: 
galactose in the GRP composition suggested the 
presence of galactan or a possible degradation of the 
3,6-anhydro sugar to galactose during acid hydrolysis. 
In addition, the elementary analysis revealed the 
presence of nitrogen-containing nonsugar com- 
pounds in GRP, while the low sulfur content indi- 
cated that less than every second repeating unit was 
sulfated. Galactose-rich glycosides are abundant in 
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mucins, while the mucosal layer is rich in sulfated 
polysaccharides such as heparan sulfate [32]. Since 
these substances may interact with HLf  [31], the 
inhibitory effect of bovine submaxillary mucin and of 
heparin on the binding of HLf  to agar-grown S. 
pyogenes was not unexpected. 

In the present study HLf  was used as a highly 
specific probe for the detection of GRP, in agreement 
with its known affinity for agar gels [22]. We exploited 
this property to elucidate the GRP interaction with S. 
pyogenes as well as in the isolation and identification 
of a 70-kDa GRP-binding, streptococcal lectin. Our 
studies of mutants showed that GRP binding was 
independent of the presence of M protein or hyaluro- 
hate capsule. It was clearly distinct from streptococ- 
cal lipoteichoic acid. Since heparin was inhibitory for 
the binding of HLf  to GRP rather than for the 
streptococcal binding of GRP (Table 4), the GRP- 
binding moiety appeared distinct from a heparin- 
inhibitable surface protein binding to basement mem- 
branes [5]; in addition, the reported molecular mass 
of this protein was much lower than that of the 
GRP-binding component. Whether  the GRP-binding 
lectin is related to other, previously isolated strepto- 
coccal factors is not known at present; however, we 
are not aware of any cell-binding lectin to have been 
recovered from S. pyogenes. Experiments are ongoing 
to further characterize this component. 

Several investigators have implicated M protein 
in specific adhesion of S. pyogenes to pharyngeal cells 
[12, 13]. Recently, however, Caparon et al. [8], using a 
well-defined, isogenic pair of strains, ruled out M 
protein as a ligand for such cells, showing that M 
protein mainly accounted for enhanced aggregation 
of streptococcal cells. On the other hand, it seems 
established that binding of S. pyogenes to at least 
some epithelial cells may be mediated by fibronectin, 
whether or not primarily involving streptococcal LTA 
or a recently isolated surface protein [4, 40]. The 
present results showed that GRP was inhibitory for 
the adhesion of group A streptococci to a pharyngeal 
cell line DT-562. It is well known, however, that a cell 
line, compared with its physiological origin, generally 
exhibits altered surface structures. In order to see 
whether the effect also applied to normal tonsillar 
epithelia, we tested cells from a healthy individual, 
revealing a still stronger inhibition by GRP. Our 
finding seems to agree with earlier studies demonstrat- 
ing an inhibitory effect of galactose on the adhesion of 
streptococci to pharyngeal cells, suggesting a lectin- 
type interaction [43, 44]. It appears possible, thus, 
that the GRP-binding lectin here described may 
represent a streptococcal adhesin specific for pharyn- 

geal cells, though additional experiments will be 
required to test this hypothesis. 

Many bacteria, Gram negative in particular, are 
known to express surface lectins capable of recogniz- 
ing simple sugars or complex saccharides, providing 
an important mechanism for adhesion/colonization 
to host tissue [24]. Thus, intestinal, respiratory, or 
urinary tract Gram-negative bacterial pathogens rec- 
ognize various sugars such as D-galactose, D-GalNAc, 
D-mannose, and L-fucose in host mucosal coloniza- 
tion [3]. Among Gram-positive organisms, very few 
surface lectins have been reported to date; however, 
Streptococcus mutans and Streptococcus cricetus dem- 
onstrate lectins binding to dextran [11] and glucans 
[14], respectively, suggested in the adhesion of these 
oral streptococci to saliva-coated teeth and mucosa. 

Agar has been a basic ingredient in the solid-state 
cultivation of bacteria over most of this century [6]. 
Agar media are widely used in studies to elucidate the 
properties of bacterial surfaces. Our finding that S. 
pyogenes may absorb a GRP from agar warrants 
attention on interpreting data on bacterial cell sur- 
face charge or hydrophobic properties, bacterial adhe- 
sion to eukaryotic cells, and also agglutination assays 
for rapid identification of bacteria. 

In conclusion, we have isolated a previously 
undescribed 70-kDa surface protein in S. pyogenes, 
exhibiting a lectin-type interaction with GRP. Accord- 
ing to our present results, this protein might be an 
adhesin for pharyngeal cell interactions in vitro. 
Further studies on its role in cell binding and possible 
in vivo importance for streptococcal colonization and 
infection should, therefore, be of interest. 
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