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Two distinct pathogenic mechanisms, adhesion to polymer surfaces and subsequent accumulation of sessile
bacterial cells, are considered important pathogenic steps in foreign body infections caused by Staphylococcus
epidermidis. By using mitomycin mutagenesis, we have recently generated a mutant, strain M7, from S. epi-
dermidis RP62A which is unaffected in adhesion but deficient in accumulation on glass or polystyrene surfaces
and lacks a 115-kDa extracellular protein (designated the 140-kDa antigen; F. Schumacher-Perdreau, C.
Heilmann, G. Peters, F. Gotz, and G. Pulverer, FEMS Microbiol. Lett. 117:71-78, 1994). To evaluate the role
of this protein in accumulation, we harvested extracellular proteins from S. epidermidis RP62A grown on
dialysis membranes placed over chemically defined medium, purified the protein by using ion-exchange
chromatography, determined its N-terminal amino acid sequence, and raised antiserum in rabbits. The
antibody recognized only a single band in a Western immunoblot of the crude extracellular extract. With the
microtiter biofilm test, antiserum at a dilution of =1:1,000 blocked accumulation of RP62A up to 98% whereas
preimmune serum did not. The 140-kDa antigen was found only in extracellular products from bacteria grown
under sessile conditions. Of 58 coagulase-negative clinical isolates, 32 strains were 140-kDa antigen positive
and produced significantly larger amounts of biofilm than the 26 strains that were 140-kDa antigen negative.
The 140-kDa protein appears to be biochemically and functionally unrelated to any previously described
factors associated with biofilm formation. Thus, the 140-kDa antigen, referred to as accumulation-associated
protein, may be a factor essential in S. epidermidis accumulation and, due to its immunogenicity, may allow the

development of novel immunotherapeutic strategies for prevention of foreign body infection.

Coagulase-negative staphylococci (CoNS) have emerged as
the most frequently isolated pathogens in nosocomial sepsis
(28) and cause more infections of medical devices than any
other group of microorganisms (for a review, see reference 4).
In contrast to Staphylococcus aureus, which is thought to ad-
here to polymeric surfaces in vivo mainly through interaction
of staphylococcal surface receptors with surface-adsorbed host
factors (42), CoNS may colonize unadsorbed plastic material,
e.g., a catheter at its insertion site or a prosthesis during the
implantation procedure, by forming a biofilm consisting of cells
and extracellular material (6, 9, 38, 43, 44). While biofilm
formation is thought to be of importance for CoNS virulence
(6, 7, 10-12, 26, 56), the mechanisms involved in biofilm for-
mation are not fully understood. Two distinct pathogenic
mechanisms have been suggested to contribute to colonization
and biofilm formation (5). While the rapid initial adhesion of
bacterial cells to a polymer surface is thought to be mediated
primarily by bacterial adhesins of a proteinaceous and/or car-
bohydrate nature (5, 19, 53), accumulation of multilayered cell
clusters embedded within an exopolymer substance is a process
which occurs over a period of hours and has been associated
with the presence of an S. epidermidis polysaccharide antigen
(37).

We generated a mutant, strain M7, of S. epidermidis RP62A
(ATCC 35984) that is indistinguishable in all of the phenotypic
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and genetic characteristics tested, except that it fails to accu-
mulate when attached to plastic or glass (46). This mutant was
shown to lack a 115-kDa protein (later shown to be a 140-kDa
protein). The purpose of the present study was to determine
whether the presence of this protein in clinical isolates is as-
sociated with biofilm formation and whether an antibody to
this protein can inhibit biofilm formation.

MATERIALS AND METHODS

A bacterial suspension containing 10° CFU of either S. epidermidis RP62A or
M7 per ml in 0.9% NaCl was prepared from a Muller-Hinton agar plate incu-
bated overnight, and 2 ml was inoculated onto a washed sterile dialysis mem-
brane (12 by 8.6 cm; 14-kDa cutoff) that had been laid over chemically defined
medium (CDM) agar (54) in a petri dish (12 by 12 cm). Particular care was taken
to avoid any contact between the bacterial solution and the agar surface. After
incubation (18 h, 35°C), the extracellular protein (ECP)-bacteria mixture was
collected in a sterile flask and the dialysis membrane was washed once with 0.3
ml of normal saline. This was then sonicated twice (15 s, 35 W) (Branson Sonifier
25; Branson Inc., Danbury, Conn.) and centrifuged at 12,500 X g and 4°C for 15
min to remove bacteria. To 30 ml of supernatant, 120 ml of Tris HCI (25 mM, pH
7.8) was added; the mixture was then concentrated to 10 ml in an ultrafiltration
cell (Filtron membrane cells, Nova series; Filtron GmbH, Karlstein, Germany)
with a molecular mass cutoff of 10 kDa. The concentrated ECP was stored at
—20°C.

ECP was fractionated with an anion-exchange Bio-Scale Q2 column (Bio-Rad
Laboratories GmbH, Munich, Germany) connected to the Biologic System (Bio-
Rad) with a linear gradient of NaCl (0 to 1 M) in Tris-HCI (25 mM, pH 7.8).
Concentrated ECP and fractions were analyzed by Coomassie blue-stained so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 7.5 or
12% separating gel and 4% stacking gel). To avoid proteolytic degradation of
purified proteins, 1 mM (final concentration) phenylmethylsulfonyl fluoride (Sig-
ma-Aldrich Chemie GmbH, Deisenhofen, Germany), 1 mM EDTA (Sigma), and
2 mM N-ethylmaleimide (Sigma) were added to all of the buffers used to harvest,
concentrate, and chromatographically purify ECP. Amino-terminal amino acid
sequencing was performed with approximately 100 pmol of purified protein on



520 HUSSAIN ET AL.

an automated ABI amino terminus sequencer (Applied Biosystems Inc., Weit-
erstadt, Germany), and searches for sequence homology were performed with
PC/Gene (IntelliGenetics Inc., Mountain View, Calif.). The fractions containing
the purified 140-kDa antigen were further examined for nucleic acid with
ethidium bromide-stained agarose gels, for carbohydrate and phosphate contam-
ination by acid hydrolysis and thin-layer chromatography (22, 23), and for phos-
phorus (1), hexosamines (32), and neutral sugars (14) by standard assays.

For immunoblotting, polyclonal antibodies against the purified protein were
raised in two rabbits by standard procedures (18). After collection of preimmune
sera, each rabbit was immunized subcutaneously with 50 g of antigen in com-
plete Freund’s adjuvant (Sigma). Second and third injections of antigen in in-
complete Freund’s adjuvant were given subcutaneously 2 and 4 weeks later,
respectively. Blood was obtained 2 weeks after the last antigen injection. Natu-
rally occurring antistaphylococcal antibodies were complexed by mixing serum
with 10 volumes of ECP from mutant strain M7, which does not produce the
140-kDa protein, and immunocomplexes were partially removed by centrifuga-
tion (14,000 X g, 5 min). ECPs were separated on a 7.5% separating gel,
transferred (FastBlot; Biometra, Gottingen, Germany) onto a nitrocellulose
membrane (Schleicher & Schiill, Dassel, Germany), and probed with antisera.
Bound rabbit immunoglobulin G were detected with alkaline phosphatase-con-
jugated goat anti-rabbit immunoglobulins (Dako Diagnostika, Hamburg, Ger-
many) and the alkaline phosphatase reaction (Bio-Rad) in accordance with the
instructions of supplier.

To evaluate inhibition of accumulation by the antisera raised, the microtiter
plate method for determination of adherent bacteria (8) was used with slight
modifications. S. epidermidis RP62A grown on blood agar plates was added to
liquid CDM containing dilutions of antiserum raised against the purified 140-
kDa protein. Triplicate samples (each containing 0.2 ml) were added to individ-
ual wells in a polystyrene 96-well flat-bottom microtitration plate (Nunc GmbH,
Wiesbaden, Germany). Microtiter plates were incubated initially at 4°C for 2 h
and then at 37°C for 18 h. Adherent biofilm was stained with safranin dye for 1
min and washed with distilled water, and the optical density at 492 nm (OD,y,)
was determined. Percent inhibition of accumulation was calculated by using the
following formula: [1 — (OD4gs(with antiserum)/ODaoz(without antiserum)] X 100. The
Mann-Whitney rank sum test was employed to compare OD 4, values of groups
of strains, and the Fisher exact test was used for comparison of biofilm formation
of isolates on glass by using a tube test (6). The tube test (6) was also used to
observe the effect of antisera raised against the purified protein on accumulation.

RESULTS

As reported earlier (46), the parent strain produces 29- and
115-kDa ECPs which are not produced by mutant M7. The
approximate molecular masses of 29 and 115 kDa were esti-
mated by SDS-PAGE with a 12% separating gel. We con-
firmed these findings but found that the 115-kDa protein
showed different mobilities in different SDS-PAGE systems,
with apparent molecular sizes varying between 120 and 180
kDa. Computer-assisted two-dimensional gel electrophoresis
of ECPs obtained from strain RP62A and mutant strain M7
confirmed the absence of proteins with apparent sizes of 140
and 20 kDa in ECP from the mutant and the presence of these
proteins in ECP from the parent strain (data not shown).
Accordingly, the 120- to 180-kDa protein was designated the
140-kDa protein. This protein was present only in ECP ob-
tained from RP62A grown under sessile, but not under planc-
tonic, growth conditions, and it was not detected in ECP from
mutant strain M7 by SDS-PAGE performed in one (Fig. 1,
lane A) or two dimensions (data not shown).

The 140-kDa protein was purified by medium-pressure an-
ion-exchange chromatography. Fractions eluted at 0.1 M NaCl
in Tris-HCI buffer (25 mM) contained different quantities of
the 140-kDa protein (99.9% pure as assessed by both Coomas-
sie blue- and silver-stained SDS-PAGE) (Fig. 2, lanes A and
B). Fractions were negative for nucleic acids, carbohydrates,
and phosphorus. Antiserum at dilutions as high as 1:50,000
revealed a positive 140-kDa protein signal in crude ECP (Fig.
3, lane B) and after purification (Fig. 3, lane C) from strain
RP62A in Western blot assays, whereas a 1:10,000 antibody
dilution did not reveal a 140-kDa protein in ECP from mutant
strain M7 (Fig. 3, lane A). The purified 140-kDa protein was
subjected to N-terminal amino acid sequence analysis, and the
following sequence was obtained:
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FIG. 1. Coomassie-blue stained 7.5% polyacrylamide gel of ECPs. Bacteria
were grown overnight on dialysis membranes on CDM agar, the ECP-bacterium
mixture was collected and centrifuged, and the cell-free supernatant was con-
centrated. Lanes: A, ECP of S. epidermidis M7; B, ECP of S. epidermidis RP62A;
MW, molecular mass markers, whose sizes are indicated in kilodaltons on the
left. Arrow, 140-kDa protein.
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The nine-amino-acid unambiguous sequence was evaluated for
homology with the SwissProt database, and no deposited pro-
tein sequence showed a high level of homology (=67%).

The ECP was prepared from 46 strains of S. epidermidis and
from 12 other CoNS strains obtained from patients with intra-
venous catheter-associated bacteremia or endocarditis. Only
one isolate per patient was tested in this study. Proteins in
crude extract were separated by SDS-PAGE and transferred to
nitrocellulose membranes. Antigens blotted onto nitrocellu-
lose membranes were probed with antisera to the 140-kDa
protein raised in rabbits. Most of the 140-kDa antigen-positive
strains formed a biofilm on microtiter plates (median OD,,,
0.35 [range, 0.0 to 2.0]), whereas most of the strains negative
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FIG. 2. Purified 140-kDa protein from S. epidermidis RP62A. ECP was pre-
pared as described in the legend to Fig. 1 and fractionated on a BioScale Q2
column with a linear gradient of 0 to 1 M NaCl. At 0.1 M NaCl, a peak containing
a >99% pure fraction was obtained. Lanes: A, early fraction; B, later fraction of
purified protein; MW, same molecular mass markers as in Fig. 1.



VoL. 65, 1997

200

120
96

66

45

A B c

FIG. 3. Western blot of crude ECP from S. epidermidis M7 (lane A) and
RP62A (lane B) and the purified 140-kDa protein (lane C). Proteins were blotted
onto nitrocellulose membranes and probed with antiserum (1:50,000 dilution)
raised in rabbits against the purified 140-kDa protein by using an alkaline phos-
phatase reaction. The values on the left are molecular masses in kilodaltons.

for the 140-kDa antigen did not form a biofilm (OD ,4,, 0.0 [0.0
to 0.85]), a difference found to be highly significant (P < 0.001;
Mann-Whitney test) (Fig. 4). A similar relationship was found
when accumulative growth was determined by using the glass
tube test (6). Fifteen (46.8%) of 32 140-kDa antigen-positive
isolates and only 3 (11.5%) of 26 140-kDa antigen-negative
isolates formed a visible biofilm (P = 0.05; Fisher exact test).

Increasing concentrations of antiserum added to the me-
dium containing RP62A inhibited biofilm formation in poly-
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FIG. 4. Accumulation of 58 coagulase-negative clinical isolates on polysty-
rene. Presence or absence of the 140-kDa antigen was detected as described in
the legend to Fig. 3, and the microtiter test (8), modified as described in Mate-
rials and Methods, was employed. The difference in OD,, between 140-kDa
antigen-positive and -negative strains was found to be highly significant (P <
0.001; Mann-Whitney rank sum test).
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FIG. 5. Inhibition of accumulation of S. epidermidis RP62A on polystyrene.
Microorganisms were suspended in CDM agar containing the indicated dilutions
of antiserum raised against the purified 140-kDa protein and incubated for 2 h at
4°C and then for 18 h at 37°C. Inhibition of safranin-stainable biofilm formation
was calculated as described in Materials and Methods. Symbols: m, antiserum; [J,
preimmune serum. Shown are mean values * standard deviations (triplicate
determinations).

styrene microtiter plates and completely blocked accumulation
with antiserum dilutions of =1:1,000 (Fig. 5). In wells contain-
ing liquid CDM, bacteria, and no antiserum, the OD,y, was
1.84 = 0.16 (mean = standard deviation; n = 3), whereas the
OD,y, in the antibody-treated wells was 0.03 = 0.02. Preim-
mune serum had no sizeable effect on accumulation (Fig. 5,
open symbols). Similar results were obtained with the glass
tube test. Whereas RP62A formed large amounts of biofilm
(+++) both without serum and in the presence of preimmune
serum (1:10 dilution), addition of antiserum at a concentration
of 1:2,000 or higher completely inhibited visible biofilm forma-
tion on glass tubes. The specific antiserum inhibited accumu-
lative growth of additional CoNS strains (Table 1). This effect
of the antiserum was lost upon preadsorption of the antibody
with 140-kDa antigen-positive strain Y14, whereas preadsorp-
tion of the antiserum with 140-kDa antigen-negative, biofilm-
positive strain TS did not change the effect of the antiserum on
CoNS accumulation.

In addition to anti-140-kDa protein antibodies, inhibition of
accumulation was tested by adding the purified 140-kDa anti-
gen (up to 200 pg/ml) together with bacteria and CDM to the
inoculum. No inhibition of biofilm formation was observed

TABLE 1. Effect of anti-140-kDa protein serum on biofilm
formation of clinical CoNS strains®

OD,» (% inhibition)

Strain With antiserum preadsorbed with strain:

Without

antiserum M7 TS Y14
AB2 1.033 0.022 (98) 0.13 (95) 0.980 (5)
AB7 1.001 0.001 (99) 0.08 (98) 0.930 (7)
AD20 0.984 0.012 (99) 0.000 (100) 0.916 (7)
U3 0.263 0.002 (98) 0.000 (100) 0.225 (15)
TS 0.98 0.000 (100) 0.140 (85) 0.915 (7)

“140-kDa protein-positive CoNS strains were inoculated and grown in poly-
styrene microtiter plates in the presence of the indicated preadsorbed antisera
(dilution, 1:1,000) as described in Materials and Methods. After decanting,
adherent growth was determined by measuring the OD,qy, of safranin-stained
wells. M7, biofilm negative, 140-kDa antigen-negative mutant of RP62A; T5,
biofilm-positive, 140-kDa antigen-negative strain; Y14, biofilm-negative, 140-
kDa antigen-positive strain.
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(data not shown). In contrast, accumulation was inhibitable if
trypsin (100 wg/ml) or chymotrypsin (100 pwg/ml) was added to
the inoculum, as demonstrated by the tube test, while protein-
ase K had no effect (data not shown).

DISCUSSION

Accumulative growth on polymer surfaces resulting in bio-
film formation is an important characteristic of S. epidermidis,
contributing to pathogenicity by reducing the efficacy of host
defenses (17, 27, 31, 49) and antimicrobial killing (15, 16, 47).
In this report, biochemical and functional evidence for a role
of a 140-kDa protein essential for accumulative growth of S.
epidermidis RP62A is provided. (i) Accumulation of strain
RP62A and of several clinical CoNS isolates is completely
inhibited by antiserum directed against the purified 140-kDa
ECP. The activity of the antiserum is lost upon preadsorption
with a 140-kDa-positive CoNS strain. (ii) Biofilm formation is
inhibited upon addition of proteases to the growth medium.
(iii) The presence of the 140-kDa protein in crude extracellular
material of strain RP62A can be demonstrated only by using
sessile, not planctonic, growth conditions. (iv) The presence of
140-kDa proteins from different clinical and laboratory CoNS
isolates and cross-reaction with anti-140-kDa antigen serum
are significantly associated with accumulative growth; however,
a few biofilm-positive but 140-kDa antigen-negative strains
were also observed.

Several hypotheses may explain the failure of purified adhe-
sion-associated protein (AAP) to inhibit accumulation. (i)
AAP may serve as an anchor molecule on the staphylococcal
surface binding to a complex polymeric substance such as poly-
saccharide intercellular adhesin (PIA) or polysaccharide/ad-
hesin (PS/A) through multiple interactive sites on the carbo-
hydrate, and it may thus be impossible to obtain sufficient
concentrations of excess receptor for saturation of binding
sites on the carbohydrate. (ii) The native form of the protein
may be critical. (iii) The protein’s effect may be indirect (e.g.,
as a signal transduction factor), requiring localization associ-
ated with intact membranes. The few 140-kDa antigen-nega-
tive, biofilm-producing strains observed in our study may pos-
sess similar proteins which do not share antigenicity with the
140-kDa protein, or they may provide other mechanisms to
compensate for the apparent lack of the 140-kDa protein.

Several factors contributing to the adhesion of S. epidermidis
to polymers have been identified. PS/A (53), which consists
predominantly of galactose and glucosamine and has been
characterized by G. Pier and coworkers in S. epidermidis
RP62A, inhibits adhesion of RP62A to silastic and elicits ad-
hesion-inhibiting antibodies. Transposon mutants deficient in
PS/A did not adhere to silastic and also failed to accumulate
(40). Subsequently, a role for PS/A as a CoNS virulence factor
was demonstrated in various animal models of endovascular
infections (29, 48, 50), and a correlation between clinical CONS
isolates expressing PS/A and invasive disease was demon-
strated (41). In addition, two staphylococcal surface proteins of
S. epidermidis 354 involved in adhesion have been described by
Timmermann et al. (52) and Veenstra et al. (55). Antigenically
related proteins are present on S. epidermidis RP62A, as dem-
onstrated by using mAb36.4 (51). By using Tn917 transposon
insertion mutagenesis, Heilmann et al. generated S. epidermi-
dis mutants that were deficient in primary adhesion and sub-
sequent safranin-stainable biofilm formation on polystyrene
but retained the ability to form a biofilm on glass; adhesion
deficiency in these strains was associated with the loss of five
cell surface proteins, and adhesion could be restored upon
transformation with a gene conferring a 60-kDa protein (19).

INFECT. IMMUN.

Thus, both carbohydrate and protein factors that influence
adhesion have been identified.

In addition to adhesion, S. epidermidis must be able to accu-
mulate on a surface when a biofilm is formed. Several previous
attempts to elucidate the factors contributing to accumulation
focused on analysis of the chemical nature of exopolymer sub-
stances derived from various S. epidermidis strains (2, 5, 33,
39, 45). However, in these studies complex carbohydrates
were identified but their role in biofilm formation was not
shown (30). Also, no differences in the chemical composition
of slime material isolated from accumulation-positive or -neg-
ative strains have been demonstrated. Culture medium com-
ponents have contaminated the exopolymers recovered from
S. epidermidis (13, 25); thus, in later studies, care was taken to
avoid contamination of the harvested material by growing
S. epidermidis on dialysis membranes (45) laid over chemically
defined medium (23, 24). With this approach, S. epidermidis
exopolymers consisting mainly of teichoic acid (21) and various
proteins were found, and their composition was also the same
whether they came from biofilm-producing or non-biofilm-
producing CoNS strains (25).

Further studies to define the factor(s) important for accu-
mulation used an immunologic approach. Christensen et al.
used a polyclonal antibody to detect a protein-carbohydrate
mixture called slime-associated antigen (SAA) from strain
RP62A. This was absent in two nonaccumulating spontaneous
and acriflavin-induced variant strains (5) and in non-slime-
producing clinical strains (3). Mack et al. used antiserum ad-
sorption with nonaccumulating S. epidermidis strains (37) and
have described a carbohydrate antigen important for accumu-
lation and, by screening a transposon insertion library, have
identified mutants specifically deficient in accumulation but
unaffected in adhesion (36). This antigen has been analyzed as
a B-1,6-linked glucosaminoglycan and has been termed PIA
(35). The genetic basis for PIA production appears to be an
icaABC gene cluster which has been recently identified by
Heilmann et al. upon screening of an RP62A library expressed
in S. carnosus for biofilm formation (20). S. carnosus carrying
the plasmid pCN27 containing the icaABC gene cluster was
found to be positive for PIA production and exhibits cell clus-
ter formation. In addition to S. carnosus, S. epidermidis O-47-
derived mutants with the ability to adhere but with a loss of
accumulation ability (mut2 strains) (19) could be comple-
mented with pCN27, resulting in restored PIA production and
cell clustering (20). Recently, it has been suggested that SAA
and PIA may be similar or identical in chemical composition
(3).
Our 140-kDa antigen appears to be distinct from the afore-
mentioned S. epidermidis factors involved in adhesion or accu-
mulation. (i) Mutant M7 adheres equally well to polystyrene
when compared to strain RP62A, as shown by CFU and ATP
release measurements (46); thus, the expression of PS/A or
SSP appears to be functionally unrelated to the 140-kDa pro-
tein. (ii) The 140-kDa protein is not expressed in biofilm-
positive strain O-47 which contains five AAPs (including a
120-kDa protein) lost in mutl strains. (iii) The biochemical
characteristics of SAA as a complex antigen consisting mainly
of glucose, amino sugars, and protein appear to be different
from those of our (proteinaceous) antigen; however, the pos-
sibility that our 140-kDa protein is contained in SAA prepa-
rations cannot be excluded. (iv) The amounts of PIA produced
by M7 and RP62A are identical (34), and carbohydrates are
absent in our 140-kDa protein preparation. (v) The presence of
the 140-kDa antigen can be demonstrated in neither S. carno-
sus nor S. carnosus(pCN27).

We conclude that the 140-kDa protein is a newly identified
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accumulation-associated factor in S. epidermidis strains. While
its exact biological function needs further elucidation, the pro-
tein appears to be unrelated to other S. epidermidis factors
associated with biofilm formation, and therefore we propose to
refer to it as AAP. Further molecular characterization of AAP
is necessary to define its potential role in pathogenicity in vivo;
however, the observations that this antigen is present on clin-
ical isolates forming biofilms and that antibodies block accu-
mulation may open exciting new avenues for immunotherapy
in the prevention of S. epidermidis infections.
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