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The fimbrial (pili) profile of a single strain of Escherichia coli 07:K1:H6 (WF96) was evaluated. Fimbriae
were isolated by sucrose density gradient ultracentrifugation, purified from flagellae by the use of 0.4% sodium
dodecyl sulfate (SDS), and separated into distinct fimbrial types. Analysis of the purified WF96 fimbriae by
SDS-polyacrylamide gel electrophoresis revealed two polypeptide bands with molecular weights of 16,000 and
21,000. Treatment of the fimbrial mixture with saturated guanidine hydrochloride resulted in the appearance
of a third band with a molecular weight of 19,500. The relative susceptibilities of the WF96 fimbrial types to
disrupting chemicals (octyl-glucoside, urea, SDS, and guanidine hydrochloride) were assessed by exposure of
the fimbrial mixture to each agent, separation of the depolymerized fimbriae from intact fimbriae by gel
filtration on Sepharose CL-4B, and identification of the disaggregated fimbrial types by SDS-polyacrylamide
gel electrophoresis of column fractions. The physicochemical heterogeneity of the three fimbrial types
coexpressed on WF96 was exploited to develop a method for separation of individual fimbriae.

Fimbriae (also called pili) are expressed on the surface of
many gram-negative bacteria as filamentous polymers of
highly hydrophobic protein subunits (3, 20). These bacterial
appendages may, under certain circumstances, play an im-
portant role in the host-parasite interaction by mediating the
attachment of bacteria to mammalian cells via specific
eucaryotic receptors (2, 7, 17, 20, 22). Adherence of fimbriae
to specific receptors is also the basis for the agglutination of
erythrocytes (RBCs) by fimbriated bacteria. The agglutina-
tion of guinea pig RBCs by some strains of Escherichia coli
can be blocked with D-mannose or its analogs (6, 20).
Fimbriae from such strains are called mannose-sensitive
hemagglutinins, or type 1 fimbriae. These mannose-sensitive
adhesins are found on 50 to 70% of all E. coli isolates and are
particularly prevalent among normal flora isolates of E. coli
(21). By contrast, most strains of E. coli that are associated
with intestinal or extraintestinal disease in humans aggluti-
nate guinea pig RBCs even in the presence of mannose (21).
The finding that pathogenic strains of E. coli exhibited

both mannose-sensitive agglutination of guinea pig RBCs
and mannose-resistant agglutination of other kinds of RBCs
(5, 9) first suggested that a single culture of E. coli can
produce more than one kind of fimbria. Subsequently, Jann
et al. (10) showed that fimbrial preparations from certain
pathogenic strains of E. coli formed multiple bands when
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). However, as they pointed out
(10), these multiple SDS-PAGE bands could represent either
single subunits from different types of fimbriae or different
subunits from a single kind. Similar multiple bands have
been described by Korhonen et al. for P-antigen-recognizing
fimbriae from E. coli (13). More recently, Klemm et al. (11)
used both crossed immunoelectrophoresis and N-terminal
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amino acid analysis to unequivocally demonstrate expres-
sion of multiple fimbrial types by a single strain of E. coli.

Analysis of the importance of a particular fimbrial type in
the adhesion of a multiply fimbriated E. coli strain to
mammalian cells necessitates that each fimbrial type be
isolated in pure form. Rhen et al. (19) were the first to
accomplish such a separation. They used sequential im-
munoprecipitation to isolate three fimbrial types expressed
by E. coli strain KS71. The limitation of such a procedure is
that only serologically distinct fimbrial types can be isolated.
The purpose of this study was to isolate, purify, and

characterize the fimbriae expressed by a single strain of E.
coli 07:K1:H6. It will be shown that this E. coli strain
coexpresses three distinct kinds of fimbriae and that these
fimbriae are soluble to varying degrees in chemical-disrupt-
ing agents. We also describe a method for separation and
purification of each of the fimbrial types based on these
physicochemical differences among the fimbriae.

MATERIALS AND METHODS

Bacteria. E. coli strain WF96, serotype 07:K1:H6, was
obtained from St. Mary's Hospital, London, England. This
strain belongs to hemagglutination type VII-C as performed
by the hemagglutination assay described by Evans et al. (9).
E. coli strain D509 of serogroup 086 was originally obtained
from J. P. Duguid, Dundee University, Dundee, Scotland.
The D509 isolate exhibits only mannose-sensitive hemagglu-
tination of guinea pig RBCs and hence expresses type 1
fimbriae. Because the effect of various disruptive chemicals
on type 1 fimbriae is well documented (8, 16, 20), the fimbrial
preparation from strain D509 was used throughout this study
as a standard against which similarly treated WF96 fimbriae
were compared.

Bacteria were grown in Mueller-Hinton broth (BBL Mi-
crobiology Systems, Cockeysville, Md.) for 48 h at 37°C
without agitation.

Purification of fimbriae. Fimbriae were isolated from E.
coli WF96 and D509 by a modification of the procedure
described by Korhonen et al. (12). Briefly, bacteria were
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detergent, this fimbrial preparation was used for separation
m> of the distinct fimbrial types.

Separation of distinct fimbrial types. The purified fimbrial
preparation was incubated (2 h, 37°C) in 10 mM Tris-hydro-
chloride buffer (pH 7.2) containing 30'mM octyl-glucoside
(Sigma Chemical Co., Munich, Federal Republic of Ger-
many). This suspension was passed over a Sepharose CL-4B
column and eluted with 10 mM Tris-hydrochloride buffer
(pH 7.2) containing 0.1% EDTA to prevent reaggregation of
fimbrial subunits. Native fimbriae were presumed to be
present only in the void-volume fractions, and this assump-
tion was confirmed by electron microscopy. Disaggregated
fimbriae were obtained as low-molecular-weight compo-

- _ _, _ nents. The column was calibrated with commercially avail-
-_ able proteins of known molecular weights. For further

_11im _ _m separation of fimbriae from the multifimbriated WF96 strain,
fractions from the void volume were combined, dialyzed
against distilled water, and treated with 2% SDS (5 min,
100°C) to isolate the detergent-resistant fimbrial type. The

1 2 3 4 5 6 7 8 suspension was rechromatographed under the conditions
IG. 1. SDS-PAGE of purification of fimbriae from E. coli described above. Fimbriae resistant to depolymerization in
'96. Lane 1, Molecular weight markers purchased as a mixture 2% SDS were recovered from the void volume, whereas
m Pharmacia (low-molecular-weight proteins kit; contains subunits were obtained in the low-molecular-weight fraction-
sphorylase b, bovine serum albumin, ovalbumin, carbonic ation range of this column.
iydrase, soybean trypsin inhibitor, and a-lactalbumin [see text Protein estimation. For protein determination, intact fim-
molecular weights]). Lane 2, 20% ammonium sulfate precipitate briae were acidified with 0.015 N HCl solution, heated to
m WF96 fimbriae after blending in an Omnimixer. Lane 3, 100°C for 5 min, and neutralized with NaOH. The protein
ibriae (and flagellae)-containing fractions from sucrose gradient content was estimated according to Markwell et al. (15),
racentrifugation. Lane 4, Pooled fractions (10 to 15) from the void with bovine serum albumin (Serva, Heidelberg, Federal
ume of the Sepharose CL-4B chromatography shown in Fig. 2 Rli of Germ as the r d.ne 5, Low-molecular-weight fractions (22 to 26) of the same Republic of Germany) as the standard.
umn. Lane 6, Purified fimbriae from WF96 boiled in sample Electrophoresis. SDS-PAGE was performed according to
fer (5 min, 2% SDS). Lane 7, The sample from lane 6 after Lugtenberg et al. (14) with the modification that the running
treatment with 8 M guanidine hydrochloride. Lane 8, Type 1 gel contained 11% polyacrylamide. All samples were boiled
briae from strain D509 run on this gel for comparison. for 5 min in 2% SDS-1% P-mercaptoethanol at pH 6.8 before

application to the gel. Type 1 fimbriae (about 0.5 mg) were
incubated (1 h, 37°C) in 2 ml of 8 M guanidine hydrochloride

llected by centrifugation (6,000 x g, 4°C, 30 min), sus- solution (8). After dialysis against distilled water containing
nded in 10 mM Tris-hydrochloride (pH 7.2), blended in a 10 mM EDTA (1) for 24 h at 4°C, samples were lyophilized
rvall Omnimixer (top speed, 2 min, 4°C), and pelleted by and boiled for 5 min in the sample buffer described above.
ntrifugation (8,000 x g, 30 min). The fimbriae (and flagel- The following proteins from Pharmacia (electrophoresis cal-
for some strains) were precipitated with 20% ammonium ibration kit) were used as molecular weight standards:
[fate, collected by centrifugation at 15,000 x g for 30 min, phosphorylase b (94,000), bovine serum albumin (67,000),
3pended in 10 mM Tris-hydrochloride (pH 7.2), and lay- ovalbumin (43,000), carbonic anhydrase (30,000), soy bean
d on top of a 35-ml linear sucrose gradient (15 to 50% trypsin inhibitor (20,100), and ot-lactalbumin (14,400). Gels
t/wt] sucrose in 10 mM Tris-hydrochloride). This gradient were stained with Coomassie brilliant blue R250.
Ls subjected to ultracentrifugation (Kontron TGA 55; Electron microscopy. For negative staining, samples were
ntron Analytical, Munich, Federal Republic of Germany) applied to Formvar-coated specimen grids and stained with
90,000 x g in a swinging rotor for 14 h and 4°C. The 2% sodium phosphotungstatic acid at pH 6.8.

optical density of each 1-ml fraction was determined by
refractometry. Fimbriae banded at a density of 1.117 to
1.137 g/cm-3, as shown by electron microscopy. Fimbria-
containing fractions were combined and dialyzed for 24 h
against distilled water to remove sucrose.
When the heavily flagellated WF96 strain was used for

fimbrial purification, the procedure described resulted in
significant contamination with flagellae. Therefore, fimbriae
were incubated for 1 h at 37°C with 0.4% SDS to selectively
deaggregate contaminating flagellae. The dissociated flagel-
lae were separated from intact fimbriae by gel filtration on
Sepharose CL-4B (Pharmacia, Uppsala, Sweden) equili-
brated in 5 mM Tris-hydrochloride buffer (pH 7.2) that
contained 0.4% SDS-0.1% EDTA. Only fimbriae eluted in
the void volume (measured with blue dextran 2000; Phar-
macia); flagellae depolymerized under these conditions (as
assessed by electron microscopy) and eluted as low-molec-
ular-weight components. After extensive dialysis to remove

RESULTS

Analysis of efficacy of the fimbrial purification scheme. With
sucrose gradient ultracentrifugation most of the contaminat-
ing proteins (Fig. 1, lane 2) present after the ammonium
sulfate precipitation step were removed (Fig. 1, lane 3). The
two proteins near the 69,000-molecular-weight marker rep-
resent flagellae and were removed by suspending the mate-
rial in 0.4% SDS at 37°C for 1 h followed by chromatography
on Sepharose CL-4B. The resulting gel filtration profile is
shown in Fig. 2. One major peak which emerged iri the void
volume and a minor peak which eluted later were observed.
Two peptides with molecular weights of 64,000 and 67,000
were seen on SDS-PAGE of peak 2 fractions (Fig. 1, lane 5).
Analysis of the void-volume material revealed two peptide
bands with molecular weights of 16,000 and 21,000 (Fig. 1,
lane 4). This material was further examined by electron

microscopy. Figure 3B shows that it consisted of intact
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FIG. 2. Separation of fimbriae from contaminating flagellae by
gel filtration on Sepharose CL-4B in the presence of 0.4% SDS.

fimbriae that retained their morphology in the presence of
0.4% SDS, whereas flagellae that were present in the sam-
ples from sucrose gradient fractions (Fig. 3A) were com-
pletely disaggregated under these conditions.

Characterization of purified fimbriae. When nondenatured
purified fimbriae from E. coli WF96 were subjected to
SDS-PAGE, two polypeptide chains with apparent molecu-
lar weights of 16,000 and 21,000 were evident (Fig. 1, lanes
4 and 6). In addition, a band was observed in the stacking gel

TABLE 1. Dissociation of native E. coli fimbriae into subunits
after exposure to detergents or denaturing agents

Mol wt (x 103)a of dissociat-
ed fimbrial subunits isolat-

Treatment ed from E. coli strain:

WF96 D509

30 mM octyl-glucoside (37°C, 2 h) 16
2% SDS (100°C, 5 min) 16, 21
8 M guanidine hydrochloride 16, 19.5, 21 17

(37°C, 1 h)
6 M urea 16, 21

a Estimated by SDS-PAGE after exposure of native fimbriae to physico-
chemical agents, chromatography of treated material on Sepharose CL34B in
the presence of 10 mM Tris buffer-0.1% EDTA, and elution of low-molecular-
weight fractions.

(not shown) which represented WF96 fimbrial material too
large to enter the gel, i.e., intact fimbriae. A similar phenom-
enon has been reported for type 1 fimbriae (16), and, as
previously noted (8), these fimbriae must be exposed to
guanidine hydrochloride to be dissociated into subunits.
Therefore, the WF96 fimbrial preparation was similarly
treated. All guanidine hydrochloride-exposed WF96 fimbrial
proteins appeared to enter the gel, resulting in a new broad
band to 19,500 (19.5K) (Fig. 1, lane 7) in addition to the
bands observed in SDS-exposed samples. These highly
detergent-resistant fimbriae resemble type 1 fimbriae in their
stability against SDS. However, the molecular weight of
19,500 for the fimbrial subunit is about 2,500 higher than that
shown for type 1 fimbriae of E. coli D509 run on the same gel
for comparison (Fig. 1, lane 8).

Susceptibility of different fimbrial types to depolymerization
by disruptive agents. As a first step in the development of a
scheme to separate the different WF96 fimbriae, the stability
of fimbriae within the purified mixture was assessed after
incubation with octyl-glucoside, SDS, urea, and guanidine
hydrochloride. Treated samples were subjected to Se-
pharose CL-4B column chromatography to exploit the dif-
ferences in size between intact fimbriae and depolymerized
fimbriae, and fractions eluted from the column were then

'-4F~~~~~~~~~~~~~~~~~~~~~~~~~
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FIG. 3. Electron micrograph of fimbriae (x52,640) before (A; note contaminating flagellae) and after (B) column chromatography in the
presence of 0.4% SDS.
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peptide of a molecular weight of 16,000 was seen on SDS-
PAGE of peak 2 fractions (Fig. 5, lane 1). The void-volume
material from this first chromatography step was dialyzed
and exposed to 2% SDS (100°C, 5 min) and then subjected to
a second Sepharose CL-4B chromatographic step (Fig. 4B).
This procedure disaggregated the 21K subunit (Fig. 4, lane
3). Fimbriae resistant to depolymerization with 2% SDS,
i.e., material in the void volume of the second Sepharose
CL-4B column, were only dissociated by exposure to 8 M
guanidine hydrochloride. SDS-PAGE of this sample re-
vealed one band with a molecular weight of 19,500 (Fig. 5,
lane 5). If only isolated type 1-like fimbriae are required, the
sequence of steps performed can be altered so that the
fimbrial mixture is first exposed to 2% SDS. This procedure
disaggregates part of the fimbriae from WF96 into their 16K
and 21K subunits that are eluted at low-molecular-weight
fractions (Fig. 5, lane 6), whereas the material from the void
volume yields a single homogeneous peptide on SDS-PAGE
identical to that shown in Fig. 5 (lane 5). The purified 16K
and 21K subunits were dialyzed in the presence of MgCl2.
The efficacy of reassembly was measured by gel chromatog-
raphy. About 50% of the protein applied to the column
eluted with the void volume. When this material was exam-
ined by electron microscopy, it proved to consist of rodlike
structures. However, the size of the reaggregates was less
than one-third of that of the detached intact fimbriae.

DISCUSSION
In this communication, a description of the separation and

characterization of three fimbrial types coexpressed on the

Elution volume (ml)
FIG. 4. Separation of fimbrial subunits of strain WF96 after

sequential dissociation of fimbriae into subunits. (A) Elution profile
of fimbriae after incubation in 30 mM octyl-glucoside-10 mM
Tris-hydrochloride, pH 7.2 (2 h, 37°C), and chromatography on a

Sepharose CL-4B column (1.5 by 25 cm, 6 ml/h) that was eluted with
10 mM Tris-hydrochloride-0.1% EDTA, pH 7.2. (B) Elution profile
from the void-volume peak from column A that was dialyzed,
heated in 2% SDS (5 min), and rechromatographed on a Sepharose
CL-4B column under the elution conditions described for (A).

examined by SDS-PAGE. The depolymerization effects of a
variety of chemicals on the WF96 fimbrial mixture are

summarized in Table 1. Type 1 fimbriae from E. coli D509
that were similarly treated are included for comparison.

Isolation of different fimbrial subunits by selective physico-
chemical treatments. From the information on the differential
sensitivity of various WF96 fimbrial types to detergents and
denaturing agents, a sequential isolating protocol was de-
signed to separate the 16K, 19.5K, and 21K subunits. The
purified mixture of intact fimbriae was first treated with 30
mM octyl-glucoside followed by chromatography on Seph-
arose CL-4B with Tris-EDTA buffer to prevent reaggrega-
tion of fimbrial subunits (Fig. 4A). Only one homogeneous

4mm

40_mw~ q

[ 1 2 3 4 5 6 7
FIG. 5. SDS-PAGE of the separated fimbrial subunits of strain

WF96. Lane 1, Low-molecular-weight fractions (25 to 27) from the
Sepharose CL-4B column shown in Fig. 4A. Lane 2, Molecular
weight markers (see Fig. 1) for the sample in lane 1. Lane 3,
Low-molecular-weight fractions (25 to 28) from the Sepharose
CL-4B column shown in Fig. 4B. Lane 4, Low-molecular-weight
markers for the sample in lane 3. Lane 5, Void-volume fractions (10
to 14) from the Sepharose CL-4B column shown in Fig. 4B. This
material was resistant to depolymerization by SDS and was pretre-
ated with saturated guanidine hydrochloride before electrophoresis.
Lane 6, 16K and 21K fimbrial subunits that were separated from
type 1-like fimbriae by a one-step separation procedure (for details,
see text). Lane 7, Molecular weight markers for the samples in lanes
5 and 6.
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same strain is presented. Proof is also given for the theory
proposed by Dodd and Eisenstein (4) that physicochemical
differences exist among E. coli fimbriae, and it is further
shown that such differences are evident even among fimbriae
produced by the same bacterial culture. In addition, a

technique is detailed for the isolation of individual fimbriae
based on the differential depolymerization of fimbriae in
various disrupting agents.

Studies on the physicochemical properties of E. coli
fimbriae have primarily focused on type 1 fimbriae. This type
of fimbria has been shown to resist disruption by such
chemicals as urea (12, 20), SDS (16), and 6 M guanidine
hydrochloride (8). In this study, the stability of type 1
fimbriae in 6 M urea and in ionic detergents was confirmed.
Type 1 fimbriae were also shown to be insoluble in the
nonionic detergent octyl-glucoside, a reagent used to com-

pletely dissociate the fimbriae of Pseudomonas aeruginosa
(23). When the fimbriae of WF96 were exposed to the same

chemical, only one of the fimbriae proved to be extremely
stable and difficult to disassemble into its 19.5K subunits.
The stability of this fimbrial type in various disrupting agents
enabled us to readily purify it from the other fimbrial types
coexpressed by WF96. Similarly, Klemm et al. (11) demon-
strated differences in the stabilities of fimbrial types 1A, 1B,
1C, and F7 to depolymerization by 6 M guanidine hydro-
chloride. The instability of the other two WF96 fimbrial
types when exposed to certain disrupting chemicals (Table
1) made us aware that the agents commonly used to separate
fimbriae from flagellae probably disaggregate some of the
fimbrial types and hence the fimbriae so purified are not
completely representative of those present in the bacterial
culture. We therefore recommend treatment of fimbriae-
flagellae mixtures with 0.4% SDS at 37°C to selectively
disaggregate flagellae. The method of isolation of fimbriae
from multipiliated E. coli has been applied successfully to
other E. coli strains of different serotypes (Karch et al.,
manuscript in preparation).
The separation of fimbriae from a mixture of fimbrial types

by physicochemical means, as described in this report, has
several advantages over immunological methods (19). First,
purification of a single fimbrial type by immunoprecipitation
requires monospecific antisera. Because of the confusion
and complexity in serological classification of fimbriae (18)
and the difficulty heretofore encountered in purification,
only a few such antisera are available in reference laborato-
ries. Thus, a fimbrial purification scheme based on serologi-
cal distinctions among the diverse fimbriae of E. coli will
probably only become practical with the availability of a

panel of monoclonal antibodies that recognize specific fim-
brial epitopes.
One of the potential limitations of a physicochemical

approach to the separation of multiple fimbrial types is that
the behavior of dissociated subunits that are permitted to

reaggregate may not mimic native fimbriae. For example,
Watts et al. (23) found that fimbriae isolated from P. aerugi-
nosa PAK by solubilization in octyl-glucoside that were then
allowed to reassemble failed to bind bacteriophage P04 as

did intact fimbriae. On the other hand, Abraham et al. (1)
showed that reassembled type 1 fimbriae reacted with mono-

clonal antibodies specific for the fimbrial quaternary struc-
ture.

Purification of the different fimbrial types makes it possi-

ble to study more intensively the biological function of the
different types. Furthermore, how these fimbriae are ex-

pressed on the individual bacterial cells, whether a multifim-
briated culture of bacteria represents individual cells that

produce all fimbrial types, and whether the various kinds of
fimbriae are selectively expressed by different bacterial
subpopulations can be investigated.
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