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Strains of Escherichia coli capable of causing diarrhea in young pigs are often
able to proliferate in the upper small intestine of the infected animal due to the
presence of a specific surface antigen, K88. The genetic determinants for K88
antigen production and the ability to utilize the trisaccharide raffinose (Raf) are
carried on a 50-megadalton plasmid. Recombinant deoxyribonucleic acid tech-
niques were used to insert an 8.2-megadalton HindIII fragment carrying the
K88ac gene(s) from the K88/Raf plasmid pPS100 into the vector pBR322. At
least six polypeptides encoded by this fragment were expressed in minicells.
These polypeptides ranged in size from 18,000 to 70,000 daltons. The K88ac
antigenic subunit, which has an apparent molecular weight of 23,500, was identi-
fied by imnmunoprecipitation with staphylococcal protein A as the coprecipitant.

Diarrheal disease caused by enteropathogenic
Escherichia coli is a frequent -cause of death
among young domestic animals. In addition to
the production of one or both of two types of
enterotoxin, enteropathogenic E. coli strains are
characterized by the ability to proliferate in the
upper small intestine of the infected animal (18,
25). Strains isolated from young pigs often pos-
seas a common proteinaceous surface antigen
designated K88 (21, 28). The adhesive properties
of this antigen allow K88-positive bacteria to
adhere to the intestinal mucosa and thereby
avoid the nornal clearing mechanisms ofthe gut
(13, 25). The structural gene for the K88 antigen,
like those for the E. coli enterotoxins, is located
on a transmnissible plasmid (19, 25). The genetic
determinants for the ability to utilize the trisac-
charide raffinose (Raf) are also located on the
K88 plasmid (26). At least three serological var-
iants of the K88 antigen (K88ab, K88ac, and
K88ad) can be distinguished (10, 22). In an ear-
lier report, we characterized the plasmids which
carry the K88ab and K88ac antigens (24). After
transfer into E. coli K-12 hosts, two types of
K88/Raf plasmids were found. The most com-
mon was a non-self-transmissible plasmid with
a size of approximately 50 megadaltons (Mdal).
Larger conjugative K88/Raf plasmids were
found infrequently and probably represent a
cointegrate between the smaller K88/Raf plas-
mid and a transfer factor plasmid. To character-
ize further the portion of the K88/Raf plasmids
directly involved in antigen production, we
sought to isolate and amplify the K88 determi-
nant by using recombinant DNA technology. In
this paper, we describe the cloning of a fragment

carrying the K88ac determinant and the identi-
fication of polypeptides synthesized in minicells
from this fragment. A preliminary report of part
of this work has been presented previously (23).

MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli

K-12 strain C600 (thr leu thi lac supE44 tonA21)
served as the plasmid host strain. For minicell studies,
plasmids were introduced into the minicell-producing
E. coli K-12 strain DS410 (thr leu thi lac gal mal xyl
ara) (6) by transformation (3). The K88/Raf plasmid
pPS100 was isolated in this laboratory and has been
described previously (24). The construction and prop-
erties of the RSF2124 cloning vector have been de-
scribed by So et al. (27). Strains carrying the cloning
vector plasmids pBR313 and pBR322 (1) were ob-
tained from H. W. Boyer,

Isolation of plasmid DNA. Cleared lysates of
plasmid-containing cells were prepared as described
by Elwell et al. (7). Plasmid DNA was purified by
isopycnic centrifugation in CsCl-ethidium bromide
gradients as previously described (24). The procedure
of Chilton et al. (2) was employed for the isolation of
DNA fragments from agarose gels.
Agarose gel electrophoresis. Electrophoresis of

DNA was carried out in vertical 0.7% agarose slab gels
by the procedure of Meyers et al. (15).

Restriction endonuclease digestion and clon-
ing. BamHI restriction endonuclease was obtained
from Miles Laboratories; HindIHI and EcoRI were
purchased from either New England Biolabs or Be-
thesda Research Laboratories. All other restriction
enzymes were from Bethesda Research Laboratories.
T4 DNA ligase was the generous gift of H. W. Boyer.
Conditions for reactions employing commercially pre-
pared enzymes were as described by the manufacturer.
For restriction mapping studies, reaction volumes were
30 ul. In double-digestion studies, the first enzyme was
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inactivated by heat (60°C for 10 min), and reaction
conditions were adjusted appropriately before adding
the second enzyme. Fragment molecular weights were
determined by comparison with the known molecular
weights of the EcoRI and HindIII fragments of bac-
teriophage lambda or the HindIII fragments of bac-
teriophage 4X174. Ligation reactions contained 1 to 5
,ug of DNA and 2 to 10 U of ligase and were carried
out in a buffer containing 30 mM Tris, pH 8, 10 mM
MgCl2, 0.4 mM ATP, 500 ug of bovine serum albumin
per ml, 0.2 mM EDTA, and 2 mM dithiothreitol. The
reactions were incubated for 12 to 72 h at 120C. The
ligation reaction mix was used directly to transform E.
coli C600 with selection for the ampicillin resistance
marker of the cloning vehicle. Transformation was
carried out by the procedure of Cohen et al. (3).
Hybrid plasmids carrying an insertion in the HindIII
site of pBR313 or pBR322 were identified by a reduc-
tion or loss of tetracycline resistance. Insertions into
the EcoRI site of RSF2124 were detected by loss of
colicinogenicity. K88ac-positive clones were identified
by slide agglutination with rabbit anti-K88ac antise-
rum (24).

Isolation and labeling of minicells. Minicells
were isolated by the procedure of Hallewell and Sher-
ratt (11). Approximately 10' minicells were suspended
in 1 ml of labeling medium (5) and incubated at 370C
for 10 min. [isS]methionine (20,Ci, >1,000 Ci/mmol,
Amersham Corp.) was added for protein labeling, and
incubation was continued for 45 min at 370C with
aeration. The minicells were pelleted, suspended in
sample buffer (0.0625 M Tris, pH 6.8, 3% sodium
dodecyl sulfate, 5% 2-mercaptoethanol, 0.1% bromo-
phenol blue, 10% glycerol), and heated to 100°C for 30
min. Samples were stored at -20°C until needed.
Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and autoradiography were carried out as de-
scribed by Dougan et al. (4).

Precipitation of antibody-antigen complexes
with Staphylococcus aureus protein A. The poly-
peptide specifying the K88ac antigen determinants
was identified by precipitation of specific antigen-an-
tibody complexes with protein A containing S. aureus
(Cowen strain 1), using a modification of the procedure
described by Kessler (14). Labeled minicells were lysed
by sonication, and the membrane fragments were sep-
arated by centrifugation. The pelleted fraction was
heated for 5 min at 600C to release the K88 antigen
(28), and the membrane fragments were repelleted.
Rabbit anti-K88ac antiserum and formalinized S. au-
reus (Cowan strain 1) cells were mixed with the su-
pernatant fraction from the heated membranes, and
the mixture was centrifuged through 1 M sucrose in
phosphate-buffered saline (pH 7.5) containing 1% Tri-
ton X-100 and 10 mM EDTA. The antigen-antibody-
cell complex was suspended in final sample buffer (4)
and electrophoresed on a sodium dodecyl sulfate-poly-
acrylamide slab gel.

RESULTS
Cloning of the genetic determinant ofthe

K88ac antigen. In our initial attempts to isolate
the K88ac genes by molecular cloning, we in-
serted EcoRI fragments from the K88/Raf plas-
mid pPS100 into the ampicillin-resistant (Apr)

colicinogenic (ColEl+) cloning vector RSF2124.
EcoRI-cleaved pPS100 and RSF2124 DNAs
were mixed at a molar ratio of 2:1. The fragments
were ligated and used to transform competent
E. coli K-12 C600 cells with selection for the
ampicillin resistance marker of RSF2124. Inser-
tions into the unique EcoRI site of RSF2124
resulted in the loss of colicinogenicity (ColE-).
A large number of ampicillin-resistant, colicin-
negative hybrid plasmids carrying EcoRI frag-
ments from pPS100 were obtained, but no K88-
positive strains were isolated. These findings
suggested that an EcoRI cleavage site might lie
in the K88ac structural gene or a gene involved
in K88 expression. We therefore attempted to
insert HindIll fragments of pPS100 into the 5.8-
Mdal ampicillin- and tetracycline-resistant (Apr
Tcr) vector pBR313. Hybrid plasmids in which
a fragment has been inserted into the pBR313
HindIII site maintain the ability to express am-
picillin resistance but suffer a loss or reduction
in tetracycline resistance. Two ampicillin-resist-
ant, tetracycline-sensitive, K88-positive isolates
were obtained when a ligated mixture of
HindIII-cleaved pPS100 and pBR313 DNAs was
used to transform E. coli K-12 C600. The size of
the inserted fragment was determined by com-
parison with the known molecular weights of the
EcoRI and HindIII fragments of bacteriophage
lambda (data not shown). Both of the K88-pos-
itive isolates contained a hybrid plasmid in
which an 8.2-Mdal HindIII fragment was in-
serted into the HindIII site of pBR313 (Fig. 1).
One isolate was selected for further study and
designated pPS001.
To facilitate later studies of the proteins syn-

thesized in the minicells from the chimeric plas-
mid, we wished to insert the K88ac fragment
into the smaller cloning vector pBR322 (2.9
Mdal). To this end, the 8.2-Mdal HindIII frag-
ment from pPS001 was isolated from an agarose
gel and ligated with HindIII-cleaved pBR322
vector DNA. Hybrid plasmids were recognized
in the same manner as with pBR313 vector. The
pBR322 K88-positive hybrid plasmid pPS002
was used in all subsequent restriction mapping
and minicell experiments. A partial restriction
map of pPS002 was constructed by double re-
striction endonuclease digestion. Figure 2 shows
the relative positions in pPS002 of the cleavage
sites of four restriction endonucleases.
The cloned K88 fragment was found to con-

tain a single asymmetrical BamHI cleavage site.
Both pBR313 and pBR322 also have a single
BamHI site approximately 0.2 Mdal from the
HindIII site. Therefore, one possible orientation
of the K88 fragment would yield two BamHI
fragments of similar size, whereas the other ori-
entation would yield one large and one small
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FIG. 1. Agarose gel electrophoresis of HindIII di-
gests of the K88/Rafparent plasmid, cloning vector,
and K88-positive hybrid plasmids. (A) K88/Rafpar-
ent, pPS1IO; (B) and (C) K88-positive hybrid plas-
mids; (C) cloning vector, pBR313.

fragment (Fig. 2). BamHI cleavage of each of
the K88-positive chimeric plasmids yielded two
fragments of similar size, indicating that in each
case the K88 fragment was oriented as shown in
Fig. 2. Since hybrid plasmids with the K88 frag-
ment in the opposite orientation have not been
isolated, we cannot determine whether this ori-
entation is required for expression of the K88ac
antigen.
Polypeptides expressed by miniceils

carrying pPS002. Minicell-producing strains
carrying the K88-positive hybrid plasmid
pPSQ02 [strain DS410(pPS002)] or the cloning
vector pBR322 [strain DS410(pBR322)] were
isolated by transformation of strain DS410 with
purified pPS002 or pBR322 DNA. Transforn-
ants were selected by ampicillin resistance, and
the K88-positive phenotype of strain DS410-
(pPS002) was confirmed by slide agglutination.
Minicells were isolated from each ofthese strains

and incubated in the presence of[3S]methionine
to label plasmid-specific proteins. Figure 3 shows
a comparison of the total Coomassie blue-
stained proteins (columns C and D) and the
[3S]methionine-labeled plasmid-specific poly-
peptides (columns A and B) from minicells iso-
lated from strain DS410(pPS002) and DS410-
(pBR322). At least six plasmid-specific polypep-
tides (indicated by arrowheads), not seen in
strain DS410(pBR322) minicells, appeared in
the minicells from the pPS002-containing strain.
One of the polypeptides was present in a very
large amount and could be distinguished in the
Coomassie blue-stained total minicell protein
(see legend to Fig. 3).
To identify the polypeptide which represents

the K88ac antigenic subunit, we utilized the
technique of immunoprecipitation with staphy-
lococcal protein A as the coprecipitant. This
protein has the special property of binding the
Fc portion of the immunoglobulin G (IgG) anti-
body molecules. Specific antigen-antibody com-
plexes between labeled minicell proteins and
rabbit anti-K88ac antiserum were removed from
solution by mixing with S. aureus cells carrying
protein A. Labeled minicells from strain
DS410(pPS002) were lysed, and membrane frag-
ments were isolated by centrifugation. Since it
has been shown that the K88 fimbriae can be
released from cells by heating (28), the mem-
brane fraction was treated at 600C for 5 min to
release the K88 fimbriae, and the membranes
were repelleted. Antiserum and protein A-carry-
ing S. aureus cells were mixed with the super-
natant fraction from the heated membranes.

FIG. 2. Restriction endonuclease cleavage map of
pPS002. Numbered divisions represent megadaltons.
The heavy line represents pBR322.
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in the material that precipitated from the super-
natant fraction after heating the membranes
contained 42% as much radioactive material as
the same band in the unheated membrane pellet,
whereas the precipitated material in the two
higher-molecular-weight bands was less than
10% of that in the corresponding bands from the
membrane pellet.

DISCUSSION
The K88ac antigen gene was found by molec-

ular cloning to lie on an 8.2-Mdal HindIII frag-
ment from the K88/Raf plasmid pPS100. Stud-
ies with minicells indicated that at least six
polypeptides ranging in size from 18,000 to
70,000 daltons were expressed by this fragment.
The K88ac antigenic subunit was identified by
immunoprecipitation and has an apparent mo-
lecular weight of 23,500. Thus, it is in the same
molecular weight range as previously reported

- 13,600

FIG. 3. Sodium dodecyl sulfate-polyacrylamidegel
electrophoresis of minicell proteins from strain
DS410(pBR322) and DS410(pPS002). Total minicell
proteins were visualized by Coomassie blue staining
(columns C and D), and plasmid-specific proteins
were revealed by autoradiography (columns A and
B). (A) DS410(pPS002) plasmid-specific proteins; (B)
DS410(pBR322) plasmid-specific proteins; (C)
DS410(pPS002) total minicell proteins; (D)
DS410(pBR322) total minicell proteins. Arrowheads
indicate proteins from pPS002 not seen in the mini-
cells from the cloning vector strain. The protein
marked by the asterisk can also be distinguished in
the Coomassie blue-stained material. Numbers rep-
resent the approximate molecular weights of stand-
ard proteins.

One polypeptide with a molecular weight of
approximately 23,500 precipitated in large
amount with the K88ac antiserum (Fig. 4, col-
umn A). We presume this to be the K88ac anti-
genic subunit. It is interesting to note that this
is the polypeptide that was present in such large
amounts that it could be distinguished in the
unfractionated Coomassie blue-stained minicell
protein preparations. Very little protein precip-
itated from the supematant fraction from un-
heated membranes (Fig. 4, column B). Rela-
tively small amounts of two larger polypeptides
also appeared in the precipitated material. Den-
sitometer tracings of the autoradiograph shown
in Fig. 4 indicated that the 23,500-dalton band

im- -om

," ...,231,00

-22,300

-13,600
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FIG. 4. Sodium dodecyl sulfate-polyacrylamidegel

electrophoresis ofpPS002-specific proteins after frac-
tionation by immunoprecipitation. Proteins were vis-
ualized by autoradiography. (A) Immunoprecipitated
material from heated sample; (B) immunoprecipi-
tated material from unheated sample; (C) unheated
membrane pellet (no immunoprecipitation); (D) anti-
serum and S. aureus alone; (E) unfractionated
pPS002 minicell proteins. The arrowhead indicates
the K88ac antigen protein. Numbers represent molec-
ular weights ofstandard proteins.
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for purified K88 antigen isolated from whole
bacterial cells (12, 16). Of the two polypeptides
which were found in very small amounts in the
immunoprecipitated material, the larger appears
to be pBR322 specific, whereas the smaller is
encoded for by the cloned fragment. The
pBR322-specific polypeptide is probably the
TEM beta-lactamase which is present in large
amounts in the minicells and may be brought
down nonspecifically during immunoprecipita-
tion. The small amount of the other polypeptide
appearing in the precipitated material, com-
pared with the large amounts present in unfrac-
tionated minicells and membrane fragments,
might also suggest a nonspecific interaction.
However, it is also possible that this is a precur-
sor of the K88 antigen subunit which interacts
specifically with the antibody but is not effec-
tively released from membrane fragments by
heating. We hope to resolve this question by
analysis of the proteins synthesized in minicells
from deletion derivatives of the pPS002 plasmid.
This analysis should also enable us to determine
whether any of the other polypeptides specified
by the cloned fragment are involved in K88
expression. The immunoprecipitation technique
should allow us to directly identify a polypeptide
carrying the K88ac antigen determinants even
in the absence of functional expression on the
cell surface (i.e., agglutination of whole cells by
specific antiserum). Therefore, it may be possi-
ble to distinguish DNA regions required for syn-
thesis of the structural subunit of the K88 fim-
briae from these required for functional expres-
sion of the K88 antigen on the cell surface.
Mooi and co-workers (17) recently reported

the cloning of a HindII fragment encoding the
K88ab antigen. Although the size estimates for
the K88ab and K88ac fragments are somewhat
different, comparison of the restriction endonu-
clease cleavage patterns of the parent plasmids
and cloned fragments suggests that the two frag-
ments are essentially the same. This is consistent
with our earlier observation that K88ab and
K88ac plasmids isolated from E. coli strains with
geographically and temporally divergent origins
are very highly related (24). The HindIII frag-
ment that encodes the K88ac antigen contains
two EcoRI cleavage sites, one of which is prob-
ably in a region essential for K88 expression
since the antigen could not be cloned from
pPS100 DNA digested to completion with
EcoRI. Similarly, Mooi et al. (17) reported that
two EcoRI fragments were necessary for K88ab
expression.

Finally, it should be noted that enteropatho-
genic E. coli strains isolated from other young
domestic animals or from humans rarely possess
the K88 antigen, but often have an antigenically

distinct but functionally and morphologically
analogous surface antigen, i.e., K99 from calves
or lambs (20) and CFAI and CFAII from humans
(8, 9). We are currently using a portion of the
cloned HindIHl fragment as a hybridization
probe to determine whether this structural and
functional similarity is a reflection of nucleotide
sequence homology among the determinants for
antigens with different species specificities. Sim-
ilarly, we plan to examine the gene products of
other adherence antigen genes such as CFAI and
CFAII through molecular cloning and minicell
analysis.
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