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Women with a history of recurrent Escherichia coli urinary tract infections (UTIs) are significantly more
likely to be nonsecretors of blood group antigens than are women without such a history, and vaginal epithelial
cells (VEC) from women who are nonsecretors show enhanced adherence of uropathogenic E. coli isolates
compared with cells from secretors. We previously extracted glycosphingolipids (GSLs) from native VEC and
determined that nonsecretors (but not secretors) selectively express two extended globoseries GSLs, sialosyl
galactosyl globoside (SGG) and disialosyl galactosyl globoside (DSGG), which specifically bound uropatho-
genic E. coli R45 expressing a P adhesin. In this study, we demonstrated, by purifying the compounds from this
source, that SGG and DSGG are expressed in human kidney tissue. We also demonstrated that SGG and
DSGG isolated from human kidneys bind uropathogenic E. coli isolates expressing each of the three classes of
pap-encoded adhesins, including cloned isolates expressing PapG from J96, PrsG from J96, and PapG from
IA2, and the wild-type isolates IA2 and R45. We metabolically 35S labeled these five E. coli isolates and
measured their relative binding affinities to serial dilutions of SGG and DSGG as well as to globotriaosylce-
ramide (Gb3) and globotetraosylceramide (Gb4), two other globoseries GSLs present in urogenital tissues.
Each of the five E. coli isolates bound to SGG with the highest apparent avidity compared with their binding
to DSGG, Gb3, and Gb4, and each isolate had a unique pattern of GSL binding affinity. These studies further
suggest that SGG likely plays an important role in the pathogenesis of UTI and that its presence may account
for the increased binding of E. coli to uroepithelial cells from nonsecretors and for the increased susceptibility
of nonsecretors to recurrent UTI.

Several epidemiological studies have shown that women who
are nonsecretors of blood group antigens have a three- to
fourfold-increased risk of developing recurrent urinary tract
infection (UTI) (5, 17, 32). In addition, uroepithelial cells from
nonsecretors have a two- to threefold-greater capacity for ad-
herence of uropathogenic Escherichia coli than do cells from
secretors (22). Colonization of the vaginal and periurethral
epithelium precedes the development of E. coli UTI, and E.
coli isolates expressing pap-encoded adhesins are overrepre-
sented among isolates causing these infections (6). Uropatho-
genic E. coli isolates expressing pap-encoded adhesins bind to
globoseries glycosphingolipids (GSLs) (6, 19), which are am-
phipathic molecules embedded in the outer leaflets of eukary-
otic cell membranes. There are several families of GSLs which
are differentiated by their molecular structures, and these mol-
ecules serve as bacterial and viral adhesion sites on mammalian
cells and as markers of eukaryotic cell differentiation and on-
cogenesis (4).

In previous investigations, we collected vaginal epithelial

cells from secretors and nonsecretors and extracted the GSLs
from pooled cells from women in each group (36). We dem-
onstrated that cells from nonsecretors express two unique glo-
boseries GSLs, sialosyl galactosyl globoside (SGG) and disia-
losyl galactosyl globoside (DSGG) (36). We utilized high-
performance thin-layer chromatography (HPTLC), bacterial
overlay assays, HPTLC immunostaining, radioimmunoassays,
and immunohistochemical staining with a monoclonal anti-
body (MAb) directed against SGG to show that SGG and
DSGG were expressed in vaginal epithelial cells from nonse-
cretors but not in cells from secretors and that these moieties
bound a clinical isolate of E. coli (R45) that expresses P fim-
briae carrying a pap-encoded adhesin (36). These studies dem-
onstrated for the first time that the secretor gene influences the
biosynthesis of globoseries GSLs in the vaginal epithelium and
suggested that genetically determined differences in receptor
moieties in this tissue might explain the increased susceptibility
of nonsecretors to UTI (32, 36).

In this study, we isolated and purified SGG and DSGG from
human kidneys and assessed the in vitro binding of represen-
tative Pap-expressing E. coli isolates to SGG and DSGG in
order to further elucidate possible mechanisms through which
the selective expression of one or both of these molecules in
the vaginal or urogenital epithelium of nonsecretors might
influence their risk of UTI.

(This work was presented in part at the 32nd annual meeting
of the Infectious Diseases Society of America [36a].)
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MATERIALS AND METHODS

Purification of SGG and DSGG from human kidney tissue. Normal human
kidney tissue was chosen as an appropriate source from which to purify SGG and
DSGG for several reasons. First, it is an available and clinically relevant urinary
tract tissue, whereas the vaginal epithelium cannot be harvested in sufficient
quantity for the purification of SGG and DSGG. In addition, we chose a human
tissue as the source for these compounds, since variations in the structure of the
ceramide portions of GSLs may be species specific, and thus structural differ-
ences found in animal tissues can have implications for the binding specificities
of microorganisms (14). In preliminary studies, using the methods described
below, we extracted and purified GSLs from small autopsy samples of normal
human kidney tissue and determined that SGG and DSGG were expressed in
these tissues. The purification was then scaled up, and a total of 1 kg of normal
human kidney tissue was obtained and pooled from autopsy specimens from
eight individuals. Autopsy reports were reviewed to insure that none of the
patients died from renal disease or from diseases affecting kidney function. The
majority of the material by weight was obtained from a 38-year-old woman who
died from medulloblastoma. The tissue was washed and homogenized in a
Waring blender, and GSLs were then prepared by a series of standard purifica-
tion steps. First, an organic extraction with isopropanol-hexane-water was per-
formed (10), followed by a modified Folch extraction (3) to produce lower and
upper phases. No further purification of the lower phase was performed for these
studies. The upper phase was then subjected to anion-exchange chromatography
(41). Neutral GSL fractions were collected in the flowthrough, and acidic frac-
tions were eluted with 0.05, 0.15, and 0.45 M ammonium acetate washes. The
neutral fraction was then further purified by reverse-phase chromatography
followed by acetylation and deacetylation to remove phospholipids and choles-
terol (40, 41). The acidic fractions were then subjected to normal-phase silica gel
high-performance liquid chromatography (HPLC) (13). SGG and DSGG were
then identified and purified from the HPLC fractions by stepwise combinations
of HPTLC immunostaining (12, 24), bacterial overlay assays (36), HPTLC in
multiple solvent systems, and preparative HPTLC (28). The purification of SGG
and DSGG as well as the structural characterization of SGG will be described
more fully elsewhere (37a).

HPTLC immunostaining and bacterial overlay assays. GSLs isolated and
purified from the kidney tissues and then separated on HPTLC were immuno-
stained according to the procedure of Magnani et al. (24), as modified by
Kannagi et al. (12). Briefly, after HPTLC, the plates were blocked for 2 h in 5%
bovine serum albumin in phosphate-buffered saline, washed, and incubated with
the primary MAb in phosphate-buffered saline. After an incubation with the
secondary antibody, the plates were washed, incubated with 125I-labeled protein
A solution, washed, dried, and subjected to autoradiography. MAbs ID4 and
RM-1, directed against SGG (31, 36), were used to monitor the purification of
both SGG and DSGG. Since DSGG differs in structure from SGG by only one
sialic acid residue, DSGG was identified by subjecting the compound to a timed,
limited desialylation procedure to produce SGG (27). Briefly, aliquots of the
purified putative DSGG compound to be tested were incubated in 1% acetic acid
for 1, 3, and 7 min at 100°C and the reactions were terminated by plunging the
tubes in ice and adding ice-cold ethanol. The samples were then dried and
subjected to HPTLC, and immunostaining with MAb ID4 was performed. The
presence of globoseries GSL moieties, particularly SGG and DSGG, was also
monitored in the various fractions obtained during the lengthy purification steps
with HPTLC bacterial overlay assays. Assays were performed as previously
described (36) with metabolically 35S-labeled E. coli isolate R45, a wild-type
cystitis isolate (35) which expresses P fimbriae carrying the class II pap-encoded
adhesin (9) and binds globoseries GSLs (36). At every step, the results of HPTLC
immunostaining and bacterial overlay experiments were compared, and relevant
fractions and individual bands visualized by HPTLC were then subjected to
further purification, as described above.

Bacterial binding curves. (i) GSL standards. Globoseries GSL standards were
isolated and purified in our laboratory from the following sources, using methods
similar to those described above for purifying SGG from human kidney tissue
(29): (i) ceramide trihexoside (CTH; globotriaosylceramide [Gb3]), from human

erythrocytes; (ii) globoside (globotetraosylceramide [Gb4]), from human eryth-
rocytes; and (iii) SGG and DSGG, purified from human kidney tissue as de-
scribed above. Ceramide monohexoside (CMH) was purified from colonic ade-
nocarcinoma and was used as a negative control for the binding of E. coli
expressing P fimbriae carrying pap-encoded adhesins (36, 37). GSL standards
were quantitated by a combination of the resorcinol and sphingosine assays (25)
and densitometry. Relative quantities of GSLs were standardized by HPTLC by
the comparative dilution method, using an appropriate reference GSL having a
carbohydrate chain of equal length and charge and of similar molarity to that of
the GSL being standardized. (34). The structures of the compounds utilized are
shown in Table 1.

(ii) Bacterial binding assays. To construct binding curves, GSL standards were
serially diluted on HPTLC plates from 300 to 18.25 ng and overlaid with meta-
bolically 35S-labeled E. coli isolates in bacterial overlay assays, as previously
described (36). This range of GSL concentrations was chosen on the basis of
preliminary experiments with two of the E. coli isolates described below that
showed saturation of bacterial binding for SGG at higher concentration ranges of
these GSL standards. After bacterial overlay, the HPTLC plates were subjected
to autoradiography, and densitometry of the autoradiographs was performed to
assess the quantity of bacterial binding to each GSL relative to the others. A
second method of assessing bacterial binding, using the same plates, was per-
formed by scraping the silica band corresponding to bacterial binding to each
GSL standard, followed by counting the radioactivity in a scintillation counter.

E. coli isolates. The E. coli isolates that were tested included the following: (i)
R45, a wild-type cystitis isolate from a woman with acute cystitis which expresses
P fimbriae carrying a class II pap-encoded adhesin (8, 35); (ii) IA2, a second
wild-type isolate, from which HB101/pDC1 (called pDC1 in this paper) was
cloned and which expresses P fimbriae carrying a class II pap-encoded adhesin
(2); (iii) JJ122, which expresses P fimbriae carrying a class I papG-encoded
adhesin (PapG from J96) (HB101/pJJ48); (iv) pDC1, which expresses P fimbriae
carrying a class II pap-encoded adhesin (PapG from IA2) (2); (v) P678-54/
pJFK102 (called pJFK102 in this paper), which expresses P fimbriae carrying a
class III adhesin (PrsG from J96) (15); and (vi) the negative control isolates
HB101 and P678-54. Wild-type organisms were grown on sheep’s blood agar, and
recombinant isolates were grown on Luria broth agar plates containing the
appropriate antibiotics. Under the growth conditions utilized for these studies,
type 1 fimbriae were not expressed by any of the isolates (data not shown).

RESULTS

Purification of SGG and DSGG from human kidney tissue.
As described above, the purification of SGG and DSGG was
monitored by HPTLC immunostaining and bacterial overlay
assays on fractions putatively containing the compounds of
interest. The results of performing HPTLC immunostaining on
samples of purified SGG and DSGG, using MAb RM-1 di-
rected against SGG (31), are shown in Fig. 1. The MAb stained
only the band corresponding to SGG and did not stain DSGG
or the negative control GSL, ceramide trihexoside (Gb3). The
results of experiments to identify DSGG are shown in Fig. 2. In
these experiments, the fraction putatively containing DSGG
was subjected to a timed, limited desialylation procedure to
produce SGG, followed by HPTLC and immunostaining with
MAb ID4, directed against SGG (36). A comparison of lanes
1 to 3 in Fig. 2 shows that increasing amounts of SGG are
produced over time through desialylation of DSGG, resulting
in increasing staining of a band corresponding to SGG on the
autoradiograph of MAb ID4 staining shown in Fig. 2A. In the

TABLE 1. Structures of GSL standards used in this study

GSLa Structureb Source

CMH Glcb1-1cer Colonic adenocarcinoma
CTH Gala1-4 Galb1-4 Glcb1-1cer Human erythrocytes
Globoside GalNAcb1-3 Gala1-4 Galb1-4 Glcb1-1cer Human erythrocytes
Gal globoside Galb1-3 GalNAcb1-3 Gala1-4 Galb1-4 Glcb1-cer Human kidney
SGG NeuAca2-3 Galb1-3 GalNAcb1-3 Gala1-4 Galb1-4 Glcb1-1cer Human kidney
DSGG NeuAca2-3 Galb1-3 (NeuAca2-6) GalNAcb1-3 Gala1-4 Galb1-4 Glcb1-1cer Human kidney
Forssman GalNAca1-3 GalNAcb1-3 Gala1-4 Galb1-4 Glcb1-1cer Goat erythrocytes
ASGM1 Galb1-3 GalNAcb1-4 Galb1-4 Glcb1-1cer Desialylated GM1 from bovine brain

a Globoside, Gb4 (globotetraosylceramide); Gal globoside, galactosyl globoside; ASGM1, asialo-GM1.
b Glc, glucose; Gal, galactose; GalNAc, N-acetylgalactosamine; NeuAc, N-acetylneuraminic (sialic) acid; cer, ceramide.
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replicate HPTLC plate stained with orcinol (Fig. 2B), this is
reflected by a reduction in orcinol staining of the band corre-
sponding to DSGG, along with an increase in staining of the
band corresponding to SGG. At the 7-min desialylation time
point, a portion of the sample has likely also been converted to
galactosyl globoside, seen as a faint band migrating more rap-
idly than SGG in lane 3.

Figure 3 shows an example of the multiple bacterial overlay
experiments used to purify SGG and DSGG as well as the final
result of these purification steps. These experiments demon-
strate that SGG and DSGG purified from human kidney tissue
bind metabolically 35S-labeled representative E. coli isolates
R45, JJ122, and pJFK102, expressing P fimbriae carrying pap-
encoded adhesins of classes II, I, and III, respectively. Nine-
teen bacterial overlay experiments were performed during the
course of purifying SGG and DSGG (12 experiments using E.
coli R45 and 7 experiments using one or more of the other four
E. coli isolates described above). We repeatedly observed qual-
itative differences between the avidities of bacterial binding to
SGG and to CTH and other GSL standards with shorter-chain
oligosaccharide moieties, based on comparing orcinol staining
of known quantities of these purified GSL standards with the
amount of SGG in samples still in the process of purification.
For example, bacterial binding to 5 to 10 mg of CTH GSL
standard was approximately equivalent to the amount of bind-
ing to SGG that was at the limits of staining with orcinol,
estimated at 20 ng or less. These observations led to the bac-
terial binding quantitation experiments described below, using
purified SGG and DSGG.

Bacterial binding curves. The results of quantitating bacte-
rial binding to serially diluted CTH, globoside, SGG, and
DSGG standards both by means of scraping and counting
radioactive bands from the silica plates and by performing
densitometry of the autoradiographs were essentially identical.
Figure 4 shows the autoradiographs from these experiments
(left panels) as well as the results of counting radioactivity
scraped from bands on silica plates corresponding to binding of
metabolically 35S-labeled E. coli isolates R45, IA2, pDC1,
JJ122, and pJFK102 (right panels). Results of representative
experiments are shown for each strain. For each isolate, the
relative binding to SGG was greater than the binding to other
globoseries GSLs tested. No binding of GSLs by HB101 or in
bacterial overlay assays was observed, even when the plates
were exposed to film for 7 days (data not shown).

DISCUSSION
In a previous study, we demonstrated that vaginal epithelial

cells from nonsecretors selectively express SGG and DSGG

FIG. 1. Identification of SGG purified from human kidney tissue by HPTLC
immunostaining. GSL standards, including SGG and DSGG purified from hu-
man kidney tissue, were chromatographed and immunostained with MAb RM-1,
directed against SGG, as described in Materials and Methods. Lane 1, ceramide
trihexoside (Gb3; negative control); lane 2, DSGG; lane 3, SGG.

FIG. 2. Identification of DSGG purified from human kidney tissue by timed,
limited desialylation of DSGG to SGG, followed by HPTLC immunostaining.
DSGG purified from human kidney tissue was identified through desialylation to
form SGG, followed by immunostaining. A putative DSGG fraction was sub-
jected to a limited desialylation procedure by incubating aliquots of the sample
for 1, 3, and 7 min in 1% acetic acid and then drying the samples, subjecting them
to HPTLC, and performing TLC immunostaining with MAb ID4, directed
against SGG. (A) Autoradiograph of immunostained HPTLC plate; (B) same
HPTLC plate stained with orcinol reagent after the immunostaining procedure.
Lanes 1, DSGG fraction after 1 min of desialylation of DSGG; lanes 2, DSGG
fraction after 3 min of desialylation; lanes 3, DSGG fraction after 7 min of
desialylation; lanes 4, SGG standard.

FIG. 3. Binding of representative E. coli isolates expressing pap-encoded
adhesins to SGG and DSGG purified from human kidney tissue. GSLs were
purified and separated on HPTLC plates and then overlaid with metabolically
[35S]methionine-labeled E. coli R45 organisms, which bind globoseries GSLs.
Autoradiographs are shown. (A) E. coli R45; GSLs: ganglioside fraction (lane 1),
DSGG standard (lane 2), DSGG standard isolated from a different preparation
and subjected to formal carbohydrate structural analysis (31) (lane 3), SGG
standard (note traces of DSGG and galactosyl globoside) (lane 4), and CTH
(Gb3) and Forssman (Forss) standards (lane 5). (B) E. coli JJ122; GSLs DSGG
standard (lane 1), blank (no GSLs) (lane 2), SGG standard (lane 3), asialo-GM1
(ASGM1) standard (lane 4), and CTH and Forssman standards (lane 5). (C) E.
coli pJFK102; GSLs: DSGG standard (lane 1), DSGG standard isolated from a
different preparation and subjected to formal carbohydrate structural analysis
(lane 2), SGG (lane 3), ASGM1 standard (lane 4), and CTH and Forssman
standards (lane 5).
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FIG. 4. Binding of representative E. coli isolates to serial dilutions of globoseries GSLs in bacterial overlay assays. Autoradiographs of binding are shown in the
lefthand panels, and the righthand panels show the quantification of the binding demonstrated in the adjoining autoradiographs. GSLs were serially diluted from 300
to 18.25 ng, chromatographed by HPTLC, and overlaid with representative E. coli isolates, as described in the text. The lanes containing standards for CMH (5 mg;
negative control), CTH (Gb3), globoside, SGG, and DSGG are labeled. (A) E. coli R45; (B) E. coli IA2; (C) E. coli JJ122; (D) E. coli pJFK102; (E) E. coli pDC1. Glob,
globoside.
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and that these compounds bind a wild-type uropathogenic E.
coli strain, R45, expressing a pap-encoded adhesin (36). Bind-
ing did not occur under conditions where pap-encoded ad-
hesins were not expressed (36). We reasoned that the presence
of these E. coli-binding GSLs on the vaginal epithelial cells of
nonsecretors but not secretors might explain the increased
propensity of nonsecretors for developing recurrent UTIs (5,
17, 32). In the studies reported here, we have now shown that
SGG and DSGG are also expressed in human kidney tissues
and that these compounds, purified from this source, bind
cloned and wild-type uropathogenic E. coli isolates expressing
pap-encoded adhesins. These strains represent the three
known classes of P fimbrial adhesins. Using a PCR method that
distinguishes the three classes of adhesins (7), we previously
determined that E. coli R45 expresses P fimbriae carrying a
class II adhesin (8, 9). In addition, we demonstrated the bind-
ing of SGG and DSGG by IA2, another wild-type isolate ex-
pressing P fimbriae carrying a class II pap-encoded adhesin, as
well as by a cloned isolate expressing this adhesin (PapG from
IA2), pDC1 (2). The class I papG-encoded adhesin was rep-
resented by an isolate expressing P fimbriae carrying PapG
from J96 (HB101/pJJ48), expressing the pap operon from
pHU845 (26), and the class III papG-encoded adhesin was
represented by pJFK102, which expresses P fimbriae carrying
PrsG from J96 (15). Thus, we have demonstrated that SGG
and DSGG are relevant bacterial binding moieties for uro-
pathogenic E. coli isolates expressing P fimbriae carrying all
three known members of the family of pap-encoded adhesins.

To investigate the possible biological implications of this
finding, we designed experiments to assess the relative binding
of these E. coli isolates to the GSLs SGG and DSGG (nonse-
cretor-restricted in the vaginal epithelium [36]) as well as to
other relevant globoseries GSLs that we previously identified
on both secretors’ and nonsecretors’ vaginal epithelial cells
(36). Before the various classes of pap-encoded adhesins were
genetically defined, the binding of various wild-type and cloned
uropathogenic E. coli isolates expressing pap-encoded adhesins
to globoseries GSLs other than SGG and DSGG was investi-
gated (21, 37). These studies demonstrated relatively little dif-
ference between GSL binding to globoside and binding to Gb3
for those E. coli isolates expressing P fimbriae carrying pap-
encoded adhesins of classes I or II. Isolates expressing P fim-
briae carrying a class III pap-encoded adhesin demonstrated a
preference for binding to extended globoseries GSLs (37). In
preliminary experiments, we found that binding of E. coli to
SGG and DSGG was completely saturated in the GSL con-
centration range (0 to 1.0 mg) reported in one of these two
previous studies, in which a similar technique was used (21,
37). Thus, we constructed GSL binding curves in lower con-
centration ranges (18 to 300 ng). Although we confirmed most
of the previously reported data regarding the relative efficiency
of binding of E. coli expressing P fimbriae carrying pap-en-
coded adhesin(s) to globoseries GSLs such as Gb3 and Gb4, we
found that all five E. coli isolates bound more strongly to SGG
than to the other globoseries GSLs tested, including DSGG.
These data demonstrate that, at least in the urogenital epithe-
lia of nonsecretors, SGG may be a preferred ligand for uro-
pathogenic E. coli isolates.

In the studies reported here, we have isolated and purified
SGG and DSGG from normal human kidney tissue for the first
time. Further structural analysis of the SGG sample we ob-
tained from this tissue source by proton nuclear magnetic
resonance spectroscopy, mass spectroscopy, and linkage anal-
ysis has been completed and will be reported elsewhere (37a),
while similar chemical characterization of DSGG from human
kidney tissue is ongoing. SGG has been previously isolated,

purified, and definitively characterized as to structure only
from a human teratocarcinoma cell line, 2102Ep (11). DSGG
has been purified from chicken muscle, human erythrocytes,
and kidney tumor tissue, and its structure has been definitively
proven to be that shown in Table 1 (1, 18, 20, 31). Previous
studies by Karr et al. suggested that histological sections of
human kidneys could be stained by a MAb directed against
stage-specific embryonic antigen 4 (SSEA-4) and that E. coli
pJFK102 also bound these kidney sections in the same areas
stained by the antibodies (15, 16). SSEA-4 is defined as an
epitope staining with a MAb raised against 4- and 8-cell-stage
mouse embryos and a human teratocarcinoma cell line (33).
Based on MAb MC813-70 staining, SSEA-4 has been identi-
fied in undifferentiated human embryonic carcinoma cells and
seminomas (30). Agglutination of papain-treated human eryth-
rocytes also occurs with MAb MC813-70, identifying the Luke
antigen (38, 39), but the molecule on which the Luke antigen
is carried on erythrocytes has not been isolated and structurally
characterized. Thus, the antibody staining data previously re-
ported by Karr et al. suggested, but did not prove, that SGG
was expressed in human kidney tissue. Our data unequivocally
demonstrate the presence of both SGG and DSGG in human
kidney tissue.

In conclusion, our studies demonstrate the presence of SGG
and DSGG in the human kidney and define SGG as a GSL to
which each of the three classes of pap-encoded adhesins binds
avidly. The biological significance of these findings requires
further study, but since E. coli isolates bearing P fimbrial ad-
hesins are very strongly associated with renal infection (6),
SGG may well play a role in the pathogenesis of acute pyelo-
nephritis. Svanborg and associates have also reported an asso-
ciation between nonsecretor status and an increased likelihood
of clinically defined inflammatory responses suggestive of py-
elonephritis, such as fever, leukocytosis, and elevated C-reac-
tive protein (23). The presence of SGG in the kidneys of
nonsecretors could play a role in predisposing these patients to
renal inflammation. Further studies are needed to more exten-
sively define the expression of SGG and DSGG in epithelial
tissues throughout the urogenital tract. Our data demonstrate
the presence of these compounds in the vagina (36) and kid-
ney; we are currently studying the GSL composition of normal
human bladder epithelium, including assaying for the presence
of SGG and DSGG. Data derived from these studies will
increase our knowledge of bladder glycobiology and may even-
tually lead to novel preventive strategies for UTI through the
use of carbohydrate-based compounds that competitively in-
hibit bacterial attachment.
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