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 Pathogenesis of Shigella Diarrhea. XIV. Analysis of Shiga Toxin Receptors on
 Cloned HeLa Cells

 Mary Jacewicz, Henry A. Feldman,
 Arthur Donohue-Rolfe, K. A. Balasubramanian,
 and Gerald T. Keusch

 From the Division of Geographic Medicine and Infectious
 Diseases, New England Medical Center, and the Department

 of Environmental Science and Physiology, Harvard
 University School of Public Health, Boston, Massachusetts

 Binding kinetics of Shiga toxin to HeLa CCL-2 cells and to cell lines cloned by limiting
 dilutions were determined. Lines with a wide range of sensitivity to Shiga toxin were ob-
 tained. Binding data, analyzed by a computer-based Scatchard model program, revealed
 two classes of binding sites, one of low affinity and high capacity and one of high affinity
 and low capacity. The number of high affinity, but not low affinity, sites present on the
 clones correlated with their sensitivity to toxin. Ibnicamycin-treated CCL-2 cells became
 resistant to Shiga toxin in parallel with a reduction in the capacity of the high-affinity
 site. Cell content of Gba, the glycolipid receptor for Shiga toxin, decreased as the sensitiv-
 ity of the cells diminished. These data show that a minority of Shiga toxin binding sites
 of HeLa cells are involved in the cytotoxic response and suggest that Gba is the high-
 affinity functional cytotoxin receptor.

 Shiga toxin, a potent protein cytotoxin produced by
 Shigella dysenteriae 1, is highly toxic for certain cells
 in culture [1, 2]. The toxin is a multimeric protein
 consisting of two distinct subunits [3]. The larger
 peptide (Mr = 32,225), the A subunit, irreversibly
 inhibits protein synthesis by means of an AT-gly-
 cosidase activity on adenine base 4324 in the 28S
 rRNA of the 60S ribosomal subunit [4]. The B
 subunit (Mr ^ 7,691), a 69 amino acid peptide of
 known amino acid sequence [5], mediates toxin bind-
 ing to HeLa cells and to rabbit intestinal microvillus
 membranes (MVM) in a carbohydrate-specific fash-
 ion [6, 7] via glycolipid receptors containing a ter-
 minal Gal-al-*4Gal disaccharide [6, 8]. This bind-
 ing step is essential for the holotoxin to act on intact
 cells. HeLa cells also have a tunicamycin-inhibitable
 receptor for Shiga toxin that correlates with the cyto-
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 toxic response. The known action of tunicamycin to
 inhibit N-linked glycoprotein synthesis and the in-
 hibitory effect of both wheat germ agglutinin and
 succinylated wheat germ agglutinin on toxin-me-
 diated detachment of HeLa cells from monolayer
 culture has suggested the existence of a second recep-
 tor postulated to be a glycoprotein containing TV-ace-
 tyl-D-glucosamine oligomers [9, 10]. However, no
 direct evidence of this second putative receptor has
 been reported.

 Although toxin-binding sites have been described
 on the surface of HeLa cells and other cell lines, no
 correlation has been found between the number of

 binding sites and the sensitivity of the cell lines [2,
 11]. The glycolipid toxin binding moiety, identified
 as globotriaosylceramide, Gba, is present in both
 HeLa cells and rabbit jejunal MVM [6]. Gb3 appears
 to be important for the enterotoxin activity of Shiga
 toxin in rabbit small bowel on the basis of the tem-

 poral correlation between the age-dependent appear-
 ance of Gba in infant jejunal MVM after day 16 of
 life, and the development of a toxin binding site on
 MVM, and the ability to respond to toxin with a "net
 fluid secretory" response in in vivo ligated jejunal
 loops [7]. No evidence for a second receptor in rab-
 bit MVM has been obtained. In contrast, the nature
 and number of functional receptors mediating Shiga
 toxin cytotoxicity in cell culture remains uncertain
 [6, 8]. In this study, we used cloned HeLa cell lines
 to better characterize the kinetics of toxin binding
 and subjected the binding data to stringent statisti-

 881

This content downloaded from 130.64.11.153 on Tue, 18 Jul 2017 04:08:30 UTC
All use subject to http://about.jstor.org/terms



 882 Jacewicz et al

 cal analysis to assess possible evidence of a second
 receptor.

 Materials and Methods

 Toxin purification and iodination. Toxin was ob-
 tained from sonic lysates of broth-grown S. dysen-
 teriae 1, strain 60R, and was purified to homogeneity
 as previously described [3]. The final purified toxin
 was lyophilized in 20 mM ammonium bicarbonate
 and stored in the dry state until used. Iodination was
 by a modification of the chloramine T procedure,
 which does not alter toxin cytotoxic specific ac-
 tivity [3].

 Cloning and maintenance ofHeLa cells. HeLa
 CCL-2 or 229 cells were obtained from the ATCC

 (Rockville, Md) and maintained in McCoy's 5a modi-
 fied medium (medium) supplemented with lO^o
 heat-inactivated fetal bovine serum (FBS), and 100
 units of penicillin, and 100 ng of streptomycin/mL.
 Cells were cloned by limiting dilutions. Preparation
 of conditioned medium was by mixing an equal vol-
 ume of medium containing lO^o FBS and antibiot-
 ics with medium obtained from cells cultured over-

 night, which were sterilized by filtration through a
 0.2-nm pore filter (Nalgene, Rochester, NY). HeLa
 monolayers were disaggregated in 0.25^0 trypsin and
 0.02^0 EDTA and diluted to 5 cells/mL in condi-

 tioned medium. Of this diluted cell suspension, 0.2
 mL was inoculated onto 96-well microtiter plates.
 Colonies that developed over 2 w were transferred
 serially to 12-well microtiter plates and then to 25-
 and 75-cm2 tissue culture flasks. Lines were tested

 for sensitivity to Shiga toxin, recloned, retested, and
 maintained by weekly passage. Phenotypic con-
 sistency was verified weekly during the course of
 these experiments.

 Cytotoxicity assay. Cytotoxicity was assessed by
 two methods. The first measured the detachment of

 HeLa monolayers from the substratum by a simple
 hemocytometer counting method as previously de-
 scribed [12]. HeLa cells grown in 96-well microtiter
 plates were incubated with serial dilutions of toxin
 overnight and then vigorously washed to remove de-
 bris and loosely attached cells. Remaining cells were
 then removed with trypsin and EDTA and counted
 in a Neubauer bright line hemocytometer chamber
 (American Optical, Buffalo, NY). Toxicity was cal-
 culated by comparing the cell counts in toxin-treated
 and control cells. In the second method, HeLa cells
 were grown and inoculated with toxin as above. Af-

 ter incubation for 3 h, cells were washed and pulsed
 with 1 nCi of 3H-leucine in leucine-free medium for
 another 30 min. Cells were again washed and solu-
 bilized in 110 nL of 0.2 M KOH and a 100-nL ali-
 quot was added to 1 mL of lOVo cold trichloroace-
 tic acid. Precipitated proteins were harvested under
 suction on glass fiber filters (Whatman, Maidstone,
 UK), dried, and placed in 4 mL of scintillation cock-
 tail (Monofluor, National Diagnostics, Manville, NJ)
 to measure radioactivity. Data were calculated as the
 percentage inhibition of leucine incorporation as
 compared to counts obtained in control samples
 (without toxin).

 Lectin-binding studies. Lectins were commer-
 cially obtained: concanavalin A (Con A), which
 recognizes glucose and mannose; wheat germ agglu-
 tinin (WGA), which binds GlcNAc oligomers and
 sialic acid; Griffonia simplicifolia II (GSII), which
 binds to monomeric GlcNAc; and two galactose
 binding lectins, peanut agglutinin (PNA) and Ri-
 cinus communis lectin (RCA). GSII and RCA were
 obtained from Sigma Chemical (St. Louis); the
 others were from Calbiochem-Behring (La Jolla,
 Calif). Lectins were iodinated as described and seri-
 ally diluted in 0.05 M phosphate-buffered saline, pH
 7.2, containing 1 mg/mL bovine serum albumin
 (PBS/BSA). All procedures were performed at 40C.
 HeLa monolayers were washed twice in PBS/BSA,
 inoculated in triplicate with 30 \xL of serially diluted
 iodinated lectin, and incubated for 1 h. Supernatants
 were collected, and, after high-speed centrifugation
 in a microfuge, were placed in tubes for radioactiv-
 ity counts. Monolayers were washed three times with
 0.2 mL of PBS/ BSA and twice with PBS. Cells were

 harvested with trypsin and EDTA and placed in
 tubes. The wells were then washed three times with

 0.2 mL of PBS; all wash fluid was collected and
 added to the cells for counting.

 Binding parameters of lectins to the various cell
 lines were calculated by the method of Steck and
 Wallach [13], originally developed to examine the
 binding of a soluble ligand (phytohemagglutinin) to
 an intact tumor cell. The reciprocal of the number
 of toxin molecules bound per cell (1/r) was plotted
 as a function of the reciprocal of the molar concen-
 tration of ligand remaining in solution (1/P). The
 affinity constant, K9 was calculated as - (1/P) when
 1/r = 0. The specificity of the binding was deter-
 mined by performing the binding assays with io-
 dinated lectin in the presence of a 100-fold excess
 of the unlabeled protein.
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 Toxin-binding studies and calculation of binding
 parameters. Toxin was iodinated as described and
 inoculated in HeLa cell monolayers as in the lectin
 experiments. Free and bound radioactivity was de-
 termined. Then parameters of binding were evalu-
 ated by computer using an updated version of the
 LIGAND program [14], which was modified to as-
 sess one or two independent classes of binding sites
 in the curve of bound versus total toxin. A "best pos-
 sible" model was also obtained by passing a step
 function through the mean of each set of replicate
 data. Residual mean square deviation of data points
 from the fitted curve was obtained for each model

 and data were compared by the F test [15].
 Effect of tunicamycin pretreatment on binding

 parameters. Parent cells were exposed to tunica-
 mycin, 0.05 ng/mL, for periods ranging from 2 to
 24 h at 370C. Cells were then washed, chilled to 40C,
 and inoculated with 200 nL of serial twofold dilu-
 tions of 125I-labeled toxin in medium for 1 h at 40C.

 Monolayers were washed three times with medium
 and twice with PBS and then prepared as for bind-
 ing studies. Binding parameters to tunicamycin-
 treated cells were analyzed as above.

 Extraction, purification, and quantitation of
 HeLa cell glycolipids. Lipids were extracted from
 HeLa cells grown in 150-mm tissue culture dishes (~5
 x 107 cells per dish) and from rabbit jejunal MVM
 by treatment with 2 mL methanol at 550C for 15 min,
 followed by addition of 4 mL of chloroform and 1.5
 mL of HjO to establish a Folch partition [16]. Neu-
 tral glycolipids were isolated from the lower phase
 lipids on a Unisil column (Clarkson Chemical, Wil-
 liamsport, Pa) and assayed by quantitative high-
 performance liquid chromatography (HPLC) [17].
 Samples were dissolved in carbon tetrachloride, in-
 jected onto a pellicular Zipax column (DuPont, Wil-
 mington, Del), separated on a Waters HPLC (Waters,
 Milford, Mass) with a 13 min linear gradient of
 1^0-20^0 dioxane in hexane with a flow rate of 2

 mL/min, and detected by UV absorption at 230 nm.
 High-performance thin-layer chromatography

 (HPTLC). HeLa and rabbit MVM glycolipids were
 separated by HPTLC in a solution of chloroform,
 methanol, and water (50:40:10), then dried, blocked
 with 5^0 bovine serum albumin (BSA), and exposed
 at 40C to 2 x 105 cpm/mL of iodinated toxin or
 lectin in PBS containing O.l^o BSA for 4 h [6]. Plates
 were washed with PBS/BSA, dried, and autora-
 diographed using XAR-5 film (Eastman Kodak,
 Rochester, NY). Plates were then sprayed with 0.5^0

 orcinol in lO^o aqueous H2SO4 to display glycolipid
 bands.

 Results

 The dose response to Shiga toxin of the parent ATCC
 CCL-2 line and four derived clones is shown in fig-
 ure 1. Clones were arbitrarily designated resistant or
 sensitive when TCID50 was one or more orders of
 magnitude greater than the parent line. Two lines,
 ID3C6a and ID3G12a (called C6a and G12a) were
 resistant (TCID50 = M.5 x 107 and 2.6 x 106
 pg/mL, respectively); one, VIIIG4c (G4c), was simi-
 lar to the parent line and designated intermediate
 (TCID50 = 3.2 x 102 and 9.3 x 101 pg/mL, respec-
 tively); and one, XIIC5G5a (G5a), was sensitive
 (TCID5o = 1.8 x lO"1).

 Binding of toxin. Association of toxin with each
 of the cell lines followed a similar rapid time course
 (more than 50^0 of maximum binding was achieved
 within 5 min) and reached a plateau by 15 min. Dis-
 sociation in the presence of a 1,000-fold excess of
 unlabeled toxin at 40C was slow, and ^OVo of the
 counts remained bound after 6 h. Binding was pH
 dependent in all lines, with a broad plateau between
 pH 5 and 8 (data not shown). Cytotoxicity paral-
 leled toxin binding when cells were exposed to toxin
 for 30 min at 40C at pH 3-10 and then incubated
 overnight at 370C (data not shown).

 Figure 1. Dose-response curve of parent and cloned
 HeLa CCL-2 cell lines to Shiga toxin. Cytotoxicity was
 measured by determining the ability of toxin to cause
 detachment of HeLa cells from a monolayer after over-
 night incubation in the presence of serial dilutions of toxin.
 ? , XIICaG5a; H, parent; M, VIIIG4c; D, ID3G12a; ^
 ID3C6a.

 Toxin concentration (pg/mL)
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 Table 1. Lectin binding of Shiga toxin to parent and cloned HeLa cells.

 Cell line

 Lectin Parent G5a G5c G12a C6a

 K, association Constant (M-1)
 Con A 1.4 x 107 1.6 x 107 8.9 x 106 9.4 x 106 1.1 x 107
 PNA 7.3 x 106 8.8 x 106 1.2 x 107 1.0 x 107 9.8 x 106

 RCAI 1.2 x 107 9.6 x 106 9.9 x 106 1.3 x 107 1.5 x 107

 GSII 5.9 x 104 7.5 x 104 6.3 x 104 3.8 x 104 4.2 x 104

 WGA 2.3 x 107 1.8 x 107 2.9 x 107 1.8 x 107 1.5 x 107

 n, number of binding sites per cell
 Con A 8.3 x 106 1.9 x 107 9.7 x 106 1.3 x 107 1.8 x 107

 PNA 1.8 x 107 1.5 x 107 1.9 x 107 1.8 x 107 2.3 x 107

 RCAI 3.9 x 107 3.3 x 107 2.8 x 107 2.6 x 107 3.4 x 107

 GSII 1.3 x 105 2.8 x 105 1.6 x 105 9.7 x 104 6.9 x 104

 WGA 7.8 x 107 1.9 x 108 3.6 x 107 7.3 x 107 6.9 x 107

 Lectin binding to parent and cloned HeLa cells.
 The five lectins studied did not discriminate among
 the cloned lines. Calculated binding parameters for
 the five lectins are shown in table 1. A single bind-
 ing site for each lectin was detected and no signifi-
 cant differences in K or n for these lectins to any
 of the cell lines were observed. The binding was spe-
 cific (as shown by the competition of unlabeled for
 labeled lectin) except for GSII. Each of the four
 cloned lines demonstrated lectin binding parameters

 similar to those of the parent line (data not shown).
 Toxin binding to parent and cloned HeLa cells.

 Toxin binding to the cell lines, fitted with Scatchard-
 model binding curves, is shown in figure 2, top, and
 the standard Scatchard plot of bound to free toxin
 is compared to bound ligand in figure 2, bottom.
 Three of the five lines, the parent, the sensitive G5a
 line, and the intermediate line (G4c), show a distinct
 hump in the lower part of the log-log binding curve,
 consistent with the presence of a second higher-affin-

 Figure 2. Scatchard analysis of 125I-
 labeled-Shiga toxin binding to parent
 strain and cloned HeLa cell lines. 6,
 parent; -H, XIIC5aG5a; A, VIIIG4c;
 O, ID3C6a; D, ID3G12a; B, non-
 specific binding.

 BOUND TOXIN

 (nM)

 BOUND

 TOTAL TOXIN (nM)

 BOUND TOXIN (nM)
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 Table 2. Binding parameters of Shiga toxin to parent and
 cloned HeLa cells by computer-generated Scatchard
 model.

 Capacity (nA/)

 Low-affinity High-affinity
 Cell line, phenotype site* sitet

 Parent, intermediate 13.4 ? 0.5 0.040 ? 0.008
 G5a, high sensitive 16.7 ? 0.6 0.411 ? 0.025
 G4c, intermediate 16.0 ? 0.6 0.083 ? 0.012
 G12a, resistant 11.3 ? 0.4 0.000 ? 0.001-
 G6a, resistant 2.4 ? 0.1 0.005 ? 0.003 +

 * Affinity (nA^1) 0.0106 ? 0.0005 (? SE).
 t Affinity (nA^1) 335 ? 470 (not significantly different from

 zero).

 ity binding site, which is also seen in the Scatchard
 plot. The resistant clones, G12a and G6a, were vir-
 tually devoid of a high-affinity second site in these
 graphic presentations. The conclusion that two sites
 were present was based on a statistical evaluation em-
 ploying a computer program Scatchard model that
 uses bound toxin as the dependent variable and to-
 tal toxin as the independent variable. The binding
 data allowed precise estimates for the capacity of the
 high-affinity site, which was proportional to the sen-

 sitivity of the line to toxin (table 2), although the
 standard error was too large to allow a reliable esti-
 mation of affinity. Both parameters for the lower-
 affinity site could be defined for all five lines. No
 relationship between the capacity of the low-affinity
 site and the sensitivity of the various lines to the toxin
 was observed. A two-site model fitted these data sig-
 nificantly better than a one-site model, as indicated
 by comparison of the residual sum of squares of devi-
 ation of data points from the fitted binding curve
 (F ^ 261.4; df = 6,302; P < .0001). However, the
 data did not permit an assumption of absolute good-
 ness-of-fit for the two-site model when compared to
 the "best-possible" model (see Methods); (F = 6.9;
 df = 113,189; P < .0001).

 Binding of toxin to tunicamycin-treated parent
 cells. Binding data to parent cells pretreated with
 tunicamycin for 0, 2, 4, 6, or 16 h are shown in fig-
 ure 3, top. The fitted curves are virtually identical
 at incubation for 0 and 2 h and appear superimposed
 in the graph. The curves at 0, 2, and 4 h of incuba-
 tion show a clear hump at low-toxin concentrations,
 consistent with the rapid filling of a high-affinity
 site. There was no indication of this high-affinity site
 after 6 or 16 h of exposure to tunicamycin. The stan-

 Figure 3. Scatchard analysis of bind-
 ing of 125I-labeled-Shiga toxin to
 tunicamycin-treated parent strain HeLa
 cells. 0, 0 h; O, 2 h; D, 4 h; A, 6 h;
 + , 16 h; M, nonspecific binding.

 BOUND TOXIN

 (nM)

 BOUND/FREE

 TOTAL TOXIN (nM)

 BOUND TOXIN (nM)
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 dard Scatchard plot is shown in figure 3, bottom.
 Binding parameters based on the statistical model
 are summarized in table 3. This high-affinity site
 could be estimated from these data with confidence,
 and was markedly different from the second bind-
 ing site. The capacity of the high-affinity site pro-
 gressively declined during the first 4 h of exposure
 to tunicamycin, and was not detectable by 6 h. The
 number of low-affinity sites remained constant dur-
 ing the first 6 h of incubation and declined modestly
 at 16 h. The two-site model fit the data significantly
 better than the one-site model (F = 145; df = 3.14,
 PK .0001). The "best possible" model did not fit sig-
 nificantly better than a two-site model (F = 0.95;
 df = 67,247; P < .50).

 Gbj content of tunicamycin-treatedparent HeLa
 cells and cloned lines. As Gba is the only charac-
 terized toxin binding site on HeLa cells or rabbit
 MVM, we measured Gba content in tunicamycin-
 treated parent cells (table 4). By 4 h of treatment with
 tunicamycin, Gb3 content was reduced to ^27^0 of
 control, and continued to decrease thereafter with
 prolonged exposure to the inhibitor, similar to the
 change in capacity of the high-affinity binding site
 (table 3).

 To evaluate cytotoxicity and Gba content in cloned
 cells, a new set of clones was derived from HeLa 229
 cells by the limiting dilution method and compared
 to parent CCL-2 cells. As before, clones differing
 in sensitivity by orders of magnitude were obtained
 (table 5). Total Gba content, normalized to cell pro-
 tein, correlated well with the sensitivity of the clones
 to the toxin.

 Effects of wheat germ agglutinin. Prior data
 have shown that WGA or its succinylated derivative

 Table 4. Gba content of parent HeLa CCL-2 cells ex-
 posed to tunicamycin.

 Exposure to
 tunicamycin (h) Gba content (%)*

 0 407 (100)
 4 110(27)
 6 75 (18)
 16 60 (15)

 NOTE. Gbj content is in pmol/mg cell protein.
 * Percentage of control (without tunicamycin).

 inhibits Shiga toxin-induced detachment of HeLa
 cells from monolayer culture [9, 10]. Because the
 common binding specificity of these lectins is oligo-
 meric Af-acetyl-D-glucosamine, such data have sup-
 ported the existence of a second glycoprotein toxin
 receptor containing these sugar residues. However,
 WGA has been reported to bind to glycolipids in-
 corporated into liposomes, including Gba [18]. We
 assessed the ability of WGA to protect HeLa cells
 and to bind to glycolipids extracted from HeLa cells
 and from rabbit MVM after separation by HPTLC.
 WGA inhibited cell detachment from the mono-

 layers, as previously reported, but failed to protect
 cells from toxin-mediated inhibition of protein syn-
 thesis (table 6). WGA did not bind to Gba from HeLa
 cells, rabbit MVM, or authenticated purified eryth-
 rocyte Gba; however, Shiga toxin bound as expected
 to the identical preparations (data not shown). WGA
 bound at the origin in lanes containing HeLa cell
 lipids but not in lanes containing rabbit MVM or
 lactosylceramide (Gb2). In contrast, iodinated Con
 A, used as a control, did not bind to any of the lipids
 tested.

 Table 3. Binding parameters of 125I-Shiga toxin to tuni-
 camycin-treated cells by computer-generated statistical
 model.

 Exposure time (h)

 0

 2

 4

 6

 16

 13.79 ? 0.35

 18.16 ? 0.32

 20.82 ? 0.40

 15.66 ? 0.34

 3.63 ? 0.13

 0.26 ? 0.03

 0.23 ? 0.03

 0.16 ? 0.02

 Capacity (nM)

 Low-affinity
 site*

 High-affinity
 sitet

 * Affinity (nM"1) 0.01455 ? 0.00045 (? SE).
 t Affinity (nAT1) 6.26 ? 1.55 (not significantly different from

 zero).

 Table 5. Sensitivity to Shiga toxin and Gba content of
 cloned HeLa 229 cells.

 Cell line

 5E-7

 3C-8

 5C-7

 2B-7

 Parent 229

 3F-3

 Parent CCL-2

 Toxin sensitivity
 LD50 (pg/mL)

 4.5 x 10-'

 2.0 x 10-'

 2.0 x lO-

 1.1 x lO"1

 8.0 x 10?

 1.0 x 101

 1.8 x 103

 Gbj content

 4,118
 3,770
 5,270
 2,378
 2,347

 795

 407

 NOTE. Gbj content is in pmol/mg cell protein.
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 Table 6. Effects of toxin on wheat germ agglutinin on
 HeLa cell attachment and protein synthesis.

 Wheat germ Leucine
 agglutinin Detached cells* incorporation
 (Hg/mL) (% of control) (% of control)

 0.0 56.8 6.0

 1.0 35.5 3.8

 0.5 40.1 4.2

 0.1 44.2 5.0

 0.05 51.6 5.2

 * Equivalent to percentage of mortality in the cell detachment
 assay (see [12]).

 Discussion

 Our studies showed two classes of Shiga toxin recep-
 tor sites on HeLa cells, a high-affinity receptor pres-
 ent in relatively low number and a low-affinity recep-
 tor present in relatively high number. Two sets of data

 suggested that the high-affinity receptor is involved
 in the cytotoxicity of Shiga toxin. First, Scatchard
 analysis showed that the binding capacity of the
 high-affinity site (but not the low-affinity site) on
 parent CCL-2 HeLa cells and four derived clones
 was proportional to the sensitivity of these lines to
 toxin. The capacity of the high-affinity site was M0-
 fold greater on the more sensitive G5a line than
 parent cells, was similar on the parent and the com-
 parably responsive G4c line, but was virtually unde-
 tectable on the two highly resistant cell lines, G12a
 and C5a. Second, there was a progressive decrease
 in the high-affinity receptor when parent CCL-2 cells
 were incubated in the presence of tunicamycin, an
 antibiotic inhibitor of glycoprotein synthesis re-
 ported to decrease sensitivity to Shiga toxin in HeLa
 cells [10]. When cells were resistant to the toxin, af-
 ter 6 h of incubation in the presence of tunicamy-
 cin, the high-affinity site could no longer be detected
 but there was little or no change in the capacity of
 the lower-affinity site. Thus, changes in the capac-
 ity of the high-affinity receptor correlated directly
 with changes in sensitivity to the cytotoxic action of
 Shiga toxin, whereas total binding of toxin largely
 reflected the high capacity-low affinity receptor.

 A glycolipid receptor for Shiga toxin, Gba, has re-
 cently been demonstrated on both HeLa cells and
 on MVM obtained from rabbit jejunum [9]. We have
 found a direct relation between the presence of this
 receptor on rabbit jejunal MVM and the ability of
 the gut to secrete fluid in response to the toxin [7],
 suggesting that Gba is a functional receptor. The data

 in this study add to the evidence that the same recep-
 tor is also involved in the cytotoxic response of HeLa
 cells to Shiga toxin. Specifically, we observed a di-
 rect relation between total cell Gbs content and sen-
 sitivity to toxin in HeLa CCL-2 and 229 cells, in
 cloned HeLa 229 cells, and in tunicamycin-treated
 HeLa CCL-2 cells. Others have reported that Daudi
 cells, a human Burkitt's lymphoma cell line, contain
 large amounts of Gba and are highly susceptible to
 Shiga-like toxin I of Escherichia coli, a Gba-specific
 N-glycosidase bacterial toxin almost identical to
 Shiga toxin [5, 19]. Cohen et al. [19] reported that
 Gba levels were decreased in mutant Daudi cells
 selected for toxin resistance, and Lindberg et al. [8]
 also concluded that Gba mediates the cytotoxic re-
 sponse of HeLa cells because cells were protected
 when toxin was preincubated with an excess of a
 toxin-binding glycoconjugate containing the termi-
 nal disaccharide of Gba, Gal-al-*4Gal, linked to
 BSA. However, because Gba is a high-affinity binder
 of Shiga toxin, it would be surprising if it was not
 a highly effective competitive inhibitor of toxin ac-
 tion. Of particular relevance to our study, Lindberg
 et al. [8] also noted that their data did not exclude,
 and indeed suggested, the presence of a second recep-
 tor, because 10-fold more conjugate was required at
 0oC to block cytotoxicity than was needed to inhibit
 binding. At 25 0C no inhibition of cytotoxicity was
 demonstrated although toxin binding was signifi-
 cantly inhibited [8].

 How many toxin receptors are there? Eiklid and
 Olsnes [2] reported that Shiga toxin bound to a num-
 ber of cell lines, including HeLa cells, but only one
 class of binding sites could be detected by Scatch-
 ard plots. Also, no correlation was found between
 the number of binding sites and the sensitivity of
 the cells to the toxin. They concluded that the differ-
 ence in sensitivity must be due to something other
 than receptor number.

 Why do our results differ from those of Eiklid and
 Olsnes? Possibly this is because the computer-based
 Scatchard statistical analysis of receptors used in our
 study is a more powerful method of analysis than
 graphic plots of binding data. Although Scatchard
 plots, as performed by Eiklid and Olsnes, are useful
 for exploratory purposes, they are subject to several
 problems as an analytical tool, including correlated
 variability in abscissa and ordinate, distortion of
 scale, and often erroneous visual placement of
 asymptotes [20]. The parameters of the binding site
 described by Eiklid and Olsnes resemble those of the
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 high capacity-low affinity binding site defined in our
 work; in neither study did this site correlate with
 HeLa cell sensitivity to Shiga toxin.
 The nature of the high-affinity binding site is still
 uncertain, although evidence suggests it is Gb* There
 was good correlation between the capacity of this
 site and Gba content of two ATTC HeLa cell lines
 and their clones. Also, there was a striking and rather
 unexpected effect of tunicamycin treatment to reduce
 cellular Gb3 content in parallel with sensitivity to
 toxin effects. While the mechanism of this effect on

 Gba content is not known, considering the specific-
 ity of action of tunicamycin on AMinked glycopro-
 tein synthesis [21], the results are not consistent with
 our prior interpretation of tunicamycin inhibition
 of toxin effects in HeLa cells [10]. Similarly, the fail-
 ure of WGA either to bind to Gb3 or to alter Shiga
 toxin inhibition of protein synthesis does not sup-
 port the concept that the lectin binds to and blocks
 N-acetyl-D-glucosamine-containing glycoproteins,
 which serve as toxin receptors [9, 10]. Since WGA
 increased HeLa cell attachment in the presence of
 toxin, previously interpreted to be evidence of pro-
 tection of cells by the lectin, the effect of WGA on
 cell attachment must now be considered an

 epiphenomenon due to some other effect that ena-
 bles the cells to stick better to the plastic surface.
 We observed WGA binding at the origin in HPTLC
 plates of chloroform-methanol extracts of HeLa
 cells, the nature of which remains unknown. Because

 toxin did not bind to these constituents, these ap-
 parently are not toxin receptors. Once bound to
 HeLa cells, WGA could alter their attachment to
 plastic by several different mechanisms; e.g., mul-
 tivalent binding of lectin to the cells might lead to
 in situ agglutination of cells on the substratum. Al-
 ternatively, WGA treatment could induce the syn-
 thesis of new HeLa proteins, which in some way
 alters the attachment of the cells to the plastic sur-
 face. Because we do not yet know the nature of the
 high-capacity low-affinity site, we cannot discount
 the possibility that the second site in the Scatchard
 analysis is due to cooperativity between two chemi-
 cally identical Gb3 receptors. Scatchard analysis can-
 not distinguish between cooperative sites and the
 presence of a second distinct receptor.
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