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Enterotoxigenic Escherichia coli (ETEC) is an important cause of diarrheal disease and death in children <5 years old. ETEC
strains that express the heat-stable toxin (ST), with or without the heat-labile toxin, are among the four most important diar-
rhea-causing pathogens. This makes ST an attractive target for an ETEC vaccine. An ST vaccine should be nontoxic and elicit an
immune response that neutralizes native ST without cross-reacting with the human endogenous guanylate cyclase C receptor
ligands. To identify variants of ST with no or low toxicity, we screened a library of all 361 possible single-amino-acid mutant
forms of ST by using the T84 cell assay. Moreover, we identified mutant variants with intact epitopes by screening for the ability
to bind neutralizing anti-ST antibodies. ST mutant forms with no or low toxicity and intact epitopes are termed toxoid candi-
dates, and the top 30 candidates all had mutations of residues A14, N12, and L9. The identification of nontoxic variants of L9
strongly suggests that it is a novel receptor-interacting residue, in addition to the previously identified N12, P13, and A14 resi-
dues. The screens also allowed us to map the epitopes of three neutralizing monoclonal antibodies, one of which cross-reacts
with the human ligand uroguanylin. The common dominant epitope residue for all non-cross-reacting antibodies was Y19. Our
results suggest that it should be possible to rationally design ST toxoids that elicit neutralizing immune responses against ST

with minimal risk of immunological cross-reactivity.

Diarrhea caused by enterotoxigenic Escherichia coli (ETEC)
contributes to the almost 600,000 annual child deaths due to
diarrheal disease in low- and middle-income countries (1). In ad-
dition, the 280 to 400 million annual episodes of ETEC diarrhea in
children <5 years old (2, 3) contribute to malnutrition and a
failure to thrive (4). Thus, the World Health Organization
strongly encourages the development of an ETEC vaccine (2).
ETEC is also the most common cause of traveler’s diarrhea (5).

ETEC causes diarrhea by colonizing the small intestine with
subsequent expression of heat-labile (LT) and/or heat-stable tox-
ins (ST; variants STh and STp) that elicit a net efflux of salt and
water into the intestinal lumen (6). Both LT and ST are potential
vaccine targets, in addition to the many surface-exposed antigens,
including the colonization factors. ETEC vaccine development
has primarily targeted colonization factors and LT (7, 8), and the
most promising vaccine candidate to date is a killed whole-cell
vaccine comprising five different ETEC strains that express the
most prevalent colonization factors, coadministered with the
cholera toxin B subunit, which is a homologue of the LT B subunit
(9). This vaccine was found to be efficacious against serious diar-
rhea among American travelers to Guatemala (10) but not protec-
tive when evaluated in Egyptian children (11).

A recently conducted large global multicenter study designed
to analyze the etiology of enteric pathogens in children ranked
ST-expressing ETEC (with or without LT) among the four most
important causes of moderate-to-severe diarrhea (12). This makes
ST a highly relevant target for an ETEC vaccine. Moreover, cohort
studies in Guinea-Bissau and southern Israel found that ETEC
strains with 19-amino-acid STh are more strongly associated with
disease than those that express 18-amino-acid STp (13, 14), sug-
gesting that STh should be the primary target of ST vaccine devel-
opment.
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The toxic domain of ST, from the first cysteine to thelast (C6 to
C18 of STh; see Fig. 1), has been reported to confer the full toxic
potential of the peptide (15). The toxic domain is stabilized by
three disulfide bridges in a 1-4/2-5/3-6 pattern (Fig. 1), and mu-
tagenesis studies have demonstrated their importance for biolog-
ical activity (16). Only one residue distinguishes the toxic domains
of STh and STp, namely, threonine 16 of STh, which is alanine in
STp. STh and STp also have the two tyrosine residues that flank
the toxic domain in common (STh: Y4 and Y19). Substitutions in
residues N12, P13, and A14 of STh (corresponding to N11, P12,
and A13 of STp) have been reported to reduce or eliminate bio-
logical activity (17-19). Hence, these residues have been proposed
to be directly involved in activation of the receptor through which
ST mediates its effects, guanylate cyclase C (GC-C) (20). This is
supported by the observation that these three residues are con-
served among all reported bacterial GC-C ligands (21).

STs are similar to the human peptides guanylin and uroguany-
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STh NSSNYCCELCCNPACTGCY

STp -NTFYCCELCCNPACAGCY

L———— toxic domain ———

uroguanylin ---NDDICELCVINVACTGC L

guanylin ---PGTICEIICAYAACTGC -
[ |

FIG 1 Sequence alignment of STh, STp, uroguanylin, and guanylin. Residues
common to at least three of the peptides are shaded dark gray, and those
common to only the ST peptides are shaded light gray. The ST disulfide bond-
ing pattern is shown above the alignment, the uroguanylin and guanylin pat-
tern is shown below, and the toxic domain of the ST peptides is indicated in the
middle.

lin in both sequence (Fig. 1) and structure, and they all activate the
GC-C receptor on the epithelial surface of the gut (21). We have
recently demonstrated that this similarity may lead to immuno-
logical cross-reaction between ST and the human GC-C ligands
(22). However, the risk of adverse effects of an ST vaccine may be
low, as a cross-reacting anti-STh monoclonal antibody (MAb)
had 73-fold less affinity for uroguanylin than for STh and only
approximately one-fourth of the antibodies in an anti-STh anti-
serum cross-reacted with uroguanylin. Furthermore, an anti-STp
antiserum and three anti-STp MAbs did not show any cross-reac-
tion to the human GC-C ligands. These data suggest that is should
be possible to rationally design a safe ST vaccine with no clinically
relevant adverse effects caused by cross-reactivity.

In addition to avoiding immunological cross-reaction, an ST
vaccine must be nontoxic and elicit an immune response that
neutralizes native ST. Nonimmunogenic by itself, ST can be made
immunogenic by polymerization (23) or by coupling to a carrier,
either through chemical conjugation (24, 25) or by genetic fusion
(26, 27). Frequently, coupling ST to a carrier also reduces toxicity
(26, 28), but a safe ST vaccine should additionally be detoxified by
mutation (21).

The aim of this study was to identify ST toxoid candidates,
which we define as mutant variants with low or no toxicity but
with intact epitopes. To this end, we constructed alibrary of all 361
possible single-amino-acid mutant forms of STh and screened
them for effects on toxicity in the T84 cell assay and binding to
neutralizing anti-STh antiserum. We also used the mutant library
to map the epitopes of three neutralizing MAbs and identified the
epitope residues of two neutralizing polyclonal antibodies. One
MADb and one antiserum were previously shown to cross-react
with uroguanylin (22), and hence, the mapped epitopes and anti-
genic determinants offer unique insights into the molecular basis
of immunological cross-reactivity. Finally, we discuss how the re-
sults presented here can be exploited to rationally design a safe and
efficacious ST toxoid vaccine.

MATERIALS AND METHODS

Construction and expression of STh mutant library. The sta3 gene from
ETEC strain H10407, encoding the STh prepropeptide, was amplified by
PCR with primers STA2-left-Pagl (CGTGTTTCGGAGGTATCATGAAA
AAATC) and STA3-right (TTAATAGCACCCGGTACAAGCAG). The
PCR product was cloned into the pBAD-TOPO TA vector (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. Positive col-
onies were identified by PCR initially and then verified by sequencing. To
remove the leading peptide of the vector, the plasmid was linearized by
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partial digestion with Pagl in the presence of ethidium bromide (30 g/
ml). The full-length linearized plasmid was separated from smaller frag-
ments by 1% agarose gel electrophoresis, purified with a QIAquick gel
extraction kit according to the manufacturer’s instructions (Qiagen), and
subsequently digested with Ncol. The full-length plasmid was subjected to
another round of gel separation and purification as described above, cir-
cularized by ligation with T4 DNA ligase, and then transformed into E. coli
One Shot TOP10 cells (Invitrogen, Carlsbad, CA), resulting in pBAD-
TOPO-STh. STh was expressed from the pBAD-TOPO-STh plasmid in
TOP10 cells grown in LB medium supplemented with ampicillin (100
pg/ml). The araBAD promoter of the pPBAD-TOPO-STh plasmid allows
tuneable expression by induction with 0.00002 to 0.2% arabinose. When
induced at arabinose levels above 0.002%, mature STh was released into
the culture medium at levels detectable in the T84 cell assay. The maxi-
mum level of STh in the culture medium was obtained with 0.2% arabi-
nose, which was used in all subsequent studies. A library of all 361 possible
single-amino-acid mutant STh variants was generated by gene site satu-
ration mutagenesis (29) (GenScript). The pBAD-TOPO-STh plasmid was
used as the basis of a plasmid library, and the mutant forms of STh were
expressed in TOP10 cells as described above, in groups of 19 mutant forms
of STh expressed together with three native STh cultures as controls. To
ensure consistency and comparability within and between groups, the
same expression conditions were used for both controls and mutant
forms of STh. The STh (mutant) culture supernatants were isolated by
centrifugation at 4,000 X g for 10 min at 4°C, filtered through a 0.2-pm
cellulose acetate filter (Whatman), and stored at —20°C.

T84 cell assay. The T84 cell assay was performed essentially as de-
scribed previously (22). Briefly, T84 cells (ATCC) were used to seed
24-well plates and grown to confluence in Dulbecco’s modified Eagle
medium (DMEM:F12; Lonza, Walkersville, MD). DMEM:F12 was
supplemented with 10% fetal bovine serum and 0.2% gentamicin. Cells
were washed three times with 500 pl of DMEM:F12 and preincubated
with 200 pl of DMEM containing 1 mM 3-isobutyl-1-methylxanthine for
45 to 60 min at 37°C. A 200- .l sample volume (filtered culture superna-
tant) was added to each well and incubated for 60 min at 37°C. All samples
were tested in duplicate wells. Following incubation, the reaction medium
was aspirated and the cells were lysed with 0.1 M HCl at 20°C for 20 min.
The lysates were centrifuged at 16,000 X g for 10 min, and supernatants
were collected for analysis. Cyclic GMP (cGMP) levels were measured
with a cGMP enzyme immunoassay kit according to the manufacturer’s
instructions (Enzo Life Sciences Inc., Farmingdale, NY).

Polyclonal ST ELISAs. Competitive ST enzyme-linked immunosor-
bent assays (ELISAs) with polyclonal anti-STh and anti-STp antibodies
were performed essentially as described previously (22, 30). Both antibod-
ies were raised against bovine serum albumin (BSA) glutaraldehyde con-
jugates in rabbits (Bethyl Laboratories) and protein A purified. ELISA
coating was prepared by glutaraldehyde conjugation of STh and STp,
respectively, to ovalbumin as described previously (22). Briefly, microtiter
plates (76 341 05; Thermo Fisher Scientific, Waltham, MA) were coated
overnight at 37°C with STh- or STp-ovalbumin conjugate in 150 pl of
ELISA buffer (128 mM NaCl, 2.7 mM KCl, 1.5 mM KH,PO,, 8.1 mM
Na,HPO,, pH 7.2). We used 0.11 g of conjugate per well for the STh
ELISA and 0.16 pg of conjugate per well for the STp ELISA. Wells were
then washed and blocked with 1% ovalbumin in ELISA buffer for 1 h at
37°C. Subsequently, 75 wl of sample was mixed with 75 pl of diluted
primary antibody and incubated for 2 h at 37°C (anti-STh antibody,
1:2,000 final dilution; anti-STp antibody, 1:10,000 final dilution). After
washing, plates were incubated with 100 pl of an anti-rabbit secondary
antibody (alkaline phosphatase conjugate, A8025; Sigma-Aldrich, St.
Louis, MO) at a dilution of 1:400 for 1 h at room temperature. Plates were
developed for approximately 30 min with 100 pl of freshly prepared de-
veloping buffer (1 mg/ml para-nitrophenylphosphate in 9.7% [vol/vol]
0.5 mM MgCl,, pH 9.8), and stopped by the addition of 50 wl of 2 M
NaOH. Optical density was measured at 405 nm.
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Monoclonal ST ELISAs. The competitive ELISAs with MAbs differed
only in coating and antibody concentrations. All three MAbs were raised
in mice. The anti-STh MAb ST:G8, kindly provided by Sandhya S.
Visweswariah, Indian Institute of Science, was raised against a mutant
variant of STh (SThY19F) conjugated to BSA with glutaraldehyde. The
two anti-STp MAbs (Fitzgerald Industries International, North Acton,
MA), C29 (10-1013) and C30 (10-1014), were raised against a conjugate
where synthetic STp with native disulfide bridges (Bachem H-6248) was
conjugated to keyhole limpet hemocyanin. The conjugation was per-
formed to selectively target carboxyl groups. Briefly, ELISA plates (Nunc
Immobilizer Amino) were coated with 100 wl of STh-ovalbumin conju-
gate in phosphate-buffered saline (PBS; 146 mM NaCl, 4 mM Na,HPO,,
1.1 mM KH,PO,, pH 7.2) and incubated overnight at 4°C. For the ST:G8
ELISA, 0.020 g of conjugate per well was used, and for the C29 and C30
ELISAs, plates were coated with 0.005 g of conjugate per well. Plates were
subsequently blocked with 1% ovalbumin in PBS-T (PBS with 0.05%
[vol/vol] Tween 20) for 1 h at 20°C with shaking. Plates were then washed
with PBS-T, and 60 pl of sample and 60 pl of primary antibody were
added to wells and incubated for 90 min at 20°C with shaking. The final
antibody dilutions were as follows: ST:G8, 1:6,500; C29, 1:16,000; C30,
1:30,000. The plates were then washed with PBS-T and incubated at room
temperature for 1 h with 100 pl of anti-mouse secondary antibody (alka-
line phosphatase conjugate A4312; Sigma-Aldrich) diluted in PBS-T. The
final dilutions were as follows: ST:G8, 1:400; C29 and 30, 1:2,000. After a
final washing, the plates were developed with 100 pl of developing buffer
(described above) for 15 to 20 min, the reaction was stopped by adding 50
wl of 2 M NaOH, and optical density was measured at 405 nm.

STh mutant library screen. The T84 cell assay and all five ELISAs were
used to screen the STh mutant library and were carried out as follows. All
19 STh variants harboring mutations of the same residue of native STh
were analyzed together and related to one of the three native STh control
samples that had been coexpressed with that group of mutant forms of
STh. A serial dilution of the native STh control supernatant was used to
create a standard curve, and the measured optical densities of mutant
forms of STh were used to calculate activity relative to that of STh based on
the standard curve. The standard curve was plotted on alog scale, and only
the linear area was used for curve fitting and calculations of relative activ-
ities. In the T84 assay, samples were analyzed undiluted in duplicate wells.
In the ELISAs, all samples were analyzed in triplicate. Generally, samples
were also analyzed undiluted in the ELISAs, but in some positions of STh
where several mutant forms had activity at the native STh level, it was
necessary to dilute samples by a factor of 1:3 or 1:4. The dilution was
corrected for when calculating relative STh activity. Six mutant forms
lacked T84 cell assay data, i.e., C11A, C11D, C11E, C11F, C11G, and
C11H, and only the noncysteine residue mutant forms were screened with
the MAD ELISAs.

Data and statistical analysis. The six screen data sets all have missing
values, as the mutant forms with the most pronounced effects had unde-
tectable antigenicities or toxicities. To include as many of these mutations
as possible in subsequent data analysis, they were conservatively set to the
detection limit of the assay according to the following rules: for the ELISA
screens, if the measured relative toxicity was greater than or equal to the
detection limit; for the T84 assay screen, if at least one ELISA had an
estimated relative antigenicity assigned (the detection limit of the T84
assay is lower than those of all of the ELISAs). The polyclonal anti-STp
ELISA screen of the Y5 mutant forms had a poorer detection limit than
that of the others, and hence, missing Y5 values were not assigned values.
For the number of measured and assigned values and the assay thresholds
used to assign missing values, see Table S1 in the supplemental material.
The R statistical computing environment was used for correlation analysis
and principal-component analysis (PCA) (http://www.r-project.org/).
Pearson correlation analysis was performed to assess pairwise correlations
between the screen data sets with the corr.test function of the R package
psych (https://cran.r-project.org/web/packages/psych/). PCA was per-
formed with the R prcomp function. PCA plots were made with the R
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factoextra package (https://github.com/kassambara/factoextra). Other
plots were made with the R ggplot2 system (http://ggplot2.org/).

RESULTS

Saturation mutagenesis and expression of mutant forms of STh.
To construct a comprehensive library of mutant forms of STh, all
19 codons of the STh peptide-encoding region of the sta3 gene
were subjected to saturation mutagenesis, resulting in 361 single-
amino-acid mutant forms of STh. To promote proper folding and
disulfide bridge formation, we expressed STh and the mutant
forms thereof as pre-pro-ST, thereby mimicking native ST secre-
tion by ETEC. Groups of 19 mutant forms were expressed with
three native STh controls. The culture supernatants were fil-
tered and used directly for further analyses. Competitive anti-STh
ELISAs of the controls showed that STh levels, on average, varied
1.7-fold between culture filtrates within a group (the maximum
observed difference was 3.3-fold).

STh mutations affect culture filtrate toxicity differently. To
identify detoxifying STh mutations, the effects of the mutant
forms of STh on culture filtrate toxicity were assessed with the T84
assay (Fig. 2A). A total of 247 mutant forms of STh had measur-
able activities in the T84 assay, with toxicities relative to that of
native STh ranging from 0.0014 to 3.4. The amino acid residues of
STh can be classified into three groups on the basis of the effects of
their mutations on toxicity. The first group comprises STh resi-
dues where the majority of the mutant forms of STh had toxicities
close to that of native STh (relative toxicity, >0.2) and includes
the five N-terminal residues plus E8 and Y19. The second group
includes residues where the majority of mutant forms of STh had
undetectable toxicity: C7, C10, A14, C15, and C18. The final
group consists of residues where mutant forms of STh had vari-
able effects on toxicity and includes C6, L9, C11, N12, P13, T16,
and G17. Frequently, mutations to amino acids with similar phys-
icochemical properties gave comparable results (Fig. 2A).

An anti-STh antiserum binds differently to STh mutant cul-
ture filtrates. To be useful in a vaccine, detoxifying mutations
must not compromise the ability to induce an immune response
that can neutralize native ST. This property of the mutations was
indirectly assessed in a competitive ELISA with a neutralizing rab-
bit antiserum raised against native STh (aSTh) (22). The assump-
tion is that mutant forms of STh that bind to «STh with an affinity
similar to that of native STh would be able to induce an immune
response capable of neutralizing native ST. Figure 2B shows the
antigenicity of the culture filtrates in the aSTh ELISA (aSTh an-
tigenicity).

A total of 219 mutant forms had measurable aSTh antigenici-
ties, ranging from 0.0034 to 2 relative to that of native STh. Clas-
sification of the amino acid residues of STh, based on the effects of
mutations on aSTh antigenicity, resulted in groups similar to
those for toxicity. Notable exceptions were residues N1, A14, and
Y19. Mutation of these residues seemed to affect toxicity and
aSTh antigenicity differently. The effect of mutation of residues
N1 and Y19 on antigenicity was generally more pronounced than
the effect on toxicity, whereas most mutations of residue A14 af-
fected toxicity more than antigenicity.

Identification of STh toxoid candidate mutations and STh
residues important for toxicity. To identify STh toxoid candi-
dates, the effects of individual mutations on toxicity and aSTh
antigenicity were compared directly (Fig. 3A). Pairwise correla-
tion analysis of the two data sets revealed that mutational effects
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FIG 2 Toxicity and aSTh antigenicity of culture filtrates harboring mutant forms of STh relative to those of native STh. (A, B) Toxicity was measured with the
T84 assay (A), and aSTh antigenicity was measured with an anti-STh polyclonal antibody («STh) in a competitive ELISA (B). The relative toxicities and
antigenicities are presented in 15 graphs, each representing an amino acid position of STh. The data points are marked with single-letter amino acid codes to
highlight individual mutations. The region from 0.3- to 3.3-fold relative toxicity or antigenicity is shaded gray and represents changes that may be attributed to
variations in expression levels, as observed in native STh controls. The amino acids are ordered by physicochemical properties (acidic, D and E; basic, R and K;
polar, H, S, T, Q, and N; nonpolar, C, M, P, G, A, I, L, and V; aromatic, F, Y, and W). Mutant forms of STh that did not display detectable culture filtrate toxicity
or antigenicity are plotted below the dotted lines, which represent the detection limits of the assays, which were 0.0014 for toxicity and 0.0034 for antigenicity. A
total of 273 mutant forms of STh are represented in panels A and B. None of the mutant forms of STh in positions C7, C10, C15, and C18 had detectable toxicities
or antigenicities, with the exception of C18Y, which had a relative antigenicity of 0.2. Graphs are not shown for these positions.

on toxicity overall correlated weakly but significantly with those
on aSTh antigenicity (r = 0.36, P < 0.001; Table 1). This suggests
that a significant number of mutations affect toxicity and aSTh
antigenicity in a similar manner but, more importantly, that there
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are mutations that selectively affect either toxicity or antigenicity.
The measured activities (toxicity or antigenicity) of the mutant
STh-harboring culture filtrates are the product of intrinsic peptide
activity and peptide concentration. But since the same samples
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FIG 3 T84 toxicity compared to aSTh antigenicity. (A) The graphs represent STh amino acid positions and show the relative T84 toxicity values
(horizontal axis) of each mutant form of STh plotted against the relative «STh antigenicity values (vertical axis). Mutant forms of STh with unmeasurable
relative toxicity (<0.0014) but measurable antigenicity were plotted outside the toxicity scale to the left. Similarly, mutant forms of STh with unmea-
surable relative antigenicity (<0.0034) but measurable toxicity were plotted outside the antigenicity scale at the bottom. The diagonal lines represent the
antigenicity-toxicity ratio (fold change): the full line represents no change, the dotted lines to the left represent 10- and 100-fold increases, and those to
the right represent 10- and 100-fold reductions. Differences in antigenicity-toxicity fold changes are illustrated with a two-color gradient, where no
change is white, positive fold changes are red, and negative ones are blue. (B) The bubble chart shows the median relative T84 toxicity values (horizontal

axis) for amino acid positions of STh plotted against the median relative aSTh antigenicity values (vertical axis). The bubble sizes reflect the numbers of
mutant forms of STh for each position for which T84 toxicity, aSTh antigenicity, or both values were successfully determined. For the calculation of
median values, mutant forms of STh that had measurable activity in only one assay had the missing value set to the detection limit of the cognate assay

(toxicity, 0.0014; antigenicity, 0.0034). Median antigenicity-toxicity ratios (fold changes) are represented as in panel A. A total of 273 mutant forms are
represented in panels A and B. (C) Structural model of STh (22), with two views of the structure shown, rotated 180° along the x axis in relation to each
other. Amino acids are labeled and colored according to the median antigenicity-toxicity fold changes of each amino acid position as in panel B. Graphs
are not shown for positions C7, C10, C15, and C18 (see the legend to Fig. 2).
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TABLE 1 Pairwise correlations of the six screen data sets

TABLE 2 Best STh toxoid candidates

Correlation with:

Data set® aSTh ST:G8 aSTp C29 C30 T84
aSTh

ST:G8 0.44°

oSTp 0.54" 0.40°

C29 0.71¢ 0.59¢ 0.61°

C30 0.68 0.64° 0.60 0.95

T84 0.36" 0.30° 0.12¢ 0.30° 0.24°

P <0.001.

b P> 0.05.

¢ Abbreviations: aSTh, anti-STh serum; ST:G8, anti-STh MAb; aSTp, anti-STp serum;
C29, anti-STp MAb; C30, anti-STp MAD; T84, T84 cell assay.

were used for both toxicity and antigenicity measurements, the
aSTh antigenicity-toxicity fold changes (diagonal dimension in
Fig. 3A) do not depend on concentrations and reflect the intrinsic
peptide properties. The mutant forms of STh can be ranked ac-
cording to their aSTh antigenicity-toxicity fold change, and the
best toxoid candidates, with the greatest fold changes, are listed in
Table 2.

As evident from Fig. 3A, the individual STh amino acid resi-
dues were differently affected by mutations. Further, individual
mutations of a particular residue tended to cluster. This implies
that it is meaningful to consider the average mutational effect on
individual STh residues as a measure of their toxic and antigenic
role. Figure 3B shows the median aSTh antigenicity-toxicity fold
changes. Interestingly, the five residues that have median aSTh
antigenicity-toxicity changes of >1.5-fold, which implies that tox-
icity is affected more than antigenicity, form a structural cluster
(shown in shades of red in Fig. 3C). This group of STh residues
includes the reported receptor-interacting residues (N12, P13,
and A14), as may have been expected, but also L9.

Identification of epitope residues and determinants of cross-
reactivity. STh residues whose mutation affects antigenicity more
than toxicity are likely to be epitope residues. Hence, N1, C6, E8,
T16, G17, and Y19 are potential aSTh epitope residues (Fig. 3B).
Y19 seems to be the most prominent epitope residue, as it dis-
played the lowest aSTh antigenicity-toxicity fold change.

We recently characterized the immunological cross-reactivity
of a panel of anti-ST antibodies against the human GC-C ligands
guanylin and uroguanylin (22). This panel included aSTh and
four other anti-ST antibodies with neutralizing ability: an anti-
STh MAD (ST:G8), an anti-STp polyclonal antibody (aSTp), and
two anti-STp MAbs (C29 and C30). To identify epitope residues
and determinants of cross-reactivity, the STh mutant library was
analyzed with these four additional antibodies. The aSTp serum
was used to screen the full library, whereas only the noncysteine
residue mutant forms were analyzed with the MAbs. The results
are summarized, together with the T84 toxicity and aSTh antige-
nicity data for comparison, in Fig. 4A. Pairwise correlation analy-
sis of all six screen data sets suggests that the ELISAs, in general,
correlated better with each other than with the T84 toxicity assay
(Table 1). This was also reflected by a PCA of the data sets, where
the first principal component mainly captured the variance in the
ELISAs, and the second principal component mainly reflected the
variance in the T84 assay (Fig. 4B). Interestingly, the anti-STh
ELISA vectors (aSTh and ST:G8) are almost identical and slightly
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Anti-STh

Anti-STh antigenicity-toxicity
STh mutation antigenicity Toxicity fold change
Al4H 0.69 0.0014" =494
A14Q 0.56 0.0014" =401
Al4R 0.56 0.0014 =397
Al14T 0.42 0.0014 =298
Al4E 0.27 0.0014" =193
N12K 0.17 0.0014 =122
Al41 0.16 0.0014 =118
Al4L 0.13 0.0014" =93
Al14K 0.13 0.0014 =92
N12Vv 1.10 0.0123 90
NI12T 2.00 0.0250 80
Al4W 0.11 0.0014 =79
Al4N 0.09 0.0014" =64
Al4 M 0.08 0.0014" =61
NI12E 0.15 0.0026 59
Al14D 0.08 0.0014 =57
NI12R 0.08 0.0014" =57
Al4F 0.07 0.0014 =51
Al4V 0.07 0.0014 =49
N12§ 0.83 0.0187 44
N12G 0.06 0.0014 =40
Al4Y 0.05 0.0014 =33
L9G 0.04 0.0014" =29
NI12A 0.33 0.0115 29
L9S 0.04 0.0014 =28
L9A 0.04 0.0014" =28
L9E 0.04 0.0014 =27
Lop 0.04 0.0014" =25
NI12W 0.11 0.0042 25
N12Q 0.36 0.0142 25

“ Toxicity values were not detectable in the T84 assay and were set to the detection limit
of the assay (0.0014).

different from those of the highly similar anti-STp ELISA vectors
(aSTp, C29, and C30).

The five N-terminal residues displayed similar results for all
antibodies, including the marked reduction in antigenicity ob-
served for many N1 mutant forms with aSTh (Fig. 4A). Most
other positions showed differing antigenicities for the various an-
tibodies. For example, E8 seems to be an epitope residue for aSTh,
L9 for ST:G8, T16 for aSTh, and G17 and Y19 for all but ST:G8.
Also worth noting is that the results presented in Fig. 4A suggest
that the majority of the mutant forms are expressed at a near-
native level, except for the cysteine residue mutant forms and the
P13 mutant forms, which seem to be expressed at a lower level.

C29 and C30 recognize the same epitope, which is distinct
from that of ST:G8. To map the epitopes of the MAbs, we per-
formed pairwise comparisons of their mutational screen data.
Pairwise comparisons of data obtained from the same culture fil-
trates eliminate the effect of peptide concentration, and mutant
forms with antigenicity-antigenicity changes much larger or
smaller than 1-fold are indications of antigenic determinants that
are unique to one of the MAbs. Figure 4A suggests that the C29
and C30 MAbs may have similar epitopes, as only minor differ-
ences were observed. This was also reflected by the nearly perfect
correlation between the two data sets (r = 0.95; Table 1). The
largest difference between the two MAbs was observed at position
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FIG 4 Summary of T84 toxicity and antigenicities of culture filtrates harboring mutant forms of STh relative to those of native STh. (A) The graphs shown
represent SThamino acid positions, and each one contains box plots of data from six different assays. The T84 assay data (T84) and the anti-STh polyclonal ELISA
data (aSTh) are the same as in Fig. 2 and 3. In addition, the data are from an anti-STp polyclonal ELISA (aSTp), an anti-STh MAb ELISA (ST:G8), and two
anti-STp MAD ELISAs (C29 and C30). Activity (toxicity or antigenicity) relative to that of native STh is shown on the vertical axis. The median relative activities
of the mutant forms of STh are displayed as horizontal black lines; the bottom and top of the boxes represent the first and third quartiles, respectively; the upper
whiskers represent the highest value that is within 1.5 times the interquartile range (IQR) of the third quartile; and the lower whisker represents the lowest value
within 1.5 times the IQR of the first quartile. Outliers are shown as black points. The number of mutant forms that had detectable activity in each assay is reported
for each amino acid position at the top of each graph. Values for mutant forms of STh with unmeasurable relative toxicity in the T84 assay but with detectable
antigenicities were set to the assay detection limit (0.0014; dotted lines). Mutant forms of STh with changes at the cysteine positions were not analyzed in the MAb
ELISAs. Graphs are not shown for positions C7, C10, C15, and C18 (see the legend to Fig. 2). (B) PCA correlation circle map of the six screen data sets. The first
(PC1) and second (PC2) principal components are plotted (percent variance is in parentheses), showing a positive correlation between the ELISA data sets and
aweak correlation between the ELISA data sets and the T84 assay data set. Prior to the PCA, missing values were set to the detection limit of the assays according
to the rules described in Materials and Methods.
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Y19 (see Fig. S1 in the supplemental material), suggesting that the
two epitopes are similar but not identical.

The ST:G8 MAb showed pronounced differences from the C29
and C30 MAbs in the binding of mutant forms (Fig. 4A), which
was reflected by the lower correlation coefficients (Table 1). A
direct pairwise comparison of the C29 and ST:G8 antigenicities of
individual mutant forms highlights these differences (Fig. 5A).
The differences are visualized in the STh structure model (Fig. 5B
and C), where potential C29 and ST:G8 epitope residues are in
shades of green and blue, respectively, according to their median
antigenicity-antigenicity fold changes. The results suggest that the
ST:G8 epitope is distinct from that of C29/C30, that the dominant
epitope residue is L9, and that E8, N12, and P13 are additional
epitope residues. The dominant epitope residue of C29/C30 seems
to be Y19, with G17 and P13 as additional epitope residues.

DISCUSSION

To rationally design a safe vaccine that elicits antibodies that neu-
tralize ST, a comprehensive understanding of ST’s structure and
function is required. We have generated a library that encom-
passes all 361 single-amino-acid mutant forms of the STh peptide
and screened them for effects on the ability to activate the GC-C
receptor (biological activity/toxicity) and the ability to bind to a
panel of antibodies with toxin-neutralizing ability (antigenicity).
The toxic domain of ST, comprising the residues from the first
cysteine to the last (C6 to C18), has been reported to retain full
biological activity (15). Other reports suggest that residues outside
the toxic domain are also required for full potency (31). Our re-
sults show that all ST amino acid residues had sets of mutational
variants that displayed detrimental effects on toxicity, antigenic-
ity, or both (Fig. 4A). As expected, the most pronounced effects on
toxicity were observed in the residues that constitute the toxic
domain. Mutations of cysteines 7, 10, 15, and 18 showed no de-
tectable toxicity or antigenicity, except for C18Y, which was de-
tected in the T84 assay. These four cysteines form the two disulfide
bridges (C7-C15, C10-C18) that are shared with guanylin and
uroguanylin (32). In contrast, the ST-specific disulfide bridge cys-
teines, C6 and C11, were surprisingly tolerant to mutations. Both
C6 mutant forms and C11 mutant forms had reduced but mea-
surable activities in the T84 assay and the polyclonal anti-STh
ELISA. These findings suggest that the C6-C11 bridge is not essen-
tial for function but that it is necessary for full toxic potency. This
is in line with the hypothesis that the C6-C11 disulfide bridge locks
ST in a conformation that resembles the active conformer of the
endogenous ligands guanylin and uroguanylin (33).

Previous mutagenesis studies have identified N12, P13, and
Al4 as particularly important for biological activity (17-19), and
they are frequently referred to as the receptor-interacting residues.
Our results confirm the functional importance of these residues
(Fig. 4A). A14 is the residue with the most prominent effects from

Towards Rational Design of an ST Vaccine

mutations: all but two A14 mutant forms were inactive in the T84
assay (Fig. 2A). Most of the N12 and P13 mutant forms had re-
duced toxicities, some had unmeasurable toxicities, and some had
near-native activities (Fig. 2A).

Mutations in the remaining toxic domain residues, E8, L9,
T16, and G17, also showed effects on biological activity (Fig. 4A).
The T16 and G17 residues are both shared with guanylin and
uroguanylin (Fig. 1), and their mutant forms have median toxic-
ities that are at least an order of magnitude lower than that of
native ST. Most E8 mutant forms had near-native activity in the
T84 assay, but mutations that reversed the negative charge,
namely, E8K and E8R, led to a 500-fold reduction in biological
activity (Fig. 2A). This suggests that E8, which is shared with gua-
nylin and uroguanylin (Fig. 1), is not directly involved in receptor
interaction. Furthermore, it seems that the net negative charge of
ST is not necessary for full biological activity but that an ST mol-
ecule with a net positive charge interacts poorly with the receptor.
L9 mutant forms had variable biological activities, from undetect-
able to near native, and the median effect on toxicity is 2 orders of
magnitude greater than the effect on antigenicity in the C29 and
C30 ELISAs (Fig. 4A). This suggests that L9, which is shared with
uroguanylin and replaced with isoleucine in guanylin (Fig. 1), isa
receptor-interacting residue, in addition to the previously re-
ported N12, P13, and A14 residues.

Mutational variants of the N1 residue displayed the most pro-
nounced effects observed outside the toxic domain, with a nega-
tive impact on toxicity but an even greater negative impact on
antigenicity (Fig. 4A). This is reflected by the larger range of effects
on antibody binding than on toxicity and the fact that 18 mutant
forms had detectable biological activity, and only 7 to 12 had de-
tectable antigenicity in the different ELISAs. As three of the five
antibodies were generated against conjugates where the ST pep-
tide was attached to a carrier via the N terminus, it is unlikely that
N1 is part of an epitope that is recognized by these antibodies. A
possible explanation for the effects of N1 mutant forms is that the
flexible N terminus folds back and interacts with the toxic domain
in native ST and that some mutant residues interfere with this
interaction in a manner that disturbs binding to toxic domain
epitopes.

All of the antibodies used in this study have neutralizing ability,
but only the aSTh serum and the ST:G8 MAb displayed cross-
reaction with uroguanylin (22). Pairwise comparison of the rela-
tive antigenicities of mutant forms of STh obtained with the C29
and ST:G8 ELISAs allowed us to map epitope residues that form
two distinct epitopes (Fig. 5). The C29/C30 epitope is located at
the C terminus and comprises residues P13, G17, and Y19. Y19
and P13 are both unique to the ST peptides (Fig. 1), and this may
explain why the C29 and C30 MAbs do not cross-react with
(uro)guanylin. The ST:G8 epitope is located centrally and com-
prises residues E8, L9, N12, and P13. Three of the residues are

FIG 5 Epitope mapping. (A) The graphs represent STh amino acid positions and show the relative C29 antigenicity values (horizontal axis) of each mutant form
of STh plotted against the relative ST:G8 antigenicity values (vertical axis). C29 antigenicity and ST:G8 antigenicity were measured with the anti-STp MAb (C29)
and the anti-STh MADb (ST:G8) ELISAs, respectively. Values for mutant forms of STh with unmeasurable antigenicity for one MAb were plotted outside the scale
to the left (C29; <0.013) or bottom (ST:G8; <0.003). The diagonal lines represent the ST:G8 antigenicity/C29 antigenicity ratio (fold change) as follows: the full
line represents no change, the dotted lines to the left represent 10- and 100-fold increases, and those to the right represent 10- and 100-fold reductions. A total
of 229 mutant forms of STh are represented. Mutant forms of STh with changes at the cysteine residue positions were not screened. (B) Structural model of STh
(22) with two views of the structure shown, rotated 180° along the x axis in relation to each other. Amino acids are colored according to the median ST:G8
antigenicity-C29 antigenicity changes of each amino acid position. For the C29 MADb, increases are in shades of green, and for the ST:G8 MAD, reductions are in

shades of blue, reflecting their values.
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shared with uroguanylin, and this may explain the observed cross-
reaction of the ST:G8 MADb. It is unlikely, however, that the 73-
fold lower affinity of the ST:G8 MADb for uroguanylin (22) is due
solely to P13 being changed to valine in uroguanylin. One addi-
tional difference that may contribute to this low affinity is the
ST-specific C6-C11 disulfide bridge that connects the ST:G8
epitope residues identified (Fig. 5B).

The aSTh and aSTp antisera both seem to have Y19 as the
dominant epitope residue and G17 as an additional one (Fig. 4A),
suggesting that they contain antibody specificities that are similar
to those of the C29 and C30 MADbs and that ST may have a limited
repertoire of epitopes. This is corroborated by an epitope map-
ping study where two anti-STh MAbs also had Y19 as the domi-
nant epitope residue, a third recognized L9 (the dominant epitope
residue of ST:G8), and the last one recognized N4/Y5 (23). How-
ever, the aSTh serum seems to contain additional antibody spec-
ificities that recognize both E8 and T16 (Fig. 3 and 4A). In contrast
to Y19, the latter two residues are shared with the (uro)guanylin
peptides (Fig. 1) and thus may contribute to the partial cross-
reaction between aSTh and uroguanylin (22).

An ST vaccine should be nontoxic and elicit an immune re-
sponse that neutralizes native ST but does not cross-react with the
human GC-C receptor ligands (22). Although coupling of ST to a
carrier may reduce or abolish toxicity, detoxifying mutations
should be introduced for safety. In this respect, it is encouraging
that ST mutant variants genetically fused in triplicate to LT elic-
ited neutralizing antibody responses in mice (34). Because of the
small size of ST, single-amino-acid mutations may affect protec-
tive epitopes and undesired cross-reacting epitopes, in addition to
having a detoxifying effect. Hence, it is important to carefully
select suitable mutations. The top 30 toxoid candidates (Table 2)
consist of 15 A14 mutant forms, 10 N12 mutant forms, and 5 L9
mutant forms. Interestingly, N12 and A14 are shared with both
guanylin and uroguanylin and L9 is shared with uroguanylin.
Hence, mutations in these residues also have the potential to re-
duce the risk of immunological cross-reactivity.

The A14 residue seems to be the most attractive residue to
mutate for detoxification, as all but two A14 mutant forms had
undetectable toxicities. Moreover, most of the A14 mutant
forms had near-native antigenicities in the polyclonal aSTh
and aSTp ELISAs, and the mapping of the neutralizing MAb’s
epitopes suggests that A14 is not part of those epitopes. This also
implies that A14 mutations are unlikely to reduce the risk of cross-
reactivity with guanylin and uroguanylin.

The L9 residue is the dominant epitope residue of the cross-
reacting ST:G8 epitope, with N12 as an additional one. Hence,
mutations in these residues may disrupt epitopes that are likely to
elicit a cross-reacting immune response. According to the toxoid
candidate ranking, the N12 residue seems to be the second most
attractive residue to mutate, despite the fact that only two of the
N12 mutant forms in Table 2 had undetectable toxicities. Al-
though several L9 mutant forms had undetectable toxicities, they
rank poorly as toxoid candidates, as aSTh antigenicity is also af-
fected by the mutations. However, it is possible that the aSTh
antibody clones that are affected by the L9 mutations are the same
that cross-react with the human peptides, implying that L9 is a
more attractive residue to mutate than suggested by the aSTh-
based ranking.

The antigenic determinant common to all of the non-cross-
reacting antibodies is Y19. This is not surprising, as Y19 is specific
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to ST and not shared with the human GC-C receptor peptides.
The fact that all of these antibodies also have neutralizing abilities
suggests that optimizing the presentation of the Y19-dominated
epitope may provide a path toward an ST vaccine that is safe from
immunological cross-reaction. Such a strategy is also compatible
with the introduction of detoxifying mutations in the conserved
L9, N12, and A14 residues. Elimination of both the toxic and the
cross-reactive potentials of an ST vaccine candidate may ulti-
mately require the combination of two or more mutations.

An ST vaccine has the potential to confer protection against a
wide range of ETEC strains. The present study is the first analysis
of a complete STh mutant library that includes all 361 single-
amino-acid mutant forms of STh. By screening the STh mutant
library, we have identified L9 as a receptor-interacting residue, in
addition to N12, P13, and A14. Furthermore, we have ranked the
best 30 single-amino-acid mutant ST toxoid candidates that have
reduced or undetectable toxicity but retain antigenicity. Finally,
we have mapped the epitopes of three neutralizing MAbs, one of
which cross-reacts with uroguanylin. These results provide infor-
mation that can feed into rational design approaches to ST vaccine
development. Our findings suggest that it is indeed possible to
construct ST toxoids that elicit neutralizing immune responses
against ST, with a minimal risk of immunological cross-reactivity.
Further studies will advance our candidate toxoids by ascertaining
their ability to protect animals and humans from ETEC diarrhea.
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