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The intracellular distribution of heat-labile enterotoxin in a human isolate of enterotoxigenic Escherichia coli
varied significantly as a result of changing incubation time, media, and degree of aeration. Direct comparison
with a K-12 plasmid recipient revealed a similar but less dramatic response to environmental factors.

Enterotoxigenic strains of Escherichia coli cause diarrhea
by production of one or more enterotoxins. One of these
enterotoxins, the heat-labile enterotoxin (LT), has been
purified to homogeneity and has been shown to be immuno-
logically and structurally similar to the enterotoxin of Vibrio
cholerae (choleragen) (2, 3, 6, 8, 13). Unlike cholera toxin,
which is primarily secreted into the culture medium, LT is
predominantly an intracellular or cell-associated protein (12,
16, 17, 19, 20). The intracellular distribution of LT within E.
coli, however, is not clearly defined. Recent attempts to
determine the distribution have been performed with recom-
binant plasmids containing LT genes inserted into a variety
of laboratory strains of E. coli (11, 18). Many of these studies
have found that LT is located principally in the periplasm.
The study reported here was designed to determine the effect
of various environmental influences on the intracellular
distribution of LT in a clinical isolate of enterotoxigenic E.
coli.
The intracellular distribution of LT in human enterotoxi-

genic E. coli Throop D (9) was studied with three media
representing both enriched (ML medium [1] and brain heart
infusion broth [BHI;Difco Laboratories, Detroit, Mich.])
and minimal nutritional environments (minimal medium [7]).
Periplasmic, cytoplasmic, and membrane fractions were
prepared as described by Witholt et al. (21). Alkaline phos-
phatase was assayed according to the procedure of Malamy
and Horecker (14). Glucose 6-phosphate dehydrogenase was
assayed as follows: 1 ml of each cell fraction was mixed with
1.1 ml of 0.05 M Tris (pH 8.0) and 0.3 ml each of 4 ,uM NAD,
0.1 M MgC92, and 10 p,M glucose 6-phosphate. The reaction
mixture was incubated at room temperature, and glucose
6-phosphate dehydrogenase activity was measured
spectrophotometrically at A340. The amount of LT in each
cellular fraction was determined by an enzyme-linked im-
munosorbent assay (ELISA), as previously described (4, 5).
Table 1 shows the relative distribution of both A and B

subunits of LT (LT-A and LT-B, respectively) in either
periplasm or spheroplasts after incubation with and without
aeration at 37°C. The percentage of LT-B in the periplasmic
fraction at 6 h ranged from a high of 96% in BHI to a low of
0% in minimal medium. In 18-h aerated and nonaerated
cultures the relative distribution remained the same, with
more LT-B associated with the spheroplasts under minimal

* Corresponding author.

and nonaerated conditions than in enriched aerated media.
This difference could not be attributed to differences in
efficiency of spheroplast formation since marker enzymes
(alkaline phosphatase for periplasm and glucose 6-phosphate
dehydrogenase for spheroplasts) consistently partitioned
with the appropriate fraction. A higher percentage of LT-A
than LT-B remained associated with the spheroplasts, prob-
ably reflecting the excess LT-A resulting from the AlBS
configuration of the holotoxin (10).

Overall production of LT was also quantitated and com-
pared with the number of organisms as a function of incu-
bation time, aeration, and nutrition. The maximum amount
of LT was produced in ML medium, with 86% of the final

TABLE 1. Distribution of two marker enzymesa and subunits of
LTb after growth in three media as a function of time and degree

of aeration
% distribution in fraction:

Medium Periplasm Spheroplast

AP G-6-P LT-B LT-A AP G-6-P LT-B LT-A

Aerated for 6 h
BHI 96 2 96 100 4 98 4 0
ML 92 12 78 72 8 88 22 28
Minimal NDc ND 0 0 ND ND 100 ND

Aerated for 18 h
BHI 91 7 91 83 9 93 9 17
ML 89 20 83 70 11 80 17 30
Minimal 58 6 34 15 42 93 66 85

Stationary for 18 h
BHI 82 3 85 ND 18 97 15 ND
ML 85 3 76 ND 16 97 24 ND
Minimal 84 4 36 35 16 96 64 65
a Alkaline phosphatase (AP) and glucose 6-phosphate dehydrogenase (G-6-

P). One unit of alkaline phosphatase is defined as the amount required to
hydrolyze 1.0 ,umol ofp-nitrophenyl phosphate to p-nitrophenol and inorganic
phosphate per min at pH 9.6 at room temperature. One unit of glucose 6-
phosphate dehydrogenase is defined as the amount of enzyme in a 1-ml sample
that at 25°C in a 3-ml assay mixture increases the optical density of NADH at
A340 by 0.001 in 1 min.

b LT in each cellular fraction was determined by ELISA as previously
described (4,5). Amounts of LT or subunits of LT in each sample were
determined by extrapolation from a standard curve of a known quantity of
purified E. coli LT, LT-A, or LT-B (6).

c ND, Not done.
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TABLE 2. Production of LT after growth in three media as a
function of time and degree of aeration

Medium CFU/ml
Amt of LT (pLg)a Molecules/

Periplasm Spheroplast CFU

Aerated for 6 h
BHI 3.0 x 109 0.91 0.07 93
ML 4.0 x 109 2.56 1.13 264
Minimal 1.8 x 108 0.00 0.06 100

Aerated for 18 h
BHI 5.6 x 109 3.33 0.70 205
ML 6.1 x 109 3.16 1.13 200
Minimal 2.9 x 109 0.24 1.47 168

Stationary for 18 h
BHI 1.0 x 109 0.18 0.03 61
ML 1.0 x 109 0.17 0.10 79
Minimal 1.1 x 109 0.11 0.43 140

a Determined by ELISA.

yield produced in 6 h (Table 2). This may be compared with
production in minimal medium, where the LT production per

CFU was lower (100 molecules per CFU for minimal me-
dium versus 264 molecules per CFU for ML medium), and
the overall yield was lower because of the greatly reduced
growth. After 18 h, the differences among the media were
not so striking in the aerated group, with the total yield being
somewhat higher in the enriched media. In the nonaerated
cultures, growth, molecules per CFU, and total yield were
greatly reduced compared with aerated cultures, with mini-
mal medium showing the highest total and per-cell yields.
The intracellular distribution of LT was further investi-

gated by subfractionating the cells. Fractions were desig-
nated as periplasm, cytoplasm, outer membrane, or inner
membrane. The outer membrane fraction was principally
outer membranes obtained by high-speed centrifugation of
the spheroplast supernatant and wash. The inner membrane
fraction was a mixture of cytoplasmic and outer membranes
remaining after lysis of the spheroplasts. Efficiency of frac-
tionation was confirmed by monitoring marker enzymes, as

noted above. Table 3 shows the distribution of LT in each
fraction after overnight growth at 37°C with aeration. Once
again, the relative distribution of LT within each fraction
varied according to the type of medium in which the cells
were grown. After growth in minimal medium, the majority
of LT (56%) was in the cytoplasm, with 26% in the peri-
plasm, and the remainder was associated with outer or inner
membranes. Growth in the more enriched media produced a

markedly different distribution, with the majority of LT

being found in the periplasm. Statistical analysis of these
data by the Student t test for two unpaired means indicated
a highly significant degree of difference between values for
periplasm and cytoplasm between each medium (P s 0.01).
As previously noted, ML medium produced the highest total
yield of LT.
The inner and outer membranes from cells grown over-

night with aeration in minimal medium were subsequently
purified, separated by isopycnic sucrose gradient centrifuga-
tion (15), and analyzed for the presence of LT by ELISA. All
of the detectable LT in the membrane fraction was found to
be associated with the cytoplasmic membrane. NADH oxi-
dase and 2-keto-3-deoxyoctonate were used as markers for
the cytoplasmic and outer membranes, respectively.
The intracellular distribution of LT was compared in the

wild-type enterotoxigenic isolate strain Throop D and in a

laboratory-derived strain designated 711 (10407)-an LT'
ST' transconjugant derived by phenotypically tagging the
enterotoxin plasmid of E. coli H10407 by transposition from
an F'ts lac::TnS plasmid and conjugally transferring the
TnS-tagged plasmid to E. coli K-12 711 (4, 5). Both strains
were grown in ML medium and in minimal medium over-
night at 37°C with aeration. As with strain Throop D, LT was
found predominantly in the periplasm (75%) when the K-12
strain was grown in ML medium, but was more evenly
distributed between periplasm (43%) and spheroplasts (57%)
when the K-12 was grown in minimal medium. Data for
Throop D are presented in Table 1.
We have previously examined the intracellular distribu-

tion of LT in two strains of E. coli containing the same genes
for production of LT: H10407, an enterotoxigenic human
isolate that produces both LT and heat-stable enterotoxin
and 711 (10407). The distribution of LT in both strains, as

assayed by ELISA, was compared with that of alkaline
phosphatase. In that study (L. Bonham and J. D. Clements,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1984, B138, p. 40),
LT clearly partitioned with alkaline phosphatase in the
periplasm of the K-12 strain and was found principally in
spheroplasts of the clinical isolate. It should be noted that
the laboratory strain contained the entire LT-heat-stable
enterotoxin plasmid from an enterotoxigenic human isolate,
and not a high-copy-number, overly efficient recombinant
plasmid, as has been the case with other such studies.
The current study examined the intracellular distribution

of LT in another clinical isolate, E. coli Throop D, and
investigated the effect of a number of environmental influ-
ences upon that distribution. The relative distribution of LT
within each of the fractions varied according to type of
medium and degree of aeration; the more highly enriched
media and higher aeration resulted in a periplasmic location
for LT, whereas growth in minimal medium and reduced

TABLE 3. Subcellular distribution of LT after growth in three media at 37°C for 18 ha
Amt of LT

Fraction Minimal medium BHI ML medium

,Lg g ,g %

Periplasm 8.3 ± 2.4 26 ± 9 14.0 ± 2.9 57 ± 3 34.1 + 9.9 78 ± 3
Cytoplasm 21.9 ± 9.7 56 ± 11 5.4 ± 1.4 21 + 3 2.9 ± 1.1 6 ± 2
Inner membraneb 2.7 0.7 10 4 3.9 1.1 16 3 4.1 1.4 10 4
Outer membraneb 2.7 0.4 8 1 1.8 1.3 6 3 2.3 1.3 5 2

a Mean ± the standard error of the mean for three independent determinations. Differences between media for periplasmic and cytoplasmic LTs are

significantly different (P ± 0.01).
b Cytoplasmic and outer membranes were separated according to the procedure of Mizushima and Yamada (15).
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aeration caused LT to remain principally in the cytoplasm.
Only a minor portion was found to be associated with either
outer or cytoplasmic membranes. The reason for the differ-
ences in our observations on processing of LT by clinical
isolates and that in laboratory strains, as reported by others,
is not known. Certainly, most K-12 strains have been
multiply mutagenized and possess undetected genetic alter-
ations other than the auxotrophic markers scored for during
mutagenesis. It would therefore seem unwise to predict the
pathogenic behavior of wild-type strains based on a limited
number of observations in laboratory strains carrying recom-
binant plasmids capable of overproducing certain virulence
determinants by orders of magnitude.
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