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The cytosolic proteins EntE, EntF, and EntB/G, which are Escherichia coli enzymes necessary for the final
stage of enterobactin synthesis, are released by osmotic shock. Here, consistent with the idea that cytoplasmic
proteins found in shockates have an affinity for membranes, a small fraction of each was found in membrane
preparations. Two procedures demonstrated that the enzymes were enriched in a minor membrane fraction of
buoyant density intermediate between that of cytoplasmic and outer membranes, providing indirect support for
the notion that these proteins have a role in enterobactin excretion as well as synthesis.

Escherichia coli responds to iron deprivation by synthesizing
and excreting a small, iron-chelating molecule termed entero-
bactin (Ent). Complexes of extracellular Fe(III)-Ent are sub-
sequently transported into the cytoplasm, where Fe(III) is re-
duced and released from Ent (reviewed in reference 8). The
Ent biosynthetic pathway is known (Fig. 1). It has two stages;
in the first, chorismate is converted to the specific precursor
2,3-dihydroxybenzoate (DHBA) by the EntC, -B/G and -A
proteins, and in the second, three molecules each of DHBA
and Ser are converted by EntB/G, -D, -E, and -F to Ent by a
protein-thiotemplate mechanism. EntD, a phosphopantethei-
nyl transferase, posttranslationally modifies both EntB/G and
EntF by adding 49-phosphopantetheine (10, 22). Holo-EntB/G,
holo-EntF, and EntE (collectively termed Ent synthase) then
catalyze Ent formation (11).

How siderophores are excreted is a major question in bac-
terial iron assimilation. Only in Mycobacterium smegmatis,
where the exiT gene encodes an ABC transporter that probably
functions to pump out exochelin (32), has a secretion compo-
nent been clearly identified. It was proposed early on that the
proteins involved in the second stage of Ent synthesis formed
a membrane-associated complex that both synthesized and
vectorially transported Ent to the environment (12). This idea,
which was supported by chromatographic data showing coelu-
tion of some Ent synthase components, was appealing for sev-
eral reasons, foremost of which was that it provided a means
for keeping free Ent from causing damage in the cytoplasm.
More recent data, while not eliminating the model, have shown
that Ent synthase polypeptides do not form a stable in vitro
complex and that a membrane is not necessary for Ent biosyn-
thesis (11, 17).

We demonstrated that the cytoplasmic polypeptides EntE,
-F, and -B/G have the unusual trait of being released from cells
by osmotic shock but not by conversion of cells to spheroplasts
(17). Proteins with this behavior are termed group D proteins
(2); in addition to the three Ent proteins, approximately 11
other E. coli proteins can be so classified. The presence of
group D proteins in shockates is generally attributed to their
loose association with the cytoplasmic membrane (2, 25), and
in a preliminary study, EntB/G was detected in membrane
preparations (F. Hantash and C. F. Earhart, Abstr. 95th Gen.

Meet. Am. Soc. Microbiol. 1995, abstr. K-32, p. 542, 1995). Here
the membrane association of EntB/G, -E, and -F was examined
in detail. A small portion of each of these proteins was found
in membranes, where they were enriched in a fraction inter-
mediate in density between outer and inner membranes.

Association of EntB/G, -E, and -F with membranes. EntE
and EntF as well as EntB/G were detected in total membrane
preparations from cells grown in iron-deficient medium
(TMM) (17) (Fig. 2), but the extent of their membrane asso-
ciation varied significantly. In this and similar experiments
(data not shown), EntB/G exhibited the greatest degree of
membrane association, followed by EntE and then EntF. Ent
synthase proteins in the membrane fractions were firmly at-
tached, as additional washes of the membrane did not result in
any dimunition of their presence (Fig. 2, lanes 3 and 4).
Periplasmic protein alkaline phosphatase (PhoA) and mem-
brane protein TonB served as controls and were found solely in
the soluble and membrane fractions, respectively.

To study the presence of Ent synthase proteins in specific
membrane species, membranes from iron-starved cells were
fractionated by equilibrium density gradient centrifugation.
Both the original procedure (26) and a modification in which
membranes float up to their point of equilibrium density were
used (27). When membrane species separated by flotation gra-
dients were analyzed (Fig. 3A), membrane-associated Ent syn-
thase proteins were enriched in a fraction intermediate in
density between inner membrane and outer membrane (Fig.
3B). Outer membrane protein OmpA served as a control; it
was found exclusively in membranes and localized in the outer
membrane. PhoA was also monitored by Western blotting and
found solely in the soluble fraction (data not shown).

Subsequently, a series of individual fractions from both sep-
aration procedures was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting. Both procedures gave similar results, and only the
data for the method of separation of Osborn et al. (26) are
shown (Fig. 4). When equal amounts of protein from each
fraction were examined, EntB/G, -E, and -F were again ob-
served to be enriched in membranes of intermediate density
(Fig. 4C, fractions 21 to 31); the average density of these
membrane fractions for both separation procedures was about
1.19. Figures 4A and B provide the information (density,
NADH oxidase activity, porin, and OmpA localization) verify-
ing that the separation of inner and outer membranes was
satisfactory. No proteins unique to the intermediate-density
membrane were detected by staining (Fig. 4B). The energy-
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coupling protein TonB was also enriched in the intermediate-
density membrane, although TonB clearly differed from group
D proteins in that it was present exclusively in membranes (Fig.
4C).

To test the possibility that the majority of EntB/G, -E, and -F

are exposed in the periplasm in vivo, cells were converted to
spheroplasts (21) and treated with trypsin. No digestion of any
Ent synthase polypeptide was detected, while TonB, which has
periplasmic exposure, was completely cleaved (data not
shown).

FIG. 1. Enterobactin biosynthesis. diDHBA, 2,3 dihydro-2,3,dihydroxy benzoic acid; 4PP, 49-phosphopantetheine.

FIG. 2. Association of EntB/G, EntE, and EntF with membranes. E. coli AB1515 (23) was grown in TMM (17) to 5 3 108 cells/ml, and the total membranes and
the soluble protein fractions were isolated. Fractions from equal numbers of cells were examined by Coomassie blue staining (A) and Western blotting (B) after
electrophoresis on SDS–11% polyacrylamide gels. Lanes: 1, soluble proteins; 2, total membranes; 3, total membranes after a second wash with 10 mM sodium phosphate
buffer, pH 7; 4, total membranes after three washes with buffer.
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Compartmentalization and localization at contact sites be-
tween inner and outer membrane. Currently, the behavior of
group D proteins is generally attributed to their positioning at
adhesion sites between inner and outer membranes (1, 9, 25).
(The existence of adhesion sites, as distinguished from plas-
molysis bays, remains a matter of controversy, however [6].)
An additional consideration is that certain exported proteins
synthesized without their signal sequence are also released by
osmotic shock (3, 7, 30). This led us to suggest that proteins
released by osmotic shock but not by spheroplasting have tem-
porary or fragile association with membrane sites at which
transmembrane passage occurs (17).

The principal finding of this work, the detection of Ent
synthase polypeptides in membrane fractions, is consistent
with previous explanations for the shockability of group D
proteins. Also, that all Ent synthase components are found in
shockates and that a small portion of each can be detected in
membranes is the only current support for the idea that Ent
synthase functions as a membrane-associated complex. Al-
though only a minor portion of EntB/G, -E, and -F was mem-
brane associated their detection was significant: (i) no trace of
soluble proteins such as alkaline phosphatase was found in
membranes, despite the use of a sensitive assay, and (ii) intra-
cellular concentrations of Ent synthase proteins were at phys-
iological levels, so artifacts arising from overexpression were
not possible. The EntB/G, -E, and -F found with membranes
were firmly attached; the membrane isolation procedure in-

cluded a washing step, and additional washes did not result in
the loss of Ent synthase polypeptides. Trypsin susceptibility
experiments indicated that if the majority of each polypeptide
is membrane associated in vivo, they do not extend through the
cytoplasmic membrane. The relative amount of each protein
found with membranes varied, with EntB/G having the highest
degree of membrane association. EntB/G, of the three Ent
synthase polypeptides, is also the one found in the highest
percentage in shockates (17).

Membrane localization procedures demonstrated that the
Ent synthase proteins were enriched in an intermediate density
fraction. The in vivo origin of this membrane species is not
known, and it is possible that membranes from several distinct
cellular locations could have this density. This fraction is likely
to include adhesion zones (19, 25), the membrane domain that
binds hemimethylated oriC DNA (5) primarily by SeqA (28,
29), envelope proteins such as TolQ, -R, -A, and -B involved in
translocations across the periplasm (13) and the group D pro-
tein thioredoxin (25) in addition to EntB/G, -E, and -F. For
group D proteins, of course, the vast majority of each is found
in soluble fractions. We also show here that the envelope
protein TonB (24), when monitored on gels in which a constant
amount of protein was present in each lane, also was enriched
in the intermediate-density fraction under these growth con-
ditions.

Our current working model regarding Ent synthase com-
partmentalization and its possible role in Ent excretion is as

FIG. 3. Association of EntB/G, -E, and -F with membranes. Total membranes were isolated from mid-log-phase E. coli AB1515 by the procedure of Osborn et al.
(26). Membranes were resuspended in 65% sucrose, layered with decreasing concentrations of sucrose solutions (56, 53, 50, 47, 44, 41, 38, 35, and 28%), and separated
as described by Poquet et al. (27). Membrane fractions were pooled, and 20 mg of protein (4) from each pool was analyzed by Coomassie blue staining (A) and Western
blotting (B) after electrophoresis on 11% polyacrylamide gels (17). Lanes: 1, inner membrane fractions; 2, intermediate-density fractions; 3, light outer membrane
fractions; 4, heavy outer membrane fractions; St, molecular weight standards.

FIG. 4. Presence of EntB/G, -E, and -F in various gradient fractions. Sucrose gradient centrifugation was performed by the method of Osborn et al. (26). Two
hundred and fifty-microliter fractions were collected from the top of the gradient and analyzed for protein content, sucrose density, and NADH oxidase activity (units
of activity are micromoles of NADH oxidized per minute. (A) Protein content, sucrose density, and NADH oxidase activity of fractions. Equal amounts of protein from
various fractions were subjected to SDS-PAGE and analyzed by staining and Western blotting. (B) Coomassie blue-stained gel of the various fractions. St, molecular
mass standards. Numbers on the side indicate positions of molecular mass standards in kilodaltons. Numbers at the top indicate fraction numbers from panel A. TM,
total membrane fraction; S, soluble fraction; (C) Western blot analyses of EntB/G, -E, and -F, TonB, and PhoA. Numbers at the top indicate fraction numbers from
panel A. TM, total membrane fraction; S, soluble fraction.
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follows. The totality of results with Ent synthase and other
group D proteins suggest that a large fraction of these proteins
is in contact with, or in close proximity to, membranes. The
proportion of a group D protein detected in membranes de-
pends on the lysis technique used (20). With gentle lysis pro-
cedures, 20 to 40% of a group D protein can be detected in
membranes (9, 25) whereas with more rigorous procedures
such as those used here the percentage in membrane is much
less. Minimally, the in vivo amount of such membrane-con-
nected polypeptides, in this case Ent synthase components,
would be equivalent to that found in shockates. The nature of
this membrane association has not been established but, for
Ent synthase proteins, it could be dynamic and involve a variety
of interactions such as protein-protein and both weak and
strong membrane binding. Regardless of its basis, the associ-
ation for most of each protein species is sufficiently weak that
when extracts are prepared for enzyme assays or protein pu-
rification the proteins behave as typical cytoplasmic proteins. If
the idea (17) that group D proteins are localized at sites of
transmembrane passage is correct, it is likely that Ent synthase
is associated with a cytoplasmic membrane pump capable of
excreting Ent. Additional evidence (17; F. M. Hantash, unpub-
lished data) that must be considered in any model is that the
shockability of Ent synthase proteins is unaffected by the ab-
sence of either (i) other Ent synthase proteins or (ii) EnxA, a
cytoplasmic membrane protein that recent preliminary evi-
dence (D. N. Sanders, I. G. Hook-Barnard, and M. McIntosh,
Abstr. 99th Gen. Meet. Am. Soc. Microbiol., abstr. B/D-193, p.
66, 1999) suggests is a pump for Ent excretion. Lastly, there
was no periplasmic accumulation of Ent by the E. coli strains
used (16). Ent may therefore be secreted directly from its site
of synthesis through the envelope to the external milieu.

Because the Ent system is a model for siderophore-mediated
iron uptake, these ideas concerning the site of siderophore
synthesis and manner of secretion may have general relevance,
particularly for siderophores synthesized by a protein-thiotem-
plate mechanism. Indeed, peculiarities of and difficulties in
localization of what are probably siderophore biosynthetic en-
zymes have been reported (14, 15, 31). Especially relevant is
work with Yersinia sp. protein HMWP2, a large iron-regulated
protein with domains homologous to EntF, EntE, and EntB/G
(14, 17). Trace amounts of HMWP2 were found associated
with what was apparently the cytoplasmic membrane. The
above ideas regarding the localization and functioning of Ent
synthase are similar in several ways to one suggestion made by
Guilvout et al. (15) to explain HMWP2 data. It would be of
interest to determine if HMWP2 and other enzymes besides
EntE, -F, and -B/G that function in nonribosomal peptide
synthesis are present in shockates.
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