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Heat-inactivated normal human serum produces iron-reversible bacteriostasis
of a number of microorganisms. This inhibitory effect was abolished by adsorption
of serum with ultraviolet-killed cells of species that produce the siderophore
enterochelin. Bacteriostasis also was alleviated by adsorption of serum with 2,3-
dihydroxy-N-benzoyl-L-serine, a degradation product of enterochelin, bound to
the insoluble matrix AH-Sepharose 4B. The adsorption process did not add iron
or enterochelin to serum, nor did it remove transferrin. The immunoglobulin
fraction from normal human serum was isolated; when added to a defined medium
(M199) prepared so as to mimic normal human serum, the immunoglobulin
rendered the medium inhibitory to an enterochelin-defective strain of Salmonella
typhimurium. Adsorption of this medium with AH-Sepharose 4B-2,3-dihydroxy-
N-benzoyl-L-serine removed the inhibition. Our results indicate that enterochelin-
specific immunoglobulins exist in normal human serum. These immunoglobulins
may act synergistically with transferrin to effect bacteriostasis of enterochelin-

producing pathogens.

Complement-inactivated normal human se-
rum is bacteriostatic for a number of pathogenic
microorganisms (20, 21), including Mycobacte-
rium tuberculosis (6), Escherichia coli (7), and
Salmonella typhimurium (22). One factor which
contributes to this inhibitory effect is the iron-
binding serum protein transferrin. Like the iron-
binding proteins present in other biological
fluids (e.g., lactoferrin in human milk), transfer-
rin limits bacterial growth by sequestering essen-
tially all of the available iron. The bacteriostatic
effect of human serum can be abolished by the
addition of various iron compounds which result
in saturation of the two transferrin iron-binding
sites. Serum bacteriostasis can also be overcome
by the addition of microbial iron chelators (sid-
erophores), which are thought to provide bac-
teria with iron by successfully competing with
transferrin for iron (21). Thus, serum inhibition
of S. typhimurium growth is alleviated by the
addition of iron-free enterochelin (enterobactin)
(24), the siderophore produced by E. coli and S.
typhimurium.

As indicated above, previous work on the bac-
teriostatic nature of serum has concentrated on
the ability of transferrin to deprive microbes of
iron. In addition, Rogers (17, 18) found that
serotype-specific horse antiserum strongly po-
tentiated the bacteriostatic effect of human
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transferrin, an effect abolished by adding a
transferrin-saturating concentration of iron or
by adding an “iron-transporting catechol.”
Rogers has attributed this effect primarily to a
specific immunoglobulin (immunoglobulin G)
not found in normal serum, which he believes
inhibits the bacterial synthesis of the sidero-
phore. In this study we report that normal hu-
man serum contains enterochelin-specific im-
munoglobulin that apparently inhibits entero-
chelin-mediated iron uptake. Such antibodies
probably act in concert with transferrin to
impede microbial iron uptake and thereby limit
the growth of invading microorganisms.

MATERIALS AND METHODS

Bacteria. The organisms used are listed in Table 1.
Unless otherwise indicated, strains were from the de-
partmental culture collection. Strains bearing the des-
ignation SHD were originally obtained from the Texas
State Department of Health Resources Laboratory,
Austin.

Chemicals. Aminohexyl-Sepharose 4B (AHS4B)
was purchased from Pharmacia Fine Chemicals, Inc.,
and Affigel 701 and 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride were obtained from
Bio-Rad Laboratories. Crystalline human transferrin
was purchased from Sigma Chemical Co.

Growth of bacteria. Cultures were maintained at
4°C on brain heart infusion agar (Difco Laboratories)
slants. Inocula and cells for adsorption were prepared
from the second of two consecutive 12-h slants that
had been incubated at 37°C. Cells were harvested,
washed three times by centrifugation, and diluted if
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TaBLE 1. Organisms employed and their ability to
alleviate serum bacteriostasis

Alleviation of bacteriostasis
Complete Partial None
S. typhimurium | Klebsiella S. typhimurium Fisher
SR-11 (24)“ pneumoniae| (autoclaved)
S. typhimurium | Vibrio S. typhimurium enb-1
96-1 Ent ™ cholerae Ent™* (16)"
(24)° Inaba

S. typhimurium

S. typhimurium enb-7

Fisher Ent™* (16)"

S. typhimurium E. coli RW193 entA®
LT-2 (10)*

E. coli AN102 E. coli AN93 entE"
fep” (4)

E. coli AB1515 Proteus mirabilis SHD
8)"

E. coli 055:B5 Salmonella typhi SHD

H901

E. coli 0111:B4

E. coli 0127:B5

Serratia marcescens
SHD

Bacillus megaterium
ATCC 19213

Enterobacter Bacillus cereus
aerogenes
SHD
Citrobacter Staphylococcus
bethesda epidermidis SHD
A. faecalis Streptococcus faecalis
ATCC 19018°
S. flexneri type Streptococcus pyogenes
I ATCC 10526
S. dysenteriae Corynebacterium
type I SHD diphtheriae mitis SHD
387471
Corynebacterium
diphtheriae subsp.

ulcerans SHD 1471

“ Reference number.
* Relevant marker or phenotype.
“ Shown to produce DBS (and probably enterochelin) (9).

necessary in 0.029 M phosphate buffer, pH 7.0 (PB).
All growth experiments were performed with S. typhi-
murium 96-1 (24) or S. typhimurium Fisher.

Bacterial growth was monitored by viable counts;
appropriately diluted culture samples were spread
onto nutrient agar (Difco) and enumerated after 15 to
18 h of growth at 37°C.

Media. Iron-deficient solid medium consisted of
MM agar supplemented to 0.1 mM with a,a’-dipyridyl
(11). Enterochelin was isolated from the supernatant
fluid of cells grown in medium 56 (15) supplemented
with 0.5 mg of FeSO, per liter (25) and required
nutrients.

TC-medium 199 (Difco; M199) was rehydrated with
demineralized water, filter sterilized, and stored as a
10x-concentrated solution at 4°C until needed. This
defined medium is described as an ultrafiltrate of
serum (12) and was used to mimic immunoglobulin-
free serum. To provide the nonspecific, bacteriostatic
component of serum, we added apotransferrin (T) to
a physiological concentration (30 uM). The M199-T
solution was incubated at 37°C for 2 h to allow chela-
tion of iron (18 pM) present in M199 (6): this amount
of iron was equivalent to 30% saturation of the trans-
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ferrin added.

Pooled serum for bacterial culture was obtained
from the blood of healthy human volunteers. Within
4 h after blood collection, serum was isolated, filter
sterilized, and stored at —20°C. Iron saturation levels
of transferrin in the several pooled serum samples
ranged from 25 to 35%. Before use, the heat-labile
components of complement were inactivated by heat-
ing the serum at 56°C for 30 min. Serum cultures were
incubated at 37°C in a candle jar. The inoculum rep-
resented 1% of the total volume of serum.

Glassware used in experiments involving M199 and
serum was rendered iron-free as before (24).

Assays. Serum transferrin iron saturation levels
were determined in all sera by the method of Williams
and Conrad (23), employing the chromagens 2,4,6-tri-
pyridyl-s-triazine and 2,2’,2”-tripyridyl. The presence
of transferrin was determined by the colorimetric as-
say of Bates and Wernicke (2). Phenolate quantitation
was performed by the method of Arnow (1).

Preparation of coupled ligands. 2,3-Dihydroxy-
N-benzoyl-L-serine (DBS) was coupled to AHS4B and
Affigel 701 by the carbodiimide coupling procedure
recommended by Pharmacia. The conjugation effi-
ciency was determined by testing the slurry washes for
phenolates. Essentially all free amino groups on either
matrix were bound with DBS.

Lipopolysaccharide (LPS) from S. typhimurium
SR-11, isolated by trichloroacetic acid precipitation
(19), was coupled to human erythrocytes or Affigel 701
as follows. LPS (100 ug/ml) was boiled for 2h in 0.1 N
NaOH to solubilize the endotoxin and degrade any
enterochelin present. The pH was adjusted to neu-
trality, and the cooled LPS was attached to pooled
human erythrocytes by the method of Nowotny (13)
or to Affigel 701 by the glutaraldehyde coupling pro-
cedure of Cambiaso et al. (3).

UV irradiation of bacterial cells and serum
adsorption. Cells in PB were ultraviolet (UV) irra-
diated with a Sylvania type A germicidal lamp to a
survival level of 107%, harvested, washed three times
with PB, and suspended in complement-inactivated
normal human serum to a cell density of approxi-
mately 5 X 10° colony-forming units per ml. The
serum-cell mixture was incubated at 37°C for 30 min
in a candle jar. After adsorption, cells were removed
by centrifugation, and the serum was filter sterilized.

Adsorption of serum with Affigel-DBS, Affigel-LPS,
AHS4B-DBS, or erythrocytes-LPS followed a similar
protocol. Serum (5 ml) was adsorbed for 1 h at 37°C
in a candle jar with 1 ml of AHS4B-DBS, 1 g of Affigel-
DBS or Affigel-LPS, or 1 ml of packed erythrocytes-
LPS. The ligand was collected by centrifugation, and
the serum was then filter sterilized.

Enterochelin and DBS. Enterochelin was isolated
from the supernatant fluid of late-log-phase cultures
(5 liters) of E. coli AN102. The method of Yancey et
al. (24) was used, except the initial diethylaminoethyl
cellulose step was omitted. The purity of the entero-
chelin preparation was determined by comparison
with authentic enterochelin by one- and two-dimen-
sional thin-layer chromatography (14, 15). Ferri-enter-
ochelin was prepared and stored at —20°C. Aqueous
desferri-enterochelin solutions were prepared as
needed in 0.1 M tris(hydroxymethyl)aminometh-
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ane-hydrochloride buffer (pH 6.5) containing 20%
(vol/vol) ethanol (8).

The pH 2.0 and 7.0 aqueous phases resulting from
the wash of the ethyl acetate concentrate were saved
for the purification of DBS (15).

Isolation of immunoglobulin. Whole immuno-
globulin fractions were isolated by sodium sulfate pre-
cipitation by the method of Kekwick (5).

RESULTS

Yancey et al. (24) demonstrated that 10° col-
ony-forming units of S. ¢yphimurium SR-11 per
ml requires 24 h to reach maximal growth in
complement-inactivated serum and that S. ty-
phimurium 96-1, an Ent™ derivative of SR-11,
fails to grow at all in this medium. S. typhimu-
rium Fisher, although Ent*, also failed to grow
in complement-inactivated serum (Fig. 1). Strain
Fisher, which is known to produce less entero-
chelin than does strain SR-11 (21), apparently
produces an insufficient amount of enterochelin
to escape serum bacteriostasis.

After adsorption of heat-inactivated normal
serum with certain microorganisms, S. typhi-
murium 96-1 and Fisher were able to grow (Ta-
ble 1). No gram-positive organisms and only
certain gram-negative organisms that are mem-
bers of the family Enterobacteriaceae (Alcali-
genes faecalis excepted) were able to relieve the

log,o CFU/mI

1 1 1 1 1 1
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Hours
F1Gc. 1. Growth of S. typhimurium Fisher in ho-
mologously adsorbed serum. The number of UV-
killed cells per milliliter used for adsorption was as
follows: O, 8 x 10°; 00, 1.6 X 10°; @, 8 x 10*; W, 1.6 x
10%; A, 0. CFU, Colony-forming units.

INFECT. IMMUN.

serum bacteriostasis. The ability of UV-killed
cells to alleviate growth inhibition was depend-
ent on their ability to synthesize the siderophore
enterochelin; serum which had been adsorbed
with mutants bearing specific defects in entero-
chelin biosynthesis (E. coli RW193 and AN93
and S. typhimurium enb-7 and enb-1) Hid not
permit growth. Serum bacteriostasis also was
retained after adsorption with autoclaved Ent*
cells.

No evidence was found that the UV-killed
cells released iron or enterochelin into serum
during adsorption. After adsorption, the satura-
tion level of transferrin was unaltered, and no
enterochelin could be detected in serum by stan-
dard extraction and thin-layer chromatographic
techniques. Thus, incubation of serum with ap-
propriate UV-killed bacteria appeared to re-
move a bacteriostatic factor rather than add a
growth-stimulating compound.

The growth of S. typhimurium Fisher in nor-
mal adsorbed serum is shown in Fig. 1. There
was an initial brief lag and then approximately
8 h of exponential growth. The extent of growth
and the growth rate were directly dependent on
the concentration of cells with which the serum
was adsorbed. Adsorption of serum with approx-
imately 8 X 10° UV-killed cells per ml permitted
maximal growth; adsorption with fewer than 10®
UV-killed cells per ml had almost no effect. In
all subsequent experiments, serum was adsorbed
with approximately 5 X 10° UV-killed cells per
ml

The inability of Ent™ strains to remove the
serum bacteriostatic factor is shown in Fig. 2.
Strain 96-1 grew normally in serum adsorbed
with any of the three parental strains (E. coli
ABI1515 and S. typhimurium SR-11 and LT-2),
and no growth was observed in unadsorbed se-
rum. However, in serum adsorbed with Ent~
cells, strain 96-1 failed to grow in all cases but
one. These results implicated enterochelin bio-
synthetic ability with the capacity to remove the
serum bacteriostatic factor. The one case in
which adsorption with an Ent™ strain did allow
some subsequent growth of strain 96-1 was when
homologously adsorbed serum was used (Fig.
2B). This suggested that strain 96-1 was “leaky”
for enterochelin biosynthesis; this was confirmed
when it was found that strain 96-1 cells could
grow on iron-deficient solid medium. None of
the other four Ent™ mutants showed any growth
on these plates. That strain 96-1 was leaky for
enterochelin biosynthesis probably explains its
ability to grow under the iron-deficient condi-
tions present in serum.

That only Ent™ cells were able to remove the
serum bacteriostatic factor suggested that the
inhibitor could be removed by adsorbing serum
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with enterochelin-derived ligands attached to an
inert rpatrix. DBS is a degradation product of
enterochelin which, because it has a free car-
boxyl group, can be attached to insoluble mat-
rices such as Affigel 701 or AHS4B. LPS (endo-
toxin) was also used as a ligand and coupled to
both Affigel 701 and erythrocytes. Growth of
strain 96-1 in serum adsorbed with these insol-
uble preparations is shown in Fig. 3. Adsorption
in which DBS was used as a ligand completely
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removed serum bacteriostasis; adsorption with
endotoxin was without effect. These results
strongly argue that the inhibitory factor recog-
nizes DBS and can be removed from serum
because of its affinity for DBS. Other explana-
tions for the ability of serum adsorbed with the
appropriate UV-killed cells to support the
growth of S. typhimurium 96-1 or Fisher have
been eliminated. The data shown in Fig. 3 fur-
ther confirm that leakage of iron or enterochelin
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Fic. 2. Growth of S. typhimurium 96-1 in serum adsorbed with E. coli (A) or S. typhimurium (B). (A): O,
ABI1515; 0, AN93; A, RW193. (B): ®, SR-11; B, LT-2; A, 96-1; O, enb-1; [J, enb-7. CFU, Colony-forming units.
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Fic. 3. Growth of S. typhimurium 96-1 in serum adsorbed with carrier-associated DBS and LPS. (A): O,

Affigel-DBS; O, Affigel-LPS; A, erythrocytes-LPS. (B):
units.

@, AHS4B-DBS; R, unadsorbed. CFU, Colony-forming
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was not responsible. They also failed to provide
evidence for the existence of bacteriostatic LPS-
specific antibodies. The possibility that the ab-
olition of serum bacteriostasis resulted from the
removal of transferrin was also eliminated. The
proteins bound to the AHS4B-DBS slurry were
eluted with 0.5 M NaCl in 0.2 M glycine buffer,
pH 26. After dialysis against phosphate-
buffered saline, the proteins were assayed for
transferrin with negative results. The possibility
that the DBS coupled to the inert matrices was
dissociating during adsorption was also ex-
cluded. Five milliliters of PB was incubated at
37°C for 1 h with AHS4B-DBS. The AHS4B-
DBS was removed by centrifugation, and the
PB was concentrated to 0.5 ml. This “adsorbed”
PB, when added to serum at a final concentra-
tion of PB of 10%, did not stimulate the growth
of strain 96-1.

The specificity involved in the adsorption
studies suggested that a naturally occurring im-
munoglobulin was responsible for bacteriostasis
in heat-inactivated serum. The immunoglobulin
fraction was isolated from normal human serum
and added in a physiological concentration to
M199 supplemented with 30 uM T. This recon-
stituted medium (M199 + T + immunoglobulin)
was assayed for bacteriostatic properties directly
or adsorbed with AHS4B-DBS and then assayed
for inhibitory activity. Reconstituted medium
was 20-fold more bacteriostatic than medium
without added immunoglobulin (M199 + T)
(Fig. 4). Strain 96-1 grew equally well in M199,
M199 + T, and M199 + T + immunoglobulin
which had been adsorbed with AHS4B-DBS.
These data showed that immunoglobulin frac-
tions from normal human serum were capable
of inhibiting the growth of strain 96-1 and that
adsorption with AHS4B-DBS removed the in-
hibitory immunoglobulin.

DISCUSSION

Our results indicate that normal human serum
contains an immunoglobulin capable of inhibit-
ing the growth of enteric bacteria. This immu-
noglobulin was removed by adsorption of heat-
inactivated human serum with a variety of
whole-cell and antigen carrier preparations. The
immunoglobulin appears to be specific for enter-
ochelin: (i) Ent™ mutants of E. coli and S. ty-
phimurium did not remove the inhibitory factor,
and (ii) the factor could be adsorbed from serum
with DBS coupled to inert matrices. Bacterial
species which do not synthesize enterochelin,
such as gram-positive organisms, did not remove
the factor. Some of the strains used in this study
have not been shown to produce enterochelin,
but were capable of abolishing the bacteriostatic

INFECT. IMMUN.
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Fic. 4. Effect of immunoglobulin and transferrin
supplements on the growth of S. typhimurium 96-1 in
defined media. Symbols: O, M199 + T + immuno-
globulin; O, M199 + T + immunoglobulin (AHS4B-
DBS adsorbed); ®, M199; B, M199 + T. CFU, Colony-
forming units.

effect of serum. Our results suggest that orga-
nisms such as Shigella dysenteriae and Shigella
flexneri synthesize enterochelin.

It is not possible at this time to answer ques-
tions regarding the origin of enterochelin-spe-
cific antibodies. They could have arisen from
antigenic stimulation during a previous infection
by an organism that produces enterochelin. Al-
ternatively, such antibodies could result from
the ubiquitous colonization of the human gut by
E. coli. E. coli produces enterochelin as a re-
sponse to iron deprivation; if immunogenic en-
terochelin complexes formed, subsequent anti-
genic stimulation of the appropriate antibody-
producing cells could occur. Also, small mole-
cules such as enterochelin are not normally im-
munogenic unless coupled to a larger molecule.
Such a carrier molecule could be a protein in-
volved in the excretion or uptake of enterochelin
or, as Kochan et al. (7) have suggested, LPS.
Research is under way to determine the nature
and identity of this immunogenic complex.

The presence of an enterochelin-specific anti-
body in normal human serum provides an addi-
tional line of defense against enteric invaders.
Upon entry into the blood, any microorganism
must compete with the serum protein transferrin



VoL. 27, 1980

for iron. To accomplish this task, the microor-
ganisms produce siderophores. Yancey et al. (24)
have shown that the production of enterochelin
by S. typhimurium or the addition of exogenous
enterochelin to normal human serum stimulates
the growth of an enterochelin-defective strain
and its parent in an otherwise iron-limiting en-
vironment. In addition, the production of enter-
ochelin by S. typhimurium was shown to en-
hance the virulence of the organism in mice.
Iron sequestered by transferrin would provide
only a transitory defense against infection by
enterochelin-producing pathogens. However,
immunoglobulin specific for enterochelin could
selectively inhibit this iron uptake mechanism
and, by acting in concert with transferrin, iron
starve invading microbes. This would be partic-
ularly true when the initial concentration of
pathogens was small, so that the possibility of
their synthesizing enterochelin in sufficient
quantity to overcome the anti-enterochelin im-
munoglobulin titer would be remote.
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