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The effect of lactoferrin (Lf) on bacterial growth was tested by measuring conductance changes in the
cultivation media by using a Malthus-AT system and was compared with the magnitude of '**I-labeled Lf
binding in 15 clinical isolates of Escherichia coli. The binding property was inversely related to the change in
bacterial metabolic rate (- = 0.91) and was directly related to the degree of bacteriostasis (r = 0.79). The
magnitude of Lf-bacterium interaction showed no correlation with the MIC of Lf. In certain strains, Lf at
supraoptimal levels reduced the bacteriostatic effect. Thus, the Lf concentration in the growth media was
critical for the antibacterial effect. The cell envelopes of Salmonella typhimurium 395MS with smooth
lipopolysaccharide (LPS) and its five isogenic rough mutants revealed 38-kDa porin proteins as peroxidase-
labeled-Lf-reactive components in sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot
(ligand blot) analysis. However, in the whole cell binding assay, parent strain 395MS demonstrated a very low
interaction with >5I-Lf. On the other hand, Lf interaction gradually increased in correspondence with the
decrease in LPS polysaccharide moiety in the isogenic rough mutants. Conductance measurement studies
revealed that the low-level-Lf-binding (low-Lf-binding) strain 395MS with smooth LPS was relatively
insusceptible to Lf, while the high-Lf-binding mutant Rd was more susceptible to Lf. These data suggested a
correlation between Lf binding to porins and the Lf-mediated antimicrobial effect. The polysaccharide moiety

of LPS shielded porins from the Lf interaction and concomitantly decreased the antibacterial effect.

Lactoferrin (Lf) constitutes one of the major antimicrobial
systems in milk and various mammalian exocrine secretions
(8,9, 11, 29, 42). An important role for Lf in nonspecific local
secretory immunity at the mucosal surface has been sug-
gested, more effectively in association with immunoglobulin
A (45, 46). Lf also occurs in the specific granules and
contributes to the microbicidal activity of the polymorpho-
nuclear leukocytes (1, 10, 30). Since Lf could directly have
bacteriostatic, bactericidal, and opsonic effects on bacteria,
it has been regarded as one of the potential preimmune host
defense systems (3, 22, 37, 42).

Lf is an iron-binding protein that reversibly binds two
atoms of Fe** in the presence of bicarbonate (17, 28). This
property enables Lf to scavenge iron from the physiological
milieu. Eventually, such processes may deprive iron from
the microorganisms and inhibit their metabolic activities in
vivo. This hypothesis provided an explanation to elucidate
the bacteriostasis effect caused by apo-Lf with a variety of
bacteria (39, 41, 45, 46). However, other studies have
indicated that the mechanism of Lf-mediated antimicrobial
action is more complex than simple iron deprivation (4, 47).
The bactericidal activity was iron irreversible, and this
pathway seems to require an Lf interaction with the target
cell surface (2, 3, 5, 13). Furthermore, a peptic fragment
from Lf without iron-binding capacity was identified as a
potent bactericidal domain (43). The opsonic effect seems to
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involve specific interaction of Lf with the microbial surface
(22); in complement, Lf-binding receptors are present on the
phagocytic cell cascade (6, 25, 50).

Our laboratory has previously demonstrated specific bind-
ing of Lf in bacteria belonging to the family Enterobacteri-
aceae and has identified porins as the Lf-binding target
proteins (15, 16, 21, 35, 48). Lf-binding outer membrane
proteins are a class of well-conserved molecules that form
ion channels and constitute a permeability barrier against
various molecules, including antibiotics, in bacteria (36).
Furthermore, these outer membrane proteins serve as recep-
tors for certain colicins and bacteriophages (7, 24). Though
porins occur at a high copy number (7), the Lf-binding
capacity markedly varied in these bacteria (15, 48). The
lipopolysaccharide (LPS) type seemed to affect the interac-
tion of Lf with porins in certain wild-type strains (16, 48).

This study was aimed at elucidating the effect of Lf-porin
interaction on the bacterial growth. For this purpose, the Lf
susceptibility patterns of different clinical isolates of Esch-
erichia coli with various magnitudes of Lf-binding capacity
were examined. To illustrate the extent of LPS involvement,
various rough (R) mutants of Salmonella typhimurium with
different lengths of polysaccharide moiety were tested for Lf
binding and susceptibility.

MATERIALS AND METHODS

Bacteria. The 15 clinical isolates of E. coli included in this
study were from our existing strain collection, and the Lf
interaction property of these strains was elucidated in an
earlier study (35). A previously well-characterized S. typh-
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FIG. 1. Schematic representation of the chemical structure of LPS from'S. typhimurium. Wild-type strain 395MS(S) synthesizes the entire
structure, whereas various mutant strains produce the Ra to Rd chemotypes of LPS.

imurium strain, 395SMS(S), and its isogenic R mutants with
various lengths of LPS polysaccharide moiety (23) (Fig. 1)
were kindly provided by O. Stendahl, Department of Medi-
cal Microbiology, Linkoping University, Linkoping, Swe-
den. Bacterial strains were stored in glycerol at —80°C,
revived on special peptone yeast extract (SPYE) agar
(Malthus-AT, West Sussex, England), and subsequently
cultivated in SPYE broth at 37°C for binding and antibacte-
rial assays.

Lf. Bovine Lf was isolated from milk serum by an indus-
trial-scale process (12). The homogeneity of the protein was
determined by ion-exchange (Mono-Q column; Pharmacia
AB, Uppsala, Sweden) and molecular-sieve (model
TSKG4000SW; LKB Produkter AB, Bromma, Sweden)
high-performance liquid chromatography. The iron content
was estimated at approximately 250 ng/g of protein by using
a Perkin-Elmer (model 560) atomic absorption spectropho-
tometer. Lf was used in its native form as isolated from the
biological reservoir.

Binding of Lf to bacteria and cell envelope (CE) proteins. Lf
was labeled with Na'®I (DuPont Scandinavia AB, Stock-
holm, Sweden) to a specific activity of 0.16 MBgq/ug of
protein by using iodobeads (Pierce Chemical Co., Rockford,
I1l.) (26). The binding of **’I-Lf to bacterial whole cells was
performed as previously described by Naidu et al. (31, 33,
34).

The interaction of horseradish peroxidase (HRPO)-labeled
Lf with CE proteins of S. typhimurium was examined
according to the method of Kishore et al. (19, 21). The boiled
samples of CE were resolved by performing electrophoresis
in 1-mm-thick gels at a 33-mA constant current for 70 min in
a discontinuous buffer system. The stacking and separating
gels contained 4 and 12.5% acrylamide, respectively. After
electrophoresis, proteins in the gel were transferred to a
nitrocellulose membrane (Sartorius, Gottingen, Germany) at
0.8 mA/cm? for 1 h by using Transblot-cell equipment
(Bio-Rad, Richmond, Calif.) and Western blotting (ligand
blotting) was performed according to the method of Kishore
et al. (20, 21). Preincubation of blots with unlabeled Lf
abolished the Lf-HRPO interaction and excluded the possi-
bility of direct HRPO binding to CE components.

Antibacterial assay for Lf. The effect of Lf on bacterial
growth was estimated by measuring changes in conductance
of the cultivation media by using a Malthus-AT system. The
assay was performed with special glass tubes (10-ml volume)

containing SPYE broth without or with Lf (0.01 to 10
mg/ml). The tubes were inoculated with test strains (~1.4 X
10* bacteria per ml) from an overnight SPYE broth culture
and sealed with special screw caps fitted with platinum
electrodes. The electrodes were immersed in a final volume
of 3 ml of growth media, and the tubes were plugged into a
Malthus electric adaptor connected to an electronic monitor
and were incubated at 37°C. The metabolic activity of the
bacteria was continuously measured as the rate of change in
conductance (micro-Simmons [pSi] per hour) of the culture
media. The conductance measurements were automatically
recorded by a built-in computer system equipped with a
Malthus-AT laboratory program. The following definitions
were used. (i) Detection time (DT) (unit, hours) was the time
required to initiate detection of change in conductance, since
a minimal metabolic activity was required for a detectable
conductance change (i.e., sensitivity of the assay). (ii) The
inability of bacteria to cause a change in conductance was
considered metabolic inhibition; bacteriostasis (units, hours)
was the difference in the DTs obtained with bacteria in the
absence and presence of Lf. (iii) The MIC (units, milligrams
per milliliter) was the smallest amount of Lf required to elicit
a complete inhibition of bacterial growth at the time point
when the metabolism of the control (bacteria grown without
Lf) reached stationary phase.

Data analysis. Correlations between binding and parame-
ters of antimicrobial activity were made by linear regression
analysis.

RESULTS

Fifteen clinical isolates of E. coli showing different mag-
nitudes of '*I-labeled Lf binding were examined for growth
in SPYE media with or without Lf (Table 1). Lf at a
concentration of 1 mg/ml caused bacteriostasis in all strains,
with a mean DT increase of 4.1 h (minimum, 0.6 h; maxi-
mum, 13.8 h). At an Lf concentration of 2 mg/ml, the DT was
increased in nine strains and unaffected or slightly decreased
in six strains, compared with the DTs at an Lf concentration
of 1 mg/ml. The kinetics of bacterial growth were measured
as change in conductance per hour, and in the presence of 1
and 2 mg of Lf per ml the mean rates were 95.3 and 68.9
wSi/h, respectively. Finally, the total change in conductance
of growth media during a period of 20 h was also determined.
A majority of low-level binders (low binders) (<20% Lf
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TABLE 1. Lf binding® and growth® of 15 clinical isolates of E. coli in SPYE media
Conductance (pSi)
DT (h) with:

Strain % Binding Change/h with: Change in 20 h with:

Lf-0 Lf-1 Lf-2 Lf-0 Lf1 Lf-2 Lf-0 Lf-1 Lf-2
E450 2=x1 3.6 6.7 6.2 377 258 217 619 555 516
E452 2=x1 3.9 6.8 8.6 236 171 117 606 632 555
E446 3x1 4.1 5.5 5.9 322 235 202 645 632 606
E453 3+1 6.2 10.0 7.8 264 184 119 632 594 581
E519 9+1 6.2 9.8 11.3 240 110 105 503 413 387
ES0 13+2 5.4 6.1 7.4 263 139 97 594 529 516
E520 16 =3 6.6 11.5 10.3 126 30 21 555 284 206
E518 18 +3 6.8 12.0 13.6 129 35 29 542 284 194
E71 22 +2 4.3 6.8 9.0 253 106 104 542 477 400
E355 23+3 6.2 >20 >20 44 0 0 361 0 0
E408 24 £ 1 7.0 7.6 >20 64 31 0 361 374 0
E354 24 £ 2 6.6 8.3 12.3 157 65 12 722 568 103
E412 25 £ 4 6.5 >20 >20 116 0 0 374 0 0
E413 27 +£3 5.6 7.4 13.2 83 39 10 464 374 64
E386 28 £ 4 7.9 11.5 >20 47 26 0 387 181 0

4 Bacteria grown in SPYE broth at 37°C for 20 h were harvested and examined for interaction with 125]_jabeled Lf as previously described (31, 33, 34) under
comparable test conditions. Binding is expressed as the percentage of total labeled protein added (mean standard deviation).

& A comparable inoculum, i.e., 1.4 X 10* bacteria, was added to SPYE media containing Lf at a final concentration of 1 mg/ml (Lf-1) or 2 mg/ml (Lf-2), and
media without Lf (Lf-0) served as a control. Bacterial growth was measured (as change in the conductance of the media) at 37°C during a period of 20 h, using

Malthus equipment as described in Materials and Methods.

binding) recovered from the Lf-mediated bacteriostasis, and
Lf slightly affected the growth of these bacteria during the
20-h incubation. However, the high binders (except strain
E71) failed to recover from the antibacterial effect of Lf
during this incubation period.

Data from Table 1 were further analyzed to find a relation-
ship between the magnitude of Lf binding and the antibac-
terial action of Lf at a 1-mg/ml concentration (Fig. 2). The
effect of Lf on the bacterial metabolic rate (expressed as a
percentage, considering the rate of change in the conduc-
tance of the control to be 100% metabolism) demonstrated
an inverse correlation (r = 0.91) with the magnitude of Lf
binding to bacteria. The three strains that showed total
metabolic inhibition with Lf also demonstrated a high level
of binding to '*I-labeled Lf (>22%). The Lf-mediated bac-
teriostasis, i.e., prolongation of DT compared with that of

the control, also showed a correlation (» = 0.79) with the Lf
interaction property of the bacteria. Complete metabolic
inhibition could not be achieved, in particular, among low-
binding strains. Thus, low-binding strain E446 demonstrated
a diminished metabolism and no total inhibition was
achieved at an elevated Lf concentration. On the other hand,
the metabolism of high-binding strain E386 was totally
ceased at an Lf concentration of 0.7 mg/ml (Fig. 3). How-
ever, no correlation was found between the MIC determina-
tions and Lf-binding properties of the 15 E. coli strains tested
(Fig. 2).

The extent of LPS involvement in Lf binding to bacteria
was tested by using R mutants of S. typhimurium. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analysis (using HRPO-labeled Lf)
of bacterial CE revealed Lf-binding proteins at approxi-
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FIG. 2. Relationship between the magnitude of Lf binding and the antibacterial action of Lf in 15 clinical isolates of E. coli. Correlations
between parameters were made by linear regression analysis. The metabolic rate in the presence of Lf (1 mg/ml) was expressed as a relative
percentage, considering the change in the conductance rate of the control (without Lf) to be 100%. Bacteriostasis was estimated as the DT
difference between bacterial growth in media with Lf (1 mg/ml) and the control. Three strains that demonstrated complete growth inhibition
and one strain that showed growth enhancement at an Lf concentration of 1 mg/ml were excluded during analysis of the bacteriostasis
parameter. For MIC determinations, bacteria were grown in the presence of 15 different concentrations of Lf within a range of 0.01 to 10
mg/ml. The smallest amount of Lf that caused complete inhibition of bacterial growth at the time point when the metabolism of the control
reached stationary phase was considered to be the MIC.
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FIG. 3. Inhibition of bacterial growth as a function of Lf concen-
tration in high-binding strain E386 (®) and low-binding strain E446
©).

mately a 38-kDa position in the smooth parent 395MS(S) and
also in the five isogenic R mutants (Fig. 4). The 38-kDa
Lf-reactive bands demonstrated a heat-modifiable nature
and anti-porin immunoreactivity (data not shown) similar to
those of the S. typhimurium type strain, ATCC 13311 (21).
However, in the whole cell binding assay, the smooth parent
strain 395MS(S) demonstrated low binding (10%) and dif-
fered from its isogenic R mutants. The Lf interaction capac-
ity gradually increased to a maximum of fourfold in the
corresponding R mutants with various lengths of LPS po-
lysaccharide moiety (Table 2). The conductance measure-
ment studies revealed that the low-Lf-binding smooth parent
strain was less inhibited by Lf (0.4- and 1.3-h stasis with 1
and 5 mg of Lf per ml, respectively). On the other hand, the
high (44%)-Lf-binding mutant Rd was more susceptible to
the antibacterial action of Lf (0.8 and 2.0 h with 1 and 5 mg
of Lf per ml, respectively) (Fig. 5). The bacterial metabolic
rate was slightly affected at 1 mg of Lf per ml and diminished
about 50% at 5 mg of Lf per ml in the mutant Rd compared
with the smooth parent.

FIG. 4. Demonstration of Lf-binding protems in the boiled CE
preparation of S. typhimurium 395MS(S) and its isogenic R mutants
with various lengths of LPS polysaccharide moiety (see Fig. 1). The
bacterial CE was isolated and analyzed by SDS-PAGE and Western
blotting (ligand blotting) as described by Kishore et al. (21).
Coomassie-brilliant-blue-R-stained gels (lanes 1) and their corre-
sponding blots probed with HRPO-labeled Lf (lanes 2) are shown.
The molecular weight standards are indicated with arrows at the left,
and the reactive band with its estimated molecular mass is indicated
with an arrow at the right.
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TABLE 2. Lf binding and antimicrobial activity in
S. typhimurium 395MS(S) and its LPS-deficient
isogenic mutants®

Bacteriostasis? (h) Metabolic rate® (%)

LPSb Binding® with: with:

¢ K/

P ) Lf-1 Lf-5 Lf1 Lf-5
S 10+1 0.4 0.2 1.3+02 1008 76 £ 7
Ra 172 0.5*0.5 1.3+0.3 9% + 14 75+ 13
Rb2 24 £3 0.3 +0.2 1.0 = 0.2 91+9 86 = 11
Rb3 302 0.2 0.2 09+02 10138 62 7
Rc 34 x4 0.6 = 0.2 0.8+03 1074 825
Rd 44 + 4 0.8 0.1 2.0x0.1 98 £ 5 36+3

2 Bacterial growth was tested at an Lf concentration of 1 mg/ml (Lf-1) or §
mg/ml (Lf-5) at 37°C for 24 h; media without Lf served as a control. Mean
values and standard deviations are based on four experiments.

b Designated according to the scheme shown in Fig. 1.

< Binding is expressed as the percentage of total labeled protein added.

4 DT difference between growth in media with Lf and the control.

€ Expressed as the relative percentage, considering the change in the
conductance rate of the control to be 100%.

DISCUSSION

Studies with 15 clinical isolates of E. coli with different
Lf-binding capacities revealed that the concentration of Lf in
growth media was a critical factor for the antibacterial effect.
Lf at a supraoptimal concentration showed either a reduced
or no additional effect in certain strains. Excess of free
ligand in the media may affect the equilibrium of a receptor-
ligand interaction (44). The binding of Lf to porins was
reversible and had a low affinity (20, 21, 35, 48). Thus, at a
supraoptimal concentration, free Lf in the media could
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FIG. 5. Growth of S. typhimurium 395MS(S) (S; parent with
smooth LPS) and its isogenic mutant Rd (with R LPS) in SPYE
broth with Lf (1 and 5 mg/ml) or without Lf (0). The bacterial
metabolism at 37°C was measured for 24 h as the change in
conductance of growth media by using a Malthus-AT system as
described in Materials and Methods.
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possibly decrease specific interaction and reduce the antimi-
crobial activity of Lf. Under such conditions, Lf failed to
elicit a total inhibitory effect on low binders. Accordingly,
the MIC did not correlate with the bacterium binding prop-
erty of Lf.

The magnitude of the Lf-bacterium interaction was in-
versely related to the change in the metabolic rate of the
bacteria and was directly related to the degree of bacterio-
stasis. The metabolic suppression did not seem to be iron
dependent, since an Lf peptide fragment without iron-che-
lating capacity showed both porin binding and metabolic
inhibitory capacity (32). Interestingly, another peptide, gen-
erated by pepsin hydrolysis at acidic pH according to the
method of Saito et al. (43), showed antimicrobial activity but
failed to inhibit *°I-Lf binding to E. coli and 10 other
different species of the family Enterobacteriaceae. Further-
more, the antibacterial activity of the latter peptide was
highly vulnerable to changes in the growth conditions (32).
In Actinobacillus actinomycetemcomitans, the growth tem-
perature increase of 2°C (37 to 39°C) markedly enhanced the
susceptibility of the bacterium to Lf (18). Fatty acid compo-
sition and bacterial membrane permeability are highly prone
to temperature-induced effects (27). Thus, our findings on
Lf-porin interaction in members of the family Enterobacte-
riaceae and Lf-mediated enhancement in antibiotic suscep-
tibility of S. typhimurium (15, 21, 48) suggest that Lf could
damage the outer membrane of gram-negative bacteria and
cause permeability alterations as proposed by Ellison and
coworkers (14). It also seems possible that Lf might affect
certain cellular pathways in bacteria. Arnold and coworkers
(4) demonstrated that Lf could inhibit glucose uptake and
metabolism in Streptococcus mutans. Peterson and Alderete
(38) showed that the specific binding of Lf to Trichomonas
vaginalis caused a sixfold increase in the pyruvate/ferre-
doxin oxidoreductase activity, an enzyme involved in energy
metabolism.

For certain members of the family Enterobacteriaceae, Lf
binding to strains with smooth LPS was low or negligible
compared with that of their isogenic R mutants with a high
Lf-binding capacity (16, 48). Our study with the isogenic R
mutants of S. typhimurium suggested that the magnitude of
Lf binding to whole cells was inversely related to the length
of the LPS polysaccharide moiety. Accordingly, the low-Lf-
binding smooth parent was less susceptible to Lf, and at
corresponding conditions the growth of LPS-deficient mu-
tant Rd was inhibited by 50%. By analogy, such LPS
polysaccharide involvement in the blockade of certain coli-
cin and bacteriophage interaction with porin targets was
previously reported (49, 51). S. typhimurium could also
demonstrate an increased susceptibility to magainin 2 (a
small cationic antimicrobial peptide) with a gradual decrease
in the length of the LPS polysaccharide moiety (40).

In conclusion, our data suggested a correlation between Lf
binding to porins and the Lf-mediated antimicrobial effect.
Shielding of porins by the polysaccharide moiety of LPS
could block the bacterial interaction with Lf and decrease
the antibacterial effect.
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