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ABSTRACT: Prior studies suggestStaphylococcus aureusexotoxins are not produced when the organism is
cultured in human blood. Human blood was fractionated into plasma and water-lysed red blood cells, and
it was demonstrated that mixtures ofR andâ globins of hemoglobin (as low as 1µg/mL) inhibitedS.
aureusexotoxin production while increasing production of protein A and not affecting bacterial growth.
Pepsin but not trypsin digestion destroyed the ability ofR andâ globin to inhibit exotoxin production.
Exotoxin production by both methicillin-resistant and methicillin-susceptible organisms was inhibited.
Production of streptococcal pyrogenic exotoxin A byStreptococcus pyogeneswas unaffected byR andâ
globin chains but was inhibited when produced inS. aureus. Use of isogenicS. aureusstrains suggested
the targets ofR andâ globin chains, leading to inhibition of staphylococcal exotoxins, included the two-
component system SrrA-SrrB.δ hemolysin production was also inhibited, suggesting the two-component
(and quorum sensing) system AgrA-AgrC was targeted. TheR andâ globin chains represent promising
molecules to interfere with the pathogenesis of serious staphylococcal diseases.

Staphylococcus aureuscauses large numbers of human
diseases, primarily initiated by colonization of mucosal
surfaces (1, 2). At any particular time, as many as 40% of
humans may be colonized by culturableS. aureusstrains on
either nasal or vaginal mucosal surfaces (1, 3). The organism
may cause relatively benign infections, such as boils, and
life threatening infections such as toxic shock syndrome
(TSS)1 (4), scalded skin syndrome (5), necrotizing pneumonia
(6-8), and the recently described staphylococcal purpura
fulminans (9, 10). Antibiotic resistance inS. aureusstrains
is an ever increasing problem, with recognition of both
community- and hospital-associated methicillin-resistant

strains (MRSA) (1, 2, 11). Recently, two methicillin-resistant,
vancomycin-resistant strains were isolated in association with
human infections (12, 13).

The ability of S. aureusto cause serious human diseases
depends on production of both cell-surface and secreted
virulence factors by the organism (1, 4). The cell-surface
virulence factors, often referred to as microbial surface
componentsrecognizingadhesivematrixmolecules(MSCRAMMs)
(14), allow the organism to attach to host tissues and in some
instances evade the host immune system (15). MSCRAMMs
include staphylococcal protein A. The secreted virulence
factors, including a large array of exotoxins, allow the
organism to gain access to nutrients and avoid the host
immune system (4, 5, 16). For example, the hemolysin family
of exotoxins allows the organism both to resist destruction
by leukocytes and at the same time gain access to host tissue
nutrients though cell lysis. In addition, the staphylococcal
superantigens (17), including toxic shock syndrome toxin-1
(TSST-1) and enterotoxins, divert the host immune system
from antibody-based immunity, and allow organisms to cause
TSS, purpura fulminans, and related serious illnesses (4).

In the course of our studies of TSS, we observed that
staphylococcal exotoxins were not produced when the
organism was cultured in human blood and menses, despite
the presence of environmental conditions that favor exotoxin
production; these include temperatures near 37°C, pH near
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neutrality, media containing protein, and at least 2% oxygen
balanced with 7% CO2 (18, 19) This led to the hypothesis
that one or more components of human blood may interfere
with their production. The present study was undertaken to
characterize the factor(s) in human blood that reduceS.
aureusexotoxin production and to evaluate their mechanism
of action.

EXPERIMENTAL PROCEDURES

Bacterial Strains.For the majority of studies,S. aureus
strain MN8, a methicillin-susceptible (MSSA) clinical isolate
from a menstrual TSS patient and representative of 75% of
menstrual TSS isolates, was used as the test organism. Strain
MN8 secretes TSST-1, hemolysins (includingR and δ
hemolysins), and glycerol ester hydrolase (lipase). The
organism produces cell-surface protein A.S. aureusstrains
CDC587 (MSSA) and MN128 (MRSA) were used in some
studies; both of these strains are clinical isolates that also
secrete TSST-1.S. aureusstrain RN4220 (pJMY10) contains
the chromosomally encoded two-component system SrrA-
SrrB that functions as a repressor of exotoxin production
under low-oxygen conditions (20), and the organism contains
the gene for TSST-1 production on a plasmid. Strain
MN4010 is an isogenic organism that lacks a functional SrrB
gene; the organism contains the gene for TSST-1 on the same
plasmid. These latter two organisms were used in studies to
assess whether or not two-component systems were a target
of R andâ globin chains.S. aureusMW2 is a clinical isolate
from a patient with necrotizing pneumonia; the organism
produces the superantigen enterotoxin C (11). Group A
streptococcal strain T253cured(T12) produces the superan-
tigen streptococcal pyrogenic exotoxin A (SPE A) (21). S.
aureusstrain RN4220 (pMIN165) produces SPE A from a
plasmid inS. aureus(22). Escherichia colistrain DH5R was
used to evaluate the effect ofR andâ globin chains onE.
coli growth.

Bacterial Culture Conditions.Multiple culture conditions
were used to assess the effects of human blood components
on production ofS. aureusexotoxins. Initial studies compared
the production of exotoxins inS. aureusMN8 cultured in
125 mL Erlenmeyer flasks, containing either 25 mL of beef
heart medium (23) (similar in composition to Todd Hewitt
broth used in subsequent assays) or 25 mL of heparinized
(50 units/mL, Baxter, Deerfield, IL) human blood. Culture
conditions included inoculation with 107 CFU/mL bacteria
and incubation in ambient air with shaking (200 rpm) at
37 °C for up to 7 days. Samples were removed daily for use
in plate counts on blood agar for colony forming unit (CFU)/
mL determination and TSST-1 assays. Subsequent studies
evaluatedS. aureusMN8 growth and TSST-1 production
after culture in tampon sacs, in the presence and absence of
human blood (24). Briefly, commercially available cotton/
rayon blend tampons were placed within dialysis tubing
(Spectra/Por, 45 mm, 12 000-14 000 molecular weight
cutoff, Spectrum Laboratories, Inc., Rancho Dominguez, CA)
that had been inoculated with 1× 107 S. aureusMN8 CFU/
mL in 0.1 mL volumes. Human blood (5 mL) was carefully
added to one side of the tampons inside the dialysis tubing,
sufficient to cause visible reddening of approximately one-
fourth of the tampons. Other areas remained free of blood.
The dialysis membranes containing tampons, referred to as
tampon sacs, were submerged under Todd Hewitt medium

(Becton, Dickinson, and Company, Sparks, MD) containing
0.8% melted agar (Becton, Dickinson, and Company) at
50 °C in large test tubes (35 mm i.d.). The bottom ends of
the dialysis tubing were tied off, with the tops remaining
open and extending above the agar; this permitted partial
extrusion of air during the submersion process. The agar was
allowed to solidify by placing the test tubes in cold water
(4 °C) for 3-5 min, and then the tubes were incubated
stationary at 37°C for 18 h in the presence of 7% CO2.
Subsequently, the tampon sacs were removed from the test
tubes, the sacs were opened with scalpel blades, and various
sections of both the dialysis tubing and tampons were
evaluated for CFU/mL ofS. aureusand concentration of
TSST-1 present. In one study, pieces of the tampons were
placed in glutaraldehyde fixative with and without 0.1%
methylene blue to detect biofilm formation (25) and exam-
ined by scanning electron microscopy for growth character-
istics. Finally, for assays to assess the ability ofR and â
globin chains to inhibit exotoxin production, the following
protocol was used. Bacterial strains were cultured in the
presence and absence of exotoxin-inhibitory fractions in 1:2
diluted (final dilution) of Todd Hewitt broth for various time
periods; in most experiments, this was 8 h. The initial
bacterial inoculum was 1× 105 CFUs/mL, two logs lower
than the above experiments to increase assay sensitivity.
Culture conditions included incubation in ambient air with
shaking (200 rpm) at 37°C. At designated time points,
samples were removed for plate counting and exotoxin
determination.

Exotoxin Measurements.In tampon sac experiments, a
quantitative double-immunodiffusion assay was employed
to measure TSST-1 concentrations (26). We later developed
a quantitative Western immunoblot assay (27), which was
used in all other experiments for estimation of TSST-1
concentrations in the presence of blood components, includ-
ing in the presence of antibodies to TSST-1. This assay was
verified as acceptable with use of 11 blood samples from
women who were positive for antibodies to TSST-1 (average
serum antibody titer was 160 by enzyme-linked immunosor-
bent assay (ELISA) (26) compared to pooled human
intravenous immunoglobulin, Immuno AG, Vienna, Austria,
with a titer of 320). We spiked each of the 11 blood samples
with known concentrations of TSST-1 (ranging from 10 to
0.0001µg/mL), performed Western immunoblotting (com-
pared to control TSST-1 samples), and determined the band
density with use of a computer program provided by NIH
(ImageJ 1.34S) at http://rsb.info.nih.gov/ij/. Primary antibody
against TSST-1 was rabbit hyperimmune antiserum raised
against purified TSST-1. Secondary conjugate antibody was
goat antirabbit IgG conjugated with alkaline phosphatase
(Sigma-Aldrich, St. Louis, MO). Results indicated that
comparable amounts of TSST-1 were detectable in the spiked
human blood samples as in the standard TSST-1 samples in
water. The lower limit of TSST-1 detection by this assay
varied between 0.01 and 0.001µg/mL, depending on day of
assay. To increase the sensitivity of the assay, samples to
be tested for TSST-1 were first treated with 4 volumes of
absolute ethanol to precipitate TSST-1, followed by resolu-
bilization in distilled water to 1/10th original volume; we
have shown the precipitation/resolubilization procedure al-
lows recovery of nearly 100% of TSST-1 (data not shown).
SPE A production was measured comparably. We also tested
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the reproducibility of the Western assay in triplicate tests of
human blood components positive for ability to inhibit
TSST-1 production; the assay was highly reproducible.

Hemolysins and lipase were measure by bioassays (28)
compared to control staphylococcalR hemolysin and lipase.
Briefly, hemolysin concentrations were estimated by ability
to lyse rabbit erythrocytes suspended in phosphate-buffered
saline (0.005 M NaPO4, pH 7.2, 0.15 M NaCl) in 0.85%
agarose on microscope slides (taken as a measure ofR and
δ hemolysins), and lipase concentrations were determined
by ability to clear tributyrin suspensions in 0.85% agarose
on microscope slides.

Human Blood.Human blood was drawn from healthy
volunteers with Institutional Review Board (University of
Minnesota) approval. Blood was drawn into syringes with
heparin (Baxter Healthcare Corporation, Deerfield, IL, 50
units/mL blood).

Purification of Human Blood Substances That Inhibit
Production of Staphylococcal Exotoxins (Inhibitory Sub-
stances).First, a definition of one unit of inhibitory activity
was established as 75% inhibition of TSST-1 production after
8 h of S. aureusgrowth in 1:2 Todd Hewitt broth (we used
1:2 diluted Todd Hewitt broth as the standard growth medium
because up to 50% volumes of inhibitory substances were
added to the cultures), beginning with 2 mL of 105 CFU/
mL S. aureus. This allowed determination of specific activity
during purification.

The first purification step was to assess whether the
inhibitory substance activity was in the plasma fraction or
the red blood cell fraction. Plasma was separated from red
blood cells by centrifugation from a sample of heparinized
(50 units/mL) whole human blood (50 mL). The red blood
cells (25 mL packed volume) were washed three times with
250 mL of room-temperature phosphate-buffered saline
(400g, 10 min), then lysed with distilled water, and diluted
with water to the original 50 mL volume. The inhibitory
substance resided primarily in the red blood cell fraction (see
the Results section). One unit of activity corresponded to
approximately 100µg of protein (Bio-Rad protein assay,
Hercules, CA) (specific activity) approximately 10 unit/
mg protein). In the red blood cells from 50 mL of blood,
there were 5000 mg of protein or nearly 50 000 total units
of activity.

Subsequently, five sets of samples of the red blood cells
(each sample from 10 mL of human blood) were subjected
to preparative thin-layer isoelectric focusing (23) in pH
gradients of 3.5-10 (Amersham Pharmacia Biotech AB,
Uppsala, Sweden). The fractions with isoelectric points of
7.5 were determined to contain nearly all of the TSST-1
inhibitory activity and were pooled; these fractions were
bright red. The pH of individual fractions from isoelectric
focusing was determined by scraping fractions from the thin-
layer plates, adding 10 mL of distilled water, allowing the
matrix gel to settle, and determining the pH with a pH meter.

Finally, samples of the pooled isoelectric point 7.5
isoelectric focusing fractions were subjected to reversed-
phase HPLC (rHPLC) (Protein C4 column from Vydac
(Hesperia, CA) 0-60% gradient of acetonitrile with 0.1%
trifluoroacetic acid over a 30 min time period) where five
sequential eluted fractions containing protein were collected.
All five fractions obtained from rHPLC were lyophilized,
reconstituted with distilled water, and adjusted to protein

concentrations of 5 mg/mL. Each fraction was tested for
ability to reduce production of TSST-1 byS. aureusMN8.
Fractions purified by this procedure were most often utilized
in the present studies since the fractions contained the greatest
activity.

The following purification procedure is a modification of
the method by Rahbar and Asmerom (29) and was used to
provide more complete separation ofR andâ globin chains
and separation of the chains from heme. The fractions were
mixed with an equal volume of 0.1% trifluoroacetic acid in
water and then analyzed by rHPLC (Waters 625 LC System
with Water 490E programmable multiwavelength detector)
on a Vydac 214TP54 (C4, 5µm, 300 Å, 4.6 mm i.d.×
250 mm length) analytical column. Separation of the
hemoglobin chains was carried out with a linear gradient of
acetonitrile in 0.1% trifluoroacetic acid: 39-40% in 10 min,
and then from 40-43% acetonitrile in 60 min with a flow
rate of 1 mL/min at ambient temperature. The protein and
heme elution was monitored at 225 and 410 nm wavelength.
Fractions were manually collected, dried under vacuum, and
identified using mass spectrometry for protein identification.
Briefly, proteins isolated from HPLC were analyzed by either
CapLC-MS on an electrospray hybrid quadruple time-of-
flight mass spectrometer (Q-TOF, Waters, Milford, MA) or
matrix-assisted laser desorption ionization time-of-flight mass
spectrometer (MALDI-TOF, Voyager-DE STR, Applied
Biosystems, Foster City, CA) for molecular weight deter-
mination. Identification of proteins isolated from gel elec-
trophoresis of isoelectric focusing fractions was accomplished
by using NanoLC-MS/MS on the CapLC-MS system. Tryptic
digests of protein gel bands were first separated with a
gradient of 5-80% acetonitrile containing 0.02% trifluoro-
acetic acid at 0.5µL/min over 60 min with a capillary column
(75 µm × 10 cm, C18, New Objective, Woburn, MA).
Peptides eluted from the column were detected automatically
in data-dependent MS/MS scan mode. Mass spectrometric
data were then used to search the public NCBI protein
database using Mascot software (Matrix Science, London,
U.K.) for protein identification.

Biochemical Analysis of rHPLC Inhibitory Substances.The
first two fractions to elute from the initial rHPLC columns
reduced production of TSST-1 byS. aureusMN8 relative
to the control. Thus, rHPLC fractions 1 and 2 were evaluated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) for homogeneity (30), and N-terminal se-
quencing for identification (Mayo Clinic Microchemical
Facility, Rochester, MN).

Fractions 1 and 2 were treated with pepsin (25µg/10µL
in 0.1 M sodium acetate buffer, pH 4.5) for 1 h in attempt
to destroy the ability of fractions to inhibit TSST-1 produc-
tion. After treatment with pepsin, both fractions individually,
plus control fractions not treated with pepsin, were incubated
with S. aureusMN8 for 8 h in 1:2diluted Todd Hewitt broth,
and then CFUs were determined and TSST-1 production was
assessed by Western immunoblotting. Trypsin digestion was
performed comparably except the buffer used was phosphate-
buffered saline at pH 8.0.

RESULTS

Human Blood Inhibits Production of TSST-1.The tampon
sac method (24) was used to evaluate the effect of blood on
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production of TSST-1 by menstrual TSSS. aureusstrain
MN8 (31). The tampon was inoculated withS. aureusand
along one side with 5 mL of human blood, and then after
culture it was sectioned into white pieces (five sections of
approximately 0.4 g each) versus one blood-containing piece
(approximately 6 g); the adjacent regions of the dialysis
tubing were also tested separately.S. aureuswas evenly
distributed throughout the tampon sac, including within the
white (range 3.7-6.1 × 109 CFU/section) and red (8.5×
109 CFU/section) tampon sections and along the walls of
the dialysis tubing (1.8× 1010 total CFU).S. aureusgrew
as a biofilm along the walls of the dialysis tubing and
throughout the tampon as demonstrated by staining with
methylene blue for exopolysacchaaride (data not shown). In
contrast to the wide distribution ofS. aureuswithin all
regions of the tampon sac, TSST-1, as measured by quantita-
tive double-immunodiffusion, was detected only in regions
of the tampon sac that lacked human blood (2.5µg/section).
Incidentally,S. aureusgrew as more pronounced biofilms
(with more exopolysaccharide visible) along the cellulose
acetate dialysis sacs than in the tampons.

Trivial reasons for the lack of detection of TSST-1 in
human blood were the possibilities that human blood would
not support the growth ofS. aureusor that the organism
grew and produced exotoxins but that TSST-1 was being
bound by antibodies present in the blood and not detected
by the quantitative double-immunodiffusion assay (26). We
therefore developed a quantitative Western immunoblot assay
for estimation of TSST-1 concentrations that could be used
in the presence of antibodies to the toxin (see the Experi-
mental Procedures section). Subsequently, we evaluatedS.
aureusMN8 growth (initial inoculum size 1× 107 CFU/
mL) and TSST-1 production by Western immunoblot in two
menses samples (one from an individual with detectable
antibody to TSST-1 [titer) 160 by ELISA] and one from a
woman lacking antibodies to TSST-1 [titer<10]) obtained
with the use of cervical menstrual cups to collect menses.
Samples were incubated with shaking in ambient air (200
rpm) for 48 h in a 37°C incubator.S. aureusgrowth was
observed in both menses samples (stationary phase was 2-3
× 109 CFU/mL by 48 h), but no TSST-1 was detected in
either sample (data not shown). In contrast, bothS. aureus
growth (stationary phase 4.3× 109CFU/mL) and TSST-1
production (76µg/mL) were obtained after comparable
incubation in beef heart medium (23). It should also be noted
that we have demonstrated previously that TSST-1 is stable
in S. aureusculture media for more than 7 days at 37°C
(18). In addition, with the same methods, we evaluated an
additional sample of human blood (antibody titer to TSST-1
) 160 by ELISA) over a period of 8 days (Figure 1) for
bothS. aureusgrowth (initial inoculum size 1.1× 107 CFU/
mL) and TSST-1 production compared to growth and
TSST-1 production in the dialyzable beef heart medium (23)
(for 4 days). In this test, only very low concentrations of
TSST-1 were detected in the human blood sample, only on
days 4 and 7, compared to high production in dialyzable beef
heart medium (more than 700 times more than in blood) at
all times after 4 h.S. aureusMN8 grew to comparable cell
numbers in both media, but was modestly delayed in human
blood, thus indicating blood contains sufficient nutrients to
supportS. aureusgrowth.

The above findings of reduction of TSST-1 production in
human blood were unexpected since it has been assumed
previously that TSST-1 production occurs in menses, thus
explaining the menstrual association of TSS. However, the
data indicate menses and human blood contain one or more
factors that prevent TSST-1 production. These data are also
consistent with the observation that TSSS. aureusmainly
remain localized on mucosal surfaces in causation of
menstrual TSS (32, 33), producing TSST-1 in regions without
menses.

Purification of the Substances from Human Blood That
Inhibit TSST-1 Production Indicates the Factors IncludeR
andâ Chains of Hemoglobin. Having established that menses
and human blood contain one or more substances that inhibit
TSST-1 production, while not interfering with growth of TSS
S. aureus, we initiated purification of the compound(s) from
human blood. The first purification step assessed whether
the exotoxin-inhibitory activity was in the plasma fraction
or in red blood cells. The inhibitory activity resided primarily
in the red blood cell fraction (Figure 2). One unit of activity
corresponded to approximately 100µg of protein (specific
activity ) approximately 10 unit/mg protein). In the red

FIGURE 1: (A) S. aureusMN8 grew well in both a dialyzable beef
heart medium (0) and human blood (9). (B) Production of TSST-1
in human blood (9) was inhibited compared to TSST-1 production
in dialyzable beef heart medium (0).

FIGURE 2: Lysed human blood cells (RBCs) inhibit production of
TSST-1 byS. aureusMN8. Fractions (either percent plasma orµg
of RBC protein) were added to Todd Hewitt broth (THB) such
that the final Todd Hewitt broth concentration was 1:2 diluted. For
those fractions where the added volume was less than 1 mL, the
remainder was made up with phosphate-buffered saline. Samples
were incubated with shaking at 37°C for 8 h and then toxin-assayed
by Western immunoblot.
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blood cell fraction from 50 mL of blood, there were 5000
mg of protein corresponding to nearly 50 000 total units of
activity.

Subsequently, samples of the red blood cells (each sample
from 10 mL of human blood) were subjected to preparative
thin-layer isoelectric focusing in pH gradients of 3-10. The
fractions with isoelectric points of 7.5 were determined to
contain nearly all of the TSST-1 inhibitory activity (data not
shown) and were pooled; these fractions were bright red
(Figure 3). Finally, samples of the pooled isoelectric point
7.5 fractions were subjected to rHPLC, where five sequen-
tially eluting fractions containing protein were collected. All
five fractions obtained from rHPLC were lyophilized,
reconstituted with distilled water, and adjusted to protein
concentrations of 5 mg/mL. Each fraction was tested for
ability to prevent production of TSST-1 byS. aureusMN8.
Only fractions 1 and 2 contained the major activity, with
fraction 2 being somewhat more active than fraction 1. By
N-terminal protein sequencing, fraction 1 containedâ globin
chains of hemoglobin, and fraction 2 containedR globin
chains of hemoglobin. By more extensive rHPLC purifica-
tion, fraction 1 contained approximately 80%â globin chains
and 20%R globin chains. In contrast, fraction 2 contained
approximately 85%R globin chains and 15%â globin
chains; thus both fractions were mixtures, and both fractions
contained heme. One unit of activity in both fractions
corresponded to approximately 1µg of protein (Figure 4
shows representative Western immunoblots in triplicate that
were used to calculate activity), and there were thus

approximately 1000 units/mg of protein (a 100-fold increase
in activity per milligram of protein compared to unseparated
inhibitory components in the lysed red blood cells). We
recovered a combined total of 36 mg of protein in the pooled
fractions 1 and 2 from the 50 mL blood sample, for a
recovery of 36 000 total units of activity (72% recovery of
activity compared to total activity present in the red blood
cells from 50 mL of blood).

Although the inhibitory substance tracked with protein
during purification, it was possible the active fraction was
not protein. For example, the fractions were pale pink in
color and therefore contained residual heme molecules. Thus,
to assess the requirement for protein, rHPLC fractions 1 and
2 were treated with pepsin for 1 h and then tested for activity
againstS. aureusMN8 (Figure 5). Pepsin treatment of both
250 and 25µg fractions 1 and 2 eliminated the activity of
both fractions, demonstrating the requirement of protein for
activity. In addition, the data suggest the heme groups alone
present in the fractions were not responsible for the activity.
Interestingly, treatment of the fractions with trypsin (data
not shown) failed to reduce inhibitory activity but did result
in formation of reduced molecular weight proteolysis prod-
ucts.

We also assessed the role of heme by purchasing hemin
and evaluating its ability to inhibit TSST-1 production byS.
aureusMN8. Hemin, although highly insoluble, lacked any
demonstrable activity in inhibition of exotoxin production
(data not shown). These data collectively suggest that the
inhibitory activity requiresR andâ globins of hemoglobin,
possibly as mixtures and that heme alone is insufficient for
the activity.

R and â Globin Chains Inhibit Production of TSST-1 by
Other S. aureus Strains and Inhibit Production of Other
Exotoxins.We also tested the hemoglobin chains for activity
against two other menstrual TSS isolates to prevent TSST-1
production.S. aureusCDC587 was originally obtained in
1980, is representative of 75% of menstrual TSS isolates,
and is MSSA. Strain MN128 was obtained from the
Minnesota Department of Health in 2004, likewise represents
the major class of menstrual TSS isolates, and is MRSA due
to the presence of themectype II element. BothS. aureus
strains tested gave results comparable to those obtained
through study ofS. aureusMN8 in that approximately 1µg/
mL of fractions 1 and 2 globins was sufficient to inhibit
production of TSST-1 by 75% (Figure 6).

The ability ofS. aureusMN8 to produce other virulence
factors in the presence of fractions 1 and 2 globin chains
(Figure 7) was tested. Production of both hemolysins and
lipase were inhibited by the hemoglobin chains (this experi-
ment has been reproduced three times with comparable
results). Staphylococcal enterotoxin C production byS.
aureusMW2 (methicillin-resistant) was reproducibly inhib-
ited by both fractions 1 and 2 (data not shown). However,
neither fraction 1 nor 2 inhibited production of SPE A by
Streptococcus pyogenesstrain T253cured(T12) (data not
shown). Interestingly, production of the SPE A was repro-
ducibly inhibited when produced inS. aureusRN4220 (data
not shown). Last, we evaluated the fraction 1 and 2 peptides
for ability to inhibit the growth of the Gram-negative
organism,E. coli, based on a prior observation that menses
hemoglobin peptides were able to inhibit the growth of
Gram-negative bacteria (34, 35). In this representative

FIGURE 3: Preparative thin-layer isoelectric focusing of human red
blood cells (from 10 mL of blood) lysed with distilled water. The
red blood cells had been washed three times with 50 mL of
phosphate-buffered saline prior to lysis with water. The fraction
with an isoelectric point of 7.5 was determined to inhibit production
of TSST-1 byS. aureusMN8.

FIGURE 4: Separate Western immunoblot assays demonstrate the
ability of fractions 1 and 2 from the rHPLC column to inhibit
production of TSST-1 byS. aureusMN8. The isoelectric point 7.5
fractions from preparative thin-layer isoelectric focusing were
pooled and then subjected to rHPLC, where five protein peaks were
collected. Only fractions 1 and 2 contained activity. Arrows indicate
the location of TSST-1. Image J density scans of fraction 1:
1.0µg/mL 0; 0.1µg/mL 96.5( 2.4 (standard error); 0µg/mL 104
( 3.1. Image J density scans of fraction 2: 1.0µg/mL 0; 0.1µg/
mL 109 ( 12.3; 0µg/mL 150( 8.2.
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experiment, growth of the organism was unaffected by
concentrations ofR and â globin fractions as high as 500
µg/mL (Table 1).

Final Purification of Fractions 1 and 2.Both fractions 1
and 2 were subjected to additional purification by rHPLC,
until the fractions were homogeneous and free of demon-
strable heme. Both fractions retained activity (Figure 8), but
the fractions were not quite as active as the mixtures tested
above, possibly due to denaturation as a part of the additional
purification steps.

Mechanism of Inhibition of Exotoxin Production.We
hypothesized that the action of fractions 1 and 2 was to alter
bacterial signal transduction, through the globin chains
interacting with membranes or membrane proteins. Studies
above in this manuscript showed that both fractions inhibited
staphylococcal production ofδ hemolysin (as well asR
hemolysin) (Figure 7), the translation product of RNA III,
which is the effector molecule of the Agr signal transduction
system (36). Agr causes up-regulation of genes for exotoxins
in postexponential growth phase, leading to exotoxin produc-
tion. In addition, Agr simultaneously causes down-regulation
of production of the cell-surface molecule, protein A. Thus,
if fractions 1 and 2 containingR andâ globins functioned
to inhibit exotoxin production through Agr, it might be
expected that production of protein A would be simulta-

neously increased. This was reproducibly observed (Figure
9).

The Agr system depends on activation of the AgrA-AgrC
two-component (and quorum sensing) signal transduction
system. The Agr system is regulated by another two-
component system SrrA-SrrB (20). One effect ofR andâ
globin chains could be inhibition of signal transduction
through the two-component system SrrA-SrrB. In order to
test more rigorously whether or not the fraction 1 and 2R
and â globin chains interfere with two-component system
signal transduction, we examined the effect of fraction 2 on
SrrA-SrrB. Isogenic strains ofS. aureusthat differed in
function of the transmembrane histidine kinase SrrB were
tested for inhibition of TSST-1 production in the presence
of fraction 2. The previously reported effect of the knockout
strain (for SrrB) is overproduction of TSST-1. This over-
production of TSST-1 was not affected by fraction 2 (Figure
10). In contrast, TSST-1 production by the strain containing
wild-type SrrB was inhibited as expected by fraction 2. This
experiment was reproduced one additional time.

DISCUSSION

S. aureuscauses more infections possibly than nearly any
other microorganism. The organism has an array of virulence
factors that allow a diverse array of strains to cause disease.

FIGURE 5: Pepsin (Pep) treatment of inhibitory substance fractions 1 and 2 eliminates their abilities to inhibit TSST-1 production byS.
aureusMN8. Fractions 1 and 2 were incubated with 25µg of pepsin at 37°C for 1 h and then assayed directly for ability to inhibit TSST-1
production.

FIGURE 6: Western immunoblot test demonstrates the ability of the rHPLC fraction 2 inhibitory substance to inhibit production of TSST-1
by two S. aureusstrains. Strain CDC587 came originally from the CDC in 1980 and is methicillin sensitive; strain MN128 was kindly
provided by the Minnesota Department of Health and is methicillin-resistant and was isolated in 2004.
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Among these virulence factors are large families of secreted
exotoxins that facilitate disease production, with many having
known requirements in serious diseases.S. aureusinfections
pose serious treatment problems with the emergence of
methicillin-resistant organisms. For many years, it was
thought methicillin resistance was a problem in hospitals,
but this has changed such that multiple varieties of methi-
cillin-resistantS. aureusclones have emerged in the com-
munity, only to begin spreading into hospitals. In the past
the majority of hospital-associated methicillin-resistant strains
were negative for production of superantigens capable of
causing TSS and related illnesses. With the movement of
community-associated methicillin-resistant strains into hos-
pital settings, they carry with them superantigen production
(such as staphylococcal enterotoxin C) (11). Very recently,
two strains ofS. aureushave been described that are resistant
to vancomycinsin addition to being methicillin-resistant (13,
37). These occurrences portend the need to develop novel
strategies to modulate the ability ofS. aureusto cause
diseases. Two approaches have been considered by the
medical and scientific communities: (1) development of
vaccines which have met with very limited success, and (2)

development of novel treatment strategies, such as those
studied in this report.

Our studies have shown that theR andâ globin chains of
hemoglobin inhibit production of superantigens (TSST-1 and
enterotoxin C) and other exotoxins (R andδ hemolysins and
lipase) by severalS. aureusstrains, while at the same time
having minimal effects on staphylococcal growth. Thus, it
is possible that these chains or active fragments of the chains
may be useful as additives to tampons, wound dressings, or
catheters as agents to prevent exotoxin production, with
failure of the microbe to initiate disease production. Our
studies have provided evidence that heme groups are not
required for the activity. Highly purifiedR and â globin
chains retained capacity to inhibit TSST-1 production.
Treatment of fractions 1 and 2 with pepsin did not remove
heme groups from the mixtures, but the treatment resulted
in the complete loss of ability to inhibit TSST-1 production.
Finally, hemin added toS. aureuscultures did not result in
reduction of exotoxin production. Collectively, these data
indicate the agents may be useful as nonpigmented peptides.
In preliminary studies with theR globin chain, we have
localized the ability to inhibit TSST-1 production to the
N-terminal half. We hypothesize that humans may not
generate immune responses againstR andâ globin fractions
or peptides fragments, if such fragments can be made and
retain inhibitory activity, since they are of human origin;
however, future studies are required to test this hypothesis.

There have been prior studies of antimicrobial properties
of R andâ globin chains of hemoglobin (34, 35). In those
studies, it was shown that heme interfered with activity, a
property not seen in our studies. In addition, the prior studies

FIGURE 7: rHPLC fractions 1 and 2 inhibit the production of hemolysins (A) and lipase (B) byS. aureusMN8. S. aureuswas grown in
the presence of the indicated concentration of fractions, the supernates were clarified by filtration (0.2µm pore size), and 20µL of supernates
was added to wells. The hemolysin slides contained washed rabbit red blood cells in 0.85% agarose made up in phosphate-buffered saline;
the lipase slides contained tributyrin vortexed for 1 min with 0.85% agarose made up in phosphate-buffered saline.

Table 1: Escherichia coliGrowth Was Not Affected by Fractions 1
and 2 Globins

amount tested
(µg/mL)

fraction 1
CFU/mL× 109

fraction 2
CFU/mL× 109

500 8.7 8.3
250 9.2 10.0
25 8.8 8.0
2.5 9.0 9.7
0 8.5 7.8
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observed growth inhibitory activity, particularly against
Gram-negative bacteria such asE. coli. With use of 10-fold
high quantities of both hemoglobin chains in the study, we
observed no effect on an isolate ofE coli. Finally, we
observed no inhibition ofS. aureusgrowth at anyR or â
globin chain concentration tested, also differing from the
prior work. A recent study has shown that hemoglobin
peptides mediated the antimicrobial activity of the hemo-
globin chains, the activity was amplified by defensins and
lysozyme, and the peptides were relatively inactive against
Gram-positive bacteria (38)

We initiated studies to clarify the mechanism of action of
R and â globin chain inhibition of exotoxin production.δ

hemolysin production was inhibited as evidenced by reduc-
tion and ultimately complete loss of lysis of rabbit erythro-
cytes by 8 h cultures ofS. aureusMN8. At the same time,
production of the cell-surface virulence factor protein A was
increased. These data are suggestive that the globin chains
must have directly or indirectly affected the accessory gene
regulator (Agr) global regulatory system (36). δ hemolysin
is the translation product of RNA III, the direct activator of
exotoxin production in the postexponential phase of growth.
Simultaneous with inhibition of exotoxin production, a direct
or indirect effect on Agr would be expected to increase
protein A. BecauseR andâ globin chains have regions of
high positive charge, we hypothesize that, like antimicrobial
defensin peptides from humans, the hemoglobin chains may
have interacted with negatively charged phospholipids in the
bacterial membrane or negatively charged amino acids in
the histidine kinase components of two-component systems.
Thus, the globin chains may have interacted directly or
indirectly with AgrC, the histidine kinase component of the
Agr system, to interfere with exotoxin production. A recent
study (38) has shown that aâ globin peptide (amino acids
115-146) synergizes with defensin peptides and lysozyme
to kill E. coli. Interestingly, through an unknown mechanism,
the same peptide also enhances the ability of lysozyme to
degrade the peptidoglycan of certain Gram-positive bacteria.

We have recently identified another highly important
staphylococcal two-component system SrrA-SrrB (20), an
oxygen sensing system that regulates exotoxin production.
SrrA-SrrB functions as a repressor of exotoxins under
anaerobic conditions, and SrrA-SrrB also regulates the Agr
system. Experiments in this study demonstrated thatR and
â globin chains directly affected SrrB to alter TSST-1
production. In the presence of SrrA-SrrB, TSST-1 produc-
tion was reduced by the fraction 2 mixture tested, whereas

FIGURE 8: rHPLC final purification of fractions 1 (â chains) and 2 (R chains) globin retained capacity to inhibit TSST-1 production byS.
aureusMN8. Fractions 1 and 2 used to generate Figure 6 were subjected to additional rHPLC until the globin chains were homogeneous
and lacked detectable heme.

FIGURE 9: Treatment ofS. aureusMN8 with mixtures of fractions 1 and 2 globins causes increased production of the cell-surface factor
protein A, while decreasing amounts of TSST-1.9 TSST-1;0 protein A.

FIGURE 10: Treatment of isogenic strains ofS. aureuswith a
mixture of fraction 2 globins indicates the two-component system
SrrA-SrrB is targeted by the proteins. Data compared production
of TSST-1 (production regulated by SrrA-SrrB) by the tested
strains. RN4220 (pJMY10) contains the chromosomally encoded
two-component system SrrA-SrrB that functions as a repressor of
exotoxin production under low-oxygen conditions (20), and the
organism contains the gene for TSST-1 production on a plasmid
(open boxes). Strain MN4010 is an isogenic organism that lacks a
functional SrrB gene; the organism contains the gene for TSST-1
on the same plasmid (filled boxes).
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in the absence of a functional SrrA-SrrB two-component
system, production of TSST-1 was unaffected by the fraction
2 globin chains. It is also interesting that SPE A was not
affected by the fraction 1 or 2 mixtures of globin chains when
the toxin was produced in the native hostS. pyogenes, but
was inhibited when produced inS. aureus. S. pyogenesis
an aerotolerant anaerobe that lacks an SrrA-SrrB homo-
logue. If this two-component system is the primary target
of the globin chains, then it would be expected thatS.
pyogeneswould be resistant to the effects.

As a final point of potential importance, it is well
recognized thatS. aureusinitiates nearly all of its infections
from mucosal and skin infections, but the organism is also
able to cause bloodstream infections. Our studies suggest
that development of menstrual TSS is more complicated than
originally thought. It has been presumed that TSST-1 is
produced byS. aureusstrains growing vaginally on menses,
leading to development of TSS in women without neutral-
izing antibodies to the toxin. The studies presented in this
manuscript suggest that, whereas TSSS. aureusmay grow
in menses, TSST-1 production is unlikely to occur. This in
turn suggests that TSST-1 production must be occurring in
vaginal secretion and tampon regions that lack menses.

It would be expected thatS. aureusstrains that gain access
to the bloodstream would “turn off” exotoxin production due
to high exposure to hemoglobin components. However, the
organism appears to have adapted a lifestyle in which the
organism makes coagulases and quickly is walled off from
the host, including blood components, through formation of
abscesses. This may allow the organism both a site protected
from the human immune system, but at the same time also
allow the organism to make exotoxins needed for spread and
disease production.
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