The hemolytic effect of Salmonella typhi Ty 2 porins
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Two outer membrane proteins of Salmenella typhi Ty 2 were extensively co-purified. According to their
migration in dodecylsulfate/polyacrylamide gel electrophoresis and solubility characteristics, these proteins are
homologous to the 35-kDa and 36-kDa porins found in Salmonella typhimurium. A porin homologous to the 34-
kDa one has not been found in S. £yphi Ty 2. A critical step in the purification of porins is heating at 100°Cin 2%
sodium dodecyl sulfate before Sephadex gel filtration. The absence of detergent in aqueous suspensions enhances
porin aggregation, these aggregations inducing human red cell lysis. Porins obtained by an alternative procedure
consisting of heating at 60 °C instead of 100 °C were also hemolytic. Using nanomolar concentration of porins a
strong influence of temperature on the hemolytic effect was observed. Porin-induced hemolysis was inhibited with -
anti-porin serum, as well as by a treatment with phenylglyoxal, which reacts with the arginine residues of proteins.
The membrane-disrupting ability of porins aggregates might explain some pathogenic characteristics of gram-

negative bacterial infections.

~ "Outer-membrane surface components of gram-negative
bacteria have been shown to be deeply involved in the
interactions with the host cells during infection [1—4). Ad-
herence to epithelial cells followed by penetration and invasion
of the host systemic circulation are likely to be mediated by
outer-membrane components of some gram-negative bacteria,
although periplasmic enzymes might also contribute to the
invasiveness of bacteria [5].

Fluidity changes and increased hydrophobicity of epi-
thelial cells are induced by bacterial surface components [5]
and it is possible that outer-membrane proteins may also alter
the permeability of the host cells. It has been shown that
Escherichia coli, Salmonella typhimurium and Proteus mirabilis
porins [6—8) are capable of forming transmembrane per-
meability channels in artificial vesicie membranes and that this
capability is dependent upon the formation of porin oligomers
[7,9]. This property resembles the behaviour of alamethicin
[10], and other related peptide antibiotics that have channel-
formingability [11 —14). As a result of this ability, alamethicin
will also induce human red cell lysis [15), leukocyte lysis [16],
increased calcium permeability of sarcoplasmic reticulum
vesicles {17], uncovering of latent adenylate cyclase activity
[18] and fusion of lipid vesicles [19].

1t was of interest to determine whether porins also show a
capacity to induce lysis of human erythrocytes, since this may
help to understand some of the events cccurring as a result of

infection with pathogenic gram-negative bacteria. In fact,

hemolytic anemia has been found in some typhoid fever
patients, specially in those with glucose-6-phosphate dehy-
drogenase deficiency [20]. We have extensively purified
Salmonella typhi Ty 2 porins and tested their capacity to
induce human erythrocytes lysis. :

Abbreviations. SDS, sodium dodecyl sulfate; PAGE, polyacryl-
amide gel electrophoresis. :

MATERIALS AND METHODS
Bacterial strains

Salmonella typhi Ty 2 was a kind gift from the Instituto de
Salud Pablica de Chile. Salmonella typhimurim was from our
strain collection.

Isolation of S. typhi Ty 2 porins

Bacteria were grown in Carlquist ninhydrin base medium
(Fisher Scientific) with 1.5% agar with which approximately
25 g (wet weight) of cells were harvested. Quter membranes
were obtained by the procedure of Moore et al. [21]. Briefly,
the membrane pellet obtained after sonication of cells was
suspended in 10 mM Tris/MgCl buffer, pH 7.8, containing 27
Triton X-100 and centrifuged until a Triton-insoluble pellet
consisting of outer-membranc proteins was obtained.

The outer-membrane preparation resuspended in 10 mM
Tris/HCl buffer, pH 8.0, containing 10 mM MgCl, and
5mM NaN; was treated with lysozyme (100 pg/ml) and
incubated at 37 °C for 2 h. The pellet obtained after centri-
fugation at %0000xg for 60min was resuspended in
10 mM Tris/HCI buffer, pH 7.8 containing 10 mM MgaCl,,
2% SDS and 0.05% 2-mercaptoethanol, heated at 100 °C
for Smin and passed through a Sephadex G-150-120 co-
lumn (50 x 1.8 ¢cm). An alternative procedure comnsislted in
heating the porin samples at 60 °C instead of 100 °C. The
Sephadex column was equilibrated with 10 mM Tris/HCI
buffer, pH 7.5, containing 0.25% SDS, 0.05% NaN, and
100 mM NaCl, The proteins were eluted with the same buffer.

.Some critical steps used in this procedure have previously been

reported [7,22]. The 35-kDa and 36-kDa S. 1yphi Ty 2 porins
were identified by comparison with S. fpphimurium outer-
membrane proteins {7,23] in SDS/poiyacrylamide gel clectro-
phoresis (SDS-PAGE) according to Ames [24].



580

Chemical assays

Protein concentrations were measured by a modified
method of Lowry et al. [25]. and by the method of Bradford
[26]. Lipopolysaccharide was determined by the thiobarbituric
acid method modified by Osborn [27]. SDS was measured by
Hayashi's procedure [28].

Impumizations

Rabbit antisera [anti-porin, anti-(bovine serum albumin)
and anti-(S. ryphi lipopolysaccharide)] were prepared follow-
ing the immunization schedule described by Cofié et al. [29],

Erythrocyte lysis

The hemolysis experiments were carried out according to
the procedure of Irmscher and Jung [15]. Briefly, 1 ml of
human blood, group B, was mixed with 9 ml of 10 mM sodium
phosphate buffer, pH 7.0 containing 154 mM NaCl (buffer
SP). The red cells werc washed twice and resuspended in 9 ml
of the same buffer. From this suspension, 0.4 ml was diluted
further with 5.6 ml of buffer SP and used for the hemolysis
assays. 10 pl of porin suspension (final concentration around
10 nM) were added to the red-cell suspension and incubated at
37°C, or at other temperatures as required, for 60 min.
Hemolysis was measured at 546 nm. Total hemolysis was
induced with 0.1 mM SDS final concentration.

In those cxperiments where the hematocrit was to be
measured, the erythrocyles were diluted 1:1 with buffer SP.
The hematocrit (percentage of red cell volume) was measured
in an International microcapillary eentrifuge, model MB. The
hemolysis was followed using Drabkin reagent [30].

Chemical modification of proteins

Porins suspended in 200 mM Tris/HCl buffer, pH 7.5, were
alkylated with 10 mM pyridoxal phosphate at 25 °C for 2 h
and reduced with 0.5 mg/ml of sodium borohydride [31]. Some
porin preparations in 90 mM NaHCO; buffer, pH 7.8, were
also modified with 1.5% phenylglyoxal hydrate according to
the procedure of Tukahashi [32].

RESULTS
Purification of porins

We co-purificd Salmonella typhi Ty 2 porins by a pro-
cedure that employed some critical steps previously reported
[7.21,22]. According to migration in SDS-PAGE and solu-
bility characteristics (Fig. 1), these proteins are homologous to
the 35-kDa and 36-kDa porins found in Salmonella typhi-
murium [7,23]. It should be noted that in outer-membranc
preparations of S. typhi Ty 2 we have not observed in SDS-
PAGE a porin homologous to the 34-kDa porin of S.
Lyphimurium.

The porins were obtained purified in the first peak eluted
from a Sephadex G-150-120 column (Fig, 2), free of any other
protein and also free of lipopolysaccharide according to the
procedure of Osborn [27]. The second peak, although contain-
ing the porins, was discarded because variable amounts of
lipopolysaccharide were detected. Similar results have been
found by Yamada and Mizushima {33].

In order lo be used in the hemolytic assays, porins were
extensively dialyzed against 1 mM NaHCO, to diminish SDS

}Porins
=33 kDa

Fig. 1. The effect of temperature on the solubilization of membrane
proteins. (A, B) Slab gel electrophoresis profiles of outer-membrane
fractions from S. typhi Ty 2 suspended in 62.5 mM Tris/HCI buffer,
pH 6.8, 2% SDS, 57 2-mercaptoethanol, 10% glycerol and 0.001 %
bromophenol blue [23]. (C,D) Outer-membrane fractions from S.
typhimurium suspended as above. (A, D) Unheated sample; (B.C)
heated at 100 °C for 5 min

[34]. We observed that as the SDS decreases there was an
aggregation of porins resulling in the formation of insoluble
oligomers. In these conditions we found an SDS concentration
of 1.3mM contaminating the porin preparation. In the
hemolytic assay mixture this concentration became 2.2 pM,
which is not only not hemolytic but a proven protector ol red
blood cells [35]. We made an effort to obtain an SDS-free porin
preparation by using a drastic procedure consisting of dialysis
against 6M urea and passage through a Dowex 1 X-2 column
[36]. This time, the SDS concentration was 0.16 pM in the
hemolytic assay, yct we still observed hemolysis.
Unfortunately, this procedure yielded a poor protein recovery
and was not routinely followed.

Hemolytic effect

The addition of purified porins to human erythrocytes
caused their rapid lysis. This effect was observed by the use of
nanomolar concentrations of porins. In calculating the mo-
larity we have assumed that the porin oligomers formed are at
least trimers. This is based on the finding made by Tokunaga et
al. [9] that the smallest porin oligomers with channel-forming
ability are trimers. X-ray diffraction studies, cited by the same
authors, indicate that oligomers in aqucous solution when
incorporated into vesicle membranes exist in the same physical
stale as in dodecyl sulfate.

A significant inhibition of the hemolytic capacity, around
507, was observed if 10 ul of undiluted anti-porin serum
was added to the mixture 5min after the mixing of red
cells with 30 pl of 3.2 uM porin suspension (Table 1). Tf the
same porin suspension was pre-treated for S min with un-
diluted anti-porin serum the inhibition was complete and no
hemolysis was observed. In contrast, when anti-(bovine serum
albumin)serum was added to the assay mixture no inhibition of
porin-induced hemolysis was observed, disproving the idea
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Fig. 2. Filtration of porin fractions on Sephadex G-150-120. (A) The experimental conditions are described under Materials and Methods. Peak 1
contained the purificd 35-kDa and 36-kDa porins from S. typhi Ty 2, free of lipopolysaccharide. (B) Slab gel electrophoretic analysis of peak 1,

compared with crude outer-membrane fractions

Table 1. Porin-induced hemolysis inhibited by anti-porin rabbit serum
Hemolysis was measured at 546 nm aller incubation at 37 "C for
60 min of a red cell suspension with the additions indicated. BSA
=bovine serum albumin, LPS =lipopolysaccharide

Expt Porin addition Antiserum Hemolysis
addition

Yo
15 + none 863142
2% + anti-porin 44.7+32
3: none anti-porin 0
4. + anti-BSA 83 +40
5 + anti-LPS 71.4+8.5
6. porins pre-treated 0

with anti-porin serum

that the inhibition caused by the anti-porin serum might be
unspecific.

Temperature dependence of the hemolytic reaction

At a constant concentration of porins (21 nM), different
extents of hemolysis werc obtained depending on the temper-
ature of the incubation mixturc. As shown in Fig. 3, when the
incubation was carried out at 2 °C, around 35% hemolysis was
observed. Increasing the temperature of incubation resulted in
a decreased hemolysis reaching the lowest hemolytic effect
around 23 °C. Further increases in the incubation temperature
increased the hemolysis attained, obtlaining a maximum of
around 707 at 37 °C. This result ruled out the possibility that
the agent causing the hemolysis was contaminating SDS, since
SDS used at 0.2 mM was equally effective as a hemolytic agent
in the range of 2-37 °C [15].

Porins purified by using a heating step of 60 °C (instead of
100 “C) before Sephadex gel filtration, were also able to cause
hemolysis at nanomolar concentrations and this effect was
temperature-dependent (results not shown).
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Fig. 3. Temperature dependence of the hemolytic reaction, Erythrocyte
suspensions at temperatures ranging from 2 °C to 37 “C were added
with purified porin fractions to a final concentration of approximately
21 nM and incubated for 60 min. Hemolysis was measured at 546 nm.
Error bars indicate the range of values, five per data point

Hematocrit versus hemolysis

When we tried to follow the course of the hemolytic
reaction by measuring the hematocrit, we found that during
the first 15 min of incubation the hematocrit remained un-
changed although around 357% of red cells had been lysed. At
longer incubation times a sharp decrease in hematocrit values
was obscrved (Fig. 4). We believe that this may be due to the
fact that initially the red cells swell. Therefore, the disap-
pearance of cells that are lysed is compensated by an increase in
volume of the remaining cells.

Chemical modification of porins

Since it has been suggested that positive charges may be
involved in the lytic activity of mellitin [37], we attempted the
chemical modification of porins at lysine and arginine residues
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Yig. 4. Hematocrit versus hemolysis. The porin-induced hemolysis at
37 °C was measured at several times (@———@). At each time the
percentage of red-cell volume in a micro-capillary centrifuge was also
measured ( x -+ x ). Detailed assay conditions are given in Materials
and Methods. Hemolysis was measured with Drabkin reagent at
346 nm
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Fig. 5. Hemolysis inhibition after chemical modifications of porins.
Porin preparations modificd with pyridoxal phosphate under re-
ductive conditions were additionally modified with 1.5% phenyi-
glyoxal hydrate for 60 min. At intervals, samples were taken and
added Lo crythrocyte suspensions. Hemolysis was measured at 546 nm
after 30 min of incubation

using pyridoxal phosphate and phenylglyoxal respectively
{31,32].

The reductive alkylation of porins with pyridoxal phos-
phate and sodium borohydride resulted in the disappearance of
the insoluble aggregates present in aqueous solution. Dialysis
against 90 mM NaHCO,; to eliminate the excess of modifying
reagents was also uscful 10 eliminate SDS that had remained
with the porin aggregates. We measured a lowering of SDS
from 378 pg/ml to 80 ug/ml at similar protein concentrations.
After the alkylation of porins, their hemolytic capacity and its
temperature dependence remained unchanged (results not
shown). Furthermore, the solubilized porins were now able to
migrate in SDS-PAGE mainly as monomers without the
heating in SDS above 70 °C, suggesting that the chemical
modifications prevented stable trimer formation.

Successful inhibition of hemolysis was found when ad-
ditional modifications of porins with phenylglyoxal was made.
As shown in Fig. 5, after 20 min of treatment with phenyl-
glyoxal the hemolytic effect of the porins fell to 35%. Longer
treatment resulted in greater inhibition. The hemolysis was
measured after 30 min of incubation of red cells with the
modified proteins. We can not explain yet the hemolytic
activity remaining in the modified porins,

DISCUSSION

The hemolysis induced by porin aggregates strengthens the
analogy of these molecules with peptide antibiotics. It is
known that porins and peptide amtibiotics do aggregate in
aqueous solutions because of their hydrophobic nature [9] and
that the membrane-modifying activity depends wupon the
formation of polypeptide oligomers.

We have observed a strong temperature effect on the
hemolysis which apparently is the result of two processes that
can be distinguished around 25 °C. Befow this temperature,
the porin-induced hemolysis increases as the temperature
decreases. We think this may reflect an intrinsic property of red
cells, inasmuch as erythrocytes appear to be more fragile at
0°C than 10°C [38).

In contrast, as the temperature increased above 25 °C we
obscrved an increase in the extent of hemolysis. We interpret
this result as due to molecular rearrangements of porin
aggregales that render them more effective, perhaps, towards
the formation of monomers. Supporting this possibility is the
fact that pyridoxal-phosphate-modificd porin preparations
lack the aggregate forms yet these solubilized porins were
notably hemolytic. Furthermore, the alkylated porins arc
apparently prevented from stable trimer formation, sincc we
found that in SDS-PAGE they migrated as monomers without
the otherwise inevitable heating step above 70 °C [23].

We were able to rule out the possibility of hemolysis due o
the presence of traces of SDS in our preparation, since
hemolysis due to SDS is temperature-independent, which is
not the case in our experiments.

Since it may be argued that heating at 100 *C during the
purification of porins may alter their structure and as u
consequence of these structural changes affect their hemolytic
capacity, we have also purified the porins using a heating step
of only 60 °C. The latter preparations proved to have the same
hemolytic properties as the porins obtained through the 100 °C
heating step. It has been reported that porins are generally
resistant to SDS action below 70 °C [23]. Therefore, we believe
that the perin-induced hemolysis is due to their intrinsic nature
and this fact may give new insights into the way somc bacteria
cause injury to the host.
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