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Thirty-nine streptococcal strains belonging to groups A, C, and G and 12
staphylococcal strains were investigated with respect to surface charge and
hydrophobicity. Isoelectric points of the bacteria were determined by cross-
partition experiments in dextran-polyethylene glycol two-phase systems contain-
ing charged polymers. The results obtained indicate that group A, C, and G
streptococci have isoelectric points of pH 3.75 + 0.15 standard deviation.
Staphylococci show an isoelectric point of around pH 2 and thereby differ
markedly from the streptococci. Pretreatment of bacteria with human serum
resulted in a significant change in the isoelectric points of streptococci. In a
second series of experiments, an aqueous dextran-polyethylene glycol two-phase
system containing polyethylene glycol palmitate or stearate was used to study the
hydrophobic surface properties of the bacterial cells. The partition of the
staphylococci was not influenced by the addition of up to 1% (wt/wt) polyethylene
glycol palmitate or stearate, whereas the streptococci showed a large variation in
affinity for polyethylene glycol-bound hydrophobic groups. The bacterial strains
included in the study were also tested for uptake of human serum proteins. A
positive correlation was found between the hydrophobic affinity of group A

streptococci and the density of receptors for aggregated beta-2-microglobulin.

The interaction of bacteria with mammalian
cells is of great importance in pathogenicity (31).
Recently, surface properties of bacteria, such as
charge and hydrophobicity, have received in-
creased attention. Studies on Salmonella typhi-
murium have shown that the phagocytosis-sensi-
tive R-mutants are liable to hydrophobic and
ionic interactions, whereas the smooth phagocy-
tosis-resistant strains have a hydrophilic and
uncharged surface (22). Investigations with hy-
drophobic interaction chromatography suggest
that the M-protein of Streptococcus pyogenes
and protein A of Staphylococcus aureus contrib-
ute to the hydrophobic character of the bacterial
cell surface (37, 38, 41). Specific binding of
human proteins to receptors on gram-positive
bacteria have been shown to change their phys-
ico-chemical surface properties (24).

Partition between two immiscible liquid
phases composed of different aqueous polymer
solutions has been used to investigate surface
properties of Salmonella typhimurium, Esche-
richia coli, Neisseria gonorrhoeae, and various
streptococcal and staphylococcal strains (5, 8,
19, 22, 24, 27, 28, 33-36). Such phase systems
containing dextran and polyethylene glycol
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(PEG) in water are highly useful for the separa-
tion and study of biological substances (2-4, 42).
Particles, such as bacteria, distribute between
the two phases and the interphase according to
their surface properties, such as electrical
charge and hydrophilic-hydrophobic character
(4). To increase the selectivity of a polymer two-
phase system, charged and hydrophobic groups
have been covalently bound to the phase poly-
mers (1, 10, 43, 44). With aqueous two-phase
systems containing charged PEG, it is possible
to perform a so-called cross-partition whereby
the isoelectric points of the bacteria can be
estimated (1, 2, 6, 9, 14). The hydrophobic
surface properties of the bacteria were studied
by hydrophobic affinity partition in two-phase
systems containing PEG palmitate (P-PEG) or
PEG stearate (St-PEG) (10, 20-22, 43, 44).

In the present investigation the isoelectric
points of various group A, C, and G streptococci
and staphylococci were determined by cross-
partition. Pretreatment of bacteria with serum
had a marked effect on the isoelectric point of
the exposed bacterial surface and might have a
bearing on the outcome of host-parasite interac-
tions in vivo. The observed differences in hydro-



228

phobicity among the streptococci were correlat-
ed to the presence of specific receptors for
human proteins.

MATERIALS AND METHODS

Bacterial strains. A total of 43 laboratory-maintained

strains, 8 freshly isolated strains, and 8 heat-inactivat-
ed strains were included in the study. Laboratory-
maintained strains were Kindly supplied by D. Mirel-
man, Rehovot, Israel (one strain), by I. Rotta, Prague,
Czechoslovakia (one strain), and by L. W. Wanna-
maker, Minneapolis, Minn. (six strains) or were ob-
tained consecutively from clinical specimens sent to
the Clinical Microbiology Laboratory, University
Hospital, Lund, Sweden. The bacterial species and
numbers of laboratory-maintained strains were as fol-
lows: Staphylococcus aureus, 6; Staphylococcus epi-
dermidis, 2; Staphylococcus saprophyticus, 2; group
A streptococci, 13; group C streptococci, 11; and
group G streptococci, 10. All strains were kept at 4°C
on blood agar plates before use. Todd-Hewitt broth
cultures (Difco Laboratories, Detroit, Mich.) were
incubated overnight at 37°C. Bacteria were harvested
by centrifugation at 3,000 rpm for 15 min and washed
twice in phosphate-buffered saline (PBS; 0.03 M sodi-
um phosphate, 0.12 M NaCl, pH 7.2). The optical
density at 620 nm was measured, and the bacterial
concentration was calculated from a standard curve
and adjusted to 10° organisms per ml. Heat-inactivated
bacteria were prepared by heat treatment at 80°C for §
min.
Radiolabeling of bacteria. Bacteria were labeled with
51Cr (The Radiochemical Centre, Amersham, En-
gland). A 50-pCi portion of $'Cr was added to 10° live
bacteria in PBS and incubated at 37°C for 3 h. Heat-
inactivated bacteria were labeled with 100 uCi of >'Cr
per 10° bacteria and incubated overnight. The bacteria
were then deposited by centrifugation, washed four
times in PBS, and suspended in sterile water to contain
5 x 10® bacteria per ml. Radioactivity in the last
supernatant never exceeded 2% of that in the pellet.
Radioactivity per bacterial cell was in the range of
1073 cpm.

Human protein preparations. Human serum albu-
min, human polyclonal immunoglobulin (immunoglob-
ulin G [IgG)), and human fibrinogen were purchased
from Kabi AB (Stockholm, Sweden). IgA was pre-
pared from a serum containing a high concentration of
an IgA myeloma protein as described previously (25).
Preparations of aggregated human beta-2-microglobu-
lin were kindly supplied by L. Bjorck, Lund, Sweden.
Human serum albumin, IgG, IgA, and aggregated
beta-2-microglobulin were labeled with *°I (The Ra-
diochemical Centre) by using the chloramine-T meth-
od (23). Fibrinogen was radiolabeled by using the
electrolytic method of Rosa et al. (29), as described by
Harboe and Folling (11).

Human protein-binding assay. Overnight cultures of
bacterial strains in Todd-Hewitt broth were harvested
and washed twice in PBS. The bacterial concentration
was adjusted to 10 organisms per ml. The bacteria
were suspended in PBS with 0.05% Tween 20. Binding
studies were carried out in plastic tubes (70 by 12 mm;
AB CERBO, Trollhittan, Sweden) by adding 2 x 10°
bacteria (200-pl suspension containing 10° organisms
per ml) to radiolabeled protein. The amounts used
were 0.08 to 0.17 pg except for beta-2-microglobulin

MIORNER, ALBERTSSON, AND KRONVALL

INFECT. IMMUN.

(2.12 pg). After 1 h at room temperature, 2 ml of PBS
containing Tween 20 was added to each tube, and the
bacteria were centrifuged. The supernatants were re-
moved, and the radioactivity of the bacterial pellets
was measured in a gamma counter (LKB Rack Gam-
ma, model 1270; Biotec, Stockholm, Sweden). The
uptake of human serum proteins in percentage of total
radioactivity added was calculated (Table 1). An up-
take of <6% was considered negative. All uptake
assays were performed in duplicate.

Polymer two-phase systems. PEG 4000 was obtained
from Union Carbide, New York, N.Y., and Dextran
T500 was from Pharmacia Fine Chemicals, Uppsala,
Sweden. Positively charged trimethylamino PEG
(TMA-PEG), negatively charged PEG sulfonate (S-
PEG), and P-PEG synthesized from PEG 4000 (15)
were kindly supplied by G. Johansson, University of
Lund, Lund, Sweden. St-PEG 4000 was purchased
from Serva, Heidelberg, West Germany. The phase
systems were prepared from stock solutions of dextran
(20%), PEG 4000 (40%), TMA-PEG (10%), S-PEG
(10%), P-PEG (2.5%), and St-PEG (2.5%). Salt and
buffer stock solutions were made in concentrations 10
to 20 times higher than that of the final concentration
in the phase system. All phase systems were prepared
and all experiments were carried out at room tempera-
ture.

Cross-partition experiments. Single-tube partitions
were performed in plastic tubes (70 by 12 mm; AB
Cerbo) with 1.00-g phase systems. Two series of phase
systems were prepared, one with positively charged
TMA-PEG and one with negatively charged S-PEG.
The compositions of the phase systems are given in
Table 2 (phase systems A and B). Batch systems were
prepared from stock solutions of dextran, PEG 4000,
and TMA-PEG 4000 or S-PEG 4000. A 0.85-g sample
was taken from the batch systems immediately after
mixing, using a Cornwall pipette (Becton, Dickinson &
Co., Rutherford, N.J.). Adding 50 p.1 of buffer solution
and 100 pl of bacteria (5 X 107 bacteria) in sterile water
gave the desired final concentration of all components.
Sodium citrate-citric acid and citrate HCI buffers were
used to obtain pH values between 3.0 and 7.2 and
between 1.3 and 4.8, respectively. The phase systems
were mixed thoroughly by inverting the tubes about 50
times. After 40 min of settling time, 100 pl of the top or
bottom phase was withdrawn from each tube with a
calibrated pipette (Oxford Laboratories, Foster City,
Calif.). The radioactivity in each sample was measured
in a gamma scintillation counter (LKB-Wallace 1280
Ultro Gamma; Biotec). The percentage of bacterial
cells in the top phase (in some experiments in top and
bottom phases) was calculated. The pH was measured
on the residual phase system.

Hydrophobic affinity partition experiments. Single-
tube partitions were performed with 1.00-g phase
systems of the compositions given in Table 2 (phase
systems C and D). A batch system was prepared from
stock solutions of dextran, PEG 4000, sodium phos-
phate buffer, and sodium chloride. A 0.80-g sample
was taken from the batch system immediately after
mixing. Adding 100 pl of esterified PEG (P-PEG or St-
PEG) or sterile water and 100 pl of bacterial suspen-
sion gave the final concentration of all components.
The phases were mixed thoroughly and allowed to
separate for 40 min. From the bottom phase or the top
and bottom phases 100 pl was withdrawn, and deter-
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TABLE 1. Binding of radiolabeled human proteins to bacterial strains®

Uptake (% total radioactivity added to cells)

. . ta-2-
Bacterial strains IgG IgA lnaneicro- Albumin Fibrinogen
globulin
Group A streptococcal strains
Al 24 7 19 6 65
A207 39 15 42 2 18
AM1 53 20 53 2 52
AM18 18 22 93 3 62
AM23 47 19 77 2 33
AM24 19 5 19 3 65
AM28 12 7 17 6 68
AR1 86 6 17 5 68
AW1 14 43 28 3 43
AW4 14 21 86 3 58
AW2S 39 7 18 6 68
AW33 15 34 45 3 45
AW43 16 23 29 3 47
HA1 16 5 32 3 55
HA2 28 11 59 3 35
Group C and G streptococcal strains
C16 82 7 3 30 51
C48 83 8 22 33 55
G34 86 1 4 44 51
G41 92 10 6 33 49
Staphylococcal strains
Cowan 1 78 2 2 2 5
L603 5 3 4 3 4

2 Includes all investigated group A streptococci and representative strains of group C and G streptococci as

well as straphylococci.

mination of the bacteria in the phases was made by
measuring the radioactivity in a gamma scintillation
counter. In the phase systems used for hydrophobic
affinity partition experiments, the bacteria partitioned
between bottom phase and interphase. For compari-
son of the relative hydrophobicities among the various
bacterial strains, a hydrophobicity index (C) was cal-
culated by using the following formula (see Fig. 5): C
= [counts per minute in bottom phase in system with
0.10% (wt/wt) P-PEG/counts per minute in bottom
phase in system without P-PEG].

RESULTS

Isoelectric point of streptococci. The isoelectric
point of 28 streptococcal strains was determined
by cross-partition and included 16 laboratory-

maintained strains, 6 freshly isolated strains,
and 6 heat-inactivated strains. The laboratory-
maintained strains showed cross-points between
pH 3.50 and 4.10, with a mean of 3.75 (Table 3).
Figure 1 shows representative results from a
cross-partition of four strains of streptococci.
The freshly isolated streptococcal strains
showed cross-points between pH 3.60 and 3.95
(mean, 3.74) and thereby did not differ from the
laboratory-maintained strains. The cross-points
of the heat-inactivated strains were in all in-
stances lower than the corresponding live bacte-
ria tested on the same occasion. Two bacterial
strains (G148 and ARI) tested on five different
occasions showed a standard deviation in cross-

TABLE 2. Composition of phase systems for single-tube partition

% (wt/wt) mM
Phase De Sodium
t Xtran S-PEG P-PEG St-PEG Buffer phosphate
system TS00 PEG 4000 TMA-PEG 4000 4000 4000 (see text) buffer NaCl
(pH 6.9)
A 6.8 4.8 2.0 2.5
B 6.8 4.8 2.0 2.5
C 6.1 6.1 0-0.5 5.0 40.0
D 6.1 6.1 0-0.5 5.0 40.0
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FIG. 1. Cross-partition of two group A streptococcal strains, AR1 and HA1 (A and B), one group C
streptococcal strain, C46 (C), and one group G streptococcal strain, G11 (D). Symbols: X, partition with TMA-
PEG (positively charged); @, phase systems with S-PEG (negatively charged). Arrows indicate cross-point

values.

point values of not more than 0.11 and 0.025 pH
units, respectively.

Isoelectric point of staphylococci. The isoelec-
tric point of nine staphylococcal strains was
determined by cross-partition and included five
laboratory-maintained strains, two freshly iso-
lated strains, and two heat-inactivated strains.
Table three summarizes the mean cross-point
value for the staphylococcal strains. For the
laboratory-maintained strains and the freshly
isolated strains, a cross-point below pH 2.2 was
obtained (mean, pH 1.95). Figure 2 shows rep-
resentative results from cross-partition of two
staphylococcal strains. The cross-point values
of the heat-inactivated strains were in both in-
stances significantly higher than those for the
corresponding live bacteria tested on the same
occasion (mean, pH 2.65).

Effect of human serum on bacterial cross-parti-
tion. Five bacterial strains capable of binding
different human serum proteins were preincu-
bated with human serum before analysis. A 100-
wl portion of normal human serum, diluted 1:10
in PBS, was added to 8 X 10® bacterial organ-
isms and incubated at room temperature for 30
min. The bacteria were then washed once in

TABLE 3. Cross-point values of streptococcal and
staphylococcal strains®

Cross-point
. No. of
Bact :
acteria strains® . !(Im:agD)

Group A streptococci 8 3.67 = 0.15
Group C streptococci 7 3.80 = 0.12
Group G streptococci 7 3.80 = 0.16
Staphylococci 7 1.95 + 0.16

2 The cross-point pH is taken as an estimate of the
isoelectric point of the exposed bacterial surfaces.

% Includes both laboratory-maintained and freshly
isolated strains.

PBS and suspended in sterile water. The isoelec-
tric point of the bacteria pretreated with serum
was determined by cross-partition and com-
pared with the cross-point values obtained with
the same bacteria pretreated with PBS alone as a
control. The cross-partition of all four strepto-
coccal strains studied was strongly influenced
by pretreatment with human serum, resulting in
less acidic cross-points (Table 4; Fig. 3). In
contrast, pretreatment of S. aureus with human
serum did not lead to any detectable change of
isoelectric point by this method (Table 4).

Hydrophobic affinity partition. Relative sur-
face hydrophobicity of 12 staphylococcal
strains, 15 group A streptococci, 12 group C
streptococci, and 12 group G streptococci was
determined by hydrophobic affinity partition,
using P-PEG (phase system C) and St-PEG
(phase system D; Table 2). All bacteria studied
were affected to the same extent by P-PEG and
St-PEG.

The streptococci varied greatly in affinity for
the PEG-bound groups. Most of the group A
streptococci studied (11 of 15) gave results indi-
cating a high affinity for P-PEG (Fig. 4A and 5).
The remaining group A streptococci showed no

A.Stophylococcus aureus _B. Staphylococcus aureus

=10
g 01 (Strain CowanI) (Strain HS1)
5
2 80
ﬁ TMA-PEG
= 0] TMA-PEG
o
a.
£ 40
v
3
5 201 S-PEG
'§ | S-PEG |
20 30 40 50,y 20 30 40 50

p

FIG. 2. Cross-partition of two Staphylococcus aur-
eus strains. Symbols as in Fig. 1.
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TABLE 4. Effect of human serum on cross-point
values of bacteria

Cross-point (pH)

Cells
Bacterial strain pretrf;:ted Cells
h:v:mn untreated
serum
Group A streptococci, ARI 4.80 3.75
Group A streptococci, AMI 4.20 3.50
Group C streptococci, CI6 4.35 3.95
Group G streptococci, G148 4.80 3.90
Staphylococcus aureus <1.80¢ 1.80

Cowan I

2 No cross-point was obtained within the pH range
used in this experiment.

affinity for P-PEG in concentrations up to 0.25%
(wt/wt). Among the group C and G streptococci
there was a more even distribution among the
strains with high, medium, and low affinity for P-
PEG (Fig. 4B and 4C and 5). The partition of the
staphylococci was not influenced by the addition
of up to 1% (wt/wt) P-PEG or St-PEG (Fig. 5).
Figure 4D shows the partition of three staphylo-
coccal strains as a function of the concentration
of P-PEG.

The freshly isolated streptococcal strains all
had intermediate to high affinity for P-PEG,
whereas the freshly isolated staphylococcal
strains showed no affinity for P-PEG. Heat-
inactivated streptococcal strains showed, when
tested on the same occasion as the live bacteria,
a lower hydrophobic affinity than the live bacte-
ria in all instances. Hydrophobic affinity parti-
tion of heat-inactivated staphylococci was not
altered compared with live bacteria.

DISCUSSION

In the present investigations the isoelectric
points and surface hydrophobicity of gram-posi-

g 100,A.Group A Streptococci _B.Group C Streptococci
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FIG. 3. Effect of normal human serum on cross-
partition of one group A streptococcal strain (AR1).
The bacteria were pretreated with human serum (A) or
with PBS as a control (B) before cross-partition ex-
periments. Symbols as in Fig. 1.

tive cocci have been determined by cross-parti-
tion and hydrophobic affinity partition in aque-
ous two-phase systems. Phase partition provides
a useful tool for the study of surface charge and
hydrophobicity in particles such as bacteria (3,
5, 8,19-22, 24, 27, 33-36). Isoelectric points of
the bacteria were determined by cross-partition
experiments with dextran-PEG two-phase sys-
tems containing charged polymers (6, 9; Table
2). The results obtained indicate an isoelectric
point for streptococci of about pH 3.75 (Fig. 1;
Table 3). The staphylococci showed an isoelec-
tric point of around pH 2, thereby differing
markedly from the streptococci (Fig. 2; Table 3).
Results from cross-partition of the ribitol tei-
choic acidless mutant 52 AS (kindly supplied by
D. Mirelman, Rehovot, Israel) indicated an iso-
electric point of <pH 2. This observation sug-
gests that teichoic acid makes only a minor
contribution to the highly acidic cross-point of
staphylococci.

The surface hydrophobicity of gram-positive
cocci was assessed by determining the affinity

D. Staphylococci

:M

C.Group G Streptococci

)
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8
&
8

P-PEG, per cent{ww)
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FIG. 4. Hydrophobic affinity partition in a dextran-PEG phase system at different P-PEG concentrations.
Symbols: (A) X, group A streptococcal strains AM23; ®, AM1; O, AM28. (B) X, Group C streptococcal strains
C48; @, C42; O, C16. (C) x, Group G streptococcal strains G41; @, G34; O, G51. (D) X, Staphylococcal strains

DO4975; @, S48; O, L602.
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for PEG-bound hydrophobic groups. Two
groups with different hydrophobic reactivities
were identified among the group A streptococci.
Most group A streptococci tested showed a high
hydrophobic affinity, whereas partition of the
remaining group A streptococci was not influ-
enced by P-PEG (Fig. 5). Among the group C
and G streptococci, there were several strains
with intermediate reactivities giving a wider
distribution of hydrophobic affinity (Fig. 5). The
partition of the staphylococcal strains was not
influenced by the addition of up to 1% (wt/wt) P-
PEG or St-PEG (Fig. 4D and 5). Staphylococcus
saprophyticus and Staphylococcus epidermidis
are known to have a poor hydrophobic interac-
tion liability (8). In our investigation this was
also shown to be true for all S. aureus strains
studied. It might be a general phenomenon that
when a bacterial surface is highly negatively
charged, it also shows a low hydrophobic affini-
ty even if hydrophobic sites are present. The
large number of negative charges might prevent
the interaction of PEG-bound palmitoyl groups
with hydrophobic structures on the bacterial
surface.

An increasing number of specific interactions
between surface structures of streptococci and
human proteins have recently been discovered
(17; G. Kronvall, L. Bjork, H. Miorner, E.
Myhre, and K. Widebick, in S. E. Holm and P.
Christensen [ed.], Basic Concepts of Strepto-
cocci and Streptococcal Diseases, in press). The
bacterial strains included in this study were
tested for uptake of human serum proteins (Ta-
ble 1). A positive correlation was found between
the hydrophobic affinity of group A streptococci
and the density of specific receptors for aggre-
gated beta-2-microglobulin (Table 1; Fig. 5). All
group A streptococcal strains with low hydro-
phobic affinity showed a low uptake of radiola-
beled aggregated beta-2-microglobulin (mean
uptake, 17.5%), whereas the strains with high
hydrophobic affinity showed a medium or high
uptake of aggregated beta-2-microglobulin
(mean uptake, 56%). It has been suggested that
M-protein carries a receptor for aggregated beta-
2-microglobulin (7). The results obtained indi-
cate a relationship between M-protein and the
hydrophobic properties of group A streptococ-
cal cells which has previously been suggested by
Tylewska et al. (37). The surface hydrophobicity
of streptococci did not correlate with the pres-
ence of surface receptors for other human pro-
teins tested (e.g., albumin, IgG, IgA, and fibrin-
ogen).

We have previously described marked
changes of surface characteristics of gram-posi-
tive cocci after specific binding of human pro-
teins (24). Pretreatment of bacteria with human
serum leads to an increase of the isoelectric
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FIG. 5. Hydrophobicity index (C) of 50 human
strains of group A, C, and G streptococci and staphy-
lococci as calculated from the formula: C = (counts
per minute in bottom phase in system with 0.10% P-
PEG/counts per minute in bottom phase in system
without P-PEG). The group A streptococci with low
hydrophobic affinity include strains A1, AM28, AR1,
and AW2S.

points of the streptococci investigated, whereas
no such increase could be observed with the S.
aureus strain (Fig. 3; Table 4). We have previ-
ously suggested that the binding of protein to
bacteria leads to a masking of the bacterial cell
surface properties (24). Experiments have been
initiated to further characterize the change in
surface charge of gram-positive cocci after spe-
cific binding of various human serum proteins.

An aqueous dextran-PEG two-phase system
containing P-PEG or St-PEG was used for hy-
drophobic affinity partition (phase systems C
and D, Table 2). These phase systems have an
interfacial potential close to zero; therefore, the
bacteria distribute according to the ratio be-
tween hydrophilic and hydrophobic sites ex-
posed on their surface. Most of the bacteria
partitioned into the bottom phase in the absence
of esterified PEG. The main change observed
when the concentration of P-PEG or St-PEG
was increased was the transfer of bacterial cells
from the bottom phase into the interphase. The
bacteria studied were affected to a similar extent
by P-PEG and St-PEG.

No single method can adequately describe
surface hydrophobicity, and there is not always
a correlation between hydrophobic affinity parti-
tion and other methods of assessing surface
hydrophobicity. A possible explanation is that
hydrophobic affinity partition measures an over-
all quantitative expression of the hydrophobic
and hydrophilic sites exposed on the bacterial
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surface whereas with other methods (hydropho-
bic interaction chromatography, binding of hy-
drocarbons and fatty acids to cells; 16, 30, 31,
37-39, 41) a few strongly hydrophobic sites on
the bacterial surface will allow the bacteria to
adsorb to the hydrophobic ligand.

Cross-partition has previously been used for
the determination of the isoelectric points of
proteins, mitochondrial membranes, spinach
thylakoid membranes, and rat liver peroxisomes
@4, 6,9, 14). Two curves were obtained when the
percentage of bacteria in the top phase was
plotted against the pH (Fig. 1). The obtained
cross-point of the curves was taken as the ap-
proximate isoelectric point of the bacteria. In
the present investigation the bacteria were
grown in a defined medium overnight. Varia-
tions of the electrophoretic mobility of strepto-
cocci harvested during different growth phases
or prepared in different growth media have been
reported (12, 13). The possible effect of different
growth media and growth conditions on the
surface properties of the bacteria have not yet
been studied in polymer two-phase systems.

Several reports indicate that the surface
charge of either the mammalian cells or the
bacteria plays an important role in their mutual
interaction (26, 33, 36, 40). Gram-positive cocci
are negatively charged at neutral pH due to an
excess of carboxyl and phosphate groups. In
addition, some bacteria contain highly negative-
ly charged teichoic and teichuronic acids. Most
mammalian cells also carry a net negative charge
which could give rise to a net repulsive force
between bacteria and mammalian cells. Previous
attempts have been made to measure the iso-
electric point of bacteria. Electrokinetic studies
of different strains of Streptococcus pyogenes
indicate an isoelectric point of between pH 4.3
and 4.7 (12). The isoelectric point of Streptococ-
cus sanguis has been determined by isoelectric
focusing and was found to be pH 5.3 (18).
Preliminary results from isoelectric focusing of
M-protein-positive and M-protein-negative
strains of Streptococcus pyogenes suggest iso-
electric points of pH 5.8 and 6.0, respectively
(37). M-proteins of streptococci play a major
role in the pathogenicity of these bacteria. It
appears that the presence of M-protein does not
lead to any major change in surface charge,
whereas the indicated hydrophobic properties of
M-protein might be of importance in the interac-
tion between vertebrate cells and Streptococcus
pyogenes.

ACKNOWLEDGMENTS

The excellent technical assistance of Elisabeth Nilsson, Ing-
Britt Gustavsson, and Ake Christensson and the secretarial
assistance of Ingela Berggren are gratefully acknowledged.

This project was supported by the Swedish Medical Re-
:::{g: Council, grant 05210, and by the A. Osterlunds Foun-

ISOELECTRIC POINT DETERMINED BY CROSS-PARTITION

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

233

LITERATURE CITED

. Akerlund, H.-E., B. Andersson, A. Persson, and P.-A.

Albertsson. 1979. Isoelectric points of spinach thylakoid
membrane surfaces as determined by cross-partition. Bio-
chim. Biophys. Acta 552:238-246.

. Albertsson, P.-A. 1970. Partition of cell particles and

macromolecules in polymer two-phase systems. Adv.
Protein Chem. 24:309-341.

. Albertsson, P.-A. 1971. Partition of cell particles and

macromolecules. Wiley-Interscience, New York.

. Albertsson, P.-A. 1978. Partition between polymer phases.

J. Chromatogr. 159:111-122.

. Albertsson, P.-A., and G. D. Baird. 1962. Counter-current

distribution of cells. Exp. Cell Res. 28:296-322.

. Albertsson, P.-A., S. Sasakawa, and H. Walter. 1970.

Cross-partition and isoelectric points of proteins. Nature
(London) 228:1329-1330.

. Bjorek, L., S. K. Tylewska, T. Wadstrém, and G. Kron-

vall. 1981. Beta-2-microglobulin is bound to streptococcal
M protein. Scand. J. Immunol. 13:391-394.

. Colleen, S., B. Hovelius, A. Wieslander, and P.-A. Mérdh.

1979. Surface properties of Staphylococcus saprophyticus
and Staphylococcus epidermidis as studied by adherence
test and two-polymer aqueous phase system. Acta Pathol.
Microbiol. Scand. Sect. B 87:321-328.

. Ericson, I. 1974. Determination of the isoelectric point of

rat liver mitochondria by cross-partition. Biochim.
Biophys. Acta 356:100-107.

Eriksson, E., P.-A. Albertsson, and G. Johansson. 1976.
Hydrophobic surface properties of erythrocytes studied
by affinity partition in aqueous two-phase systems. Mol.
Cell. Biochem. 10:123-128.

Harboe, M., and 1. Folling. 1974. Recognition of two
distinct groups of human IgM and IgA based on different
binding to Staphylococci. Scand. J. Immunol. 3:471-482.
Hill, M. J., A. M. James, and W. R. Maxted. 1963. Some
physical investigations of the behaviour of bacterial sur-
faces. VIII. Studies on the capsular material of Strepto-
coccus pyogenes. Biochim. Biophys. Acta 66:264-274.
Hill, M. J., A. M. James, and W. R. Maxted. 1963. Some
physical investigations of the behaviour of bacterial sur-
faces. X. The occurrence of lipid in the streptococcal cell
wall. Biochim. Biophys. Acta 75:414-424.

Horie, S., H. Ishii, H. Nakazawa, T. Suga, and H. Orii.
1979. Determination of the cross-points of rat liver peroxi-
somes, peroxisomal core and the core components by
cross-partition. Biochim. Biophys. Acta 585:435-443.
Johansson, G. 1970. Studies on aqueous dextran-poly
(ethylene glycol) two-phase systems containing charged
poly (ethylene glycol). 1. Partition of albumins. Biochim.
Biophys. Acta 222:381-389.

Kiippeli, O., and A. Fiechter. 1976. The mode of interac-
tion between the substrate and cell surface of the hydro-
carbon-utilizing yeast Candida tropicalis. Biotechnol.
Bioeng. 18:976-974.

Kronvall, G., A. Simmons, E. B. Myhre, and S. Jonsson.
1979. Specific absorption of human serum albumin,
immunoglobulin A, and immunoglobulin G with selected
strains of group A and G streptococci. Infect. Immun.
25:1-10.

Longton, R. W,, 1. S. Cole, and P. F. Quinn. 1975.
Isoelectric focusing of bacteria: species location within an
isoelectric focusing column by surface charge. Arch. Oral
Biol. 20:103-106.

Magnusson, K.-E., and G. Johansson. 1977. Probing the
surface of Salmonella typhimurium and Salmonella min-
nesota S R and R bacteria by aqueous biphasic partition-
ing in systems containing hydrophobic and charged poly-
mers. FEMS Microbiol. Lett. 2:225-228.

Magnusson, K.-E., E. Kihistrém, L. Norlander, A. Norg-
vist, J. Davies, and S. Normark. 1979. Effect of colony
type and pH on surface charge and hydrophobicity of
Neisseria gonorrhoeae. Infect. Inmun. 26:379-401.
Magnusson, K.-E., E. Kihlstrém, A. Norqvist, J. Davies,



234

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

MIORNER, ALBERTSSON, AND KRONVALL

and S. Normark. 1979. Effect of iron on surface charge
and hydrophobicity of Neisseria gonorrhoeae. Infect.
Immun. 26:402-407.

Magnusson, K.-E., O. Stendahl, C. Tagesson, L. Edebo,
and G. Johansson. 1977. The tendency of smooth and
rough Salmonella typhimurium bacteria and lipopolysac-
charide to hydrophobic and ionic interaction as studied in
aqueous polymer two-phase systems. Acta Pathol. Micro-
biol. Scand. Sect. B 85:212-218.

McConahey, P. J., and F. J. Dixon. 1966. A method of
trace iodination of protein for immunologic studies. Int.
Arch. Allergy 29:185-189.

Miébrner, H., E. Myhre, L. Bjorck, and G. Kronvall. 1980.
Effect of specific binding of human albumin, fibrinogen,
and immunoglobulin G on surface characteristics of bacte-
rial strains as revealed by partition experiments in poly-
mer phase systems. Infect. Inmun. 29:879-88S.

. Myhre, E. B., and G. Kronvall. 1979. Immunoglobulin

binding to group A, C and G streptococci, p. 76-78. In M.
T. Parker (ed.), Pathogenic streptococci. Reedbooks Ltd.,
Chertsey.

Nagura, H., J. Asai, Y. Katsumata, and K. Kojima. 1973.
Role of electric surface charge of cell membrane in
phagocytosis. Acta Pathol. Jpn. 23:279-290.

Perers, L., L. Andéker, L. Edebo, O. Stendahl, and C.
Tagesson. 1977. Association of some enterobacteria with
the intestinal mucosa of mouse in relation to their partition
in aqueous polymer two-phase systems. Acta Pathol.
Microbiol. Scand. Sect. B 85:308-316.

Pestka, S., H. Walter, and L. G. Wayne. 1977. Altered
surface properties of Escherichia coli associated with a
specific amino acid change in the S12 ribosomal protein of
streptomycin-resistant mutants. Antimicrob. Agents Che-
mother. 11:978-983.

Rosa, U., G. A. Scassellati, F. Pennisi, N. Riccioni, P.
Giagnoni, and R. Giordani. 1964. Labelling of human
fibrinogen with 131-I by electrolytic iodination. Biochim.
Biophys. Acta 86:519-526.

Rosenberg, M., D. Gutnick, and E. Rosenberg. 1980.
Adherence of bacteria to hydrocarbons: a simple method
for measuring cell-surface hydrophobicity. FEMS Micro-
biol. Lett. 9:29-33.

Smith, H. 1977. Microbial surfaces in relation to pathoge-
nicity. Bacteriol. Rev. 41:475-500.

Smyth, C. I, P. Jonsson, E. Olsson, O. Soderlind, J.
Rosengren, S. Hjerten, and T. Wadstrom. 1978. Differ-
ences in hydrophobic surface characteristics of porcine
enteropathogenic Escherichia coli with or without K88
antigen as revealed by hydrophobic interaction chroma-
tography. Infect. Immun. 22:462-472.

Stendahl, O., L. Edebo, K.-E. Magnusson, C. Tagesson,
and S. Hjerten. 1977. Surface-charge characteristics of

34.

3s.

36.

37.

38.

39.

41.

42.

43.

INFECT. IMMUN.

smooth and rough Salmonella typhimurium bacteria de-
termined by aqueous two-phase partitioning and free zone
electrophoresis. Acta Pathol. Microbiol. Scand. Sect. B
85:334-340.

Stendahl, O., K.-E. Magnusson, C. Tagesson, R. Cunning-
ham, and L. Edebo. 1973. Characterization of mutants of
Salmonella typhimurium by counter-current distribution
in an aqueous two-polymer phase system. Infect. Immun.
7:573-577.

Stendahl, O., B. Normann, and L. Edebo. 1979. Influence
of O and K antigens on the surface properties of Esche-
richia coli in relation to phagocytosis. Acta Pathol. Micro-
biol. Scand. Sect. B 87:85-91.

Stendahl, O., C. Tagesson, and M. Edebo. 1973. Partition
of Salmonella typhimurium in a two-polymer aqueous
phase system in relation to liability to phagocytosis.
Infect. Immun. 8:36-41.

Tylewska, S., S. Hjerten, and T. Wadstrém. 1979. Contri-
bution of M protein to the hydrophobic surface properties
of Streptococcus pyogenes. FEMS Microbiol. Lett.
6:249-253.

Tylewska, S. K., S. Hjerten, and T. Wadstrém. 1980.
Hydrophobic properties of Streptococcus pyogenes relat-
ed to M protein: decrease of surface hydrophobicity and
epithelial cell binding by antibiotics, p. 788. In J. D.
Nelson and C. Grassi (ed.), Current chemotherapy and
infectious diseases, vol. 2. American Society for Microbi-
ology, Washington, D.C.

Tylewska, S. K., T. Wadstrém, and S. Hjerten. 1980. The
effect of subinhibitory concentrations of penicillin and
rifampicin on bacterial cell surface hydrophobicity and on
binding to pharyngeal cells. Antimicrob. Chemother.
6:292-294.

. Van Oss, C. J. 1978. Phagocytosis as a surface phenome-

non. Annu. Rev. Microbiol. 32:19-39.

Wadstrém, T., S. Hjerten, P. Jonsson, and S. Tylewska.
1981. Hydrophobic surface properties of Staphylococcus
aureus, Staphylococcus saprophyticus, and Streptococ-
cus pyogenes: a comparative study, p. 263. In J. Jel-
jaszewicz (ed.), Staphylococci and staphylococcal infec-
tion. Gustav Fischer Verlag, Stuttgart.

Walter, H. 1977. Partition of cells in two-polymer aqueous
phases: a surface affinity method for cell separation, p.
307. In N. Catsimpoolas (ed.), Methods of cell separation.
Plenum Publishing Corp., New York.

Walter, H., E. J. Krob, and R. Tung. 1976. Hydrophobic
affinity partition in aqueous two-phase systems of erythro-
cytes from different species. Exp. Cell Res. 102:14-24.

. Westrin, H., P.-A. Albertsson, and G. Johansson. 1976.

Hydrophobic affinity partition of spinach chloroplasts in
aqueous two-phase systems. Biochim. Biophys. Acta
436:696-706.



