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ABSTRACT

X-ray photoelectron spectroscopy (XPS) on microbial cell surfaces
requires freeze-drying of cells, and as a result, the cell surface append-
ages flatten out on the cell surface and form a collapsed fibrillar mass.
At present, it is unclear how the density, length and composition of
these fibrils influence the elemental surface composition as probed by
XPS. The sampling depth of XPS can be varied by changing the elec-
tron take-off angle. In this article, we made a depth profiling of the col-
lapsed fibrillar mass of Streptococcus salivarius HB and fibril-deficient
mutants by angle-dependent XPS. Methylamine tungstate negative
staining and ruthenium red staining followed by sectioning revealed
distinct classes of fibrils with various lengths on each of the strains.
Interpretation of the angle dependence of the oxygen/carbon (O/C)
and phosphorus/carbon (P/C) surface concentration ratios of these

*Author to whom all correspondence and reprint requests should be addressed.
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strains was difficult. However, the angle dependence of the nitrogen/
carbon (N/C) surface concentration ratio could be fully interpreted:

N/C did not vary with sampling depth on a bald strain, S. sali-
varius HBC12 and on S. salivarius HB7, a strain with a dense
array of fibrils of uniform length.

N/C decreased with sampling depth in case of a sparsely fibril-
lated strain, S. salivarius HBV51 and eventually reached the
value observed for the bald strain, HBC12.

A high N/C at small sampling depth was observed for S.
salivarius HB with protruding, protein rich fibrils.

We conclude that elemental depth profiling of microbial cell sur-
faces by XPS can be interpreted to coincide with structural and bio-
chemical information on the cell surface as obtained by electron
microscopy and can therefore be considered as a useful technique to
study structural features of cell surfaces in combination with electron
microscopy.

Index Entries: S. salivarius; surface composition; X-ray photoelec-
tron spectroscopy; fibrils; depth profiling; oral streptococci.

INTRODUCTION

In recent years, X-ray photoelectron spectroscopy (XPS) has become a valu-
able tool for studying the chemical composition of the outermost surfaces of
microbial cells (1,2). The technique has been applied on brewery yeasts (3,4),
oral streptococci (5,6), staphylococci (7), and dairy stains (8). The high vacuum
(108-10"torr) required for XPS experiments, necessitates freeze-drying of
the cells therefore bringing them into a state remote from their physiological
one. This can be considered as a drawback of the technique.

Despite the above, the electrophoretic behavior of a number of microbial
strains could be explained on the basis of the overall chemical surface com-
position of the strains as probed by XPS (4-6,9). High isoelectric points, i.e.,
the pH at which positive and negative charges are in counterbalance, were
found to be caused by high N/C surface concentration ratios. Oppositely, low
isoelectric points were caused predominantly by phosphate-containing groups,
as concluded from high P/C and O/C surface concentration ratios of strains.

The chemical surface composition of microbial cells as probed by XPS
has also been related to their cell-surface hydrophobicity, as assessed by
water contact angles (4-7). These studies revealed that oxygen-containing
groups were responsible for their hydrophobic character. Thus, it can be
concluded that despite freeze-drying of cells, XPS data bear a clear relation-
ship with cell-surface properties existing under more physiological conditions.

The depth of the area, sampled by XPS, can be varied by changing the
electron take-off angle, i.e., the angle under which electrons ejected from the
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surface are detected. By varying the electron take-off angle, a depth profiling
of the surface region can be obtained over approx 1-10 nm (10). Bacterial cell
surfaces are not smooth and usually carry structures that can either be fibrils,
fimbriae, or pili (11), with lengths up to 400 nm for fibrils and up to several
micrometers for fimbriae, and that can be visualized by negative staining or
ruthenium red staining in the transmission electron microscope. In addition,
the chemical compositions of these structures may vary over their length. It
is unclear how these structures on bacterial cell surfaces behave under freeze-
drying. Generally, it is assumed that these structures flatten out on the cell
surface, creating a collapsed mass of surface appendages. Taking these
problems into consideration, it is perhaps surprising that elemental surface
concentration ratios as probed by XPS, usually done at an intermediate
electron take-off angle of 45°, show relationships with other cell-surface
properties (4-6,9).

The aim of this study was to determine whether surface structures seen in
the uncollapsed state by electron microscopy correlate with the elemental
surface concentration ratios taken at different depths into the cell surface after
freeze-drying. In order to do this, we used the oral microorganism Streptococ-
cus salivarius HB and a series of fibril-deficient mutants, for purpose of com-
parison. The structural features of these strains are well known through
transmission electron microscopy of stained cells (12,13), and the position of
antigens on these structures has been localized by immunoelectron micro-
scopy (13). The chemical composition of these purified antigens has been
determined by Weerkamp and Jacobs (14).

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

S. salivarius HB and its mutant strains HBV5, HB7, HBV51, and HBC12
have been described previously with regard to the antigenic composition of
their cell wall, and the presence or absence of surface appendages (13,14). For
each experiment, the bacteria were grown overnight at 37°C from a frozen
stock in batch culture in Todd Hewitt broth. This culture was used to inocu-
late a second culture, which was grown for 16 h and then harvested by
centrifugation for 10 min at 5000 x g and washed twice with demineralized
water. A small portion of the cells was suspended in water for studying their
cell-surface structures by transmission electron microscopy. The other part
of the cellular pellet was frozen in a stainless-steel box in liquid nitrogen and
lyophilized at 5°C in a Lyovac GT1 (Leybold Heraeus).

X-Ray Photoelectron Spectroscopy (XPS)

XPS on bacterial cell surfaces has been done essentially as described by
Amory et al. (3). Briefly, the freeze-dried bacterial powder was placed in a
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75"
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freeze-dried bacteria

Fig. 1. Definition of the electron take-off angles used for the different sampling depths.

stainless-steel trough, and visually smooth tablets were pressed with a delrin
block on top under a load of 4000 kg - m~2 Subsequently, the troughs were
inserted in the spectrometer, which was a Vacuum Generators ESCA MKII
instrument equipped with a Tracor Northern TN 1710 signal averager for
signal-to-noise ratio enhancement. A magnesium anode was used for X-ray
production (14kV, 20 mA). In order to obtain a depth profile of the collapsed
fibrillar mass, different electron take-off angles were used ranging from 15 to
75° (see Fig. 1). The bacterial tablets, though prepared visually smooth, pos-
sess a certain roughness; hence no unique electron take-off angles exist on
these substrata. In order to check whether all bacterial tablets had the same
roughness, a separate series of tablets of each strain was prepared for scan-
ning electron microscopy. XPS peaks were recorded in the following order:
Ciss O4sr Ny, and P, for 45°, and then the same series for 15 and 75° take-off
angles. The Cy  and 615 peaks were recorded again afterward at a 45° take-off
angle in order to determine possible radiation-induced changes in cell-sur-
face composition. The area under each peak after linear background subtrac-
tion was used for calculation of the peak intensities, yielding elemental surface
concentration ratios O/C, N/C, and P/C employing sensitivity factors
determined by Wagner et al. (15). All XPS experiments were done in tripli-
cate on cells of separate bacterial cultures.

Electron Microscopy

Transmission electron microscopy was used in order to reveal surface ap-
pendages on the cells. For negative staining, washed cells were stained in 1%
methylamine tungstate on carbon-coated, hydrophilic grids in order to detect
the surface fibrils as described by Handley (16). Ruthenium red staining was
achieved by fixation in a mixture of osmium tetroxide and ruthenium red,
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followed by dehydration, embedding and sectioning in order to detect carbo-
hydrate-rich layers (so-called RR layers) as described by Luft (17) and Handley
(12,18). All samples were studied in a Hitachi H600 transmission electron
microscope operated at 100 kV.

The series of pressed bacterial tablets made for scanning electron micros-
copy were first kept 24 h in osmium-tetroxide saturated vapor and subse-
quently sputter-coated with gold. All samples were studied in a Jeol 35C
scanning electron microscope operated at 25 kV.

RESULTS

Figure 2 presents the surface appendages revealed by transmission elec-
tron microscopy on both negatively stained (left panel) and ruthenium red
stained (right panel) cells. The parent strain S. salivarius HB and the mutant
HBV5 show a dense fibrillar layer after negative staining (Figs. 2a,c). The
density and number of different types of fibrils decrease on HB7 (Fig. 2e) and
HBV51 (Fig. 2g), whereas the mutant HBC12is completely bald (Fig. 2i). Ruthe-
nium red staining also reveals the different types of fibrils (Figs. 2b,d,f and
h), which indicates that these fibrils consist at least partly of carbohydrates.
The bald mutant HBC12 has a thin carbohydrate-rich layer on its surface (Fig.
2j) as shown by ruthenium red staining. C, O, N, and P are the only elements
observed on the surfaces, and Table 1 summarizes the N/C, O/C, and P/C
surface concentration ratios of the S. salivarius strains for various electron
take-off angles as obtained by XPS. The parent strain HB and the mutant
HBV51 demonstrate a decrease in the N/C surface concentration ratio when
the sampling depth increases, whereas HBV5 shows a slight increase. The
elemental surface concentration ratios of the mutants HB7 and HBC12 are
similar for all sampling depths. The O/C surface concentration ratio decreases
for all strains with increasing sampling depth, except for the mutant HBVS5.
The P/C surface concentration ratio shows an increase with increasing sam-
pling depth for all strains, except for the bald mutant HBC12.

The intensities of the C;; and Oy, peaks, recorded at a 45° electron take-off
angle, changed slightly during the course of an experiment. The C;, peak
intensity increased by 2.4% on an average, whereas the Oy, peak intensity
decreased by 2.6% on an average.

Scanning electron microscopy showed that the macroscopic roughness of
the pressed, bacterial tablets was identical for all strains. Figure 3 presents
three examples of the appearance of the surfaces of these bacterial tablets.

DISCUSSION

In this article, we measured the elemental surface composition of S. salivarius
HB and fibrillar mutants at different sampling depths by XPS in order to
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HB

HBVS

HB7

HBV51

Fig. 2. Transmission electron micrographs of negatively stained (1% methylamine
tungstate, left panel a, c, e, g, and i) and ruthenium red stained (right panel b, d, f, h,
and j) sections of S. salivarius strains. The bar denotes 100 nm.

determine whether angle-dependent XPS can be used for the study of struc-
tural features of bacterial cell surfaces.

A unique electron take-off angle can only be defined on smooth surfaces,
and on rough surfaces, a collection of angles is usually present. Since the
roughness of all tablets was identical as concluded from the scanning elec-
tron micrographs (Fig. 3), it can be assumed that “sampling depth” increases
with the electron take-off angle. For smooth surfaces, a variation in electron
take-off angle from 15-75° would correspond approximately with 1-10 nm
in sampling depth (10). For rough substrata, the variation in sampling depth
cannot be exactly given.
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Table 1

Depth Profiling of the Elemental Surface Concentration Ratios
of S. salivarius HB and Fibrillar Mutants as Obtained by XPS
Carried Out at Different Electron Take-Off Angles*

15° 45° 75°
N/Cb
S. salivarius
HB 0.140 0.112* 0.107*
HBV5 0.086 0.107* 0.109*
HB7 0.081 0.081 0.083
HBV51 0.079 0.069 0.055
HBC12 0.057 0.054 0.057
O/C
S. salivarius
HB 0.603 0.485 0.507
HBV5 0.498 0.456 0.571
HB7 0.532 0.480 0.500
HBV51 0.532 0.492 0.492
HBC12 0.597 0.567 0.574
P/C
S. salivarius
HB 0.007 0.008 0.007
HBV5 0.003 0.005 0.006
HB7 0.002 0.006 0.009
HBV51 0.005 0.007 0.009
HBC12 0.011 0009 0.007

“The standard deviations over three separate bacterial cultures amounts
on an average: 10.016 for N/C, $0.054 for O/C, and +0.002 for P/C.

YPaires analyses by a Student’s t-test on data of separate bacterial cul-
tures with respect to the data taken at 15° showed differences with 0.1 <p <05
for the data indicated with an asterisk.

Fig. 3. Scanning electron micrographs of pressed bacterial tablets prepared for
XPS of S. salivarius HBV5, HB7, and HBV51. The bar denotes 10 um.
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The interpretation of the data collected in Table 1 is very difficult. Previ-
ously, it had been established that interpretation of the N /C surface concen-
tration ratio was easiest (6,9), since it was related to the absence or presence
of surface proteins. Interpretation of the O/C surface concentration ratio is
more complex, because oxygen can be ascribed to carbohydrates, proteins,
lipoteichoic acids, and so on. Furthermore, the P/C surface concentration
ratio is relatively inaccurate, and interpretation of the variations observed in
the P/C surface concentration ratio for these strains has not been successful
so far (5,7). Since nitrogen is the only element with an unambiguous interpre-
tation, we will focus the remainder of this discussion on the angle depen-
dence of the N/C surface concentration ratios.

The standard deviation in the N/C surface concentration ratios of the strains
over three separate bacterial cultures amounts on an average: +0.016 for N/C
(see Table 1). Thus, it would appear that many of the variations in N/C sur-
face concentration ratios with electron take-off angle are not significant. How-
ever, the above standard deviation is over cultures, and results taken at
different angles should be compared separately for each culture. Still, paired
analysis showed a small statistical significance of the differences observed in
N/C surface concentration ratios (see Table 1). Yet, because these differences
were systematically present within each culture we consider these variations
with electron take-off angle meaningful to discuss. In addition, we empha-
size that large differences with the electron take-off angle cannot be expected
considering the structure and composition of bacterial cell surfaces.

Figures 4 and 5 present the N/C surface concentration ratios vs the elec-
tron take-off angle for all strains together with their schematic, fibrillar archi-
tecture, fibrillar length, and antigenic composition. Figure 4 demonstrates
that there is a difference in the N/C surface concentration ratio at the small-
est sampling depth (take-off angle of 15°) of the parent strain HB and the
mutant strain HBV5. Both strains possess a dense fibrillar layer (see also Fig.
2), but HBV5 is lacking the fibril that is ascribed to aniigen B (length 91 nm)
containing 83% protein (14), whereas the protein content of antigen C (length
72 nm), present on both strains, is only 57%. The sparsely distributed long
fibrils (178 mn) present on both strains contain only carbohydrates and do
not contribute to the N/C surface concentration ratio. The effect of the 91 nm
long fibril is negligible at deeper sampling depth, as concluded from the more
or less identical N/C surface concentration ratios of these strains at higher
electron take-off angles. Thus, we ascribe the high N/C surface concentra-
tion ratio of HB as compared to the low N/C surface concentration ratio of
HBV5 at low electron take-off angle to the presence of the 91 nm long, pro-
tein-rich, fibril.

In Figure 5, it can be seen that the N/C surface concentration ratio of HB7
does not vary over the electron take-off angle. Since this strain has only one
type of fibril, we conclude that the collapsed fibrillar mass of this strain is
homogeneous over the thickness of the sampling depth and, in addition, at
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N/C
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Fig. 4. N/C surface concentration ratios of S. salivarius HB and HBV5 versus the
electron take-off angle (sampling depth), and a schematic summary of the structural
cell-surface features of these strains (12,13) and their antigenic composition (13,14).
The protein content of antigen B, located on the 91-nm fibril is 83%, whereas the
protein content of antigen C, located on the 72-nm fibril is only 57% (14).

least as thick as the sampling depth. Similarly, the N/C surface concentra-
tion ratio does not vary for HBC12, although this strain is devoid of all fibril-
lar surface appendages. Because for this strain N/C is relatively low, we
conclude that now XPS probes the RR layer, of which the composition is again
constant over the various sampling depths. This is furthermore supported by
the high and constant O/C surface concentration ratio.

A strong decrease in N/C surface concentration ratio with the sampling
depth is shown for HBV51, starting out relatively high at a low electron take-
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Figure 5. N/C surface concentration ratios of S. salivarius HB7, HBV51, and HBC12
vs the electron take-off angle (sampling depth), and a schematic summary of the
structural cell-surface features of these strains (12,13) and their antigenic composi-
tion (13,14).

off angle and decreasing to the value observed for HBC12 at the highest elec-
tron take-off angle. Thus, we conclude that the collapsed fibrillar mass of this
strain, with only sparsely distributed short fibrils, is thinner than the varia-
tion in sampling depth. XPS at low electron take-off angle will probe pro-
teinaceous appendages, but at high electron take-off angle, the influence of
the sparsely distributed fibrils is negligible, and XPS will predominantly probe
the underlying RR layer

Admittedly, the above discussion is based entirely on small variations with
a low statistical significance. However, because all these variations can be
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interpreted in terms of the known structural and biochemical features of the
cell surfaces, we believe that these variations are not coincidental and thus
are meaningful.

SUMMARY

In summary, it can be concluded that elemental depth profiling of micro-
bial cell surfaces can be interpreted to coincide with structural and biochemi-
cal information on the cell surfaces as obtained by electron microscopy.
However, we consider it extremely difficult at present to interpret angle-
dependent XPS data fully on microbial cells in the absence of additional elec-
tron micrographs, but do not rule out that once more studies on model strains
have been done, they will yield information on structural features of cell sur-
faces in the absence of electron micrographs that cannot be obtained by single
take-off angle XPS.
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