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Staphylococci are known to release into the
environment in which they grow a number of
enzymes and toxins. Knowledge of the ori-
gin and function of these extracellular pro-
teins may clarify the manner and degree in
which they influence virulence and perhaps
communicability. To this end strains of dif-
fering pathogenicity were selected with a
view to examining the number and distribu-
tion of proteins that could be revealed by
starch gel electrophoresis, a method capable
of giving remarkable resolution as has been
demonstrated in studies of proteins of serum
(1,2) and other materials(3,4).

Materials and methods. Strains. Strains
Mendita and 3895 are examples of classically
avirulent coagulase-negative staphylococci of
the albus type. Strain Mam-der is regarded
as occupying a position intermediate between
nonpathogenic and pathogenic staphvlococci
(5). Strains 4423 and 26925 are examples of
Staphylococcus aurcus phage type 80,81 iso-
lated from the human nasopharynx. Strain
4423 was freely communicable among pre-
mature infants in a nursery but was accom-
panied by an abnormally low lesion rate:
strain 26925 was obtained from a healthy
person who had no history of recent suppura-
tive lesions. Strains Smith-diffuse and Smith-
compact are variants of Stephvlococcus au-
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reus originally isolated from a case of osteo-
myelitis. The former is virulent for mice in-
traperitoneally and is lysed by phage 44A;
the latter is avirulent for mice intraperitone-
ally and apparently is not phage-typeable(6).

Production and Concentration of Extra-
ccllular Proteins. The medium used was
similar in composition to that of Gladstone
and van Heyningen(7) but was modified to
exclude substances of high molecular weight
that might be present in small amounts in
some of the constituents. Two liters of doub-
ly concentrated medium, pH 7.1 - 7.2, were
placed in a 6 X 18 in pyrex cylinder fitted
with a plexiglass cover containing a large cen-
tral hole and 2 smaller holes eccentrically lo-
cated. A large cellophane sac (uninflated
width 234 in) containing 2000 ml distilled
water was suspended from the plexiglass cover
by bringing the open end of the sac through
the central hole and attaching it to a short
length of large-diameter glass tubing. The lat-
ter was closed with a rubber stopper carrying
0.7 mm inlet and outlet tubes so that the solu-
tion inside the sac could be mixed during in-
cubation by bubbling with gas. The 2 smaller
holes carried additional inlet and outlet tubes
for mixing of solution outside the sac. The
assembly was autoclaved for 30 minutes at
15 Ib per square inch, allowed to cool, and
placed in a 36° incubator for temperature
equilibration.

The inoculum, consisting of saline-washed
cocci derived from 2 ml of a 16-hour broth
culture, was aseptically introduced into the
cellophane sac. Incubation was allowed to
proceed for 24 hours during which time the
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culture inside the sac, and the medium out-
side as well, were continuously bubbled with
a mixture of 20% CO. and 80% O., cotton-
filtered, at a rate of approximately 120
bubbles per minute. Heavy growth occurred
inside the sac while none occurred, as a rule,
in the external solution. After centrifugation
the clear supernate was concentrated 5- to
8-fold by pervaporation, dialyzed against
running tap water for 12 to 24 hours, and re-
pervaporated to 100 to 200 ml. The solution
was dialyzed in the cold against 4 volumes
of saturated ammonium sulfate for 2 to 3
days, with intermittent mixing, so that it
equilibrated at 809% saturation. The pre-
cipitate was recovered by centrifugation, dis-
solved in 10 ml distilled water, and dialyzed
in the cold against 5 1 distilled water for 2 to
3 days. The solution was centrifuged, the
insoluble sediment discarded, and the super-
nate lyophilized.

Starck gel electrophoresis. The method
used was essentially that described by
Smithies(1). As a routine, 10 mg staphylo-
coccal protein preparation were subjected to
electrophoresis (borate, pH 8.6) following
which the gel was sliced in a horizontal
plane and stained with amido black(1).

Distribution of Toxic and Enzymatic Ac-
tivities. The product obtained from strain
4423 was employed. Hemolytic activity, ap-
parently alpha hemolysin, was localized (a)
by slicing the gel in the broad plane, as for
staining, and bringing the cut surface into
contact with rabbit blood agar, and also (b)
by titrating against rabbit red cells eluates
of slices that had been transversely cut at
appropriate intervals along the length of the
gel. The amounts of staphylococcal product
applied to the gel were 1 and 10 mg respec-
tively. Elution was carried out by slow-
freezing at —16° each transverse slice togeth-
er with 1 ml phosphate-buffered saline con-
taining 0.1% bovine serum albumin, followed
by thawing and mechanical compression of
the gel sections to express fluid. Lipase was
detected by placing strips of gel on tributy-
rin agar(8) and incubating for one hour at
37° followed by removal of the gel strips and
examination for clearing. Addition of eluates
to egg yolk broth (McGaughey and Chu(9)
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resulted in the development of opalescence.
The most intense effect occurred in zones
corresponding to those of maximal lipase ac-
tivity suggesting that the opalescence is re-
lated to lipolytic activity on triglycerides as
proposed by Gillespie and Alder(10). De-
soxyribonuclease was detected by allowing
gel strips to remain in contact with one per
cent agar containing 0.2% sodium desoxy-
ribonucleate, 0.03 M borate, pH 8.6, and 0.01
M MgSO,. After 1 hour at 37°C, the gel
strips were removed, the agar flooded with
95% ethanol and examined for differences in
opacity. Hyaluronidase was estimated in elu-
ates using the method of Tolksdorf et al.(11).
Staphvylokinase was detected by placing small
volumes of eluates on fibrin plates(12) con-
taining plasminogen, and subsequently ob-
serving for areas of fibrin digestion. Control
plates from which plasminogen was omitted
were used to differentiate direct proteolytic
action, if present, from that brought about by
staphylokinase. Significant amounts of pro-
teolytic activity were absent as judged from
failure of fibrin to be digested in plates lack-
ing plasminogen. As no coagulase could be
detected in 0.1% solutions of unfractionated
staphylococcal proteins, it appears that little
or no soluble coagulase is formed under the
conditions used for cultivation.

Results. Yield and nature of extracellular
materigl. Five cultures of the Smith-diffuse
strain were grown and processed as described.
Bacterial growth, expressed as ODgso varied
from 0.37 to 0.68, and total weight of non-
dialyzable extracellular product obtained
from the supernates varied from 156 to 316
mg. Under the conditions of cultivation used,
the Smith-diffuse strain formed non-dialyz-
able substances averaging 45% of its own
weight.

Comparable data for all the strains studied
are given in the first 4 columns of Table I.
Strain 4423 formed as little as 10% of its
weight in non-dialyzable substances while the
compact variant of the Smith strain produced
68%. The results suggest that strains of
staphylococci vary widely in quantity of ex-
tracellular material of high molecular weight
that they elaborate during growth.

The non-dialyzable products obtained from
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TABLE 1. Growth, Yield and Propertics of
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Extracellular Products of Diverse Strains,

Wt of produet

Yield of ~ (my > 100

extracellu- Wt of grawt] ' Folin-Cio-  Oreinol

Baeterial lar non- ¢ ']“U( ! 0D, calteau color color as

growth, dialyzable (g ODo* —— astyrosine, ribose,

Strain ODysw product, mg Ve per 0,5 mg  ODow wg/mg ug/mg
Mendita 615 99 16 1.36 1.28 47 18.5
3895 452 190 13 904 1.26 57 12.4
Mam-der 62 175 ] [.25 1.55 69 23.6
4423 660 63 1o 1.05 95 94 7.5
26925 390 84 22 83 1.02 69 6.7
Smith-compaet 200 195 5s RH 1.12 61 7.5
Smith-diffuse A4S 186 W 025 1.07 66 9.3

*0.03 a1t horate huffer, pll 8.6,

the culture supernates were assaved for pro-
tein using the Folin-Ciocalteau phenol re-
agent(13) and the results (Table ]) indicate
that the products consist very largely of pro-
tein. However. the values of the ultra-violet
absorption ratio, ODg, @ ODug. suggest that
substantial amounts of nucleic acid are also
present. The products were therefore ana-
lyzed for ribose. using the orcinol reagent
(14), and from the color developed (Table
I} it can be estimated that ribonucleic acid is
present to the extent of 3 to 129 of the
weight of the products. It is notable that the
products of the 2 coagulase-negative strains
and the “intermediate” strain contain dis-
tinctly larger amounts of ribonucleic acid (9.3
to 11.8% ) than those of the 4 coagulase-posi-
tive strains (3.8 to 4.79%).

Description and analysis of clectrophorctic
patterns. The 4 examples of potentially
pathogenic staphylococci  (strains 4423,
26925, Smith-diffuse and Smith-compact)
each show 12 to 14 bands and the patterns
of these 4 strains are remarkably similar al-
though not identical. All 4 strains show 3
bands of protein (lettered A, B and C in
Fig. 1) which have separated to the left of
the sample application slit. (Band B could
not be detected in the starch slice of Smith-
compact chosen for portrayal in the figure
but was present as a faint band in a pattern
of another preparation of the same strain).
Band B may be of particular interest because
it is the heaviest staining band of the 12
formed by the penicillin-resistant phage type
80/81 strain 4423, and because it, as well as
bands A and C, is absent from Mendita, 3895

and Mam-der. Labelling of bands of differ-
ent strains by the same letter does not im-
ply that these bands necessarily represent the
same substance but is intended to indicate
similarity to the observer’s eye, of staining
intensity, width, or position in relation to
other bands.

The bands labelled H, I, K and L of strain
4423 appear to recur in Smith-diffuse and
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PIG, 1. Representation of stareh gel electropho-
retie patterns for 7 strains of staphylocoeci. Al
row shows location at which samples were applied.
Bands E, F, G, ete. are in the direction of the posi-
tive electrode. Diagonal shading indicates degree
of intensity of protein staining; horizontal shading
indicates a moderately dark background of dif-
fusgely staining material. Because the repre'senta;
tion is diagrammatic the sharpness and clarity of
the patterns tend to be somewhat exaggerated.
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FIG. 2. Localization of hemolytic and enzymatie
activities after eleetrophoresis in starch gel. Strain
4423, Arrow indieates origin. Migration toward
the right is in the direction of positive electrode.

Smith-compact. It is less certain that some
of the bands of Mam-der are homologous
with H, I, K and L of 4423 and the Smith
strains, and it is likewise difficult to relate to
H, I, J and K the bands in the corresponding
region of the 26925 pattern. It is notable
that a fast-moving band, P, is present in all
patterns except those of Mendita and 3895.

The patterns of the 2 nonpathogenic
strains, Mendita and 3895, differ strikingly
from those of the potentially pathogenic
staphylococci. Only 7 and 6 bands, respec-
tively, are evident and about half of them are
relatively faint. The pattern of the “inter-
mediate” strain, Mam-der, shows no very
strong resemblance to either those of the
pathogenic staphylococci or to those of Men-
dita and 3895.

To make sure the observed bands actually
represent products of staphylococcal growth,
medium was assembled, incubated and con-
centrated in the usual way but instead of in-
oculating it, 15 mg crystalline ovalbumin
were added as a carrier to the medium to be
processed. Electrophoresis of the resulting
concentrate yielded a pattern indistinguish-
able from that given by a solution of crystal-
line ovalbumin, no additional bands being
discernible.

The information provided by assays for
toxic and enzyme activities is summarized in
Fig. 2 in which shaded areas represent zones
of maximal activity. In some instances the
width of the zones is arbitrary inasmuch as
increasing the sensitivity of the test, as can
be done by lengthening the time of develop-
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ment, tends to broaden the zone of detectable
activity. Although lipase and staphylokinase
each show 2 zones of maximal activity, it
need not be inferred that staphylococci syn-
thesize or secrete 2 kinds of lipase and 2
kinds of staphylokinase. It may be that
some of the enzyme molecules are free to
move in the gel while the remainder may be
aggregated or complexed with a second sub-
stance that tends to retain the enzyme at or
near the sample slit.

Discussion. The results show that growth
of both potentially pathogenic (coagulase-
positive) and nonpathogenic (coagulase-neg-
ative) staphylococci is accompanied by the
accumulation of a large amount of extracellu-
lar substance, chiefly protein. Quantities of
protein found are comparable with those re-
ported by Rogers(15). The presence of ap-
preciable amounts of ribonucleic acid in the
culture supernates here studied indicates that
cell lysis occurred to a significant degree, and
at first sight (Table I) it appears that lysis
occurred to a greater extent among nonpatho-
genic than among potentially pathogenic
strains. Organisms of the latter type, how-
ever, are known(16,17) to produce a thermo-
stable nuclease which degrades both DNA
and synthetic polyribonucleotides. Ribonu-
clease activity was readily detectable in the
extracellular products of potentially patho-
genic strains and it is possible that this en-
zyme accounts for the difference in orcinol-
reactive material found. Even though exten-
sive autolysis occurred in cultures of non-
pathogenic staphylococci the electrophoretic
patterns yielded by them are distinctly less
complex than those of the potentially patho-
genic strains.

The existence of a multiplicity of extracel-
lular staphylococcal proteins is deducible not
only from the diversity of biological and bio-
chemical effects exhibited by cultures and
culture filtrates(18) but also from the results
of studies based on an immunological double
diffusion technic(19) which revealed as many
as 10 antigens to be associated with the Wood
46 strain. Using commercial antitoxin pre-
pared against this strain, staphylococci iso-
lated from lesions produced, on the average,
between 6 and 7 lines of precipitate while co-
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agulase-negative strains formed nome. Fur-
ther work in this direction(20) showed the
number of lines of precipitate to be directly
related to mouse virulence.

The technics used in this investigation per-
mit detection of as many as 15 diffusible
products (14 stainable bands and one white
band) in the case of coagulase-positive
staphylococci, and the majority of these.
judging from the patterns of activity shown
in Fig. 2, do not appear identifiable with pre-
viously described staphylococcal enzymes
and toxins. It is notable also that many of
these proteins are absent from cultures of
saprophytic strains. The number of strains
that have been examined is small but the re-
sults suggest that investigation of the new
proteins, and possibly those of additional
strains, may yield information that will help
elucidate the problem of staphylococcal
pathogenicity.

Summary. Strains representative of poten-
tially pathogenic and nonpathogenic staphy-
lococci were studied with respect to the extra-
cellular proteins that accumulate in cultures.
Starch gel electrophoresis of the non-dialyz-
able substances isolated from culture super-
nates revealed that 12 to 14 species of pro-
teins are elaborated by potentially pathogenic
strains while about half as many were found
to be associated with nonpathogenic staphy-
lococci.  Additional findings permitted the
loci of hemolytic and several enzymatic ac-
tivities to be mapped and compared with
those of protein. Most of the proteins do
not appear to be identifiable with previously
described products of staphylococcal growth,
and therefore, represent new extracellular
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substances. Several of these occur consis-
tently and perhaps exclusively in association
with potentially pathogenic strains.
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