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The clotting activity of Staphylococcus aureus strain 104 was purified 46,000-
fold, but absolute purity was not achieved. Carbohydrate content of the purified
material was not more than 5%. Elution of clotting activity from denaturing and
nondenaturing polyacrylamide gels revealed the presence of four distinct molec-
ular forms. Molecular weights of the forms were approximately 31,500, 34,800,
44,800, and 56,800 as determined by gel filtration in 8 M urea, by sodium dodecyl
sulfate-urea polyacrylamide gel electrophoresis, and by calculation with deter-
mined values for the Stokes radius and sedimentation coefficient. Molecular
weights determined on sodium dodecyl sulfate-urea gels were found to decrease
as the gel concentration increased, suggesting that the amount of sodium dodecyl
sulfate bound was less than normal. Estimated frictional ratios for the forms
showed that they differ in shape from one another and that they are all highly
asymmetrical. Each of the forms had an isoelectric point between pH 5.44 and
5.47 when focused in 6% polyacrylamide gels for 9 h; however, prolonged focusing
altered the isoelectric point of the forms to within the range of pH 4.35 to 4.65.
The multiple clotting forms were not artifacts of the purification procedure and
did not appear to be products of the proteolytic degradation of a larger protein.

"Coagulase" has been reported as an extracel-
lular protein of Staphylococcus aureus with the
unique ability to activate the mammalian clot-
ting mechanism in the presence of many anti-
coagulants (40). Numerous studies have char-
acterized this protein, but few have agreed on its
size. Molecular weight values have been re-
ported ranging from 5,000 (25, 41) to 10,000 (41),
18,000 (48), 44,000 (10), 61,000 (4), and 90,000
(44). Serological studies have shown that there
are several distinct antigens in this clotting ac-
tivity (9), and that a single strain of S. aureus
can produce more than one antigenic type (14).
Miale et al. (23) reported that an alcohol-precip-
itated coagulase separated into five to eight
bands of clotting activity by starch-gel electro-
phoresis; however, evidence was not presented
to show that these bands were not an artifact of
the precipitation procedure. Crude coagulase
from a single strain of S. aureus has been sepa-
rated into two fractions having clotting activity
but with different isoelectrical points, one be-
tween pH 5.1 and 5.3 and one at pH 4.3 (M. C.
Drmmond, Abstr. Annu. Meet. Am. Soc. Mi-
crobiol. 1974, P263, p. 188). These data suggest

either that coagulase may be a single protein
which can exist in more than one molecular form
due to aggregation or the presence of prosthetic
groups such as carbohydrate, or that the term
coagulase may actually represent a family of
very different proteins that have a similar ability
to stimulate clotting.
To examine this question of molecular diver-

sity, we have attempted to purify and character-
ize the clotting activity of S. aureus strain 104.
Very different molecular weights have been re-
ported for the coagulase of this strain (4, 25, 41).
The studies presented here show that there are
four distinct molecular forms of the clotting
activity of strain 104 which differ in size and
shape but not in charge.

MATERIALS AND METHODS
Organism and growth conditions. S. aureus

strain 104, which was originally isolated from a cuta-
neous abscess, was used throughout this study (40).
Cells were grown at 37°C in brain heart infusion broth
(Difco Laboratories) supplemented with trace metals
as described previously (40, 42). For the production of
coagulase, cells were grown in 3 liters of brain heart
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infusion broth in a 6-liter flask for 6 to 7 days and were
killed by the addition of merthiolate (Eli Lilly & Co.;
1:10,000). The culture supernatant, designated as
crude coagulase, was obtained by centrifugation at
12,000 x g for 30 min and was stored at -20°C until
needed; the cells were discarded.

Clotting assay. Coagulase activity was assayed by
a modification of the method of Tager and Hales (42).
Twofold serial dilutions of samples were made in 2%
peptone (Sheffield Chemicals) in saline containing
merthiolate (1:10,000). To each dilution (0.5 ml) was
added an equal volume of a solution of citrated human
plasma diluted 1:80 in 0.2% bovine fibrinogen (Rehais
Chemical Co.) in saline. The test was incubated at
37°C for 16 to 20 h and then at 4°C for at least 1 h.
The titer, in clotting units, was calculated to be double
the dilution factor of the highest dilution to produce
a solid clot. The plasma-fibrinogen solution was made
fresh on the day of use and was kept in an ice bath.
Human plasma was obtained as outdated blood bank
plasma from the Red Cross and was stored at -20°C.
Enzyme assays. Bovine liver catalase (Worthing-

ton Diagnostics) was assayed by the method of Fukui
et al. (12) at room temperature, with hydrogen per-
oxide as substrate. Staphylococcal acid phosphatase
activity was assayed by a modification of the method
of Barnes and Morris (3). The reaction mixture con-
tained 2 ml of 0.1 M citrate buffer (pH 5.4), 0.1 ml of
0.3 M magnesium chloride, 0.5 ml of 0.5% p-nitro-
phenyl disodium phosphate (Sigma Chemical Co.),
and 0.5 ml of enzyme. After incubation at 37°C for 10
mm, the reaction was stopped by the addition of 1 ml
of 2 N sodium hydroxide. The reaction tubes were
centrifuged at 12,000 x g for 15 min to remove precip-
itated magnesium hydroxide, and absorbance of the
supernatant was measured at 400 nm. Staphylococcal
nuclease activity was determined by the procedure of
Ryden et al. (33) with denatured calf thymus DNA
(Worthington) as substrate. Staphylococcal protease
activity was determined by the procedure of Ryden et
al. (33). Hammarsten casein (Nutritional Biochemicals
Corp.) was used as substrate, and absorbance was
measured at 280 nm. Crystalline (2x) bovine pancreas
trypsin (Worthington) was used as a control for the
procedure. The limit of the sensitivity of this assay
was about 0.1 ,g protein of (2x) trypsin. Staphylococ-
cal hemolysin activity was assayed by the procedure
of Madoff and Weinstein (20), with rabbit erythro-
cytes. The hemolysin titer was calculated as double
the dilution factor of the highest dilution showing 50%
hemolysis.
Chemical assays. Protein was estimated with the

Folin phenol reagent by the method of Lowry et al.
(19). Absorbance was measured at 750 nm, and bovine
serum albumin (Sigma) was used as the standard.
Total carbohydrate was estimated by the phenol-sul-
furic acid procedure of Dubois et al. (8). Absorbance
was measured at 490 nm, and glucose was used as the
standard. Reducing sugars were determined by the
reduction of ferricyanide by the procedure of Park and
Johnson ' :8), with glucose as the standard. Before this
analysis, portions of each sample were hydrolyzed in
1 and 4 M hydrochloric acid at 100°C for 4 h (39).
Standard proteins. Purified proteins obtained

from commercial sources (Sigma, Worthington) were

used as standards in polyacrylamide gel electropho-
resis and gel filtration procedures. The molecular
weights and Stokes radii (centimeters x 107) of the
proteins were: horse heart cytochrome c, 12,400, 1.69;
horse heart myoglobin, 17,800, 1.97; soybean trypsin
inhibitor, 21,500, 2.26; bovine pancreas trypsinogen,
23,700, 2.19; bovine pancreas a-chymotrypsinogen A,
25,000,2.24; swine pepsinogen, 40,400,2.85; ovalbumin,
45,000, 2.73; bovine serum albumin, 67,000, 3.55; rabbit
muscle aldolase, 149,000, 4.59; and bovine liver cata-
lase, 250,000, 5.20. Stokes radii for trypsinogen, pep-
sinogen, and aldolase were calculated from known
physical parameters with the Stokes-Einstein equa-
tion as described by Siegel and Monty (36, 37).
Polacrylamide gel electrophoresis. Electropho-

resis in nondenaturing gels (6 by 100 mm) containing
7.5% polyacrylamide was performed as described by
Ornstein (26) and Davis (6). Electrophoresis in dena-
turing gels (6 by 100 mm) containing 7.5 or 10% poly-
acrylamide, 1% sodium dodecyl sulfate (SDS), and 5
M urea was performed in the alkaline gel system
described by Laemmli (17). Samples for electropho-
resis contained 100 to 400,ug of protein. When analyzed
in denaturing gels, they were first denatured in 4%
SDS containing 1% 2-mercaptoethanol and 8 M urea
at 100°C for 2 min. Gels were stained with amido black
(naphthol blue black; Eastman Kodak Co.). After elec-
trophoresis, clotting activity was recovered from both
denaturing and nondenaturing gels by slicing the gels
into 2-mm fractions and incubating each fraction in
0.5 ml of peptone-saline at 4 or 22°C for 16 to 20 h.
Each eluate was then assayed for clotting activity.
Molecular weights were calculated from relative mo-
bilities on denaturing gels as described previously (35).

Isoelectric focusing. Isoelectric focusing was con-
ducted in 6% polyacrylamide gels (6 by 100 mm)
containing 5% glycerol and 2% ampholytes (pH 3 to 10
Ampholines; LKB-Producter AB, Sweden) by a mod-
ification of the procedure of Righetti and Drysdale
(30). Samples contained 200 to 400,ug of protein, and
electrophoresis was conducted at 4°C for 9 or 17 h.
Gels were sliced into 2-mm fractions which were in-
cubated in 0.5 ml of normal saline at 4°C for 20 to 26
h. Each eluate was then assayed for pH and clotting
activity.
Gel filtration. Molecular weight was estimated by

gel filtration in 8 M urea as described by Davison (7).
Samples were incubated in pH 7 phosphate-buffered
saline (PBS) containing 8M urea and 0.1 M 2-mercap-
toethanol for 1 h at 22°C and were chromatographed
on a 2.5- by 35.4-cm column of 6% agarose (Bio-Gel A-
5m; Bio-Rad Laboratories) in the same solvent. The
elution position of each standard protein was deter-
mined by protein analysis of the fractions after an
initial 1:10 dilution of each fraction with PBS to elim-
inate interference from 2-mercaptoethanol. The elu-
tion position of coagulase was determined by the clot-
ting assay. Elution data were analyzed by the method
of Fish et al. (11).

Stokes radii were determined by gel filtration on a
2.S- by 95-cm column of Sephadex G-200 (Pharmacia
Fine Chemicals) in PBS (pH 7.0) at 4°C (18, 29).
Fractions were analyzed for either clotting activity or
for protein when the standard proteins were used. The
elution position of catalase was determined by the
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catalase assay (12). Elution data were plotted and
analyzed by the method of Reichert et al. (29). Molec-
ular weights were also calculated from the G-200 elu-
tion data by the method of Andrews (1).

Sucrose gradient centrifugation. Sedimentation
coefficients were determined on 5 to 20% linear sucrose
gradients in PBS (pH 7.0) at 4°C by the method of
Martin and Ames (21). Samples (0.5 ml) in PBS were
layered onto 12-nl gradients which were centrifuged
at 40,000 rpm for 20 h in an SW-41 rotor in a Beckman
model L-2 ultracentrifuge. Horse heart myoglobin
(S20w = 2.04S; CRC Handbook of Biochemistry, Se-
lected Data for Molecular Biology, 1968 edition) was
included in each sample at a concentration of 1 mg/ml
as an internal standard. Fractions (0.2 ml) were col-
lected from the top of each gradient by pumping 60%
sucrose in PBS into the bottom of the tube through a
20-gauge needle set in a rubber gasket in the barrel of
a 12-ml disposable syringe. Each fraction was diluted
by the addition of 0.8 ml of PBS before being assayed
for clotting activity. Myoglobin concentration was
measured by absorbance at 420 nm. Sedimentation
coefficients were also calculated from these data with
the Svedberg equation as described by Trautman and
Cowan (45).

Purification of coagulase. Unless otherwise
stated, all procedures were conducted at 4°C, and all
buffers contained 0.02% sodium azide to prevent con-
tamination. The culture supernatant of strain 104 was
adjusted to pH 3.8 with 4 N HCI and allowed to stand
overnight. The precipitate was collected by centrifu-
gation at 8,500 x g for 30 min, washed once in 'Ao
volume of 0.02 M pH 3.8 acetate buffer, dissolved in
pH 8.0 PBS, and dialyzed against 20 volumes of pH
7.0 PBS for 18 h. Solid ammonium sulfate was added
to 55% saturation, and the solution was stirred slowly
for 16 to 20 h. The precipitate was collected by cen-
trifugation (12,000 x g for 60 min), dissolved in pH 8.0
PBS, and dialyzed against two changes of 20 volumes
of 0.05M Tris-hydrochloride (pH 8.0). During this last
dialysis, a fine precipitate formed which was removed
by centrifugation. The precipitate contained no re-
coverable clotting activity.

Dialyzed coagulase was applied to a 5- by 37-cm
column of DEAE-cellulose (DE52, Whatman) equili-
brated with 0.5 M Tris-hydrochloride (pH 8.0). After
washing the column with 1.5 column volumes ofbuffer,
a linear gradient of 0 to 400 mM sodium chloride in
buffer (7,000 ml total) was started. Fractions (20 ml)
containing coagulase activity, which eluted as a single
peak between 70 and 90 mM sodium chloride, were
pooled, and coagulase was precipitated by the addition
of solid ammonium sulfate to 85% saturation. The
precipitate was dissolved in pH 7.0 PBS and dialyzed
against two changes of 20 volumes of 0.02 M pH 6.8
phosphate buffer.

This material was applied to a 2.5- by 52-cm column
of DEAE-cellulose equilibrated with 0.02 M phosphate
buffer (pH 6.8). The column was washed with two
column volumes of buffer and eluted with a 0 to 300
mM linear sodium chloride gradient in buffer (2,500
ml total). Fractions (10 ml) containing the clotting
activity peak (about 90 mM sodium chloride) were
pooled, and coagulase was precipitated with ammo-
nium sulfate as before. The precipitate was dissolved

in pH 7.0 PBS and dialyzed against two changes of 20
volumes of 0.01 M pH 6.8 phosphate buffer. A fine
precipitate which formed during dialysis was removed
by centrifugation and precipitate was dissolved in pH
7.0 PBS and dialyzed against two changes of 20 vol-
umes of 0.01 M pH 6.8 phosphate buffer. A fine pre-
cipitate which formed during dialysis was removed by
centrifugation and discarded.
The dialyzed coagulase was applied to a 5- by 19-

cm column of hydroxyapatite (Bio-Gel HT; Bio-Rad
Laboratories) equilibrated with 0.01 M phosphate
buffer (pH 6.8). After a 2,000-ml buffer wash, a linear
10 to 200 mM phosphate gradient (pH 6.8, 7,000 ml
total) was started. Fractions of 20 ml were collected;
those containing clotting activity were pooled, and the
activity was concentrated with ammonium sulfate.
This material was dissolved in pH 7.0 PBS and applied
to a 5- by 92-cm column of Sephadex G-200 (Phar-
macia) the same buffer. Fractions of 20 ml were col-
lected, and those containing clotting activity were
pooled. The activity was concentrated with ammo-
nium sulfate and dissolved in a small volume ofpH 7.0
PBS.

RESULTS

Purification. The procedure summarized in
Table 1 resulted in an almost 46,000-fold purifi-
cation with an overall yield of 38%. An attempt
was made to continue the purification by re-
peating the chromatography step on hydroxy-
apatite, but only 25% of the clotting activity was
recovered, and the specific activity of the eluted
material was less than 600,000 U/mg of protein.
Analyses for other enzyme activites at each pu-
rification step (Table 1) showed that hemolysin
and acid phosphatase were absent after DEAE-
cellulose chromatography at pH 6.8; however, a
trace of nuclease activity (0.001% of the starting
material) was present in the G-200 material.
Protease activity was not detected in the culture
supernatant or in samples from each purification
step, even after the incubation period with ca-
sein had been extended to 6 h. Electrophoresis
of the G-200 step material on denaturing and
nondenaturing polyacrylamide gels and elution
of the clotting activity showed that four distinct
forms of this activity were present (Fig. 1). A
stained duplicate gel run under nondenaturing
conditions showed that two protein bands were
associated with the clotting activity peak closest
to the cathode (forn I, Fig. 1A). The second
peak (form II) appeared to have only one stained
band, as did the third peak (form III); however,
no stained bands were associated with the fourth
peak (form IV, Fig. 1A). The reason for this is
not clear; all of these bands were somewhat
diffuse and did not appear to stain well. At least
two stained bands were not associated with any
eluted clotting activity. Because of the unclear
association of bands with eluted activity, no
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Step

TABLE 1. Purification of clotting activity

Vol (M) Clotting activ- Protein Sp act (U/mg) Purification Yield
ity (U/ml) (mg/mil) Sp(-fold) M

Culture supernatant 76,050 1.28 x 103 13.90 9.20 x 10' 1 100
Acid precipitate 3,825 2.56 x 104 5.37 4.77 x 103 52 101
Ammoniumsulfate precipitate 3,060 3.07 x 104 5.58 5.51 x 103 60 97
Tris-hydrochloride dialysis 3,050 3.07 x 104 4.41 6.97 x 103 76 96
DEAE-cellulose, pH 8.0 179 4.51 x 10i 3.80 1.19 x 10W 1,290 83
DEAE-cellulose, pH 6.8 30 1.97 x 10' 9.23 2.13 x 105 2,320 61
Hydroxyapatite, pH 6.8 9 5.24 x 106 4.56 1.15 x 106 12,500 49
Sephadex G-200 7 5.24 x 10' 1.24 4.23 x 10" 46000 38
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FIG. 1. Polyacrylamide gel electrophoresis and

elution ofpurified coagulase (G-200 step, Table 1) on

7.5% gels. Electrophoresis was from left to right.
Clotting activity in each gel slice (2 mm) is shown as
a percentage of the total activity that had been ap-
plied to the gel. A, Untreated sample run on a non-

denaturing gel; total clotting activity recovered from
the gel slices was 86%; a drawing of the pattern of
bands found in a stained duplicate gel run under the
same conditions is at the top of the figure. B, Dena-
tured sample on an SDS-urea gel; recovery ofclotting
activity was 76%.

attempt was made to estimnate purity. Gels which
had been run under denaturing conditions
showed a similar pattern of stained bands asso-
ciated with eluted clotting activity (Fig. 1B):

however, the bands were slightly more diffuse
than those seen in nondenaturing gels.
Chemical analysis of the G-200 step material

(Table 1) revealed that its amino acid composi-
tion (24) was very similar to that reported by
Bas et al. (reference 4, data not shown). Aspartic
acid, glutamic acid, and lysine were the major
amino acids present. A partial specific volume of
0.73 was calculated from these data by the
method of Cohn and Edsall (5). This value was
also obtained when the amino acid composition
reported by Bas et al. (4) was used. A trace
amount of one or more sugar amines was de-
tected in all of the samples. Total carbohydrate
was estimated to be 5%, and reducing sugars
were estimated at 4.4%.

Distinct nature of the clotting activities.
When each activity peak eluted from nondena-
turing polyacrylamide gels was reelectropho-
resed on either denaturing or nondenaturing
gels, the distinctive mobility of that activity did
not change. Activity peaks eluted from denatur-
ing gels maintained their distinctive mobilities
when reelectrophoresed under denaturing con-
ditions. Pretreatment of purified coagulase with
1 M neutral hydroxylamine for 1 h at 22°C (27)
did not alter the pattern of clotting activity
eluted from either denaturing or nondenaturing
gels from that shown in Fig. 1. Thus, the activity
peaks were not aggregates held together by ester
bonds (27, 31, 32).

Analysis on nondenaturing gels showed that
all of the forms were present in the crude culture
supematant and in samples from all of the pu-
rification steps. Thus, the forms were not arti-
facts of the purification procedure. The multiple
forms were also present in culture supernatants
taken at intervals from the time that clotting
activity first appeared. They were also present
in crude lysates of cells lysed with lysostaphin
(Mead Johnson Pharmaceutical Division) by the
method of Tipper and Strominger (43). Also,
protease activity was not detected in the culture
supernatants, in the cell lysates, or in culture
supernatants that had been concentrated 20-fold
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FIG. 2. Elution of clotting activity from a 6- by 180-cm column of Sephadex G-200 at 4°C in PBS (pH 7.0).
The sample volume was 50 ml, and elution was with ascending flow at 56 ml/h. Fraction volumes were 25 ml.
Fractions containing clotting activity were pooled as shown by the brackets in the figure. The predominant
clotting form found in each pool is shown above each bracket (Fig. 1). Vo indicates the void volume of the
column. Recovery of clotting activity was about 80%.

by freeze-drying. These data, considered to-
gether, suggest that these clotting activity forms
were not products of intracellular or extracellu-
lar degradataion of a larger protein.
Separation of the coagulase forms. As a

means of aiding the characterization of these
clotting activities, an attempt was made to sep-
arate them from each other. Because the amount
of purified coagulase (G-200 material, Table 1)
was too small to use as starting material, a
second batch of crude coagulase was prepared as
before. This batch was purified as shown in
Table 1 up through the DEAE-cellulose (pH
8.0) step and was then chromatographed on a 6-
by 180-cm column of Sephadex G-200 as in the
purification procedure. The fractions of the re-
sulting asymmetrical peak were pooled (Fig. 2)
and concentrated with ammonium sulfate as
before. The individual concentrates of each form
were then rechromatographed on a smaller col-
umn (5 by 92 cm) of G-200 under the same
conditions, concentrated, and dialyzed against
pH 7.0 PBS. The resulting preparations of the
forms were not absolutely pure, as was shown
by the number of stained bands found on non-
denaturing polyacrylamide gels; however, the
elution of clotting activity from duplicate gels
showed that 85 to 90% of the clotting activity
that each preparation contained was of one clot-
ting form only. Specific activities (clotting units
per milligram of protein) of the preparations
were: form I, 130,000; form II, 84,000; form III,
47,000; and form IV, 29,000. These preparations
retained at least 90% of their original clotting

activity during storage at -20°C for 9 months
with repeated thawings.
Attempts were made to separate and purify

the forms in one step by preparative polyacryl-
amide gel electrophoresis (15) of coagulase that
had been purified through the DEAE-cellulose
(pH 8.0) step. Four clotting activity peaks were
recovered, but total recovery was never greater
than 20%, and the recovered forms proved to be
extremely labile when stored at 4°C. Almost all
of the activity of each form was lost after storage
for a few days at this temperature. This problem
of instability made it necessary to use the semi-
purified preparations described above for the
characterization studies.
Characterization of the separate forms.

Molecular weights determined by chromatogra-
phy on 6% agarose in 8 M urea and by electro-
phoresis on SDS-urea polyacrylamide gels are
shown in Table 2. The molecular weights esti-
mated by gel filtration in urea and on 10% poly-
acrylamide gels were in close agreement, but the
values estimated on the polyacylamide gels de-
pended on gel concentration. This behavior is
typical of proteins which do not bind SDS in the
same proportion as globular proteins (34). Mo-
lecular weights were also estimated by gel filtra-
tion on Sephadex G-200 under nondenaturing
conditions (1). These results were substantially
higher than those determined under denaturing
conditions (Table 2), which suggested that the
clotting forms were far more asymmetrical in
shape or more hydrated than the proteins used
as standards (2). The G-200 elution data were
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TABLE 2. Molecular weights of the clotting forms
determined by different methods

Molecular weight as determined by:

SDS-urea poly- Calcula-
il- Gel- fil acrylamide gel tion

Clotting tration tration electrophoresis from
form on on 6% Stokes

Sepha- aaoerdudex Gagarose. and sed-
20n in 8 M 7.5% 10% enaPBSn urea gels gels tion

dataa
I 154,000 55,600 71,400 58,600 56,100

II 92,200 43,500 51,400 44,700 46,300
III 50,800 34,600 39,500 34,300 35,500
IV 43,400 31,800 31,600 29,600 33,200

'Calculated by the method of Siegel and Monty
(36, 37), using a partial specific volume of 0.73 (based
on amino acid composition) and an S2o0, of 2.82S (Fig.
3) for each form.

also used to determine the Stokes radii of the
forms (centimeters x 107): form I, 4.75; forn II,
3.93; form III, 3.01; and form IV, 2.81. These
data were used with the determined sedimenta-
tion coefficients (Fig. 3) to calculate molecular
weights by the Stokes-Einstein equation (36,37).
The resulting values (Table 2) were similar to
those determined on agarose in urea and on 10%
SDS-urea gels, which suggests that the true
molecular weights are within the range of values
determined by these three different methods.
The means of these three different sets of values
were 31,500, 34,800, 44,800, and 56,800.

In spite of differences in molecular weight, the
estimated sedimentation coefficients of the
forms were identical (Fig. 3). These results were
unexpected; however, sedimentation can be af-
fected by protein shape and hydration as well as
by size (21). Frictional ratios were calculated
from the Stokes radii and molecular weight data
(36, 37): form I, 1.90; form II, 1.67; form III, 1.40;
and form IV, 1.34. These values showed that
none of the forms are shaped like a sphere
(frictional ratio = 1.0), and that they differ from
one another in shape. The sedimentation profiles
of the forms in PBS-sucrose gradients were iden-
tical and included two unequal peaks (Fig. 3A);
however, when 1% Triton X-100 (Sigma) was
added, the smaller peak disappeared, and the
larger peak increased slightly with no loss in the
average recovery of clotting activity (Fig. 3B).
Thus, the larger peak was considered to show
the true sedimentation position of each forn.

IsOelectric point. In previous studies, the
isoelectric point of coagulase was reported in the
range of pH 5.3 to 5.85 (10, 38) and pH 4.51 to
4.55 (4). In this study, the clotting forms were

individually focused on 6% polyacrylamide gels
in a pH 3 to 10 gradient for 9 h, and each form
focused within pH 5.44 to 5.47 (form I in Fig. 4
is representative). When focusing was conducted
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FIG. 3. Sucrose gradient centrifugation of clotting
form I (0) and myoglobin (0) inpH 7.0 PBS (A) and
in PBS plus 1% Triton X-100 (B). The direction of
centrifugation was from left to right. Fraction vol-
umes were 0.2 ml. Data shown are the means offour
separate experiments. The recovery of clotting activ-
ity averaged 84% with and without Triton X-100. The
sedimentationpatterns obtained with allfour clotting
forms were identical under these conditions. The
patterns shown here with form I are representative of
these data. Identical S2o, values of 2.82S were cal-
culated for each of the forms (21, 45).
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FIG. 4. Isoelectric focusing of clotting form I for 9
h at 4'C. The recovery of clotting activity from this
gel was 92%.
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for 17 h, however, each form focused as a single
peak in the range of pH 4.35 to 4.65. Similar
results were found when a pH 3 to 6 gradient
was used (data not shown). This shift in isoelec-
tric point during prolonged focusing was proba-
bly an artifact of the procedure (13), which could
explain the discrepant reports of the isoelectric
point of this protein.

DISCUSSION
The results of this study have shown that

there are at least four distinct molecular forms
of the clotting activity of S. aureus strain 104
which differ in shape and size with estimated
molecular weights of 31,500, 34,800, 44,800, and
56,800 and which have a similar isoelectric point
between pH 5.44 and 5.47. All of the forms were
detected within the cell and in the extracellular
medium during synthesis in the absence of de-
tectable protease activity. Thus, the forms did
not appear to be degradation products ofa larger
protein. Multiple clotting activities have also
been detected in the culture fluids of two of five
other strains of S. aureus (unpublished obser-
vations).

Establishment of the multiple molecular na-
ture of coagulase helps explain why the reported
physical characterization of this protein has
yielded such diverse molecular weights (4, 10,
25, 41, 44, 48). Some of the discrepancies in these
values may have been due to the characteriza-
tion techniques that were used. As was found in
this study, these clotting proteins are not spher-
ical in shape. Such asymmetry can lead to prob-
lems in determining molecular weights by gel
filtration when globular proteins are used as
standards (2). The molecular weights deter-
mined by gel filtration in this study (Table 2)
were clearly not comparable to the values ob-
tained with the other methods. The aberrant
behavior of the coagulase proteins on SDS-urea
polyacrylamide gels suggests that less SDS was
bound than expected, which would cause an
overestimation of molecular weight (34). An in-
verse relationship of gel concentration to esti-
mated molecular weight in SDS gels is typical
of glycoproteins (34); however, the carbohydrate
content of purified coagulase was estimated to
be not more than 5%. It is not clear whether this
amount would affect the electrophoretic behav-
ior of these forms, or whether other types of
prosthetic groups such as lipids or nucleic acids
were responsible. The combination of denatur-
ing and nondenaturing techniques provided sim-
ilar molecular weight values for the impure
forms, which suggests that these values are rea-
sonably accurate. The use of a denaturing tech-
nique with an impure protein requires that the

biological activity of that protein be recovered
from the denaturant. Fortunately, clotting activ-
ity was readily recovered from SDS and urea by
the simple process of diluting samples in peptone
solution, as in the clotting assay. For most pro-
teins, full recovery of the native state after SDS
denaturation is seldom achieved, and then only
after removal of the denaturant (47). Thus, co-
agulase may be unique in its reaction to denat-
urants. The results of this study did not answer
the question of how chemically related these
clotting activities are to each other. A more
complete characterization of these proteins will
have to wait until they have been separated and
purified to homogeneity.
The purification of coagulase proved to be

extremely difficult, partly because of problems
with the stability of these activities. The degree
of purification reported here is greater than any
previously reported (Table 1). Bas et al. (4)
reported a 35,700-fold purification of coagulase
that resulted in 85% purity. The amino acid
composition found in this study was similar to
that reported by Bas et al. (4), which would
support the view that the two preparations
shared a similar degree of purification. The re-
sults of this study contrast with those of other
studies which reported coagulase as a single
polypeptide (4, 10, 25, 38, 48, 49); however, this
may have been due to the use of other strains or
other purification methods. Other S. aureus pro-
teins such as lactate dehydrogeanse (16), pro-
tease (22, 46), a-hemolysin, deoxyribonuclease,
and hyaluronidase (46) have been shown to exist
in several molecular forms.
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