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ABSTRACT: Crotalus atrox venom contains a variety of proteases which render fibrinogen incoagulable and
solubilize fibrin. One of these proteases was purified by using ion-exchange and gel permeation liquid
chromatography. The protease, called atroxase, consists of a single nonglycosylated polypeptide chain with
a molecular weight of 23 500 and an isoelectric point of pH 9.6. Amino acid analysis indicates atroxase
to contain 206 residues with no sulfhydryl groups. Metal analysis found zinc and potassium at 1 mol/mol
of protein, and calcium at 0.3 mol/mol of protein. Proteolytic activity is inhibited by ethylenediamine-
tetraacetate and a,-macroglobulin. Maximal proteolytic activity occurs at pH 9.0 and 55 °C. Proteolytic
specificity, using oxidized insulin B chain, is similar to that of several hemorrhagic toxins found within the
same venom, yet atroxase shows no hemorrhagic activity and exhibits low lethality when tested on Swiss
Webster mice. Atroxase, an Aa, B3 fibrinogenase, cleaves the Aa chain of fibrinogen first followed by
the B@ chain and shows no effect on the v chain. The nonspecific action of the enzyme results in the extensive
hydrolysis of fibrinogen which releases a variety of fibrinopeptides. Fibrin solubilization appears to occur
primarily from the hydrolysis of a-polymer and unpolymerized « and 8 chains. Although crude venom induces
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platelet aggregation, atroxase demonstrated no ability to induce or inhibit aggregation.

Snake venoms, particularly those belonging to Crotalidae
and Viperidae families, are known to strongly affect the blood
coagulation system. Thrombin-like enzymes have been isolated
and characterized from the venoms of Agkistrodon acutus
(Ouyang et al., 1971), Agkistrodon contortrix (Denson et al.,
1972), Agkistrodon rhodostoma (Esnouf & Tunnah, 1967),
Bothrops atrox (Devi et al., 1972), Crotalus adamanteus
(Markland & Damus, 1971), Crotalus horridus (Denson,
1969), Crotalus horridus horridus (Shu et al., 1983), Trim-
eresurus gramineus (Ouyang & Yang, 1974), and Trimere-
surus mucrosquamatus (Yang, & Teng, 1976). In vitro, these
enzymes act as procoagulants converting fibrinogen to a fibrin
derivative; however, in vivo, fibrin produced by the venom
proteases may be quickly hydrolyzed by the natural fibrinolytic
system, resulting in a state of defibrinogenation (Markland
& Pirkle, 1977). Several venoms also contain proteases ca-
pable of directly rendering fibrinogen incoagulable or solu-
bilizing fibrin. Anticoagulant proteases with fibrinogenolytic
or fibrinolytic activity have been reported from the venoms
of Crotalus atrox (Bajwa et al., 1980; Pandya & Budzynski,
1984; Sapru et al., 1983; Komori et al., 1985; Nikai et al.,
1984, 1985), A. contortix mokasen (Moran & Geren, 1981),
A. contortrix contortrix (Bajwa et al., 1982), C. horridus
horridus (Civello et al., 1983b), and Cerastes cerastes (Daoud
et al., 1986).

A variety of fibrinogenolytic and fibrinolytic enzymes found
within C. atrox venom exemplify the degree of proteases within
that venom. Molecular sieve chromatography of crude venom
revealed that fibrinolytic activity was equally distributed be-
tween two fractions with molecular weights of 21 500 and
60000 (Bajwa et al., 1980). Four purified proteases, called
proteases I, II, III, and IV with molecular weights of 20000,
31000, 24000, and 46 000, respectively, have been isolated
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which render purified fibrinogen incoagulable, while proteases
IT and IIT also degrade fibrinogen in plasma (Pandya &
Budzynski, 1984). Hemorrhagic toxins HT-b and HT-g, with
molecular weights of 24 000 and 60 000, are known to exten-
sively hydrolyze the Aa and B@ chains of fibrinogen (Komori
et al., 1985; Nikai et al., 1985), while a third toxin, HT-f,
hydrolyzes the v chain (Nikai et al., 1984). It has not been
determined whether the other known hemorrhagic toxins
within C. atrox venom have similar activities.

In this work, a fibrin(ogen)olytic protease within C. atrox
venom was isolated and characterized. Fractionation of the
venom was performed in such a manner as to separate pro-
teases with hemorrhagic activity from fibrin(ogen)olytic
proteases containing little or no hemorrhagic activity. The
protease isolated, called atroxase, was chemically characterized
and its proteolytic activity studied. Proteolytic specificity, using
oxidized B chain of insulin, was likewise investigated and
compared to several rattlesnake venom proteases.

MATERIALS AND METHODS

Materials. Crotalus atrox venom was purchased in lyo-
philized form from Miami Serpentarium Laboratories, lot
CX12KZ. Diethylaminoethyl (DEAE)!- and CM-cellulose
(DES2 and CM52) were purchased from Whatman Bio-
chemicals, and Sephadex G-75 resin was purchased from
Pharmacia. Human fibrinogen (grade L) and S-2238 were

! Abbreviations: DEAE, diethylaminoethyl; CM, carboxymethyl; HT,
hemorrhagic toxin; Tris, tris(hydroxymethyl)aminomethane; DMC, di-
methylcasein; RP-HPLC, reverse-phase high-performance liquid chro-
matography; TFA, trifluoroacetate; HEPES, N-(2-hydroxyethyl)-
piperazine-N"“2-ethanesulfonic acid; TNBS, trinitrobenzenesulfonic acid;
PMSF, phenylmethanesulfonyl fluoride; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; EDTA, ethylenediamine-
tetraacetate; S-2238, H-D-Phe-Pip-Arg-pNA; PRP, platelet-rich plasma;
PPP, platelet-poor plasma; MHD, minimum hemorrhagic dose; LDy,
lethal dose to 50% of the population; CPI, capillary permeability in-
creasing; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid).
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obtained from Kabi Diagnostica, and bovine thrombin was
from Parke-Davis. Amino acid analysis reagents and standards
of the highest purity grade and Coomassie blue G-250 protein
assay reagent were purchased from Pierce Chemical Co.
HPLC-grade solvents and water were purchased from Mal-
linckrodt. HPLC was performed by using a Beckman trinary
pump system, Model 334-T. Acrylamide and N,N”-
methylenebis(acrylamide) were from Serva. Insulin oxidized
B chain was obtained from Calbiochem, and a,-macroglobulin
was from Boehringer Mannheim Biochemicals. All other
reagents and substrates were from Sigma Chemical Co.

Venom Fractionation. Isolation procedures were performed
at 4 °C. Test tube fractions were collected and their protein
concentrations determined by their absorbance at 280 nm.
After each isolation step, fractions were tested for fibrinoge-
nolytic, fibrinolytic, or hemorrhagic activities as further de-
scribed.

Crude C. atrox venom (2 g) was dissolved and dialyzed
against starting buffer; 10 mM borate buffer, pH 9.0, con-
taining 0.1 M NaCl and 2 mM CaCl,. The venom solution
was applied to a DEAE-cellulose column (2.5 X 32 cm),
previously equilibrated with starting buffer, and eluted at a
flow rate of 25 mL/h. A step gradient using 0.4 M NaCl in
the same buffer was used to elute bound proteins.

Determination of the thrombin clotting time of a 1% fi-
brinogen solution in 5 mM Tris buffer, pH 7.4, was introduced
as a screening test for fibrinogenolytic activity. Thrombin
clotting times were tested by preincubating 0.1 mL of fibri-
nogen with 0.1 mL of each test tube fraction for 15 min at
37 °C. Clotting times were then recorded after the addition
of 0.1 mL of bovine thrombin, 10 units/mL. Controls were
performed by replacing the protein fraction with buffer, and
the experiment was run under identical conditions.

The first fraction eluted by anion-exchange chromatography
was collected, lyophilized, and dissolved in 5 mL of 5 mM Tris
buffer, pH 8.5, containing 0.1 M NaCl and 2 mM CaCl,. A
5 X 84.5 cm column was packed with Sephadex G-75 superfine
resin and equilibrated with the Tris buffer. The fraction was
applied to the column and eluted at a flow rate of 50 mL/h.

The third fraction eluted by gel permeation chromatography
was collected, dialyzed against distilled water, and lyophilized.
A 1.5 X 47 cm column was packed with CM-cellulose and
equilibrated with starting buffer; 10 mM Tris, pH 8.5, con-
taining 2 mM CaCl,. The lyophilized fraction was then
dissolved in 2 mL of starting buffer and applied to the column.
Bound proteins were eluted by using a linear salt gradient from
0 to 0.2 M NaCl with a total volume of 500 mL.

Homogeneity. Two independent methods were employed
to establish homogeneity. These were SDS-PAGE using 11%
polyacrylamide gels (Laemmli, 1970) and HPLC using an
analytical reverse-phase column (uBondpack C,3). Reverse-
phase chromatography was performed by using a linear gra-
dient from 0% solvent A, 0.1% TFA in water, to 60% solvent
B, 0.1% TFA in CH;CN.

Protein Assay. Protein was assayed by using Coomassie
blue G-250 based reagent according to a modified Bradford
assay technique (Read & Northcote, 1981). Bovine serum
albumin was used as a standard.

Molecular Weight and Isoelectric Point Determination.
SDS-PAGE was performed according to Laemmli (1970)
using 11% polyacrylamide gels. Samples were treated with
0.125 M Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, and 10%
2-mercaptoethanol at 100 °C for 5 min to denature proteins.
Molecular weight standards were bovine serum albumin
(66000), egg albumin (45000), glyceraldehyde-3-phosphate
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dehydrogenase (35000), carbonic anhydrase (29 000), tryp-
sinogen (24 000), and trypsin inhibitor (20 100).

Isoelectric focusing was performed at 4 °C using 7.5%
polyacrylamide tube gels containing 2% ampholyte with a
narrow range pH gradient of pH 8-10.5 (Righetti & Drysdale,
1971).

Amino Acid Content. Amino acid analysis was carried out
on a JEOL Model JLC-6AH amino acid analyzer by the
method of Spackman et al. (1958). Complete amino acid
analysis was performed from a single hydrolysate according
to Simpson et al. (1976). Samples were prepared and hy-
drolyzed for 24, 48, and 72 h with 4 N methanesulfonic acid
at 110 °C, The average number of methionine residues, after
being corrected for destruction, was selected as 1.00, and the
remaining residues were normalized to this value. Tryptophan
content was confirmed by the method of Edelhoch (1967) to
check for possible destruction which may have occurred during
hydrolysis. Ellman’s reagent [5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB)] was likewise used to confirm the number of
free sulfhydryl groups within the protein (Ellman, 1959).

Carbohydrate Content. Neutral sugar content was mea-
sured by the method of Morris (1948). A standard curve of
various concentrations of glucose was used to determine the
neutral sugar content of a 1 mg/mL solution of atroxase.

Metal Content. Metal analysis was determined by induc-
tively coupled plasma atomic emission spectroscopy using a
Model 975 plasma Atomcomp spectrometer made by Jar-
rell-Ash.

Atroxase, 0.5 mg, was dissolved in distilled—deionized water
and dialyzed against 4 L of SO mM HEPES buffer, pH 7.2,
containing 50 mM NacCl, for 48 h at 4 °C. Dialysis mem-
branes were pretreated to remove absorbed compounds
(Richmond et al., 1985). Metal analysis was performed on
the dialysis buffer before and after dialysis. Metal analysis
of the postdialysis buffer was subtracted from the analysis
containing atroxase.

Dimethylcasein Hydrolysis. The proteolytic activity of
atroxase, crude venom, and samples from peak fractions
collected during the isolation was determined by using DMC
as substrate, a method modified from Lin et al. (1969).

Two milliliters of a 0.1% DMC solution in 0.01 M borate
buffer, pH 9.0, was incubated at 37 °C with 0.3 mL of enzyme
solution in the same buffer. At various time intervals (0, 15,
30, and 60 min), 0.2-mL aliquots were withdrawn, and the
reaction was stopped by immersing the samples for 3 min in
a boiling water bath. A solution containing 0.3 mL of H,O,
0.5 mL of 0.2 M borate buffer, pH 10.5, and 0.02 mL of 1.1
M TNBS was added to each sample followed by incubation
at room temperature for 10 min. Five milliliters of 0.2 M
NaH,PO,, pH 6.87, containing 1.5 mM Na,SO,, was then
added to each sample. The absorbancies were read at 420 nm
relative to the zero-minute incubation mixture. The absor-
bance of a control mixture consisting of all the components
except active enzyme was subtracted from each test sample.

One unit of proteolytic activity was defined as the amount
of enzyme which causes a net increase of 1 unit of optical
density at 420 nm in 1 h. Specific activity was calculated as
units per milligram of venom proteins.

Optimum Proteolytic Activity. The temperature for opti-
mum proteolytic activity was determined by preincubating
atroxase and a 1% casein solution in 0.1 M Tris buffer, pH
7.2, for 5 min at 10, 20, 30, 40, 50, 55, 60, and 70 °C. After
preincubation, the substrate and 5 ug of enzyme were mixed,
and the protease activity was determined according to the
method of Kunitz (1947).
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The dependence of activity on pH was determined by using
a 1% casein solution in 0.15 M phosphate, 0.2 M borate, and
0.1 M citrate buffer, with pHs ranging from pH 5 to pH 11.
Proteolytic activity was determined as before.

The effect of added zinc ion on catalytic activity was de-
termined by briefly preincubating 5 ug of enzyme with 1 mL
of 0.1 M Tris buffer, pH 7.2, containing 1 or 2 mM ZnCl,
at 37 °C. The enzyme mixture was then added to 1 mL of
a 1% casein solution and the proteolytic activity determined
as before.

Inhibitors. Inhibition of proteolytic activity was determined
by incubating atroxase, 5 ug in 0.25 mL of 0.1 M Tris buffer,
pH 7.2, for 30 min at room temperature with an equal volume
of the following inhibitors: 10 mM EDTA, 10 mM PMSF,
10 mM 1,10-phenanthroline, 200 ug/mL aprotinin, 200
ug/mL soybean trypsin inhibitor, and 38, 75, 150, or 300 ug
of a,-macroglobulin. Proteolytic activity was determined by
using 0.1% DMC or 1% casein as previously described.

Proteolytic Specificity. Equal volumes of oxidized B chain,
1 mg/mL, were incubated with atroxase, 20 ug/mL, at 37 °C
in 5 mM imidazole-saline buffer (1 volume of buffer/9 vol-
umes of saline), pH 7.4. At various time intervals, 0.2-mL
aliquots were withdrawn from the digestion mixture, and the
reaction was stopped by heating at 100 °C for 3 min. The
samples were chromatographed by RP-HPLC (Beckman, Cq
ultrapore). A linear gradient from 5% to 75% CH;CN in
water, containing 0.1% TFA, was applied for a duration of
27 min at a flow rate of 1 mL/min. Peptide fragments were
collected, hydrolyzed in 6 M HCI for 24 h at 110 °C, and
analyzed for amino acids.

Degradation of Fibrinogen, Fibrin, and Thrombin. Fibri-
nogenolytic activity was measured by incubating 1 mL of a
2% human fibrinogen solution with 1 mL of atroxase or crude
venom at 37 °C in 5 mM imidazole-saline buffer (1:9), pH
7.4. At various time intervals, 0.2 mL of the incubation
mixture was withdrawn and assayed for clottable fibrinogen
(Ouyang & Huang, 1976). Specific fibrinogenase activity was
calculated by dividing the rate of fibrinogen destruction
(milligrams per minute) by the amount of the fibrinogenase
within the reaction.

Specific cleavage of fibrinogen was shown on 10% poly-
acrylamide gels. At various time intervals, 0.1 mL of the above
incubation mixture was withdrawn and added to 0.1 mL of
denaturing solution (10 M urea, 4% SDS, and 4% 2-
mercaptoethanol). The samples were reduced and denatured
overnight at 37 °C before being electrophoresed by SDS-
PAGE.

Low molecular weight fibrinogen degradation products
produced by atroxase, plasmin, or thrombin hydrolysis were
compared by using RP-HPLC. Fibrinogen, 4 mL at 5 mg/mL
in 5 mM Tris buffer, pH 7.2, was incubated at 37 °C with
1 mL of either atroxase (50 ug/mL), plasmin (0.04 unit/mL),
or thrombin (20 units/mL). At various time intervals, aliquots
of the incubates containing atroxase or plasmin were placed
in a boiling water bath for 3 min and then filtered by using
an Amicon ultrafiltration cell (CF 25), molecular weight cutoff
25000. Samples containing thrombin were centrifuged at 250g
for 15 min, and the supernatant was filtered. Filtered samples
were chromatographed by RP-HPLC (Beckman, C; ultra-
pore).

Fibrinogen degradation in plasma was measured at 37 °C
by incubating either 10, 20, 30, or 50 ug of atroxase with 1
mL of a 1:5 dilution of fresh citrated human plasma in im-
idazole-saline buffer (1:9), pH 7.4. At various times, 0.2-mL
aliquots were rapidly added to 0.1 mL of thrombin, 100
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units/mL, and the clotting times were measured at 37 °C. The
fibrinogen concentration of each aliquot was determined from
a calibration curve prepared from a fibrinogen reference
(Clauss, 1957).

Fibrin hydrolysis was demonstrated by SDS-PAGE using
10% polyacrylamide gels. Thrombin, 0.1 mL containing 10
units/mL, was added to 0.1 mL of a 1% fibrinogen solution
in S mL imidazole—saline buffer (1:9), pH 7.4. The fibrin clot
was allowed to form for 1 h at room temperature. After | h,
0.1 mL of atroxase or plasmin was added to the clot and
incubated at 37 °C for various time intervals. The reaction
was stopped by the addition of 0.3 mL of denaturing solution,
incubated overnight, and run on SDS-polyacrylamide gels.

Fibrinolytic activity was measured by using the fibrin plate
technique of Astrup and Miillertz (1952). Protease samples
(25 uL) were carefully placed on the fibrin surface using a
Hamilton syringe and incubated at 37 °C for 24 h.

Antithrombin activity, a measure of the destruction rate of
thrombin, was measured by using the thrombin-specific
chromogenic substrate S-2238. Atroxase, 1 mL of either 25,
50, or 100 pg/mL in 50 mM Tris buffer, pH 8.4, containing
175 mM NaCl, was incubated with 3.5 nkat (1 kat of thrombin
will hydrolyze 1 mol of S-2238/s) of thrombin at 37 °C. After
a 15-min incubation, thrombin activity was determined by
using S-2238 (Abildgaard et al., 1977).

Platelet Aggregation. Blood from healthy volunteers was
collected in 3.8% trisodium citrate (9 volumes of blood/1
volume of citrate) and immediately centrifuged at room tem-
perature for 10 min at 250g to obtain PRP. Centrifugation
of the original blood sample at 1500g for 10 min gave PPP.
Platelet aggregation was recorded with a Payton aggregometer
(Model 1010) at 37 °C using siliconized glass tubes. Changes
in light transmission of the platelet suspensions were recorded
under continuous stirring at 900 rpm.

The reaction mixture consisted of 450 uL. of PRP which was
preincubated for 1 min at 37 °C prior to the addition of 50
pL of either 1 mg/mL crude venom, 1 mg/mL atroxase, or
0.2 mM ADP. The maximum aggregation response obtained
from the addition of ADP, an aggregation agonist, was given
a value of 100% aggregation.

Hemorrhagic, Capillary Permeability Increasing, and Le-
thal Activities. Hemorrhagic activity was tested by subcu-
taneously injecting Swiss Webster mice (20-22 g) with the
test samples dissolved in 0.1 mL of 0.9% saline (Kondo et al.,
1960). The MHD was defined as the least amount of protein
that caused a hemorrhagic reaction S mm in diameter 6 h after
injection (Bjarnason & Tu, 1978).

CPI activity was tested by intravenously injecting 0.1 mL
of saline containing 1% Evans blue dye into Swiss Webster
mice (Miles & Wilhelm, 1955). Test samples in 0.1 mL of
saline solution were then injected intradermally in the dorsal
area. After 1 h, the skins were removed and inspected for dye
released into the surrounding tissue resulting from CPI activity.
CPI activity was expressed as the cross-sectional area of the
dye spot.

Lethal toxicity was tested by intravenously injecting Swiss
Webster mice (20-22 g) with test samples containing doses
up to 25 ug protein/g body weight in 0.1 mL of saline. The
mice were observed for 24 h after injection.

RESULTS

Purification and Homogeneity. Isolation of atroxase was
achieved by using a three-step fractionation (Figure la—c).
Chromatography of crude venom using a column of DEAE-
cellulose yielded four major fractions (Figure 1a). Protein
samples from fractions A1, B1, and C1 rendered fibrinogen
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FIGURE 1: Fractionation of C. atrex venom. Purification of atroxase was accomplished by using (a) DEAE-cellulose, (b) G-75 superfine resin,
and (c¢) CM-cellulose. The elution profiles were monitored by 4,5 (—). Anticoagulant activity, based on fibrinogen destruction, was shown
as clotting time (---). Shaded fractions represent those which were collected and further chromatographed in the preceding step. Fraction
B3 contained purified atroxase. (d) RP-HPLC and SDS-PAGE (insert) of crude venom (upper trace) and atroxase (lower trace).

incoagulable and lysed fibrin when tested on fibrin plates.
Cross-sectional diameters of the lysed zones on the fibrin plates
using 2 mg/mL protein samples from each fraction were ap-
proximately 1000 mm? for fraction A1, 450 mm? for fraction
B1, and 125 mm? for CI.

Further chromatography of fraction Al using a column of
Sephadex G-75 resin resulted in three protein fractions, A2,
B2, and C2 (Figure 1b). Fractions A2 and C2 rendered
purified fibrinogen incoagulable. Incubation of fibrinogen with
protein samples from fraction B2, however, resulted in clot
formation before the addition of thrombin. Fibrinolytic ac-
tivity, when tested on fibrin plates, was approximately 3 times
greater in fraction C2 when compared to fraction A2.

Further chromatography of fraction C2 using a column of
CM-cellulose gave three protein fractions, A3, B3, and C3
(Figure 1c). All fractions hydrolyzed fibrinogen to an in-
coagulable form. When tested for hemorrhagic activity,
fraction A3 contained an MHD of approximately 25 ug, and
fraction C3 contained an MHD of 3 ug, while B3 showed no
hemorrhagic activity at doses up to 50 ug. Fibrinolytic activity
using 50 ug/mL B3 resulted in a 196 mm? lysed zone, while
at the same concentration fibrinolysis by crude venom could
not be detected. From 2 g of crude venom, 15 mg of protein
within fraction B3 was obtained.

Atroxase, contained within fraction B3, eluted as a single
symmetrical peak from RP-HPLC and was found to be

electrophoretically homogeneous by SDS-PAGE (Figure 1d).
SDS-PAGE analysis, under reduced conditions, gave a cal-
culated molecular weight of 23 500. Isoelectric focusing studies
found atroxase to be a basic protein with a pJ of 9.6.

Chemical Composition. The amino acid composition of
atroxase is shown in Table I. The composition was calculated
on the basis of the observed molecular weight from SDS-
PAGE. From atroxase’s basic pl, it is expected to contain a
large ratio of basic to acidic amino acids. The composition,
however, shows that only 19 out of a possible 69 charged
residues are lysine and arginine. This suggests that many of
the detected Asx and Glx residues within the protein exist as
asparagine and glutamine. Before hydrolysis, the samples were
carboxymethylated in the absence of reducing agents to detect
any free sulfhydryl groups as (carboxymethyl)cysteine. Amino
acid analysis showed no (carboxymethyl)cysteine residues,
indicating no free sulfhydryls. After hydrolysis, dithiothreitol
was used to reduce cystine. Half-cystines were then reacted
with sodium tetrathionate, forming sulfocysteine. Twelve
sulfocysteine groups per mole of protein were detected, sug-
gesting six disulfide bridges present in the intact protein.
Hydrolyzing the protein with a nonoxidizing sulfonic acid
showed tryptophan to be present at three residues per protein
molecule. This correlated well with the spectrophotometric
determination of tryptophan using the method of Edelhoch
(1967).
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Table I: Amino Acid Composition of Atroxase

hydrolysis time (h)

min residues residues/ protein

amino acid 24 48 72 based on Met molecule nearest integer
Asx 10.67 9.67 10.66 6.72 27.01 27
Thr 3.79 3.25 3.55 2.29 9.21 9
Ser? 8.32 7.22 7.20 5.71 22.95 23
Glx 8.96 8.68 8.86 5.74 23.08 23
Pro 2.42 2.56 2.07 1.53 6.15 6
Gly 3.40 3.32 3.41 2.20 8.84 9
Ala 2.66 2.51 2.73 1.71 6.87 7
Val® 4.05 4.19 4.33 2.90 11.66 12
Met? 1.50 1.44 1.42 1.00 4.02 4
Ile 4.32 3.78 4.46 2.72 10.93 11
Leu 6.80 6.01 6.68 423 17.01 17
Tyr 2.28 2.07 2.38 1.46 5.87 6
Phe 3.30 2.99 3.20 2.05 8.24 8
His 2.92 2.94 2.96 1.91 7.68 8
Lys 3.05 3.06 3.04 1.98 7.96 8
Trp*t 1.05 0.83 0.75 0.79 3.18 3
Arg 4.36 4.36 4.36 2.83 11.38 11
Cys-SO, 4.30 5.20 3.67 2.85 11.47 12
NH, 8.08 9.33 9.35 6.08

total 206

“Tryptophan content was confirmed by the spectroscopic method of Edelhoch (1967). ®The hydrolysis values for Trp, Ser, and Met were ex-
trapolated to time zero. The hydrolysis value for Val was extrapolated to infinite time.

ik

’ )
Time (min)

FIGURE 2: RP-HPLC profiles of an insulin B chain digestion by atroxase. Chromatography of an incubate containing 1 mg of insulin with
20 ug of atroxase was performed at times (a) 0, (b) 30, (c) 60, and (d) 120 min. After complete hydrolysis of insulin B chain (as seen from
the disappearance of fraction k), fragments a—i were collected and their amino acid compositions determined.

A total of 19 metals were tested for binding to atroxase. Of
these, three were found in significant quantities. Zinc and
potassium both formed a 1:1 complex with atroxase. Calcium
was determined to be present at about 1 mol of calcium/3 mol
of atroxase.

Chemical analysis for neutral sugar found atroxase to
contain no carbohydrate moiety.

Proteolytic Activity. The specific activity of atroxase, using
DMC as substrate, was 127.7 units/mg compared to 39.1
units/mg for crude venom. Maximal proteolytic activity oc-
curred at a temperature of 55 °C and a pH of 9.0. Activity
dropped sharply at more alkaline conditions or higher tem-
peratures, with a complete loss of activity occurring at pH 11
or at 70 °C. Catalytic activity was not enhanced in the
presence of added Zn?*; however, 2 mM Zn?* protected the
enzyme from inhibition by 0.5 mM EDTA, when added at the
same time as the EDTA.

The effect of metal chelation on proteolytic activity sug-
gested atroxase to be a metalloprotease. Hydrolysis of both

fibrin and DMC was completely inhibited by a 10 mM sample
of either EDTA or 1,10-phenanthroline. Aprotinin, PMSF,
and soybean trypsin inhibitor showed no inhibition of pro-
teolytic activity.

While most plasma protease inhibitors are enzymatically
inactivated by proteases within C. atrox venom, a,-macro-
globulin is the only plasma protease inhibitor known to de-
crease proteolytic activity among several crotalid crude venoms
(Kress, 1988). Preincubations of 38, 75, 150, and 300 ug of
a,-macroglobulin with atroxase for 30 min resulted in activity
decreases of 3%, 11%, 30%, and 56%, respectively. Preincu-
bations of atroxase with a,-macroglobulin using shorter or
longer time periods showed no significant change in the degree
of inhibition.

Substrate Specificity. The progressive cleavage of oxidized
B chain of insulin was monitored by HPLC (Figure 2).
Cleavage sites were determined from the amino acid compo-
sition of the degradation products observed after 2 h of di-
gestion. Nine fragments, a—i, resulted from five cleavage points
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FIGURE 3: Digestion fragments of oxidized insulin B chain. Fragments a-i represent those fragments in the order they appeared from RP-HPLC
after a 120-min digest. Fragments were identified by comparing their amino acid compositions to the known sequence. Dashed lines indicate

cleavage sites.
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FIGURE 4: SDS-PAGE analysis of reduced human fibrinogen after
digestion by atroxase. Fibrinogen consists of three polypeptide chains
Aa or an incomplete Aa chain, Aa/2 (M, 66 000 and 64 000), B3
(M, 54000), and v (M, 48 000). Lanes 2-7 depict 2% fibrinogen
samples after incubation with 10 ug of atroxase for the specified times.
Lane 1 was a control consisting of fibrinogen incubated for 120 min
without protease. Lane 8 contained molecular weight markers.

(Figure 3). Four of the hydrolyzed bonds occurred on the
N-terminal side of Leu-6, -11, -15, and -17. The fifth cleavage
site occurred at Serg-His,.

Effect on Blood Coagulation Components. Both crude
venom and atroxase contained fibrinogenolytic activity. The
amount of clottable fibrinogen remaining after incubation with
atroxase or crude venom was determined at 0, 5, 10, 15, 60,
and 120 min. Using 20 ug of protein/mL in the test solutions,
it was found that crude venom had a specific fibrinogenase
activity of 7.00 mg of fibrinogen min™' (mg of protein)™ with
atroxase having a specific activity of 41.67 mg of fibrinogen
min~' (mg of protein)~.

Proteolytic activity by 30 ug/mL atroxase resulted in a 90%
decrease in plasma fibrinogen levels after a 30-min incubation
with a 1:5 plasma dilution. Protease concentrations greater
than 30 pg/mL rendered the plasma incoagulable within 30
min, while no significant decreases in fibrinogen levels occurred
at protease concentrations of 10 ug/mL or less even after
prolonged incubation. This was expected to be caused by the
inactivation of atroxase by a,-macroglobulin, whereas protease
concentrations above 10 ug/mL appeared to exhaust the
plasma protease inhibitor, thereby allowing degradation of
plasma fibrinogen.

SDS-PAGE analysis showed atroxase to be an Aa, BB
fibrinogenase with the Aa chains being degraded within 5 min
followed by a slower degradation of the BB chains (Figure 4).
The fibrinogenase appeared to have little or no effect on the
v chain after 2 h of hydrolysis. High molecular weight deg-
radation products first appeared with molecular weights of
about 47000 and 24 000. After 15 min, several new bands
appeared with molecular weights around 37 000, while the B3
chain and the 47000 molecular weight degradation product
became further hydrolyzed. These high molecular weight
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FIGURE 5: Analysis of fibrinopeptides using RP-HPLC. Each
chromatogram represents fibrinogen cleavage products after 60 min
of hydrolysis by (a) 50 ug of atroxase, (b) 0.04 unit of plasmin, or
(c) 20 units of thrombin. Chromatography was performed by using
a linear gradient from 5% to 75% acetonitrile in water, containing
0.05% TFA, for a duration of 30 min and a flow rate of 1 mL/min.

bands indicate different cleavage sites from those of thrombin.
Cleavage of fibrinogen by thrombin results in « and 8 chains
with molecular weights of 62000 and 54 000, respectively.
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FIGURE 6: SDS-PAGE analysis of reduced fibrin. Fibrin was hy-
drolyzed by (a) 50 ug/mL atroxase or (b) 0.1 unit/mL plasmin for
the specified time periods. The first lane in each gel represents reduced
fibrin without protease. Fibrin consisted of a-polymers, unpolymerized

a and 8 chains, and y dimers.
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Separation of low molecular weight degradation products
from an incubate of fibrinogen with atroxase resulted in several
fibrinopeptide fractions, indicating extensive hydrolysis of the
molecule (Figure 5a). The nonspecific action of atroxase on
fibrinogen was comparable to a nonspecific serine protease,
plasmin (Figure 5b), while thrombin, a specific serine protease,
released only two major peptide products corresponding to
fibrinopeptides A and B (Figure 5¢).

Hydrolysis of fibrin by atroxase resulted in the degradation
of a-polymer, a and 8 chains, while the y—y chains appeared
unaffected within the time tested (Figure 6a). Fibrin hy-
drolysis with plasmin readily degraded a-polymer, «, 3, and
y—=v chains (Figure 6b).

Atroxase was unable to hydrolyze S-2238, a synthetic
substrate specific for thrombin. Further incubations of 25,
50, and 100 pg/mL atroxase with 3.5 nkat of thrombin had
no effect on the ability of thrombin to hydrolyze its substrate,
indicating that atroxase contained no antithrombin activity.

Platelet aggregation in the presence of crude venom or
atroxase was compared to the aggregation response induced
by ADP. Addition of crude venom to PRP induced aggre-
gation with a response approximately half of that obtained by
ADP (Figure 7a). Atroxase did not induce platelet aggre-
gation. The possibility that atroxase may inhibit platelet
aggregation was tested by adding ADP to an incubate of PRP
with atroxase. Addition of ADP after a 2.5-min incubation
of PRP with atroxase resulted in platelet aggregation ap-
proximately 90% of that obtained by ADP alone (Figure 7b).

Biological Activities. Atroxase, at dosages up to 50 ug,
showed no hemorrhagic or CPI activity when injected in-
tradermally into Swiss Webster mice. Low lethality was also
demonstrated as all mice survived the highest intravenously
injected dose of 20 ug/g. In comparison, crude venom con-
tained an MHD of 2.0 ug and an LDg, of 3.5 ug/g. This
indicates atroxase to be a nontoxic venom component.

DiscussioN

Biologically active proteases are commonly found in the
venoms from Crotalidae and Viperidae families (Tu, 1982).
Fractionation of C. atrox venom showed that it contains several
proteolytic fractions. Most proteolytic fractions were capable
of rendering fibrinogen incoagulable, while fraction B2 con-
verted fibrinogen into fibrin, or a fibrin derivative, resulting
in clot formation. Procoagulant activity, although uncommon
in venom from adult species of C. atrox, has been reported
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FIGURE 7: Effect of crude venom and atroxase on platelet aggregation.
(a) Platelet aggregation induced by 50 uL of crude venom (1 mg/mL).
(b) Platelet aggregation in the presence of 50 uL of atroxase (1
mg/mL) with 50 uL of ADP (0.2 mM) being added after 2.5 min
(arrow). (c) Induced platelet aggregation using 50 uL of 0.2 mM
ADP, without protease, was considered 100% aggregation.

within juvenile venoms (Reid & Theakston, 1978). In this
investigation, a metalloendoprotease was purified that is ca-
pable of promoting anticoagulation by the extensive hydrolysis
of the Aa and B chains of fibrinogen and the a-polymer, a,
and g chains of fibrin. Atroxase was nonhemorrhagic, ex-
hibited low lethality, and did not cause edema. Other me-
talloendoproteases found within the same venom include seven
hemorrhagic toxins, HT-a, -b, -c, -d, -e (Bjarnason & Tu,
1978), -f (Nikai et al., 1984), and -g (Nikai et al., 1985), two
anticoagulants, proteases | and IV (Pandya & Budzynski,
1984), and a-protease (Kruzel & Kress, 1985).

The variety of metalloproteases found within C. atrox venom
make it necessary to compare atroxase, molecular weight
23500 and p/ 9.6, to enzymes with similar characteristics.
Comparisons between HT-b, the only known basic hemor-
rhagic toxin, and atroxase show both to contain similar mo-
lecular weights and no free sulfhydryls or carbohydrate moiety,
and both are Aa, B fibrinogenases. HT-b can, however, be
readily distinguished from atroxase by their biological effects.
Atroxase, even at dosages of 50 ug, does not cause hemorrhage,
unlike HT-b with an MHD of 3 ug. «a-Protease, like atroxase,
is a nonhemorrhagic metalloprotease. a-Protease has a basic
pl of 8.15, 1.5 pH units lower than that of atroxase, and an
amino acid content of 232 residues compared to 206 residues
within atroxase. Proteases I and IV are anticoagulant pro-
teases with molecular weights of 20 500 and 43 000, respec-
tively. Protease IV was found to be an acidic glycoprotein
while protease I was found to be a nonglycosylated basic
protein. Protease I obtains optimal proteolytic activity at 37
°C and a pH of 7, compared to atroxase with an optimal
proteolytic activity at 55 °C and a pH of 9.0. Unfortunately,
the hemorrhagic activity was not determined for protease I;
therefore, it is difficult to differentiate the enzyme from a
similar protease, HT-b. Because very little information is
known about the fibrinolytic enzyme fractions reported by
Bajwa et al. (1980), a comparison is very difficult.

Metalloproteases within C. atrox venom and other venoms
appear to have very similar proteolytic specificity. With insulin
B chain as substrate, hemorrhagic toxins show a preference
to cleave on the N-terminal side of Leu (Table II). This
specificity was also observed among the nonhemorrhagic
proteases of atroxase and a-protease. It is interesting that both
hemorrhagic and nonhemorrhagic proteases within snake
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venom can be similar in both chemical compositions and
proteolytic specificity. In future studies, it will be of interest
to find out the determining factor among these zinc proteases
that results in hemorrhage.

. E Nontoxic fibrinolytic enzymes found within C. atrox venom
5 3 = may be of considerable importance because of their potential
& S 55 therapeutic value (Bajwa et al., 1980). Thrombolytic agents
-~~~ 3 3 2% £ 5 55 such as streptokinase (Sherry, 1954), urokinase (Sobel et al.,
g2 88 ° S 2222 1952), and more recently tissue-type plasminogen activator
LS e T s 2 8 (Bachman, 1984) promote rapid dissolution of thrombi by
8 =2 g = ® § g £ 5" activating the body’s natural fibrinolytic system, the conversion
ooe £ & % 2 - 2 2 e of plasminogen to plasmin. It is possible that venom fibrinases
T 5 9 %2 3 8B X T 5 5 5 may likewise lyse thrombi, however, through the direct pro-
2 e teolysis on fibrin occlusions.
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ABSTRACT: The stereochemical course of the phospho group transfer catalyzed by mutant (S102C) alkaline
phosphatase from Escherichia coli was investigated by using 3!P nuclear magnetic resonance spectroscopy.
Transphosphorylation from 4-nitrophenyl (Rp)-[160,!70,!80]phosphate to (S)-propane-1,2-diol occurs with
overall retention of configuration at phosphorus. This result is consistent with the view that the hydrolysis
of substrates by this mutant enzyme proceeds by way of a covalent phosphoenzyme intermediate in the same

manner as the wild-type alkaline phosphatase.

Bacterial alkaline phosphatase is present in the periplasmic
space of Escherichia coli (E. coli) and catalyzes the nonspecific
hydrolysis of a wide range of phosphate monoesters (Reid &
Wilson, 1971). The mechanism of the enzymatic reaction has
been thoroughly studied, and the formation of a phosphory-
lated enzyme intermediate is now widely accepted as an es-
sential step in the reaction pathway. At low pH, the rate-
limiting step of the enzymatic reaction is the dephosphorylation
of the covalent intermediate (Reid & Wilson, 1971; Coleman
& Gettins, 1983), the accumulation of which has allowed its
identification as the phosphate monoester of Ser-102
(Schwartz et al., 1963). At high pH, however, the rate-limiting
step of the reaction is the release of noncovalently bound
product phosphate from the active site of the enzyme. Even
at high pH the overall stereochemical course of the reaction
catalyzed by bacterial alkaline phosphatase is known to be
retention of configuration at phosphorus (Jones et al., 1978),

tRockefeller University.
$Harvard University.

and this finding is consistent with the necessary formation of
the phosphoenzyme intermediate.

We have reported the use of site-directed mutagenesis to
replace the active-site hydroxyl group with a thiol by changing
Ser-102 to Cys. The resulting thiol enzyme [S102C, previously
referred to as thiol alkaline phosphatase (TAP)] was found
to catalyze the hydrolysis of a variety of phosphate monoesters
(Ghosh et al., 1986), though the V,,, observed for the mutant
enzyme was found to be dependent upon the pK, of the sub-
strate’s leaving group. This observation suggests that, unlike
the behavior of the wild-type enzyme (Hall & Williams, 1986),
the rate-determining step of the reaction catalyzed by the
mutant S102C phosphatase is the phosphorylation of the ac-
tive-site thiol group rather than either dephosphorylation or
product release. Further evidence was provided by the fact
that the V., values of the S102C alkaline phosphatase are
independent of the concentration of tris(hydroxymethyl)-
aminomethane (Tris) in the reaction buffer. Tris acts as an
alternate phospho group acceptor from the wild-type phos-
phoenzyme, and higher concentrations of Tris increase the rate
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