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Abstract

Envenomations by the Southern Pacific Rattlesnake (Crotalus oreganus helleri) are the most
common snakebite accidents in southern California. Intraspecies venom variation may lead to
unresponsiveness of antivenom therapy. Even in a known species, venom toxins are recognized as
diverse in conformity with interpopulational, seasonal, ontogenetic and individual factors. Five
venoms of individual C. o. helleri located in Riverside and San Bernardino counties of southern
California were studied for their variation in their hemostasis activity. The results demonstrated that
Riverside 2 and San Bernardino 1 venoms presented the highest lethal activity without hemorrhagic
activity. In contrast, San Bernardino 2 and 3 venoms had the highest hemorrhagic and fibrinolytic
activities with low lethal and coagulant activities. Riverside 1, Riverside 2 and San Bernardino 1
venoms presented a significant thrombin-like activity. San Bernardino 2 and 3 venoms presented an
insignificant thrombin-like activity. In relation to the fibrinolytic activity, San Bernardino 3 venom
was the most active on fibrin plates, which was in turn neutralized by metal chelating inhibitors.
These results demonstrate the differences amongst C. o helleri venoms from close localities. A
metalloproteinase, hellerase, was purified by anionic and cationic exchange chromatography from
San Bernardino 3 venom. Hellerase exhibited the ability to break fibrin clots in vitro, which can be
of biomedically importance in the treatment of heart attacks and strokes.
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1. Introduction

A significant number of snakebites are reported yearly throughout the United States as well as
worldwide (Rudolph et al., 1995; Ribeiro et al., 1999; Brooks et al., 2002; Johnston et al.,
2002). From 2001-2005, the American Association of Poison Control Centers reported an
annual average of about 7,000 venomous snakebites, including exotic specimens, in the United
States resulting in 16 deaths during this period (Langely, 2008).

The Southern Pacific Rattlesnake is a frequent and epidemiologically important rattlesnake
which co-exists with humans of southwestern California (Fig. 1). This snake lives in different
geographic landscapes such as seaside, chaparral spots at piedmonts and woodland areas,
broadening to North Baja California, Mexico (Klauber, 1956).

After envenomation, it takes only a matter of seconds before symptoms become visible.
Consistent with many snake species, the most common symptoms presented by patients who
have suffered bites from Viperidae and Colubridae snakes were pain and swelling (Ribeiro et
al., 1999; Rodriguez-Acosta et al., 2006). Snake venoms are composed of many polypeptides
and proteins that perform different functions. For example, snake venoms contain disintegrins,
phospholipases, serine proteases, and metalloproteinases (Bjarnason and Tu, 1978; Bajwa et
al., 1981; Komori et al., 1985; Estevao-Costa et al., 2000). Hence, it has been recognized for
some time that snake venoms may contain compounds that can modulate the blood clotting
cascade, and therefore may be of biomedical importance. Snake venom metalloproteinases
from Crotalidae and Viperidae venoms are known to be hemorrhagic and/or fibrinolytic
(Bjarnason and Fox, 1994; Gold et al., 2002).

Fibrinolytic enzymes isolated from snake venom can digest fibrin clots in vitro suggesting that
these fibrinolytic enzymes have potential application for treatment of strokes and heart attacks
(Didisheim and Lewis, 1956; Mori et al., 1987; Stocker, 1990). At present there are two
products derived from snake venom that are approved for the treatment of ischemic stroke,
Aggrastat® or Tirofiban HCI (Merck & Co., 1998) and Viprinex™ or Ancrod (Dempfle et al.,
2000), with another snake venom fibrinolytic enzyme, Alfimeprase currently known as
Fibrolase, undergoing clinical trials (Guan et al., 1991; Toombs, 2001a, 2001b; Moll et al.,
2006). There are also fibrinolytic enzymes that have been isolated from various snake venoms
whose clinical potential has not been fully investigated (Willis and Tu, 1988; Rodrigues et al.,
2000; Bello et al., 2006).

Crotalus oreganus helleri venom likely contains fibrinolytic enzymes, but little research has
been done to isolate these potentially important therapeutic enzymes. In this study, a
metalloproteinase, hellerase, has been isolated from the venom of an individual Southern
Pacific Rattlesnake that demonstrated the most fibrinolytic activity of the five venoms tested.
Furthermore, venom variations of hemostasis and lethal activity in individual specimens have
been demonstrated which provides further evidence of the importance of selecting venoms
from snakes in wide geographical locations for the production of antivenoms.

2. Materials and methods

2.1 Snakes and venom

Five different C. o. helleri crude venom samples [Avid # 058-806-546-Riverside Co., CA
(Riverside 1), 059-009-599-Riverside Co., CA (Riverside 2), 058-819-883-San Bernardino
Co., CA (San Bernardino 1), 058-893-793-San Bernardino Co., CA (San Bernardino 2) and
058-359-257-San Bernardino Co., CA (San Bernardino 3)] were purchased from specimens
held at the Natural Toxins Research Center at Texas A&M University, Kingsville. The venoms
were lyophilized with a Labconco Freeze drying system and stored at —90 °C. The venoms
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were reconstituted in 0.02 M Tris-HCI buffer at pH 8.0, and filtered using a Millipore Millex
HV 0.45 um filter unit prior to high performance liquid chromatography (HPLC).

2.2 Protein Concentration

The protein concentration of the venoms was measured by a Beckman DU 700
spectrophotometer (Beckman Coulter Inc., Fullerton, CA, USA) at an absorbance of 280nm
using the method of D’Suze et al. (1996).

2.3 Lethal dose

Five groups of eight mice for each venom were housed in cages and observed throughout the
experiments. Venoms were dissolved in 0.85% saline at the highest test dose per mouse. The
lethal toxicity was determined by injecting 0.2 mL of venom containing varying dosages into
the tail veins of 18-20 g female BALB/c mice. Saline controls were used. The LD5p was
calculated by the Spearman-Karber (1978) method for each pool of venom after a 48 h
experimental period.

2.4 Hemolytic activity

The minimal hemolytic activity of the crude venoms was determined with modifications as
described by Habermann and Hardt (1972). Briefly, 0.3 mL of packed human erythrocytes
were washed five times with saline solution, and 0.3 mL of fresh egg yolk diluted 1:4 with
saline solution and 0.25 mL of a 0.01M CacCl, solution were added to 25 mL of 0.8% agarose
dissolved in phosphate-buffered saline (PBS) solution, pH 8.1. The mixture was poured into
plastic petri dishes (135 x 80 mm) and allowed to solidify. After the mixture was solidified,
wells were prepared and filled with 10 pL of crude venom solution at various concentrations.
The plates were incubated at 37°C for 5 h and the diameters of the hemolytic haloes were
measured. Saline solution and PBS were used as controls. The minimal hemolytic dose is
defined as the amount of venom protein that causes a 10 mm halo spot.

2.5 Hemorrhagic activity

A modified hemorrhagic assay described by Omori-Satoh et al. (1972) was used to determine
the hemorrhagic activity of the crude venom and its fractions.

2.6 Amidolytic activity

Amidolytic activity of crude venoms and fractions was measured by a micromethod of
Guerrero and Arocha-Pifiango (1992) using chromogenic substrate kits (Chromogenix-
Instrumentation Laboratory, Milano, Italy). Briefly, in 96 wells polystyrene plates a mixture
of 80 pL of the recommended buffer for each substrate, 10 puL of the venom sample (0.1 to 1
mg/mL) and 10 uL of chromogenic substrate were placed in each well. The final concentrations
for the substrates were 0.60 mM S-2238 (thrombin), 0.80 mM S-2222 (factor Xa), 0.80 mM
S-2251 (plasmin), 1.20 mM S-2288 (t-PA), 0.16 mM S-2444 (urokinase), 1 mM S-2302
(kallikrein) and 0.16 mM S-2586 (chymotrypsin). Bovine thrombin, human factor Xa, plasmin,
single chain tissue-plasminogen activor (sct-PA), and two chain urokinase-plasminogen
activator (tcu-PA) were used as positive controls. After incubation at 37° C for 5 or 15 min
depending on the activity, the absorbance at 405 nm was measured. One unit of amidolytic
activity was expressed as AA 405 UA/min. Specific activity was calculated as UA/min/pug.

2.7 Coagulant activity

The thrombin-like coagulant activity of crude venoms and fractions of San Bernardino 3 venom
was assayed by the modified methods of Austen and Rhymes (1975) and Salazar et al.
(2007). Briefly, 0.1 mL of 0.05 M Tris-HCI buffer, pH 7.4 (coagulation buffer) plus 0.1 mL
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thrombin solution (0.5 to 15 1U/mL) or 0.1 mL venom sample (0.1 to 1 mg/mL) was incubated
in a borosilicate tube at 37 °C. Then 0.1 mL of fresh citrated human plasma or 0.3 % human
fibrinogen solution in coagulation buffer was added. The solution was thoroughly mixed
manually in a 37°C water bath and the clotting time recorded when the appearance of a clot
was visually detected. Tests were performed four times and the mean clotting time calculated.
The results were expressed in thrombin-like units by plotting the clotting times against a
calibration curve prepared with a standard thrombin (National Institute for Biological
Standards and Control, London, England).

2.8 Fibrinolytic activity

Fibrinolytic activity of crude venoms and fractions from both anionic and cationic exchange
chromatography was studied by the fibrin plate method as proposed by Marsh and Arocha-
Pifiango (1972). Briefly, fibrin plates were prepared using 3-cm diameter Petri dishes: 1.5 mL
of a 0.1% plasminogen-rich fibrinogen (10 % plasminogen as contaminant) in 5 mM imidazole
saline buffer, pH 7.4 was clotted by adding 75 pL bovine thrombin (10 IU/mL, in 0.025 M
CaCl,). The mixture was incubated at room temperature for 30 min. Then, 10 uL of crude
venoms or fractions of different concentrations were applied over the fibrin film, and after 24
h incubation at 37° C the diameters of the lysed areas were measured. Fibrinolytic activity was
also evaluated in presence of protease inhibitors using as a pool of serine protease inhibitors
(SPI) of 50 ug/mL SBTI, 10 mM PMSF, 10 mM benzamidine/HCI, and 100 1U/mL aprotinin
(final concentrations). Metalloproteinase inhibitors were used as a mixture of 10 mM EGTA-
Na and 10 mM 1,10 phenanthroline (final concentrations). Fibrinolytic activity was expressed
as the diameter of the lysed area per pg of protein (mm?2/ug). Human plasmin, sct-PA and tcu-
PA were used as positive controls.

2.9 Chromatographic profiles of crude venoms

A total of 200 uL of crude venom (40 mg/mL) from each local was injected into a Waters™
Protein Pak™ DEAE 5PW (7.5 x 7.5 mm) column. The buffer used was 0.02M Tris-HCI, pH
8.0 over 60 min with a flow rate of 1 mL/min using Waters™ 1525 binary pump system.
Proteins were detected at 280 nm using a 2487 dual absorbance detector. Waters™ Breeze
software v.3.3 was used for storage and acquisition of data. The fractions were tested for
proteolytic activities.

2.10 Venom fractionation

Isolation of fibrinolytic activity present in C. o. helleri venom was achieved by two
chromatographic steps. First, a total of 200 uL of crude venom (40 mg/mL) from different
locations were run in a preparative procedure using anionic exchange chromatography into a
Waters Protein Pak™ DEAE 5PW (7.5 x 75 mm) column. The equilibrating buffer used was
0.02M Tris-HCI, pH 8.0. The elution was carried out over 60 min with a flow rate of 1 mL/
min, with a linear gradient of 0 to 0.5 M NacCl, in the equilibrium buffer and proteins were
detected at 280 nm using a 2487 dual absorbance detector. Acquisition of data and Waters™
1525 binary pump system was control was through Waters™ Breeze software v.3.3.
Fibrinolytic activity was tested for each fraction.

For the second stage of purification, a total of 125 uL of San Bernardino 3 venom fraction 1
(4.5 mg/mL), the most fibrinolytic venom, was injected into a Waters Protein Pak™ SP 5PW
(7.5 x 75 mm) column. The equilibrating buffer used was 0.02M Tris-HCI, pH 8.0. In some
fractionations, the eluted cationic fractions were collected in the presence of EDTA. The elution
was performed with a linear gradient of 0 to 0.5 M NacCl, in same buffer, over 60 min with a
flow rate of 1 mL/min and proteins were detected at 280 nm using a 484 tunable detector.
Acquisition of data and 510 pump control was through Waters’ Breeze software v.3.3.
Fibrinolytic activity was tested for each fraction.
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2.11 SDS PAGE

Venoms (250 pg) were run under non-reducing conditions on a 10-20% Tricine SDS PAGE
(Invitrogen) gel (Schagger and von Jagow, 1987). A XCell SureLock™ system with Tricine
SDS running buffer (10X) diluted to 1X at a voltage of 125 for 90 min using a Bio-Rad
PowerPac Basic was used. SeeBlue Plus2 markers ranging from 3-250 kDa were used as
standards.

Fraction V with and without 10 mM EDTA (final concentration) was also run under non-
reduced and reduced conditions on a 10-20% Tricine gel (Fig. 2B). The molecular weights of
the bands were determined by plotting the log of the molecular weights versus the relative
mobility.

2.12 N-Terminal Sequence

The five fractions collected from cationic exchange chromatography (Fig. 3) were run on a
10-20% Tricine NuPage gel (Fig. 5) and transferred onto an Immobilon™-p transfer membrane
(Millipore). After transfer blot the membrane was stained with 0.02% Coomassie R-250
without acetic acid for 5 min. Bands 1-3 (Fig. 6) were sent to the Protein Facility at lowa State
University for N-terminal sequencing.

2.13 Mass Spectrometry Analysis (MALDI-TOF-TOF)

2.14 Protein

Mass spectrometry was used to determine the molecular weight and sequence of the purified
fibrinolytic enzyme. The isolated and lyophilized fibrinolytic fractions were redissolved in 10
pL of 0.1% of Trifluroacetic acid (TFA) and desalted using a C1g ZipTip (Millipore, Bedford,
MA, USA). One microliter of the resulting eluant was mixed with 10 mg/mL of 2, 5-
dihydroxybenzoic acid, and spotted onto the matrix associated laser desorption ionization
(MALDI) plate. MALDI analysis was performed on the AUTOFLEX Il TOF/TOF Mass
Spectrometer, Bruker Daltonics. The instrument was operated in linear mode using external
standards in order to determine the monoisotopic mass of the intact protein.

Sequence by LC-MS/MS

a) In gel digestion—Proteins were excised from a gel and cut into approximately 1mm cubes
and placed in an eppendorf tube. One hundred microliters of H,0 was added to the tube and
incubated for 15 min at room temperature. The H,0 was removed and 100 uL of 50 % CH3CN
solution was added for an additional 15 min. The solution was removed and 40 uL of 100%
CH3CN was added for 15 min, or until the gel pieces turned white. The solution was removed
and 40 pL of 100 mM NH4COs3, pH 8.0 was added for 5 min. The procedure was repeated 3
times or until the gel pieces were destained. The gel pieces were dried in a vacuum for 15 min.
One hundred microliters of 100 MM NH4CO3, pH 8.0/10 mM DTT solution was added, and
the sample was incubated for 1h at 56°C. The solution was allowed to cool to room temperature
and then removed. One hundred microliters of 100 mM NH4CO3/55mM iodacetamide was
added and incubated for 1 h in the dark at room temperature. The gel pieces were washed with
100 pL of 100 mM NH4CO3, pH 8.0 for 5 min. Equal volume of 100 % CH3CN was added to
the sample and incubated for 15 min. The solution was then removed. The sample was dried
in vacuum for 15 min. Trypsin was added to 50 mM NH4COg3, pH 8.0 at a concentration of
12.5 ng/uL and 40 pL was added to the sample and incubated for 45 min at 4°C. The sample
was next incubated for 37°C overnight. The supernatant was collected and the gel pieces were
further incubated with 20 mM NH4COg3, pH 8.0 for 10 min, followed by 2 times volume of
100 % CH3CN for 15 min. The supernatant was collected again, and the gel pieces were
incubated with 100 pL 5 % acetic acid for 15 min, followed by 2 times the volume of 100 %
CH3CN. All supernatants were pooled and dried. The sample was reconstituted in 8 uL of 0.1
% HCOOH.

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salazar et al.

Page 6

b) Nanoflow LC-MS/MS—Eight microliters were injected in an Agilent 1100 HPLC system
using reverse phase Cyg liquid chromatography. The reverse phase Cqg was performed using
a Prepacked Cqg IntegraFrit (50 cm x 75 mm) capillary column (New Objectives) packed with
5 um C4g Magic beads (Michrom; 75 um i.d. and 12 cm of bed length) on an 1100 Agilent
HPLC. The buffer used was 0.1 % HCOOH with the eluting buffer of 100 % CH3CN run over
ashallow linear gradient over 60 min with a flow rate of 0.3 uL/min. The electrospray ionization
emitter tip was generated with a laser puller (Model P-2000, Sutter Instrument Co.). The
Agilent 1100 HPLC system was coupled online with an LTQ linear ion trap mass spectrometer
(Thermoelectron, San Jose, CA, USA). The mass spectrometer was operated in the data-
dependent mode, in which a full scan MS was followed by MS/MS scans of the 10 most
abundant ions with +2 to +3 charge states. The mass exclusion time was 180 s.

c) Peptide and protein identification—The MS/MS data were converted to a mzXML
format using the open-source Trans-Peptide Pipeline (TPP) software (Version 2.9.4), and the
resulting mzXML files were searched against Swiss Protein database (Version 55.4 with
385721 entries) using the SEQUEST algorithm on the Sorcerer IDA server (Software Version
2.5.6; SageN, Inc, San Jose, CA, USA). Peptide mass tolerance was set at 3.0 amu, and MS/
MS tolerance was set internally by the software with the values varying from 0 up to 1 amu.
Search criteria included methionine oxidation (16 Da). Searches were performed with semi-
tryptic digestion and allowed maximum 2 missed cleavages on the peptides analyzed from the
sequence database. Minimum protein and peptide probabilities were set to 1.0.

2.15 Statistical analysis

3. Results

All experiments, with the exception of the LDsgq, were repeated three or four times. Results
were expressed as the mean = standard deviation, and analyzed using the two-tailed Student’s
t test for samples with equal variances. Differences were statistically significant if p was less
than 0.05.

3.1 Activities in crude venoms

a) Lethal—The lethal activities of the five crude venoms ranged between 0.6 to 5.7 mg/kg
body mass (Table 1). The non-hemorrhagic venoms, Riverside 2 and San Bernardino 1, had
very potent lethal activities of 0.6 and 0.7 mg/kg, respectively.

b) Hemorrhagic—Three venoms, Riverside 1, San Bernardino 2 and 3, contained
hemorrhagic activity with minimal hemorrhagic doses (MHD) of 8.1, 2.8, and 2.5 pg/mouse,
respectively (Table 1). The remaining two venoms, Riverside 2 and San Bernardino 1, did not
contain hemorrhagic activity at doses as high as 140 ug/mouse.

¢) Hemolytic—All five venoms contained hemolytic activity ranging from 13.3 to 24.4
mm?/ug. The most hemolytic venoms were Riverside 1 and San Bernardino 2 with hemolytic
activities of 24.4 and 22.6 mm?/ug, respectively (Table 1).

d) Coagulant—The results in Tables 1 and 2 show thrombin-like activity under fibrinogen
and plasma. Three of the five venoms Riverside 1, Riverside 2 and San Bernardino 1 showed
a significant coagulant activity. This activity was higher with fibrinogen in comparison to
plasma. San Bernardino 3 showed traces of activity.

All venoms, except San Bernardino 2 showed significant thrombin-like amidolytic activity.
San Bernardino 2 was not able to clot purified fibrinogen or human plasma, however contained
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very low activity (Table 2). Furthermore, none of the venoms presented significant factor Xa-
like or chymotrypsin-like activities.

When a comparative analysis of venoms was carried out (Table 2), it was observed that the
San Bernardino 1 venom contained the highest coagulant activity for both human plasma and
purified fibrinogen with 26.1 and 12.2 thrombin-like 1U/mg, respectively. In contrast, the
thrombin-like amidolytic activity was higher (8.1 + 0.4) in Riverside 2 venom compared with
the other four venoms (p< 0.01).

e) Fibrinolytic—The results in Table 3 demonstrate that the highest amidolytic activity was
kallikrein-like, followed by low plasmin-like and t-PA-like activities. When a comparative
analysis of the five venoms from different regions was carried out, it was observed that
kallikrein-like activity was higher (p< 0.01) in Riverside 1 and San Bernardino 1 venoms. This
amidolytic activity was neutralized by a pool of SPI in all the venoms.

The results on fibrin plate (Tables 1 and 3) evidenced that the venoms Riverside 1, San
Bernardino 2 and San Bernardino 3 were active in presence or absence of plasminogen. This
activity was inhibited by EDTA, EGTA and 1,10 phenantroline. The non-hemorrhagic venoms,
Riverside 2 and San Bernardino 1 did not contain fibrinolytic activity on fibrin plate. Venom
San Bernardino 3 contained the highest fibrinolytic activity in presence or absence of
plasminogen, at a dose of 10 pg the activity expressed in mm?2/ug was of 18.2 and 19.1 mm?%/
ug, respectively (data not shown). At a dose of 50 pug with and without plasminogen, the activity
was lower (6.72 and 8.53, respectively).

3.2 Venom fractionation

Five different crude venom samples of C. o. helleri were initially fractionated by anionic
exchange chromatography. The number of fractions ranged from 14-21 (Fig. 3). Riverside 1
venom yield 14 fractions, while San Bernardino 2 and San Bernardino 3 venoms yield 16
fractions. San Bernardino 1 and Riverside 2 venoms yield 21 and 20 fractions, respectively.
Three of the venoms, Riverside 1, San Bernardino 2 and 3, had two fractions in the void volume
(Fig. 3A, D and E), while the remaining two contained only one fraction in the void volume
(Fig. 3B and C).

The evaluation of fibrinolytic activity in anionic fractions showed that Riverside 1 and San
Bernardino 1 venoms contained one active fraction (F1) on fibrin plate. Riverside 2 venom
had no fractions containing fibrinolytic activity. San Bernardino 2 venom had two active
fractions (F1 and F4).

Additionally, San Bernardino 3 venom with the most fibrinolytic activity presented three
fractions (F1, F9 and F16) with fibrinolytic activity on anionic exchange chromatography.
Fibrinolytic activity assayed by amidolytic method in San Bernardo 3 venom resulted in
kallikrein-like activity in several anionic fractions, being higher in the fractions eluted between
20 and 50% saline concentration. In contrast, thrombin-like activity was evidenced in the
fractions F4 to F8, F12 and F13 (Fig. 4A).

Due to its high fibrinolytic activity, fraction 1 obtained from San Bernardino 3 venom through
anionic exchange chromatography was further fractionated by cationic exchange
chromatography (Fig. 4B). A total of five fractions were collected (FI to FV). Fraction | came
off the void volume, while fractions FIl to FV came off between 17 to 22% of a 0.5 M NaCl
gradient. Cationic fractions FI and FV were the only ones that contained fibrinolytic activity
on both plasminogen and plasminogen free fibrinogen with activities on fibrin plates of 31 and
87 mm?/ug, respectively. However, fraction FV contained the highest activity. This fibrinolytic
protein present in FV fraction was designated as hellerase.
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3.3 SDS-PAGE electrophoresis

a) Crude venoms—Five different crude venom samples of C. o. helleri were run on a 10—
20% Tricine NuPage gel under non-reduced conditions (Fig. 2A). All venoms contained
distinct protein bands. The hemorrhagic venoms, Riverside 1, San Bernardino 2 and 3 (lanes
1, 4 and 5) contained more bands than the neurotoxic venoms (Riverside 2 and San Bernardino
1 venoms). Although neurotoxicity was not directly tested, recent studies have proven through
DNA analysis that venoms containing low LDsg and no or very little hemorrhagic activity is
an indication of the presence of neurotoxins (Sanchez et al., 2005). San Bernardino 3 venom
(lane 5) had two strong protein bands at ~23 and ~46 kDa that were not present in the other
four venoms. Riverside 2, San Bernardino 1, and San Bernardino 3 venoms contained an
additional protein band at 7 kDa.

b) Venom cationic fractions—The five fractions (FI to FV) collected from cationic
exchange chromatography originated from anionic fraction 1 of San Bernardino 3 venom were
run on a 10-20% Tricine NuPage gel under reduced conditions (Fig. 2B). Fraction | contained
3 bands at 19, 12, and 9.4 kDa (data not shown). Fraction Il had a ~ 23 kDa band. Fractions
Il and 1V contained one visible band at ~ 46 kDa (data not shown). Fraction V without EDTA
contained 6 bands (line 1) between 19 to 4 kDa and 3 bands (line 3) at ~19, 12, and 9.4 kDa
under reduced and non-reduced conditions, respectively. In contrast, fraction FV when
collected in presence of EDTA demonstrated a single protein band at ~19 kDa under both
reduced and non-reduced conditions (Fig. 2B; lines 2 and 4).

3.4 Mass Spectrometry Analysis (MALDI-TOF-TOF)

Intact mass spectrometry analysis of cationic fraction FV of San Bernardino 3 venom, which
contained high fibrinolytic activity, revealed peaks at 23 and 11 kDa (Fig. 5).

3.5 N-Terminal Sequence

Bands 1-3 obtained by Trans-Blot of cationic fibrinolytic fraction FV of San Bernardino 3
venom (Fig. 6) were sequence at the N-terminal end providing a maximum, for each band, of
15 amino acids. Band 2 (12 kDa) had a sequence of KNTLHXGXE (X = no amino acid was
determined), and band 3 (9.4 kDa) had a sequence of LTAIVLDDDTLGLAY. Due to the low
signal generated by Edmand degradation of band 1, the maximum amino acids (KLGFKEI)
could not be determined; and thus Blast search gave insignificant results.

3.6 Partial amino acid sequence of hellerase and comparison with ruberlysin

Atotal of 57 % of the amino acids of hellerase determined by LC-MS/MS were similar to those
of ruberlysin, a metalloproteinase from the venom of C. ruber ruber (Takeya et al., 1990).

4. Discussion

Biological activities with a focus on hemostasis activities of venoms from five specimens of
C. o. helleri snakes from close geographical locations are described in this study. Even though
the amount of individual samples was limited to five, it could be demonstrated that venoms
from the same species in very close proximities vary, both qualitative and quantitatively in
their activities. In C.o. helleri venom, the differences in hemorrhagic, neurotoxic, and
fibrinolytic activities indicate venom variations in these species, in such that some indeed
possess neurotoxic and/or fibrinolytic actions and others do not (Glenn et al., 1983; Sanchez
etal, 2005). Many rattlesnake venoms, including C.o. helleri, are considerably more lethal than
others mainly because they have neurotoxins (Glenn et al., 1983; French et al., 2004; Sanchez
et al., 2005; Jurado et al., 2007).
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Crotalus oreganus helleri venoms from Riverside 1, Riverside 2 and San Bernardino 1
presented significant thrombin-like activity, which by the coagulant method was significantly
higher in San Bernardino 1 venom. In contrast, by the amidolytic method, Riverside 2 venom
was more active (Table 2). This difference may be explained by the presence, in San Bernardino
1 venom, of molecules with thrombin-like activity containing some exosites for the recognition
of their natural substrate (fibrinogen), which favors its catalysis as it occurs with the thrombin
enzyme (Bock etal., 2007). The highest amidolytic thrombin-like activity in Riverside 2 venom
can be explained by other serine proteases containing trypsin-like activity with actions on
S-2238 (Friberger, 1982). San Bernardino 2 and 3 venoms were inactive or presented an
insignificant thrombin-like activity. These results demonstrate the differences amongst C. o
helleri venoms from close localities.

The comparison of activities presented in C.o. helleri venoms a North American rattlesnake
with South American rattlesnakes B. atrox and C. durissus cumanensis venoms showed that
in general the South American venoms are more procoagulants (Salazar et al., 2007; Aguilar
etal., 2007), which could be due to the high presence of thrombin-like activity in these venoms.

Crotalus oreganus helleri venoms also contain fibrinolytic enzymes, which are distinct in the
different specimens. The San Bernardino 3 venom showed the highest activity on fibrin plates,
in presence or absence of plasminogen, which was inhibited by EGTA, EDTA and 1,10
phenantroline, which have been demonstrated to be specific inhibitors to metal-dependent
enzymes classified as metalloproteinases (Salvesen and Nagase, 1989; Fox and Bjarnason,
1998; Salazar et al., 2008). These results demonstrate that fibrinolytic activity is associated
with metalloproteinases that act directly on fibrin, similar to fibrinolytic enzymes identified in
other snake venoms (Matsui et al., 2000; Swenson and Markland, 2005). In addition, the
fibrinolytic activity in this venom, expressed in mm?2/ug was lower when 50 pg, in relation to
10 pg, was assayed, indicating the possible presence of plasmin inhibitors. Similar results have
been demonstrated in B. atrox venoms (Salazar et al., 2007). This discovery is of great interest
since plasmin inhibitors could be applied therapeutically in invasive processes such as viral,
parasitic infections and tumor metastasis in which the plasmin activates growth factors,
metalloproteinases and degrades of extracellular matrix proteins (Sharma and Sharma, 2007;
Verma and Hansch, 2007). Furthermore, the amidolytic activity assays demonstrated that all
venoms contain some kallikrein-like activity (Pu¢kowska, et al., 2008; Petersen, et al., 1990).
However, Riverside 1 venom showed the highest kallikrein-like activity, which was neutralized
by SPI, indicating the presence of serine proteases that could probably in part activate the
plasminogen and thus showing fibrinolytic activity. In relation to the hemolytic activity, the
results demonstrate that the Riverside 1 and San Bernardino 2 venoms were the most active,
which indicates their high phospholipase concentrations (Condrea and De Vries 1964,
Gutiérrez et al., 2005).

Comparing the diverse activities evaluated in these venoms, it was observed that Riverside 2
and San Bernardino 1 venoms showed the highest thrombin-like on plasma and/or purified
fibrinogen and lethal activities. Nevertheless, they neither presented hemorrhagic nor
fibrinolytic activities. Crotalus oreganus helleri venom is known to contain a neurotoxin
similar to that of mojave toxin (French et al., 2004; Mackessy, 1988, 2008). However, visual
observation of mice injected with Riverside 2 and San Bernardino 1 venoms showed the
possible presence of a crotamine-like toxin (Maeda et al., 1979) due to the spastic paralysis of
the hind limbs (Gongalves, 1956; Cheymol et al., 1971; Chang and Tseng, 1978) that we
observed in the mice. Riverside 1 venom also induced such paralysis but in a milder form,
which indicates the quantitative differences in toxins amongst these venoms, which is also
apparent in the LDsq (Table 1). Therefore, it is possible that a combination of both mojave and
crotamine-like toxins are responsible for its potent lethality in these two venoms. In addition,
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the coagulant activity in concert with these neurotoxins present in some of these venoms can
also be responsible for the potent lethality.

San Bernardino 2 and 3 venoms, with the lowest coagulant and lethal activities, presented the
highest fibrinolytic and hemorrhagic activities. These activities, as discussed above, may be
associated with metalloproteinases. These venoms can induce severe hemorrhagic
complications in snake bitten patients due to their high hemorrhagic and/or primary fibrinolytic
activities (Matsui et al., 2000; Swenson and Markland, 2005). Currently, the presence of
neurotoxins in these two venoms cannot be ruled out unless DNA analysis is performed,;
however, it can be stated that the quantity of neurotoxins, if present, are significantly lower in
comparison with the other venoms.

In the exploration of new components having therapeutic and diagnostic potentials, the San
Bernardino 3 venom, which showed the highest fibrinolytic activity, was fractionated in a
preparative manner by anionic exchange chromatography on DEAE-5PW column followed by
a cationic separation on an SP-5PW column. Anionic fractionation produced a fraction (F1)
with very potent fibrinolytic activity (Fig. 4A), which was inhibited by metalloproteinase
inhibitors (MPI). This fraction also contained hemorrhagic activity and it lacked amidolytic
activities of thrombin- and kallikrein-like. These results support the presence of
metalloproteinases with activity against fibrin, a criteria that allowed further separation in order
to isolate possible components having therapeutic and diagnostic potentials. Fibrinolytic
activity is important because of its potential use as a thrombolytic drug (Chen and Rael,
1997). Most of the snake venom fibrinolytic enzymes are metalloproteinases (Mori et al.,
1987;Markland, 1991, 2005; Swenson and Markland, 2005), hence they are less affected by
serine protease inhibitors (SERPINS). On the other hand, t-PA, urokinase and plasmin,
physiological fibrinolytic enzymes, are serine proteases that can be inhibited by SERPINS
(White, 2005).

Fraction 1 of San Bernardino 3 venom (Fig. 4A) was further fractionated by a cationic exchange
chromatography and 5 additional fractions were collected (FI to FV; Fig. 4B) and tested for
hemorrhagic and fibrinolytic activities. Fractions | and V were active with FV containing the
highest activity leaning towards possible metalloproteinases. By observing the highly
symmetrical, base line separation of FV (Fig. 4B), it could be assumed a purified protein.
However, an SDS 10-20% Tricine gel revealed 3 (non-reducing conditions) to 6 (reducing
conditions) additional protein bands for fraction FV at experimental values at 19 kDa and lower
(Fig. 2B; lanes 1 and 3). MALDI TOF-TOF revealed a major peak at 23.334 kDa and its double
ionized (2H+) partner at 11.666 kDa. The 23 kDa obtained by MALDI is most likely the ~19
kDa obtained by SDS PAGE. The protein bands (1-3) from fraction FV run on SDS gel (Fig.
2B; lane 3) were transferred to a membrane (Fig. 6) for sequencing in order to determine if FV
contains various proteins or if it is a product of auto-proteolysis.

The N-terminal sequence for protein band 2 (12 kDa) was KNTLHXGXE, which gave the
highest BLAST search identity with a hemorrhagic metalloproteinase HT-2 (ruberlysin) of
23.320 kDa from the venom of C. ruber ruber (Takeya et al., 1990), and the second highest
search with a metalloproteinase precursor of 46.644 kDa from the venom of C. molossus
molossus. The N-terminal sequence for protein band 3 (9.4 kDa) gave the highest identity match
with the C. m. molossus metalloproteinase precursor that was found for band 2. Previous studies
have indicated that small proteins (4—14 kDa) isolated from snake venom are disintegrins,
phospholipases and/or myotoxins (Mackessy, 2008), which was not the case for band 3.
Therefore, it is assumed that cationic fraction FV (Fig. 4B) is one purified protein that is auto-
proteolysing into different fragments that are seen in the reduced and non reduced SDS gels
(Fig. 2B; lanes 1 and 3). Due to low signal detection during Edman degradation, band 1 rendered
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only seven amino acids, which were not sufficient to provide an accurate Blast search identity
(Altschul, et al, 1997).

In order to further verify auto-proteolysis, FV of cationic exchange was collected in 10 mM
EDTA and run on a reduced and non-reduced Tricine SDS gel yielding only one band at ~19
kDa (Fig. 2B; lanes 2 and 4) and 23 kDa by mass spectrometry (data not shown). An in-gel
trypsin digestion was done on the hellerase SDS band and subjected to LC-MS/MS, which
resulted in 57% sequence similarity to ruberlysin (Fig. 7). Therefore, including the results
obtained by Edman degradation, a total of 64% sequence similarity with ruberlysin was
achieved. In light of these results, FV could be assumed a single protein, hellerase, which will
be subjected to further detailed characterization.

Venom differences have severe inference for snakebite treatment, since diagnosis may perhaps
be confused by intraspecies differences in clinical manifestations, and antivenom prepared
against venom of a certain species may not be effective against envenomations of specimens
of the same species (Chippaux et al., 1991). In conclusion, the hemostatic variations in the
venoms of the Southern Pacific Rattlesnakes contribute to our understanding of substrate
specificities involved in the hemostasis pathway and further confirm the complex nature of
venoms.
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Figure 2.
SDS-PAGE on 10-20% Tricine gels. A) C. o. helleri crude venoms. A total of 250 pg of venom

were run at 125V for 90 min. Lane 1: Riverside 1; Lane 2: Riverside 2; Lane 3: San Bernardino
1; Lane 4: San Bernardino 2; Lane 5: San Bernardino 3; Lane 6: SeeBlue Plus2 (Invitrogen™).
B) Cationic exchange fraction FV. A total of 5 pg of fraction FV collected with and without

EDTA, under reduced and non-reduced conditions were run at 125V for 90 min. Lane 1: FV
collected without 10 mM EDTA and run under reducing conditions; Lane 2: FV collected in
10 mM EDTA and run under reducing conditions; Lane 3: FV collected without EDTA and

run under non-reducing conditions; Lane 4: FV collected in EDTA and run under non-reducing
conditions; Lane 5: SeeBlue Plus2 Markers (Invitrogen™). Gels were stained with RapidStain.
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30
Time (min)

Anion exchange chromatography crude C. o. helleri venoms. A total of 200 uL of venom
sample (40 mg/mL) was injected into a Waters Protein Pak™ DEAE 5PW (7.5 x 7.5 mm)

column. The equilibrium buffer used was 0.02M Tris-HCI, pH 8.0. The elution was carried out
over 60 min with a flow rate of 1 mL/min, with a linear gradient of 0 to 0.5 M NaCl. Proteins

were detected at 280 nm.
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Figure 4.

A) Fibrinolytic (F1, 9, 16), kallikrein-like (F2, 6-16), and thrombin-like (F4 to F8, F12 and
F13) activities presented in anion exchange chromatography fractions obtained from San
Bernardino 3 venom. B) Cationic exchange chromatography of fraction 1 collected from crude
C. o. helleri venom (Fig. 4A). A total of 125 pL (4.5 mg/mL) of fraction 1 was injected into a
Waters Protein Pak™ SP 5PW (7.5 x 75 mm) column. The equilibrium buffer was 0.02M Tris-
HCI, pH 8.0. The elution was performed with a linear gradient of 0 to 0.5 M NaCl over 60 min
with a flow rate of 1 mL/min. Proteins were detected at 280 nm. Black shaded areas indicate
active fractions.
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Figure 5.

Intact mass spectrometry analysis of fraction FV obtained by cationic exchange
chromatography. Fraction FV (hellerase) was cleaned using Cyg zip tips (MilliPore). A total
of 0.5 pL of fraction was mixed with 0.5 uL of SDHB matrix (Bruker Daltonics) and a total of
1 pL of mixture was spotted on a MALDI target plate. The sample was run in a Bruker Daltonics
UltraFlex Il MALDI-TOF-TOF in linear mode at 10 Hz using a laser power of 55 %. A total
of 490 shots were given.
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Figure 6.

Transferblot of SDS-PAGE of C. o. helleri cationic exchange fraction V (hellerase) (Fig. 4B).
A total of 5 pug of venom fractions were run on a 10-20% Tricine gel. The gel was over laid
on an Immobilon-p transfer membrane and proteins were transferred using a Bio-Rad Trans-
Blot Semi-Dry transfer cell at 100 mA for 1 h. Lane 1: Fraction FV collected without EDTA
and run under non-reducing conditions; Lane 2: SeeBlue Plus2 Markers (Invitrogen™). The
membrane was stained with 0.02% Coomassie R125 without acetic acid for 5 min. N-terminal
sequence was determined for bands 1-3 in lane 1.
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ASLCIMRPGL
ASLCIMRPGL

MCHPR

Amino acid comparison of ruberlysin (Accession #: P20897) with hellerase. Numbered amino
acids represent ruberlysin. The letter H represents amino acids from hellerase obtained by LC-
MS/MS. Underlined amino acids were obtained by Edman degradation. Double underlined

amino acids were obtained by both Edman degradation and LC-MS/MS. The dashes (-)

represent no matching amino acids with ruberlysin.
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Table 2
Coagulation activity of crude C. o. helleri venoms.

Page 23

Amidolytic Activity (S-2238)

Crude Venom Localities

Coagulant Activity

Human Plasma Purified Fibrinogen

1U thrombin-like/mg

Riverside 1 15+0.2
Riverside 2 81+04
San Bernardino 1 20+04
San Bernardino 2 1.6+0.2
San Bernardino 3 0.7+0.2

7.0+0.1 10.6 £ 0.6
3.8+0.1 11.0+05
122+0.2 26.1+0.3
0 0
<10 29+0.1
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