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Abstract

Snake venom proteome variation is a well-documented phenomenon, whereas peptidome variation is still relatively unknown. We used a
biological approach to explore the inhibitory activities present in the whole venom of Bothrops jararaca that prevents the venom self-proteolysis and/
or digestion of the glandular tissue. Although snake venom metallopeptidases have long been known from the biochemical up to the clinical point of
view, the mechanisms by which these enzymes are regulated in the reptile’s venom gland remain fairly unknown. We have successfully demonstrated
that there are three synergistic weak inhibitory mechanisms that are present in the crude venom that are able to abolish the metallopeptidase activity in
situ, namely: (i) citrate calcium chelation; (ii) acidic pH and; (iii) enzymatic competitive inhibition by the tripeptide Pyroglutamyl-lysyl-tryptophan.
Taken together, these three factors become a strong set-up that inhibits the crude venom metallopeptidase activity as well as a purified
metallopeptidase from this same venom. However, this inhibition can be totally reverted by dilution into an optimal pH solution, such as the blood.
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1. Introduction

Snake venoms are recognized for their biochemical com-
plexity. Any given viperid venom may contain several thousand
proteins (Fox et al., 2002), most of which are hydrolases,
including metallopeptidases, serine-peptidases and phospholi-
pases A2. Also present in large amounts are peptides, mostly
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bradykinin potentiating peptides (BPPs) (lanzer et al., 2004).
Understanding the mechanisms in which these components are
involved within the crude venom and in the process of enveno-
mation is therefore a challenge. Furthermore, the resultant
variety of targets with which venom toxins specifically interact
make them potential candidates for the design of drugs and
biological tools.

Snake venom metallopeptidases (SVMPs), which represent
up to 53% of all peptidase transcripts in viperid venoms, as in
Bothrops jararaca (Cidade et al., 2006), play an important
role in envenomation by these snakes, causing severe hem-
orrhage, tissue necrosis and inhibition of platelet aggregation
in the victim’s organism (Jia et al., 1997). Although SVMPs
are highly active against the victim’s tissues, they do not affect
the venom’s own components or the venom gland tissues.
Few studies exist on the subject, like Sousa et al.’s (2001)
assessing the proteolytic action of Bothrops venom upon its own
components. Therefore, a mechanism of inhibition of the
SVMPs that would become inactive as the venom is delivered
to the victim must exist in the venom. Calcium ions stabilize
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SVMPs (Moura-da-Silva et al., 2003) and activate matrix
metallopeptidases (MMPs) in general (Gossas and Danielson,
2006) and it has been shown that citrate is present in viperid
venom at a concentration between 58 and 125 mM, (Odell et al.,
1998) which is enough to chelate all of the venom’s free calcium.
Moreover, this high citrate concentration inhibits the venom
proteases activity up to 80% (for Bothrops picadoi, at 27 mM
citrate concentration) and may serve as an anticoagulant in the
prey (Odell et al., 1998). Furthermore, Pyroglutamyl-tripeptide
inhibitors have also been described in viperid venoms as able to
inhibit the metallopeptidase activities (Huang et al., 1998).

All metallopeptidases in viperid venoms characterized to date
are of the reprolysin family, of the metzincins clan. Fox and
Serrano (2005) have recently reviewed the subject and present
interesting outlines on the structural classification of these
enzymes. Briefly, the SVMP all present the extended Zn coor-
dination site HEXXHXXGXXH and the structure of the active
site is highly conserved among them. Structurally, they are
closely related to the ADAMSs (a disintegrin and metallopepti-
dase), mammalian proteins involved in cell activation and com-
munication and to MMPs. They are found in different processing
states of similar zymogen multidomain precursors: P-I SVMPs
contain only the catalytic domain, while in P-III SVMPs,
disintegrin-like/cysteine-rich domains are added to the catalytic
domain. The catalytic domain shares great functional and struc-
tural similarity with the metallopeptidase domain of MMPs
(Blundell, 1994), conserving all the zinc-binding residues and
structural constraints involved in catalysis.

Understanding the mechanisms in which SVMPs are involved,
and more specifically how they are controlled and inhibited inside
the venom gland, might provide tools for the development of
drugs designed to control diseases in which metallopeptidases
structurally similar to SVMPs play a part. In this work, we have
assessed the B. jararaca venom’s metallopeptidase activity over a
synthetic peptidic substrate and identified an intrinsic tripeptide
inhibitor (KEKW, being <E pyroglutamic acid) of this activity,
which has also been found in Trimeresurus mucrosquamatus)
(Huang et al., 1998). Furthermore, we have compared the whole
venom metallopeptidase activity to isolated Bothropasin, a typical
P-Ill SVMP from B. jararaca (Mandelbaum et al., 1982;
Assakura et al., 2003) and were able to determine a direct
correlation between these enzymatic activities.

2. Materials and methods
2.1. Reagents

Sephadex G-25 (Pharmacia, Upsalla, Sweden), a-cyano-4-
hydroxycinnamic acid, peptide molecular mass standards and
the chemicals and salts employed were obtained from Sigma Co
(St Louis, MO, USA). Bothropasin was a kind gift of Dr Ana
Moura-da-Silva (Instituto Butantan, Sao Paulo, Brasil).

2.2. Venom samples

B. jararaca venom was supplied by the venom section of
Instituto Butantan in lyophilized form. This venom pool is

constituted of venom extracted from circa 1000 specimens
(male and female, adult and young) captured/originated from all
the animal’s habitats. Briefly, venom extracted from several
snakes was centrifuged at 1509 g for 30 min at 4 °C. The
supernatant was frozen at —20 °C and lyophilized. The material
was stored at —20 °C. Alternatively, the fresh venom, extracted
from three adult specimens (two females and one male), was
separated in 100 pL aliquots and frozen at —20 °C until use.

2.3. Purification procedures

2.3.1. Size exclusion chromatography

A 700 mg lyophilized crude venom aliquot was resuspended
in 1.5 mL 50 mM ammonium acetate buffer, pH 4.0, and loaded
onto a Sephadex G-25 column (101x1.2 cm, 120 mL). The
material was eluted using the same buffer at a constant flow rate
of 1.2 mL min~" and monitored by its absorbance at 214 nm
and 280 nm. One mL fractions were collected and pooled
according to Fig. 1.

2.3.2. Reversed-phase chromatography

Reversed-phase binary HPLC system (10AVp, Shimadzu
Co., Japan) was used for sample separation. The lyophilized size
exclusion-fractionated sample was loaded into a Shimadzu C18
column (Shin Pack 5 p, 4.6 X250 mm) in a two-solvent system:
(A) trifluoroacetic acid (TFA)/H,O (1:1000) and (B) TFA/
Acetonitrile (ACN)/H,0 (1:900:100). The column was eluted at
a flow rate of 1 mL min~ ' with a 10 to 80% gradient of solvent B
over 60 min. The HPLC column eluates were monitored by their
absorbance at 214 nm (SPD-10AV) and/or by their fluorescence
emission at 420 nm after excitation at 320 nm (RF-10Ax) for
the FRET peptides. For peptides purification, further chromato-
graphic steps were necessary, using the same column with op-
timized gradients.

2.4. Mass spectrometry

Molecular mass analyses of the fractions and purified pep-
tides were performed on a Q-TOF Ultima API (Micromass,
Manchester, UK), under positive ionization mode and/or by
MALDI/TOF mass spectrometry on an Ettan MALDI-TOF/Pro
system (Amersham Biosciences, Sweden), using «-cyano-4-
hydroxycinnamic acid as matrix.

2.4.1. de novo peptide sequencing

Mass spectrometric ‘de novo’ peptide sequencing was carried
out in positive ionization mode on a Q-TOF Ultima API fitted
with an electrospray ion source (Micromass, Manchester, UK).
The samples were dissolved into a mobile phase of 50:50
aqueous formic acid 0.1%/ acetonitrile and directly injected
(10 pL) using a Rheodyne 7010 sample loop coupled to a LC-
10A VP Shimadzu pump at 20 pL/min, constant flow rate. The
instrument control and data acquisition were conducted by
MassLynx 4.0 data system (Micromass, Manchester, UK) and
experiments were performed by scanning from a mass-to-charge
ratio (m/z) of 50 to 1800 using a scan time of 2 s applied during
the whole infusion. The mass spectra corresponding to each
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Fig. 1. Size exclusion chromatography of the whole Bothrops jararaca venom.
Separation was performed on a Sephadex G-25 column, eluted with 50 mM
ammonium acetate, pH 4 at 1.2 mL min™ ! flow rate. The 1 mL fractions were pooled
every 7 mL. The profile was monitored at 214 nm (O) and 280 nm (@). Dashed line:
Inhibition of the venom metallopeptidase activity. (right axis) Percentage of the
residual hydrolytic activity over Abz-GGFLTSE-Q-EDDnp (10 pM) observed after
the addition of 10 pL of the pooled fraction on the hydrolysis of the FRET substrate
by 10 ugmL™ ' crude B. jararaca venom in 50 mM Tris—HCI, pH 7.4 at 37 °C. The
white arrow indicates the selected pool (113—119) submitted to further fractionation.

signal from the total ion current (TIC) chromatogram were
averaged, allowing an accurate molecular mass determination.
External calibration of the mass scale was performed with Nal.
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For the MS/MS analysis, collision energy ranged from 18 to
45 eV and the precursor ions were selected under a 1—m/z
window. Amino acid analyses were performed to quantify the
peptides purified throughout this work.

2.5. Synthetic peptide

The FRET substrate Abz-GGFLTSE-Q-EDDnp was synthe-
sized and kindly supplied by Dr Maria Aparecida Juliano from
Departamento de Biofisica, Escola Paulista de Medicina —
UNIFESP. The FRET peptide contains the o-aminobenzoic acid
(Abz) at the N-terminus of the peptide, as the fluorescent donor,
and N-[2,4-dinitrophenyl]-ethylenediamine (EDDnp, the
quencher) attached to a C-terminal glutamine, a necessary
result of the solid-phase peptide synthesis strategy employed.

2.6. Enzymatic profiling

2.6.1. Enzymatic assays

Hydrolysis of the FRET substrate in 50 mM Tris—HCI,
pH 7.4 at 37 °C was monitored by measuring the fluorescence at
Aem=420 nm and A.,,=320 nm in a Hitachi F-2000 spectro-
fluorometer. The 1 cm path-length cuvette containing 1 mL of the
substrate solution was placed in a thermostatically controlled cell
compartment for S min before the enzyme solution was added and
the increase in fluorescence with time was continuously recorded
for up to 10 min. The slope was converted into moles of
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Fig. 2. (A) RP-HPLC profile of the size exclusion pool 113—119 monitored at =214 nm. (B) Inhibition of the venom metallopeptidase activity. Percentage of the residual
hydrolytic activity over Abz-GGFLTSE-Q-EDDnp (10 uM) observed after the addition of 10 puL of the pooled fraction on the hydrolysis of the FRET substrate by 10 pug mL~ !
crude B. jararaca venom in 50 mM Tris—HCI, pH 7.4 at 37 °C. *The white arrow indicates the selected peak 1 submitted to further fractionation. (C) RP-HPLC re-
chromatographic separation of peak 1, under the same conditions. The white arrow indicates the selected peak submitted to further fractionation and MS and/or MS/MS

characterization (Fig. 7).
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hydrolyzed substrate per minute based on the fluorescence curves
of standard peptide solutions before and after total enzymatic
hydrolysis. The concentration of the peptide solutions was
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determined by colorimetric determination of the 2,4-dinitrophenyl
group (€365 nm=17,300 M ' em ). The enzyme (or venom)
concentration for initial rate determination was chosen at a level
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Fig. 3. Representative mass spectrometry data. Positive ESI-Q-TOF profiles of: (A) pooled fractions 113—119 (Fig. 1); (B) RP-HPLC peak 1, pre-purified fraction
113-119 (Fig. 2A); (C) RP-HPLC peak 2 of purified <EKW (Fig. 2C) and (D) MS/MS profile of <EKW, used for de novo sequencing of the peptide, showing some
representative daughter ions. White arrows (panels A and B) point out to the m/z corresponding to <EKW.
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Fig. 4. Enzymatic activation through dilution. Representative pH profiles of incubated Abz-GGFLTSE-Q-EDDnp, in 50 mM Tris—HCI, containing | mM CaCl,,
pH 7.4 at 37 °C, with crude B. jararaca venom and the serially diluted aliquots (10, 100 and 1000 times) monitored by fluorescence at the indicated wavelengths. The

white arrow indicates the peak of activity at 100-fold venom dilution.

intended to hydrolyze less than 5% of the substrate present, when
[S]> Kwm.

2.6.2. pH profile and salt effect

Pseudo first-order conditions were employed for the initial
velocities determinations for both the pH profiling and the salt
effect assessment. The data were then fitted into non-linear
least-square equations for the estimation of the rate. For pH
profiling the following buffered solutions were employed, with
0.25 pH unit pace and duplicate assays on overlapping pH
buffers: 50 mM sodium acetate (pH 3.0-5.5), 50 mM sodium
phosphate (pH 5.5-8.0), 50 mM Tris—HCl (pH 8.0-9.0),
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Fig. 5. Relative velocity pH dependence of 10 pg mL™' crude venom (O) and
0.1 mg mL™' Bothropasin (@) proteolytic activity over Abz-GGFLTSE-Q-
EDDnp (10 pM). Calculated pK, values: 6.35+0.10 and 7.28+0.10 (venom)
and 6.35+0.12 and 7.37+0.11 (Bothropasin). Proportional rate of hydrolysis is
shown as a function of the highest rate, for each activity.

50 mM glycine (pH 9.0-9.5). For salt effect and calcium
modulation assays, 50 mM Tris—HCIL, pH 7.4 was the buffer of
choice containing the different salt concentrations assayed.

2.6.3. RP-HPLC enzymatic dilution assay

Hydrolysis of the FRET substrate by either the crude venom
or by venom aliquots diluted into 50 mM Tris—HCI, pH 7.4 at
37 °C was monitored by RP-HPLC as described above. Five uL
buffered substrate solution (5 uM final concentration) was
added to a 20 pL fresh venom sample (crude or serially diluted)
and incubated for 10 min at 37 °C. The reaction was stopped by
the addition of 75 pL 1% TFA followed by freezing. The
fluorescent column eluates were collected and subjected to mass
spectrometry in order to confirm the cleavage site.

2.7. Statistical analyses

When data fitting was performed, results are presented as the
calculated value+SD. Otherwise; data correspond to the mean
of three individual experiments.

3. Results
3.1. Chromatographic separation

3.1.1. Size exclusion chromatography

Fig. 1 presents the Sephadex G-25 chromatographic profile
of 700 mg pooled B. jararaca venom, together with the
inhibition profiling of the pooled fractions. The separation was
monitored at 214 and 280 nm and the eluates were fractionated
into 1 mL samples, as described in the Materials and methods
section. Then, the fractions were pooled every 7 mL to in order
to enrich its contents and these pools were assayed for venom
metallopeptidase activity inhibition. Among the active pools
(represented by their proportional inhibition rate in dashed bars
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in Fig. 1), only pool 113-119 was elected for further bio-
chemical characterization.

3.1.2. Reversed-phase HPLC

Fraction 113-119 originated from the size exclusion
chromatography was further fractionated by RP-HPLC, as
presented in Fig. 2A. The peaks were monitored and separated
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Fig. 6. Salt effects on 10 pgmL ™' crude venom metallopeptidase (O) and 0.1 mg
mL ™! Bothropasin (@) activities over Abz-GGFLTSE-Q-EDDnp (10 uM), in
50 mM Tris—HCI, pH 7.4 at 37 °C. (A) NaCl effect, (B) CaCl, effect and (C) other
divalent ions (Mg®" and Ba*") in comparison to Ca®’. Proportional rate of
hydrolysis is shown as a function of the highest rate for each activity.
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Fig. 7. Inhibition of the venom metallopeptidase activity. Monolog dose-
dependency inhibition plot of the whole venom metallopeptidase (10 pg mL™")
activity over Abz-GGFLTSE-Q-EDDnp (10 pM), in 50 mM Tris—HC, pH 7.4,
at 37 °C due to the addition of different doses of purified <EKW. Calculated IC5
is presented, corresponding to ~80 uM.

by their absorbance at 214 nm, and were tested for venom
metallopeptidase activity inhibition (Fig. 2B). Peak 1 (white
arrow) was submitted to mass spectrometric analysis (Fig. 3B)
and a subsequent RP-HPLC re-chromatography, for character-
ization and identification of the peptide molecule responsible
for the enzymatic inhibition (Figs. 2C, 3C and D).

3.2. Enzymatic profiling of the venom

3.2.1. Activity pH dependence

The metallopeptidase activity of the venom of B. jararaca was
assessed through the use of a specific FRET substrate, Abz-
GGFLTSE-Q-EDDnp, originally designed as a target to SVMPs.
The selectivity of the substrate for the venom metallopeptidases
was confirmed by the use of 1| mM EDTA, which completely
abolished the synthetic substrate hydrolysis, whilst | mM PMSF
had no effect over the hydrolysis (data not shown). The peptide
was cleaved by both the venom and bothropasin at the F~L bond
as verified by HPLC (Fig. 4) and mass spectrometry analyses (not
shown). The pH profiles presented in Fig. 5 show one peak of
activity at pH 7.2 and are virtually identical for the isolated
bothropasin and for the crude venom. There is no enzymatic
activity below pH 4.5 and very little above pH 9. At pH 5.0, the
native condition of the venom (Bonfim et al., 20006), activity
remains less than 10% of the maximum. The calculated pK,
values for the crude venom metallopeptidase activity and for
purified Bothropasin are virtually identical: 6.35+0.10 and 7.28 +
0.10 (venom) and 6.35+0.12 and 7.37+0.11 (Bothropasin).

3.2.2. Enzymatic activation through dilution

We also compared the venom metallopeptidase activity in its
native concentrated form to the activity of the diluted venom. A
series of diluted venom samples (1, 10, 16, 50, 75, 100, 1000 and
10,000-fold in 50 mM Tris—HCI, pH 7.4, containing 1 mM
CaCl,) were incubated with the substrate solution and hydrolysis
was monitored by fluorescence monitoring by RP-HPLC. When
the crude fresh venom was incubated with the FRET substrate,
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little hydrolysis was detected by HPLC analysis. Fig. 4 presents
representative superimposed fluorescence detection profiles of
the RP-HPLC separated FRET substrate incubations with the
crude venom and three representative serial dilutions. Under these
conditions, a peak of activity, indicated by the highest substrate
peak consumption, was found at a 100-fold dilution. Above this
ratio, enzymatic activity started to decrease. Moreover, the
fluorescent monitoring of the assays clearly indicates a single
cleavage at the expected site.

3.2.3. Enzymatic modulation

3.2.3.1. Salt effect. We then analyzed the effect of salt con-
centration on the venom metallopeptidase and Bothropasin
activities. The enzymatic activity of both the crude venom and
Bothropasin were assessed in the presence of increasing
concentrations of NaCl. Both the venom metallopeptidase and
Bothropasin activities burst between 2 mM to 200 mM and then
steadily rise up to 2 M NaCl (Fig. 6A).

3.2.3.2. Calcium modulation.  The enzymatic activity of both the
crude venom and Bothropasin were assessed in the presence of
increasing concentrations of CaCl,. For this assay, one can observe
an exponential enzymatic activation in function of the addition of
the salt. Again, this phenomenon was virtually identical for both
the venom and Bothropasin activities (Fig. 6B). Furthermore, other
divalent cations were assessed (Ba*" and Mg®") and still Ca®"
demonstrated to be more effective on the specific enzymatic ac-
tivation (Fig. 6C).

3.3. Peptidic inhibitor identification and characterization

Once a parallel between the Bothropasin activity and the
crude venom metallopeptidase activity could be clearly estab-
lished, including the pH dependency and salt effect, the iden-
tification of the main endogenous peptidic peptidase inhibitor in
the venom could be performed.

All pooled fractions were tested for inhibition of the crude
venom metallopeptidase activity (dashed bars, Fig. 1). Only the 4
final pools were able to differently inhibit the FRET substrate
hydrolysis by the crude venom. Moreover, pool 113—119 was the
most active fraction and was submitted to further chromatographic
separations and biochemical characterizations (Figs. 2 and 3). The
purified active peptide was de novo sequenced by ESI-Q-TOF-
MS/MS mass spectrometry and has had its molar concentration
determined by quantitative amino acid analysis and was demon-
strated to be the tripeptide <EKW (being <E, pyroglutamic acid).

The purified peptide has had its inhibitory activity assessed
over the venom metallopeptidase activity and has been shown to
be able to inhibit it in a dose-dependant manner (Fig. 7). The
1Csq value could be estimated from the monolog plot as being
35.6 ugmL ™' (~80 uM). Moreover, | mM CaCl, increases the
ICso of purified <EKW twice for the crude venom and five
times for purified bothropasin (data not shown), when these
metallopeptidase activities are assayed over the hydrolysis of
the FRET substrate by 10 ug mL ™' crude B. jararaca venom or

0.1 mg mL™ ' bothropasin in 50 mM Tris—HCI, pH 7.4 at 37 °C.

4. Discussion

One of the remarkable properties of the animal venoms is to
kill or immobilize the prey in only few seconds. On the other
hand, toxins, and particularly proteolytic enzymes, have to
switch from an ‘inactive’ state inside the venom gland to a
highly active form in the prey, in the same few seconds in order
to perform their toxinic role. Therefore, fine-tuned mechanisms
must exist in order to provide such regulations.

Bothrops venoms are, and have been for decades, largely
studied both clinically and biochemically (Fox et al., 2006).
Composition variations between species and even between
genders within a given species are described (Furtado et al.,
2006; Menezes et al., 2006) and novelties can still be found in
this venom (Ianzer et al., 2004; Ponce-Soto et al., 2007; Bonfim
etal., 2006). Interestingly, all these pieces of information do not
sum up to form a clear and unequivocal picture in which the
venom, its components, and the venom gland all fall into a
straight toxic (or toxinic) pathway. For example, one can inquire
from where all the 22 known BPPs (Ianzer et al., 2004; Pimenta
et al., 2007) come, since only one proteic precursor (Murayama
et al., 1997) has been found so far (at the nucleic acid level, not
even as a protein) that contains only seven BPP sequences.

In this work, we demonstrated that there is a self proteolytic-
regulation of the B. jararaca venom. Moreover, this regulation
is based on a weak peptidic inhibitor (ICs5y~80 pM), whose
potency of inhibition is strengthened by two physicochemical
factors: namely, the acidic pH of the crude venom and the
unavailability of ionic activators (due to chelation by citrate).
Furthermore, we compared the whole crude venom metallo-
peptidase activity to the activity of the purified Bothropasin to
ensure our findings.

Several authors have wandered around this subject and have
been able to identify the few pieces of information that compose
the whole inhibitory mechanism. However, as far as these
authors’ knowledge extend, none of them were able to perceive
that it is not one separated feature, or even a paired association of
features, as commented in (Fox et al., 2002), that is sufficient to
cause a significant catalytic inhibition of the whole metallopep-
tidase activity of the Bothrops crude venom metallopeptidase
activity (not its isolated enzymes, or a venom solution, as pre-
viously assessed by others).

We found that pH of the crude venom is the very first self-
defense mechanism in the venom gland. Snake venom metal-
lopeptidases are known to be most active between neutral and
slightly alkaline conditions (Gomis-Ruth et al., 1994). Our
results show that the metallopeptidase activity of the whole B.
Jjararaca venom and Bothropasin is higher at pH 7.2, while it is
still fairly low at pH 5.0 (Fig. 5), which is the native condition of
the venom (Cidade et al., 2006). From this we can say that pH
alone is one important inhibitory factor of the venom metal-
lopeptidase activity inside the snake’s venom gland. This is in
accordance to the well established fact that the protonation of
aspartate and glutamate carboxylates in the calcium binding sites
impair hydrolysis.

Second, ionic composition (or availability) plays an impor-
tant role in restraining the metallopeptidase activity. Several
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authors have suggested that citrate is responsible for the
inactivity of SVMPs against the venom own constituents inside
the venom gland. Citrate is a divalent cation chelator and is
present in Bothrops snakes at concentrations between 58 and
125 mM (Odell et al., 1998), which should be enough to remove
all free calcium and zinc present in the venom. Calcium has been
shown to reside on the surface of the SVMPs, opposite to the
catalytic site (Gossas and Danielson, 2006), but the crystal-
lographic studies of SVMP do not show how the calcium ion
detected in these structures could be related to catalysis. Our
experiments clearly indicate two very distinct roles for the
assayed cations: Na' followed a clear kosmotropic salt
activation profile (Fig. 6A), clearly belonging to the Hofmeister
series (Baldwin, 1996), in which enzymatic activation is due to a
salting-in effect that causes protein stabilization rather than
specific activation (Gomis-Ruth et al., 1994). Ca®*, on the other
hand, presented an exponential activation profile (Fig. 6B),
which was specific to this divalent cation (Fig. 6C). This kind of
curve suggests the saturation of one or more calcium binding
sites on the enzymes, in agreement with structural data from
several P-I SVMPs in which a calcium ion is located on the
surface of the enzyme opposite to the catalytic site (Gomis-Ruth
etal., 1994; Zhang et al., 1994; Zhu et al., 1999). Bothropasin is
a P-IIl SVMP and it is possible that other calcium binding sites
exist in the disintegrin and cysteine-rich domains. Recently,
Takeda et al. (2006) have published the resolved tridimensional
structure of vascular apoptosis-inducing protein-1 (VAPI1), a
disulfide-bridged homodimer P-III SVMP isolated from Crota-
lus atrox venom and revealed the details of the stabilizing
calcium ions bound to the molecule.

The third is the presence of a peptidic peptidase inhibitor.
Other authors consider the venom pyroglutamyl tripeptides as at
least partly responsible for the inhibition of SVMPs in the gland
(Robeva et al., 1991; Gomis-Ruth et al., 1998). While it is true
that they can inhibit these enzymes, at least partially, they
certainly are not the only inhibiting factor involved, as the two
factors presented above are definitely important. Peptide inhi-
bitors of metallopeptidases basically act by competing with the
substrates, binding to the zinc ion in the catalytic site, preventing
hydrolysis. This mechanism should be very dependant on the
enzyme conformation, since <EKW significantly looses its
ability to inhibit the crude venom metallopeptidase activity or
bothropasin in the presence of 1 mM CacCls,.

Moreover, not a single bradykinin potentiating peptide
(BPP), which comprises an undoubtfully efficient metallopep-
tidase inhibitor class for enzymes other than those isolated from
the venom, has been identified so far as an astonishing SMVP
inhibitor. Even with our own work, which has inflated the Bo-
throps BPP pool in ~60% over the past years (lanzer et al.,
2004; Pimenta et al., 2007), no specific SVMP BPP has been
found. Based on these previous publications of ours and
accumulated knowledge on the B. jararaca venom, we can
assure that fraction 113—119 contains several BPPs (Fig. 2A, m/
z=612.3; 654.3; 1101.6; 1196.6 and 1299.7 just to mention a
few) that were not selected throughout the biological driven
assay employed in this work as the physiological SVMP
inhibitor.

On the other hand, that is highly desirable in an enzymatic
sense. If the snake inhibited its own enzymes with a very efficient
(low k_, value) and/or tight-binding inhibitor (very low k; and
low k_; values), than the inhibitor release from the enzyme active
site would be much more difficult and slow, and rely on larger
dilution volumes and/or longer times, which would be incompa-
tible with their typical prey size and/or available time-frame for
capturing the prey or fleeing. In other words, the venom would not
work.

Whether calcium interacts directly with the inhibitor,
preventing its interaction with the enzyme is purely speculative,
but from our results, we would suggest that citrate plays a double
role in the inhibition: first, by preventing the activation of the
SVMPs by calcium (due to chelation, which can be speculated
even to involve the catalytic Zn as well as a function of the high
citrate concentration present) and, second, by potentiating the
inhibition of SVMPs by the pyroglutamyl tripeptide. Given the
highly aggressive nature of the SVMPs, a redundant mechanism
of inhibition is not surprising in order to protect the gland tissues
and venom components from their action. The mechanism of
prevention of the inhibition by the peptide inhibitors in the
presence of calcium remains to be determined.

Taken together, all these three rather simple and weak (on
their own) inhibitory mechanisms sum up to a very solid and
redundant self-proteolysis regulation system. The experiment
showing an increase in the metallopeptidase activity, over a
FRET substrate, when the venom is diluted up to 100-fold,
decreasing only thereafter, was planned to resemble the en-
venomation process (Fig. 4). Upon inoculation, the crude venom
faces instant dilution into the prey’s blood stream. Citrate
concentration drops immediately so that no Ca*" (or Zn®")
chelation can occur anymore. Moreover, <EKW weak peptidic
inhibitors (ICs, ~ 80 pM, totally in accordance to (Huang et al.,
1998), who have estimated this value as being ~250 uM for 7.
mucrosquamatus) also unbinds from the enzyme active site,
once there is no more highly concentrated microenvironment
that would guarantee peptidase inhibition at such a poor K;
value. There was little hydrolysis observed at the ‘crude’ venom
aliquot, though. We hypothesize that this hydrolysis is ought to
be due to some minute dilution of the crude venom in to the
substrate solution or some unspecific serinopeptidase; but, there
was a clear pattern of enzymatic activation through dilution up to
100-fold, and subsequent decrease.

Venom stability has been assessed by authors studying not
only B. jararaca venom, but toxins from the most diverse species.
Sousa’s work on the proteic stability of B. jararaca venom deals
with specific effects such as coagulant activity, hemagglutinating
activity and azocaseinolytic activity and the alteration pattern of
the SDS-PAGE of the crude venom over time and under different
dilution conditions. Authors state that “in the conditions used in
(their) study, venom solutions (0.5 mg/mL) are at least 125-fold
less concentrated than fresh venom and obviously citrate and
other possible endogenous protease inhibitors are less concen-
trated than in vivo. Other mechanisms that regulate metal-inde-
pendent serine proteases from venom may also exist to prevent
their action on other constituents during venom formation”. In this
sense, the present work adds a few pieces of information in order
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to clarify the mechanisms of venom and tissue preservation within
the gland.

Marino et al. (2007) have studied toxicity and stability
properties of crude venom from isolated nematocysts of Pelagia
noctiluca (Cnidaria, Scyphozoa) and, by monitoring its
hemolytic activity, have demonstrated that the toxins present
in the venom retain their toxicity under the harshest conditions,
such as wide pH variation, high temperatures and protease
incubation, even though authors point out the possible proteic
and peptidic nature of the toxins. However, Marino’s work does
not address the mechanisms of inhibition of the crude venom and
protection of the gland tissues (or nematocyst’s structure) in the
way we analyze the bothropic venom and its inhibition within
the venom gland. Winter et al. (2007) have explored the crude
venom of an Australian jellyfish (Chironex fleckeri) in a very
similar way to Marino’s, e.g., pH and temperature variations and
stability upon lyophilization, but also not in regard to the
nematocyst and its integrity.

Monroy-Estrada et al. (2007), Samy et al. (2007), Porto et al.
(2007) and Sivan et al. (2007) have dealt with crude venoms
from different sources and their biological activities on several
systems. However, these authors do not asses the storage
conditions and possible activation mechanisms of these venoms.
Those works focus on the biological and toxic effects of the
venoms and their constituents, regardless of their origin.

Xu et al. (2007) study metal ions- and pH-induced conforma-
tional changes of acutolysin A from Agkistrodon acutus. Authors
report the protective effect of Ca** and Zn " over the pH-induced
denaturation of this metallopeptidase and the effects on the
proteolytic activity. Parallels can be made with the current
study and the protective effect of citrate on the integrity of the
B. jararaca venom gland.

Perhaps the most direct comparison of our study should be
made with the work of Munekyio and Mackessy (2005) which
have investigated the distribution of <EQW and <ENW in
venoms from nine species of rattlesnakes and evaluated the role
of these peptides in inhibiting and stabilizing isolated major
venom metalloproteases (Cvo Pr V and cromipyrrhin) from
Crotalus oreganus oreganus and C. mitchelli pyrrhus venoms.
Although authors initially focus on the long-term storage of
proteins aiming to preserve their biological activity for potential
protein-drugs design, they recur to the fact that a model for the
long-standing stabilization of proteins already exists in natural
systems, particularly among viperid snakes. These animals’
venoms are rich in lytic enzymes that are secreted into the lumen
of the gland and can be stored in an inactive, yet competent,
state for many months. For these authors, one mechanism ca-
pable of inhibiting autolysis is the production of (relatively) low
affinity peptide enzyme inhibitors. Moreover, authors even raise
the same point we present here, that is that together with other
mechanisms which inhibit venom enzymes (low pH, high
citrate levels, cysteine switch activation), the peptide inhibitors
stabilize and inhibit autolytic proteins, thereby protecting
venom integrity during long-term storage and protecting the
snake against potential damage by its own venom components.

In summary, by evolving in this sense, e.g., choosing the
combination of three relatively weak and independent inhibitory

pathways, the B. jararaca venom (and its constituents) has come
to a perfect balance between self-molecular and tissular integrity
safeguarding and rapid and efficient physiopathological effect
upon prey biting.
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