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This work describes for the first time the characterization of the enzymatic features of gyroxin, a serine
protease from Crotalus durissus terrificus venom, capable to induce barrel rotation syndrome in rodents.
Measuring the hydrolysis of the substrate ZFR-MCA, the optimal pH for proteolytic cleavage of gyroxin
was found to be at pH 8.4. Increases in the hydrolytic activity were observed at temperatures from 25 �C
to 45 �C, and increases of NaCl concentration up to 1 M led to activity decreases. The preference of
gyroxin for Arg residues at the substrate P1 position was also demonstrated. Taken together, this work
describes the characterization of substrate specificity of gyroxin, as well as the effects of salt and pH on
its enzymatic activity.

� 2012 Elsevier Masson SAS. Open access under the Elsevier OA license.
Gyroxin is a serine protease from the venom of Crotalus durissus
terrificus, and corresponds to about 2% of the protein content of the
crude venom [1]. The intravenous injection of gyroxin in mice
produces temporary episodes characterized by opisthotonos and
rotations around the long axis of the animal through a still unknown
mechanism [2]. Besides these several known biological effects, very
little is known about the enzymatic characteristics of gyroxin and its
substrate specificity. In this work we performed kinetic studies of
gyroxin to characterize the effects of pH, temperature, salt and
peptide substrate specificities. The crude venomofC. d. terrificuswas
kindly provided by Dr. E.B. Oliveira (Dept. Biochemistry and
Immunology, USP, Ribeirão Preto, Brazil), and gyroxin was purified
by fractionation as described previously [3]. The primary sequence
of pure gyroxin was confirmed by MS fingerprint analysis in a ESI-
TRAP spectrometer after trypsin digestion (data not shown).
Fig.1(AeC) shows the effects of pH, salt and temperature on gyroxin
activity using the synthetic substrate ZFR-MCA. For binding and
catalysis of substrates titrated groups E1 and E2, the pKe1 and pKe2
shi).

nder the Elsevier OA license.
values of 7.3 � 0.1 and 9.5 � 0.1, respectively, were found. The
optimal pH for proteolytic cleavagewasat pH8.4 (Fig.1A). This result
is in linewith what was described for acuthrombin-A and -C serine-
like proteases from the snake Agkistrodon acutus, in which the
optimumpoint for the arginineeesterase activitywasdetermined to
be at pH 7.5, using BAEE (benzoyl-arginine ethyl ester) and TAME
(tosyl arginine methyl ester) as substrates [4]. Gyroxin hydrolytic
activity diminishedwith increasing concentration of NaCl up to 1M,
when 50% of residual activitywas achieved (Fig.1B).We believe that
this effect was due to the charge shielding that interferes with the
interaction of enzyme and substrate, mostly determined by a strong
ionic interaction involving the Arg residue at the P1 position of
substrate, as also described for other enzymes [5]. The activity of
leucurobin (a thrombin-like enzyme from Bothrops leucurus venom)
was also decreased in the presence of Naþ and Kþ ions, when the
substrate D-Phe-Pro-Arg-pNA was used. At ion concentration of
0.08M, the residual activity was around 62% for Kþ and 50% for Naþ.
At a concentration of 0.15 M, the activity was reduced to about 51%
for Kþ and 39% for Naþ ion [6]. Gyroxin hydrolytic activity increased
with temperature from 25 to 45 �C (Fig. 1C). The intrinsic fluores-
cence spectra of gyroxin at pH 3e10 are shown in Fig. 1D. The
maximum intensity of fluorescence at lmax ¼ 335 nm in pH 3
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Fig. 1. Influence of pH, salt and temperature on gyroxin enzyme activity, and the pH effect on gyroxin structure. The influence of pH (A), salt (B) and temperature (C) on gyroxin
[30 mM] hydrolytic activity was measured using ZFR-MCA [3 mM] substrate. (A, B, C) The Z position is carbobenzoxy, and MCA ([7-amino-4-methyl]coumarin) is the fluorescence
donor. The hydrolysis of peptidyl-MCA was monitored at lex ¼ 380 nm and lem ¼ 460 nm. Enzymatic assays were performed using the standard assay conditions described for
serinoproteases [7]. The pH dependency profile for intrinsic fluorescence change (D) and CD spectra (E) of gyroxin is shown. (D) Representative fluorescence spectrum profiles of
gyroxin [0.2 mM] intrinsic maximum fluorescence intensity (lem ¼ 340 nm) at each pH determined using a Hitachi F-2500 spectrofluorimeter (Tokyo, Japan). (E) CD spectra were
recorded on a Jasco J-810 spectropolarimeter with a Peltier system for controlling cell temperature. The absorbance spectra of gyroxin [2 mM] were collected in the far-UV range
(190e260 nm) using a 1 cm path length cell. Both assays were carried out in the standard buffer [15 mM TriseHCl, 5 mM MES, 5 mM acetic acid, 5 mM glycine] at 37 �C, and the pH
was adjusted with 0.1 N NaOH.
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Fig. 2. Characterization of substrate subsite specificity of gyroxin [0.3 mM] by hydro-
lysis of the FRET peptide series Abz-KLXSSKQ-EDDnp [10 mM] in 50 mM TriseHCl pH
8.0 buffer at 37 �C. The X of the peptide series Abz-KLXSSKQ-EDDnp represents
different amino acids in the X position, Abz (ortho-aminobenzoic acid) is the fluo-
rescence donor and EDDnp ([N-(2,4-dinitrophenyl)-ethylenediamine]) is the fluores-
cence acceptor. The hydrolysis of the FRET peptides was quantified by measuring the
fluorescence of Abz at lem ¼ 420 nm, following excitation at lex ¼ 320 nm, in a Hitachi
F-2500 spectrofluorimeter. The peptide with Arg at the P1 position was cleaved with
the highest initial velocity by gyroxin, with a single cleavage at the ReS bond, and this
value of initial velocity was considered 100% (relative rate). The relative rates for the
hydrolysis of the peptide series Abz-KLXSSKQ-EDDnp containing substitutions with
other amino acids at X position were then calculated (in percentage) based on the
values of initial velocity observed for each substitution.
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increased up to lmax ¼ 340 nm at pH 9, indicating that the trypto-
phan residues are probably located in a highly stable hydrophobic
ambience in acid pH and more hydrophilic ambience in basic pH.
Circular dichroism (CD) spectra at different pH ranging from 6 to 9
confirmed this profile (Fig. 1E). Although these results did not show
a significant change in the overall structure, it probably indicates
that the observed pKa at the activity pH curve are real microscopic
constants, due to titration of specific residues involved in the cata-
lytic activity of the enzyme. Thehydrolyis of peptidyl-MCA in50mM
TriseHCl pH 8.0 buffer at 37 �Cweremonitored at lex¼ 380 nm and
lem ¼ 460 nm. Gyroxin kinetic parameters determined using ZFR-
MCA substrate were calculated by MichaeliseMenten equation
usingGrafit 5.0 software (Erithacus SoftwareHorley, Surrey, UK) and
the values were determined as kcat ¼ 0.083 s�1, Km ¼ 53.5 mM and
kcat/Km¼ 1.55mM�1 s�1. Gyroxin is a serine proteasewith the ability
to cleavewith high hydrolysis rate the peptide bond adjacent to Arg
residue at P1 site of the FRETsubstrateAbz-KLXSSKQ-EDDnp,where
X is any amino acid residue. The hydrolysis of the FRET peptideswas
quantified by measuring the fluorescence of Abz at lem ¼ 420 nm,
following excitation at lex ¼ 320 nm, in a Hitachi F-2500 spectro-
fluorimeter. The peptide cleaved with the highest initial velocity by
gyroxin under conditions of maximum activity contained Arg at the
P1position,with a single cleavageat theReSbond, as determinedby
HPLC and characterized by MALDI-TOF and electron-spray mass
spectrometry, and this value of initial velocity was considered 100%
(relative rate). The relative rates for the hydrolysis by giroxin
substrates of the peptide series Abz-KLXSSKQ-EDDnp containing
substitutions with other amino acids at X position were then
calculated (in percentage) based on the values of initial velocity
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observed for each substitution (Fig. 2). Interestingly, the thrombin-
like enzyme leucurobin isolated from the venom of B. leucurus was
also shown to present amidase activity against chromogenic
substrates containing an Arg residue at P1 site [6]. This work is the
first to elucidate the substrate specificity, and the salt and pH
influences on gyroxin enzyme activity. These data will be of utmost
importance for further investigations aiming to elucidate the bio-
logical mechanism of actions underlying the barrel rotation
syndrome triggered by gyroxin.
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