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Abstract:

We report the solution behavior, oligomerization state, and structural details of Myotoxin-II purified
from the venom of Bothrops asper in the presence and absence of sodium dodecyl sulfate (SDS) and
multiple lipids, as examined by analytical ultracentrifugation and nuclear magnetic resonance.
Molecular functional and structural details of the myotoxic mechanism of group II Lys-49
phospholipases have been only partially elucidated so far, and conflicting observations have been
reported in the literature regarding the monomeric vs. oligomeric state of these toxins in solution. We
observed the formation of a stable and discrete, large-molecular oligomeric form of Myotoxin-II,
consistent with a hexamer‘!t only in the presence of small amounts of SDS. In SDS-free medium,
Myotoxin-II was insensitive to mass action and remained monomeric at all concentrations examined
up to a 3 mg/ml). At SDS concentrations above the critical micelle concentration, dimers and trimers
were observed, and at intermediate SDS concentrations, aggregates larger than hexamers were
observed. We found that the amount of SDS required to form a stable hexamer varies with protein
concentration, suggesting the need for a precise stoichiometry of free SDS molecules. The discovery of
a stable hexameric species in the presence of a phospholipid mimetic suggests a possible physiological
role for this oligomeric form, and may shed light on the myotoxic mechanism of this protein class, such
as pore formation or membrane disruption.

1. Introduction:

Myotoxin-II (MT-II) found in the venom of the snake Bothrops asper is a 121 residue toxin belonging
to the group II Lys-49 phospholipase A»-like (PLA,-like) proteins which are present in many viperid
species [1, 2]. In spite of being catalytically inactive, the Lys-49 PLA,-like proteins induce a rapid
skeletal muscle necrosis at the site of injection [3], which in severe envenoming cases may lead to
permanent tissue damage or even amputations. The crystal structures of B. asper MT-I1, alone (1CLP)
or in complex with suramin (1Y4L) have been solved as homodimers, although with a different spatial
arrangement of the monomers [4, 5]. Its myotoxic effect has been shown to depend on a stretch of
amino acids at its C-terminal region, which combines cationic and hydrophobic residues [6]. However,
the molecular details of its mechanism of action are still poorly understood. There have been
conflicting observations about the solution behavior of MT-II. The oligomerization properties of a
different Lys-49 PLA, originating from Protobothrops flavoviridis have previously been investigated in
the presence and absence of 1% sodium dodecyl sulfate (SDS) by native mass spectroscopy, analytical
ultracentrifugation (AUC) and SDS-polyacrylamide gel electrophoresis (SDS-PAGE), as well as under
oxidized and reducing conditions with 2-mercapto ethanol, under denaturing conditions with urea, and
before and after 95°C heat treatment [2]. The results showed that the PfI-Lys-49 PLA; is monomeric in
the absence of SDS, but one or more oligomeric species consistent with dimers and trimers were
observed in all cases where SDS was present, although the relative amount of each oligomeric species
varied, depending on the presence or absence of urea or reductant. The oligomerization behavior in
response to SDS is unexpected since SDS is a detergent that acts as a strong protein denaturant, which
is known to disrupt oligomeric structures of proteins. Typically, SDS-PAGE reports the monomeric
molar mass, which was not observed with Pfl-Lys-49 PLAz.EI
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"...hydrophobic residues [6]. This cluster of amino acids directly affects the sarcolemma permeability, resulting in increased Ca2+ influx and, ultimately, leading to muscle cell necrosis".
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"...behavior of mt-II. The toxin migrates as a sharp 14 kDa band in SDS-PAGE following disulfide bond reduction (consistent with its expected molecular mass), whereas its unreduced form results in a diffuse smear of 22-25 kDa. These data suggest the existence of intermolecular disulfide bonds, which have never been observed in the crystal structures (on the contrary, the amino acid sequence includes 14 cysteines which are all engaged in seven intra-chain disulfide bonds, following a typical pattern of group IIA PLA2s). Taken together, electrophoretic and crystallographic evidences have supported the notion that Lys49 myotoxins exist in a non-covalent homodimeric state in solution. Furthermore, the dimeric state has been considered a relevant factor in current models to explain their mechanism of myotoxicity. It has been proposed that the entrance of a fatty acid molecule into the (in)active catalytic site of these toxins induces an allosteric change leading to the alignment of molecular sites responsible for docking onto the sarcolemma (MDoS: membrane docking site) and for disruption of bilayer integrity (MDiS; membrane disrupting site". 
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To shed further light on the structural role of SDS as an inducer of oligomerization of MT-II, we
examined the solution behavior of this protein by AUC and nuclear magnetic resonance (NMR) in the
presence and absence of SDS and other lipids, and as a function of the protein and SDS concentration.
We also attempted to determine the stoichiometry for the SDS:protein interaction. Non-covalent,
reversible oligomerization is a common protein behavior, and any response to mass action needs to be
considered whenever oligomerization is observed. Oligomerization as a response to mass action or a
change in solution conditions, such as pH, ionic strength, reduction potential, or presence of
chaotropes, denaturants, and other molecules present in the buffer, can be readily measured by AUC.
AUC reports the sedimentation and diffusion coefficients, as well as the partial concentration of all
molecules in the solution. If the partial specific volume is known, the sedimentation and diffusion
coefficients can be transformed to molar mass and the degree of globularity. NMR further informs
about the structural details that may be affected in the presence of a denaturant such as SDS. We
attempted to define a stoichiometry of SDS binding for the oligomerization of Myotoxin-II in the
presence of SDS, and measured this dependence on protein concentration.

2. Methods:

2.1 Myotoxin preparation:

Myotoxin II (UniProt code P24605) [1] was isolated from crude Bothrops asper venom by cation
exchange chromatography on CM-Sephadex C25, followed by RP-HPLC, as previously described [7,
8]. Homogeneity of the protein was confirmed by mass spectrometry using direct infusion in a Q-
Exactive Plus instrument (Thermo) [9].

2.2 Analytical Ultracentrifugation:

Oligomerization properties of MT-II were studied by sedimentation velocity (SV) as a function of SDS
and protein concentration. Sedimentation experiments were performed on a Beckman Optima AUC
instrument at the Canadian Center for Hydrodynamics at the University of Lethbridge. Samples were
measured at 20°C and 55 krpm by UV intensity detection using an An60Ti rotor and standard 2-
channel epon-filled centerpieces (Beckman-Coulter, Indianapolis). All data were analyzed with
UltraScan 4.0 release 6485 [10, 11]. All samples were measured in a 10 mM sodium phosphate buffer
containing 50 mM NaCl, pH 7.4. Hydrodynamic buffer density (1.0012 g/cm3) and viscosity (1.0065
cp) where estimated with UltraScan [10]. Sedimentation velocity (SV) data were analyzed as reported
earlier [12]. Optimization was performed by 2-dimensional spectrum analysis (2DSA) [13, 14] with
simultaneous removal of time- and radially invariant noise contributions and fitting of boundary
conditions. Where appropriate, 2DSA solutions were subjected to parsimonious regularization by
genetic algorithm analysis [15]. Diffusion-corrected integral sedimentation profiles were generated
with the enhanced van Holde—Weischet analysis [16]. A further refinement using Monte Carlo analysis
[17] was also applied to determine confidence limits for the determined parameters. The calculations
were carried out on high-performance computing platforms at the Texas Advanced Computing Center
and the San Diego Supercomputing Center and on the cluster from the Canadian Center for
Hydrodynamics [18].

2.3 Nuclear Magnetic Resonance:
Paul...

3. Results:
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3.1 Myotoxin-IT Puriﬁcation:! 100-

Deconvolution of the multicharged ion series of intact
MT-II analyzed by high-resolution ESI-MS showed a
monoisotopic mass of 13750.52 Da (see SI 1), in 80

agreement with its amino acid sequence (P24605). | &
Protein homogeneity above 95% was estimated by E
fractional abundance analysis. 3 601
L
3.2 Analytical Ultracentrifugation: g 40.
To examine the oligomeric configuration of MT-1I, we §
initially measured the sedimentation and diffusion | @

profiles  derived from  sedimentation  velocity 20
experiments of MT-II at four different protein
concentrations (0.031 mg/ml, 0.48 mg/ml, 2.0 mg/ml,
and 3.0 mg/ml) in a buffer containing 40 mM sodium 05 1 3 3 p 5 6
phosphate and 120 mM NaCl at pH 7.2. The results Sedimentation Coefficient
showed that MT-II’s oligomerization state did not change | Figure I: Diffusion-corrected van Holde -
over this concentration range, even at the highest | Weischet integral sedimentation coefficient
concentration measured (see Figure 1). Using a global |distributions of multiple concentrations of MT-
genetic  algorithm-Monte Carlo analysis over all 11 (blue: 0.031 mg/mi, green- 0.48 mg/ml, red.
. . . . 2.0 mg/ml, cyan: 3.0 mg/ml) generate
concentrations, we determined the sedimentation (s) and homogencous, identical sedimentation
diffusion coefficient (D) of MT—II in the e‘lbsence‘ of SDS coefficient distributions, demonstrating the
(see Table 1). Together with the sedimentation and |,ponce of mass action, reflecting a pure
diffusion coefficients, and the measured molar mass (M) | monomeric species.
from the mass spectrometry results of MT-II [19], we
derived a partial specific volume ( v ) of 0.725 ml/g by re-arranging the Svedberg equation (see Equ.
1), which compares very well with the sequence-derived partial specific volume of 0.726 ml/g as
calculated by UltraScan.

__1( sRT)
o= 1 -2

p DM
Equ. 1

where p is the density of solvent, R is the universal gas constant, and 7 the temperature in Kelvin. We
also calculated a frictional ratio of 1.15 for monomeric MT-II, which compares the measured frictional
coefficient of the MT-II molecule, f; to the hypothetical minimal frictional coefficient of a sphere (f;)
with the same molar mass and partial specific volume. The frictional coefficient is readily obtained
from the diffusion coefficient (see Equ. 2), and the volume of the sphere (V) can be obtained from the
partial specific volume and the molar mass of MT-II (see Equ. 3), where N is Avogadro’s number.
Using the Stokes-Einstein relationship, a minimal frictional coefficient, f;, can be derived from the
radius, r0, of the minimal sphere, and viscosity # (see Equ. 4 and Equ. 5).

_ RT _ My _ 4 _ - 3My\'"”?
0 4N
Equ. 2 Equ. 3 Equ. 4
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Finally, we used the Zeno simulation routine in UltraScan-SOMO [20, 21] to predict sedimentation and
diffusion coefficients for the monomer unit in the protein structure database pdb entry for B.a-Lys49-
PLA, [22], which are in excellent agreement with the measured values, confirming that MT-II is
monomeric over a large concentration range. The results are summarized in Table 1:

Table 1: Hydrodynamic measurements of Myotoxin-1I derived from a global genetic algorithm — Monte
Carlo analysis in the absence of SDS.

Hydrodynamic Parameter Mean Value (from GA-MC) 95% confidence interval US-SOMO
Sedimentation coefficient (sxw): 1.83e-13 (1.79e-13, 1.88e-13) 1.81e-13
Diffusion coefficient (Daow): 1.18e-06 (1.07e-06, 1.28e-06) 1.12e-06
Frictional Ratio: 1.15e+00 (1.08, 1.22) 1.22

Molar mass (Da, from mass spec): 13759.08 See: [19]

Partial Specific Volume (ml/g):  0.725 (0.726 from sequence)

Next, we investigated the oligomerization state of MT-II in the presence of SDS. SDS is a detergent
with strong protein denaturant properties. However, as reported earlier in [3] for a related snake toxin,
our results also demonstrate that SDS induces oligomerization of MT-II. Interestingly, the
oligomerization behavior is highly sensitive to the protein-SDS ratio; the same protein-SDS ratio
produces different results when the concentrations are changed, suggesting a specific stoichiometry of
association has to be satisfied for each assembly state. Nevertheless, a consistent pattern of self-
association was observed that was independent of total protein concentration. We started at a protein
concentration of ~24 uM, monitored at 280 nm by SV, and titrated SDS from 0.001% to 0.5% (see
Figure 2). The addition of SDS at very small concentrations leads to the formation of a well-defined,
discrete /7.7 s species. The amount of this oligomer
formed appears to be proportional to the (limiting) 100
amount of SDS added to the protein. At approximately
0.008% SDS , all monomeric MT-II has been complexed
by SDS, forming the 5.5 s species. If the SDS
concentration is lowered, an increasing portion of the
MT-II signal remains monomeric. The transition is
highly cooperative, demonstrating a sedimentation
coefficient transition pattern that suggests a strong self-
association with a low Kd. If the SDS concentration is
increased further, the 5.5 s species is disrupted, and
larger aggregates form, reaching up to 8.5 s. The precise
composition in this range is very sensitive to small
changes in SDS concentration. When the concentration
is further increased to 0.1 % SDS, these aggregates are
broken up into smaller species that range between 3-4 s. 12 3 4 S5 6 7 8 9
. . Sedimentation Coefficient

At 0.5% SDS concentration, only MT-II dimers and Fi 2 Diffusi .

. . . igure 2: Diffusion corrected integral
trimers appear with s-values between 2.2-2.8 s, which dimentati ficient distributions fi

. . sedimentaltion coejjicient distriobuitions jrom

matches the observations reported in [3] for PfI-Lys-49 | ¢ps asTi17 ritrations at ~24 uM MT-I1
PLA; in 1% SDS. It should be noted that the critical | concentration (measured at 280 nm) and SDS
micelle concentration (CMC) of SDS is approximately | concentrations variable between 0.001-0.5%.
83 mM SDS (~0.24%) [23]. The transition from | Red: 0.001%, green: 0.002 %, magenta:
monomeric MT-II to the stable 5.5 s species appears to | 0.003%, purple: 0.004%, dark red: 0.008%,
be highly coordinated and dependent on the exact SDS | yellow 0.05%, blue: 0.1%, cyan: 0.5%

80

Boundary Fraction (%)

20
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concentration. Given the 13.68 uM MT-II concentration,
this ratio of protein:SDS appears to be in the range of 20
SDS molecules per protein molecule. To examine if this
protein:SDS ratio can be replicated at different protein
concentrations, we performed additional protein:SDS
titrations at different MT-II concentrations. In the
analytical ultracentrifuge, it is trivial to change the
detection wavelength in order to exploit significant
differences in the protein’s molar extinction coefficient.
This extends the concentration range where a protein can
be monitored. In our approach, we monitored MT-II
sedimentation at 220 nm (using a ~1.1 uM loading
concentration) and 225 nm (using a ~3.2 uM loading
concentration), in each case performing titrations with
SDS that replicated the observed pattern. The observed
results for 220 nm are shown in Figure 4, and the results
for 225 nm are shown in Figure 3. At 220 nm, we
observed s-values below 1.0 s, which were attributed to
SDS micelles, as a 220 nm experiment of a 1.0% SDS
solution showed (see Figure 4). A transition to a 5.5 s
species was apparent at SDS concentrations as low as
0.001%. Over 80% of MT-II sedimented at 0.0016% as a
5.5 s
species.

100

80"

100,

80

60

40

Boundary Fraction (%)

20

0 1 2 3 4 5 6 7 8 9
Sedimentation Coefficient

Figure 4: Diffusion corrected integral
sedimentation coefficient distributions from
SDS-MT-II titrations at ~1.1 uM protein
concentration (measured at 220 nm) and SDS
concentrations variable between 0.0-
0.0016%. Red: 0.0%, green: 0.001 %,
magenta: 0.0015%, purple: 0.0016%, black:
1% SDS control, showing 0.9 S micelle
sedimentation at 220 nm, explaining s-values
below 1.0 S in samples with SDS.
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Figure 3: Diffusion corrected integral
sedimentation coefficient distributions from
SDS-MT-II titrations at ~3.2 uM protein
concentration (measured at 225 nm) and SDS
concentrations variable between 0.0008-
0.5%. Red: 0.0%, green: 0.0008 %, dark red:
0.0013%, yellow 0.05%, blue: 0.1%, cyan:
0.5%

Measurements at 225 nm produced a very similar
picture. A small amount of MT-II was converted to the
5.5 s species at 0.0008 % SDS, while a 80% conversion
to the 5.5 s species was observed at 0.0016% SDS.
Increasing the SDS concentration to 0.05% produced
primarily a 2.9 s species, while 0.1% SDS concentration
resulted in a mixture sedimenting between 2.0 and 2.9 s,
and a 0.5% SDS concentration produced the previously
observed mixture of dimers and trimers. To test if other
lipids or detergents produce similar discrete
oligomerization behavior, we repeated titration
measurements of MT-II in the presence of the following
lipids and detergents: 1-myristoyl-2-hydroxy-sn-glycero-
3-phospho-(1’-rac-glycerol) (LMPG), 1-palmitoyl-2-
hydroxy-sn-glycero-3-phospho-(1°rac-glycerol) (LPPG),
1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine

(LMPC), 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine  (LPPC), 1-(10Z-heptadecenoyl)-sn-
glycerol-3-phospho-(1°-rac-glycerol) (LSPG), CYMAL-
5, n-Undecyl-B-D-Maltoside =~ (U300LA), sodium
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dodecanoyl sarcosine (Sarcosyl), w-undecylenyl-B-D-maltopyranoside (U310), and n-dodecyl-B-D-
maltopyranoside (D310LA). Each lipid was measured at two or three concentrations below the CMC.
Unlike SDS, none of these lipids measured in the presence of MT-II induced any oligomerization.
These results are shown in SI 2-SI 10, where for each lipid or detergent the integral sedimentation
coefficient distributions are overlaid for all concentrations measured.

3.3 Nuclear Magnetic Resonance Spectroscopy:
4. Discussion:
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