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1. Introduction
	Skeletal muscle necrosis is a typical consequence of envenomings by snakes of the Viperidae and Elapidae families which, in severe cases, may lead to drastic sequelae such as tissue loss or amputations (Abubakar et al., 2010; Warrell, 2010). The main group of proteins responsible for the myotoxicity of snake venoms belong to the phospholipase A2 (PLA2) family, classified within structural groups IA in elapids, and IIA in viperids (Montecucco et al., 2008; Šribar and Križaj, 2011; Lomonte and Gutiérrez, 2011). Significant progress on the biochemical and functional characterization of PLA2 myotoxins has been attained, yet the structural bases of their mode of action remain only partially understood (Gutiérrez and Lomonte, 2013; Massimino et al., 2018).
[bookmark: _GoBack]	Within the PLA2 family, a subgroup of PLA2-like proteins known as 'Lys49 myotoxins', are present in many venoms from viperids, induce myonecrosis in spite of lacking PLA2 enzymatic activity (Lomonte and Rangel, 2012; Fernández et al., 2014). The mechanism underlying their myotoxic action has been shown to depend on a cationic/hydrophobic cluster of amino acids near their C-terminal region which directly affects the sarcolemma permeability, resulting in increased Ca2+ influx and, ultimately, leading to muscle cell necrosis (Lomonte et al., 1994; Ward et al., 2002; Cintra-Francischinelli et al., 2010; Lomonte and Rangel, 2012; Salvador et al., 2015).
	The crystal structures of several Lys49 myotoxins have been solved (Table 1), most often presenting two molecules in the asymmetric unit,  whichunit, which may indicate that they exist as homodimers in solution. These proteins migrate as a sharp ~14 kDa band in SDS-PAGE following disulfide bond reduction (consistent with their expected molecular mass), whereas their unreduced forms usually result 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 of Lys49 proteins includes 14 cysteines which are all engaged in seven intra-chain disulfide bonds, following the typical pattern of group IIA PLA2s (Arni and Ward, 1996). Therefore, such peculiar electrophoretic behavior was interpreted as the result of incomplete dissociation of the noncovalent dimer by SDS when intrachain disulfide bonds are preserved (Gutiérrez et al., 1986; Francis et al., 1991; Soares et al., 2000; Angulo et al., 2000; Pantigoso et al., 2001; Núñez et al., 2004; Wei et al., 2006). Taken together, electrophoretic and crystallographic evidences have supported the notion that Lys49 myotoxins exist in a non-covalent homodimeric state in solution (da Silva Giotto et al., 1998; Ward et al., 1998; Fernandes et al., 2010; Salvador et al., 2018). Furthermore, the dimeric state has been considered as a relevant factor in current models to explain their mechanism of myotoxicity (Fernandes et al., 2014; Borges et al., 2017; Salvador et al., 2018). 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) (Salvador et al., 2018). In an effort to confirm the dimeric state of myotoxin II, we employed rigorous, first-principle solution-phase biophysical analysis using analytical ultracentrifugation (AUC) and sedimentation velocity analysis (SV). Complementary data by mass spectrometry, small-angle X-ray scattering and molecular dynamics were also analyzed. In contrast to the currently held notion of its dimeric quaternary assembly, these experiments provided evidence that supports a monomeric state in solution for B. asper myotoxin II. In this work we present these new evidences, which calls for a re-evaluation of models developed on the basis of a dimeric assembly to explain the mechanism of action of B. asper myotoxin II and, possibly, of other closely related Lys49 myotoxins of viperid venoms.	Comment by AnaG: Bruno
I suggest better describing this proposed myotoxic mechanism (fatty acid/allosteric activation/MDoS/MDiS)
	Comment by Bruno Lomonte: AnaG: could this deviate the readers' attention to the key message of the communication? since we are not dealing with the mechanism itself, but only on solving the quaternary vs tertiary structure puzzle? But if you think it is necessary, let me know and we can briefly summarize the proposed mechanism	Comment by AnaG: Since the current proposed mechanism is directly dependend on the quaternary structure, I think it is important to mention it (very) briefly so the reader can better realize the relevance of this study	Comment by Bruno Lomonte: Fine! Ana please chack if this added sentence fills the gap and summarizes the concept?

2. Materials and Methods

2.1. Myotoxin II
	Myotoxin II (UniProt code P24605; Francis et al., 1991) was isolated from Bothrops asper venom by cation exchange chromatography on CM-Sephadex C25, followed by RP-HPLC, as previously described (Lomonte and Gutiérrez, 1989; Mora-Obando et al., 2014). Protein quantitation was based on the molar extinction coefficient at 280 nm: 21,275 M-1cm-1 (1 mg/mL = 1.52 AU) (Pace et al., 1985).

2.2. Mass spectrometry (MS)
Samples were desalted, concentrated, and introduced into the mass spectrometer by a system composed of a dual pump Agilent 1200 HPLC system, a Rheodyne manual injection valve, and a VALCO 10-port valve. Fifty picomoles of myotoxin II were initially applied to a Waters MassPREP microdesalting column (2.1 x 5.0 mm; 20 µm; 1,000 Å) previously equilibrated with 0.23% (v/v) formic acid in water; sample application/desalting/concentration proceeded at a flow rate of 300 µL/min for 5 min using the aforementioned mobile phase. By use of the 10-port valve, the column was then set in line with the second HPLC pump, so that the sample could be eluted from the column directly into the mass spectrometer. In this case, the flow rate was set to 75 µL/min and the eluents were; 0.23% (v/v) formic acid in 95% water:5% DMSO (mobile phase A) and 0.23% (v/v) formic acid in 95% acetonitrile:5% DMSO (mobile phase B). The Ccolumn was equilibrated with 5% B for 1.5 min, followed by a linear gradient from 5 to 50% B lasting 13.5 min, and 50 to 95% B for 2.0 min. Sample elution was monitored on-line on a Waters Synapt G1 HDMS instrument set as follows: source voltages - capillary (3.5 kV), sampling cone (40.0 V), and extraction cone (4.0 V); temperatures - source (100 °C) and dessolvation (250 °C); MCP detector voltage (1,700 V). Data were submitted to analysis using the MassLynx software package (Waters). Background subtraction settings for “polynomial order”, “below curve (%)”, and “tolerance” were set to 25, 5, and 0.01, respectively. A representative “zoomed” 890-1,170 m/z range was then chosen for processing with MaxEnt 1, a maximum entropy deconvolution software (Ferrige et al., 1992). Regarding MaxEnt 1 settings, resolution was set for 0.50 Da/channel for a “uniform Gaussian damage model” with minimum intensity ratios of 33% (left and right) and allowing algorithms to iterate until convergence. More specifically, myotoxin II had a final molecular mass range iteration across 13,650 to 13,950 Da with a width at half height of 0.625 Da. 

2.3. Analytical Ultacentrifugation
	Myotoxin II samples were measured in a Beckman Optima AUC instrument at the Canadian Center for Hydrodynamics (CCH) at the University of Lethbridgge in Alberta, Canada. Samples were prepared by dissolving lyophilized myotoxin II in phosphate buffered saline (PBS; 28.8 mM NaH2PO4, 11.2 mM Na2HPO4, 120.0 mM NaCl, pH 7.2) and adjusted to the desired concentrations. A total of five concentrations were measured: 2.2 µM, 34.9 µM, 145 µM, 218 µM, and 1,527 µM. All samples were measured at 50,000 rpm, 20 °C, using an AN60Ti rotor. Measurements were performed with UV intensity detection. The wavelength was adjusted for each sample to assure that the absorbance was within the dynamic range of the detector. The four lowest concentrations, 2.2, 34.9, 145, and 218 µM were measured in 1.2 cm epon centerpieces, fitted with quartz windows, and measured at 220 nm, 280 nm, 295 nm and 295 nm, respectively. The highest concentration, 1,527 µM, was measured in a 3 mm epon centerpiece, fitted with quartz windows and measured at 300 nm. All data analysis and hydrodynamic corrections were performed with Ultrascan-III ver. 4.0, release 2843 (Demeler and Gorbet, 2016). The density and viscosity corrections for the buffer were estimated with UltraScan to be 1.0083 g/cm3 and 1.0258 cP. The partial specific volume of myotoxin II was estimated from the protein sequence with UltraScan to be 0.727 cm3/g.

2.4. Data Analysis
	Sedimentation velocity experiments were analyzed as described by Demeler (2010). Two-dimensional spectrum analysis (2DSA) was performed to remove time- and radially-invariant noise, and to fit the meniscus position (Brookes et al., 2010). Enhanced van Holde-Weischet analysis was performed to obtain a model-independent comparison of sedimentation distributions from different concentrations (Demeler and van Holde, 2004). Parsimonious regularization was achieved with genetic algorithm analysis (Brookes and Demeler, 2006, 2007). Genetic algorithm results were further refined with Monte Carlo analysis (Demeler and Brookes, 2008).

2.5. Small angle X-ray diffraction (SAXS) analyses	
SAXS data were collected at the SAXS2 beamline (Brazilian Synchrotron Light Laboratory, Campinas, Brazil). The radiation wavelength was set to 1.48 Å. Scattering patterns were recorded with sample-to-detector distance set to 3 m, resulting into the scattering vector range from 0.04 to 1.5 nm-1, respectively. Myotoxin II sample (3 mg/mL) was prepared in 20 mM Tris-HCl (pH 7.5), containing 20 mM CaCl2 and 150 mM NaCl. Frames with exposure time of 300 s and/or 600 s were recorded. Buffer baselines were collected under identical conditions before and after sample data collection to guarantee an accurate solvent correction. Background scattering was subtracted from the protein scattering pattern, which was then normalized and corrected. Experimental data fitting and evaluation of the pair-distance distribution function P(r) were performed using the program GNOM (Svergun, 1992). The maximum dimension Dmax was estimated from the real space p(r) function as the distance r, where the p(r) value reaches zero. SAXS dummy atom models were determined using ab initio modeling as implemented in the program DAMMIN (Svergun, 1999). An averaged model was generated using the package DAMAVER (Volkov et al., 2001). Tridimensional structures were superposed to the SAXS envelope using the program SUPCOMP (Kozin and Svergun, 2001). The calculation of the theoretical scattering curve from tridimensional structures for subsequent comparison with the experimental scattering curve was performed using the program CRYSOL (Svergun et al., 1995).	Comment by AnaG: Tatiana
Please confirm: 3 or 1 m ?	Comment by AnaG: Tatiana
Please confirm:
Stock solution: 3 mg/mL
Working solution: 0,375 mg/mL

2.6. Molecular Dynamics 	Comment by AnaG: Chico
Please include methodology/ongoing experiment

3. Results and Discussion
	Crystal structures of a growing number of Lys49 myotoxins have revealed the presence of two molecules in the asymmetric unit, suggesting they may be homodimeric in solution. In some cases, however, crystal structures for Lys49 myotoxins have been solved as monomeric (Table 1). It has been argued that the observation of monomers could be an artifact caused by crystallization conditions at low pH, which would induce dissociation of the otherwise dimeric forms (Arni et al., 1999; de Oliveira et al., 2001; Murakami et al., 2006; Angulo et al., 2005). The reverse situation has also been described: a Lys49 from Agkistrodon acutus was found to exist as a monomer in solution, but to pack as a dimer when crystallized (Huang et al., 2000; Liu et al., 2003). Further, closely related Lys49 proteins from other Agkistrodon species such as A. piscivorus K49 and A. c. laticinctus ACL myotoxins were found as monomers in their crystal forms (Table 1), in spite of having been crystallized at pH 9.0 and pH 8.5, respectively. Thus, altogether, available data on the monomeric/dimeric state for Lys49 myotoxins is partly controversial and not completely understood. Biophysical analytical methods such as small-angle X-ray scattering (SAXS), dynamic light scattering (DLS), and analytical ultracentrifugation (AUC), have more recently been applied to shed light on this issue (Arni et al., 1999; Murakami et al., 2007; Fernandes et al., 2010; Salvador et al., 2013a, 2013b; 2015; Matsui et al., 2019).
In the present study, the oligomeric state in solution of myotoxin II from Bothrops asper venom was systematically evaluated by analytical ultracentrifugation. Additional results based on mass spectrometry, small-angle X-ray scattering and molecular dynamics were also analyzed. While crystallographic studies suggested that myotoxin II is dimeric, it is important to note that crystallization conditions are often far from physiological, and may not mirror the molecule’s properties in solution, under native conditions.	Comment by AnaG: Chico
To be confirmed/ongoing experiment
	Comment by AnaG: Borries/Amy
Please, include reference(s)

As a first quality control check, the preparation of myotoxin II was analyzed by ESI-Q-TOF. Fig. 1 shows a single dominant molecular ion peak corresponding to 13,760 Da, consistent with the molecular masses obtained by reducing SDS-PAGE (14-16 kDa) or theoretically predicted (13.34 kDa)(Lomonte & Gutiérrez, 1989). A few minor peaks were also observed, indicating the presence of additional proteoforms of myotoxin II (Fig. 1). 	Comment by AnaG: Bruno
Due to size limitation, if necessary, this could be shown as suplemmentary material	Comment by Bruno Lomonte: agree	Comment by AnaG: Comment from Richard Valente
The sequence for UniProt entry P24605 (version P24605.3) is 137 aminoacids long, although the first 16 aa belong to the signal peptide. Hence, the native protein has 121 aa. The theoretical average mass predicted by ExPASy (Compute pI/Mw) is 13,739 Da.
	Comment by Bruno Lomonte: Richard is correct. The explanation for this has to do with the fact that the paper which deposited the P24605 sequence actually found a microheterogeneity at a few positions, near the C-terminus, and therefore the sequence of the database is only one of several possible combinations of those variable amino acids.  	Comment by AnaG: Richard/Thomas
The -17 peak can be interpreted as loss of ammonia (no fragmentation was performed) ?
What about +78/+156 peaks ? Looks like mono/di phosphorylation (Ileana has seen phosphorylation of PLA2 from B. jararacussu venom in the past), but the error is too big…Could you please review the accuracy of the MS deconvolution process ?
	Comment by AnaG: Comment from Richard Valente
I don´t think these are proteoforms. +78 Da are probably DMSO adducts. The peak 13,743 Da could be native myotoxin,while the major peak 13,760 Da could be a result of ammonium adduct. I have tried addition of phosphatase (one experiment only) and the spectrum did not change.

Analytical ultracentrifugation is a first principle technique which informs about a molecule’s sedimentation and diffusion coefficient, its molar mass and its density. In the solution environment, oligomerization will occur if the Kd of the dimerization interaction is within the tested concentration range. If the molecule oligomerizes as a function of increasing protein concentrations, the observed sedimentation coefficient will increase due to mass action. This increase correlates with an increase in molar mass, representative of the oligomeric form. We performed sedimentation velocity experiments (SVEs) to determine the oligomerization state of myotoxin II at physiological conditions and over multiple concentrations, ranging between 0.031 – 21 mg/mL (2.2 µM to 1,527 µM). The latter concentration would be similar or even higher to that found in the crude venom secretion (Jiménez-Porras, 1961; Alape-Girón et al., 2008). Also, we chose as solvent a phosphate-buffered saline of physiological concentration and pH, rather than other buffers commonly used in crystallization experiments, to represent conditions that more closely resemble an in vivo environment during envenomings. All concentrations of myotoxin II tested in analytical ultracentrifugation experiments resulted in homogeneous sedimentation coefficient distributions (Fig.2) and molar masses (Table 2), in excellent agreement with a monomeric state for this protein. At the highest concentration (i.e., 1,527 µM), the sedimentation coefficient was shifted to a slightly lower s-value (Fig.2), unexpected for oligomerization. This shift occurred because concentration dependent non-ideality is encountered at high concentration, slowing the sedimentation transport. 
Myotoxin II was further analyzed by SAXS. From the scattering and pair-distance distribution curves (Fig. 3A and B), the following values were calculated: a) maximum molecular dimension (Dmax): 3.7 nm ; b) radius of gyration (Rg): 1.34 ± 0.021 nm. This data further indicates that myotoxin II behaves as a monomer in solution. The theoretical X-ray scattering curve based on the crystal structure of the toxin monomer (PDB code 1CLP, chain A) fitted better  to the experimental curve of myotoxin II than the theoretical curve generated by the dimeric crystal structure (chains A + B)(Fig. 3A). Additionally, a low-resolution structure of myotoxin II generated by ab initio calculations confirms a globular protein with 35.7 Å of diameter (Fig. 3C). The superposition of this SAXS envelope with the crystallographic structure of myotoxin II clearly shows that the toxin is monomeric in solution.		Comment by AnaG: Tatiana
Values for chi-squared test ?
	Given the evidence of a monomeric state of B. asper myotoxin II in solution, how can this be reconciled with the observation that SDS-PAGE analysis under non-reducing conditions results in a broad band of ~22-25 kDa, which suggests a dimeric association? A first point to consider is that a dimer held by non-covalent bonds would be unlikely to remain stable in the presence of the high, denaturing SDS concentrations commonly used in electrophoresis. A reasonable possibility to explain the apparent "dimer" in non-reducing SDS-PAGE would be that, in the absence of a reducing agent, the seven disulfide bonds of these compact (14 kDa) proteins preclude their proper saturation with SDS (Weber and Osborn, 1969). The lower detergent load (i.e., g SDS/g protein), in addition to their highly basic nature (pI > 9), would lead to an anomalous slower electrophoretic mobility and, therefore, an overestimate of their molecular mass. A further observation was recently reported with BPII, a Lys49 myotoxin from Protobothrops flavoviridis venom, which showed a spontaneous oligomerization in the presence of SDS (Matsui et al., 2019). Alone or in combination, these factors might explain the appearance of a 22-25 kDa band in unreduced SDS-PAGE for a monomeric 14 kDa protein.
	In summary, all data obtained by AUC and SAXS support the conclusion that B. asper myotoxin II exists as a monomer in solution, in contrast to the dimeric assemblies observed in crystallographic studies (Arni et al., 1985; Murakami et al., 2005). Interestingly, Salvador et al. (2013) reported that MjTX-I, a Lys49 myotoxin from B. moojeni venom, was observed as predominantly monomeric by DLS experiments when dissolved in ultra-pure water, but after the gradual increase of Tris-HCl concentration a molecular aggregation process occurred, giving rise to dimeric, tetrameric, and even higher order aggregates. The same authors observed that a related isoform, MjTX-II, in solution, presented a fraction of the protein in monomeric conformation (Salvador et al., 2015). The findings here presented here correspond to B. asper myotoxin II, and thus may not be immediately extrapolated to the group of Lys49 myotoxins as a whole. However, they call for a deeper and systematic evaluation of the validity of the quaternary structure assumed for these proteins under physiological conditions. This is especially relevant considering that a dimeric assembly has been conceptualized as a fundamental feature in current models on the mechanism of myotoxicity for the Lys49 proteins.
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Figure legends

Figure 1: Mass spectrometry. The molecular mass of myotoxin II (50 pmol) was determined by ESI-MS on Waters Synapt G1 mass spetrometer. Acquired data were submitted to analysis with the MassLynx software, including background subtraction, choice of m/z range for further processing (panel A), and deconvolution using MaxEnt 1 algorithm to generate the final mass values (panel B).

Figure 2: Analytical ultracentrifugation. (A) Combined van Holde-Weischet integral sedimentation distribution plot of myotoxin II at 2.2 µM (cyan), 34.9 µM (blue), 145 µM (green), 218 µM (yellow), and 1527µM (red). (B) Representative genetic algorithm-Monte Carlo result for myotoxin II for the 34.9 µM sample.
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Figure 3: Small angle X-ray scattering (SAXS). (A) Experimental SAXS scattering curve of myotoxin II (black dots) fitted to the theoretical scattering curves of monomeric (1CLP-chain A, blue line) or dimeric (1CLP-chains A and B, red line) toxin. The theoretical scattering was calculated by the Crysol software. The discrepancy of the fit between experimental and theoretical scattering curves was measured by the chi2 test. (B) Pair distance function p(r) of myotoxin II. (C) Superposition of the SAXS-derived shape envelope of myotoxin II (Dammin software) on the monomeric crystal structure of the toxin (1CLP-chain A, Supcomb software).
Table 1: Examples of crystal structures reported for Lys49 phospholipase A2-like myotoxins (apo forms) and their asymmetric unit states.

	Species and protein name
	PDB code
	Resolution
	A.U. state
	Reference

	Agkistrodon p. piscivorus
K49/PLA2-like
	1PPA
	2.0 Å
	monomer
	Holland et al. (1990)

	Bothrops asper
myotoxin II
	1CLP
	1.8 Å
	dimer
	Arni et al. (1995)

	Bothrops jararacussu bothropstoxin I
	(-)
	2.1-3.1
	dimer
	da Silva Giotto et al. (1998)

	Bothrops pirajai
piratoxin I
	(-)
	2.8 Å
	dimer
	de Azevedo et al. (1998)

	Cerrophidion (Bothrops) godmani
myotoxin II
	1GOD
	2.8 Å
	monomer
	Arni et al. (1999)

	Bothrops pirajai
piratoxin II
	1QLL
	2.0 Å
	dimer
	Lee et al. (2001)

	Bothrops n. pauloensis
BnSP-6/myotoxin I
	1PC9
	2.5 Å
	dimer
	Magro et al. (2003)

	Bothrops n. pauloensis
BnSP-7/myotoxin II
	1PAO
	2.3 Å
	dimer
	Magro et al. (2003)

	Agkistrodon acutus
acutohemolysin
	1MC2
	0.9 Å
	dimer (*)
	Liu et al. (2003)

	Agkistrodon c. laticinctus
ACL myotoxin
	1S8G
	1.6-2.3 Å
	monomer
	Ambrosio et al. (2005)

	Atropoides (Bothrops) nummifer
myotoxin II
	2AOZ
	2.1 Å
	monomer
	Murakami et al. (2006)

	Bothrops jararacussu bothropstoxin I  (+ PEG)
	2H8I
	1.9 Å
	dimer
	Murakami et al. (2007)

	Bothrops pirajai
piratoxin I
	2Q2J
	1.7 Å
	dimer
	dos Santos et al. (2009)

	Bothrops jararacussu bothropstoxin I (apo-mBthTX-I)
	3I3I
	1.8 Å
	monomer
	Fernandes et al. (2010)

	Bothrops jararacussu bothropstoxin I (apo-dBthTX-I)
	3HZD
	1.9 Å
	dimer
	Fernandes et al. (2010)

	Bothrops brazili
myotoxin II
	4DCF
	2.7 Å
	dimer
	Ullah et al. (2012)

	Bothrops moojeni
myotoxin II
	6B84
	2.0 Å
	dimer
	Salvador et al. (2018)

	Protobothrops flavoviridis
BPII
	6AL3
	2.7
	monomer
	Matsui et al. (2019)



(-) not available; (*) the protein was reported to exist as a monomer in solution, but to pack as a dimer in the crystal.


Table 2: Molar masses obtained from genetic algorithm Monte Carlo analysis.
	Sample concentration
	Molar mass (kDa)
	Concentration (%)

	2.2 µM
	15.7
	87.5

	34.9 µM
	14.5
	99.1

	145 µM
	12.9
	78.6

	218 µM
	13.8
	85.9

	1527 µM
	15.6
	96.6



Figure 2
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