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A B S T R A C T

A variety of opossum species are resistant to snake venoms due to the presence of antihemorrhagic and an-
timyotoxic acidic serum glycoproteins that inhibit several toxic venom components. Two virtually identical an-
tihemorrhagic proteins isolated from either the North American opossum (D. virginiana) or the South Ameri-
can big-eared opossum (D. aurita), termed oprin or DM43 respectively, inhibit specific snake venom metallopro-
teinases (SVMPs). A better understanding of the structure of these proteins may provide useful insight to de-
termine their mechanism of action and for the development of therapeutics against the global health concern
of snake-bite envenomation. The aim of this work is to produce a recombinant snake venom metalloproteinase
inhibitor (SVMPI) similar to the above opossum proteins in Escherichia coli and determine if this bacterially pro-
duced protein inhibits the proteolytic properties of Western Diamondback rattlesnake (C. atrox) venom. The re-
sulting heterologous SVMPI was produced with either a 6-Histidine or maltose binding protein (MBP) affinity tag
on either the C-terminus or N-terminus of the protein, respectively. The presence of the solubility enhancing MBP
affinity tag resulted in significantly more soluble protein expression. The inhibitory activity was measured using
two complementary assays and the MBP labeled SVMPI showed 7-fold less activity as compared to the 6-Histidine
labeled SVMPI. Thus, the bacterially derived SVMPI with an unlabeled N-terminus showed high inhibitory activ-
ity (IC50 = 4.5 μM). The use of a solubility enhancing MBP fusion protein construct appears to be a productive
way to express sufficient quantities of this mammalian protein in E. coli for further study.

1. Introduction

Envenomation by snakebite is a relevant public health concern in
many regions of the world, particularly in tropical and subtropical re-
gions, leading the World Health Organization to recognize this issue
as a Neglected Public Health Issue in 2007(WHO, 2007; Williams et
al., 2010). Though reliable global epidemiological data is scarce(Chip-
paux, 2017), between two to three million people are bitten by poi-
sonous snakes annually, leading to an estimated 400,000 amputations

and 125,000 fatalities(Gutiérrez et al., 2017; Williams et al., 2019).
Snake species responsible for the most bites and subsequent mor-

tality include members of the Viperidae and Elapidae families(War-
rell, 2010; Chippeau, 2017; Gutiérrez, 2017). Envenomation by
viperid snakes (genus Bothrops, Bitis, Crotalus, Daboia, Echis, etc.) typ-
ically brings about significant local edema, hemorrhage, and necro-
sis coupled with myotoxicity and hemodynamic effects leading ulti-
mately to cardiovascular shock and renal failure(Gutiérrez and Ru-
cavado, 2000; Gutiérrez et al., 2005; Escalante et al., 2011a,
2011b; Markland and Swenson, 2013; Gasanov et al., 2014). Many
of the effects of viperid venom are driven by the presence of large
quantities of Ca2+-dependent phospholipase A2 myotoxins (PLA2s), and
a variety of Zn2+-

Abbreviations: SVMP, snake venom metalloproteinase; SVMPI, snake venom metalloproteinase inhibitor; PLA2, phospholipase A2; SVSP, snake venom serine protease; 3FT, three-fin-
ger toxin; DTx, dendrotoxin; LTNF, lethal toxin neutralizing factor; IM, intramuscular; IV, intravenous; PCR, polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate polyacrylamide
gel electrophoresis; MWCO, molecular weight cut-off; PVDF, polyvinylidene difluoride; EtBr, ethidium bromide; Amp, ampicillin; Kan, kanamycin; LB, Luria-Bertani culture media; IC50,
concentration of inhibitor that brings about 50 percent inhibition.
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dependent snake venom metalloproteinases (SVMPs) as well as snake
venom serine proteases (SVSPs). Conversely, elapid venom (genus Naja,
Bungarus, Oxyuranus, etc.) typically brings about neurotoxicity by tar-
geting pre- and post-synaptic neuromuscular junctions, with some ven-
oms also inducing localized necrosis and muscle breakdown (rhabdomy-
olysis). The effects of elapid venom are brought about by a high abun-
dance of PLA2s, and a variety of neurotoxins, most notably, the three-fin-
gered toxins (3FTs) and dendrotoxin (DTx)(Gutiérrez et al., 2017).
As a general rule, vipirid venom is considered to be more proteolytic,
while elapid venom is more neurotoxic. The composition and evolu-
tion of snake venoms has recently been reviewed (Fox and Serrano,
2008; Calvete, 2017). For more than a century, immunoglobulin based
antivenoms have been the primary treatment of systemic effects of
snakebite envenoming(Gutiérrez et al., 2003; World Health Organi-
zation, 2010). However, unless administered rapidly after envenoma-
tion, antivenom may not prevent many of the tissue damaging effects
caused by the presence of SVMPs, SVSPs and PLA2s. Unfortunately, there
currently is no treatment that can effectively ameliorate or reverse the
destructive effects of these toxins(Gutiérrez et al., 2017). It has been
suggested that a combination of SVMP and PLA2 inhibitors, whether
they be small molecules, peptidomimetics, or intact proteins, may pro-
vide an effective treatment for venom-induced tissue damage(Rucavado
et al., 2000; Azofeifa et al., 2008; Villalta-Romero et al., 2012,
2017; Laustsen et al., 2016; Lewin et al., 2016; O'Brien et al.,
2016).

A number of mammals exhibit resistance to both local and systematic
effects of snake venoms. This natural resistance has been most studied
in a variety of opossum (Didelphidae family) including the North Amer-
ican opossum (D. virginiana) and several South American opossum (D.
aurita, D. marsupialis, D. albiventris, L. crassicuadata, P. opossum, and P.
frenatus) and has been reviewed by a number of authors (Ovadia and
Kochva, 1977; Perez and Sanchez, 1999; Voss and Jansa, 2012;
Bastos et al., 2016). For further clarification on the everchanging sys-
tematics of the Didelphidae family, the reader is referred to a review by
Gardner (2005)

In the 1940s, initial studies showed that several opossum species
were resistant to a variety of venomous snakes(Vellard, 1945, 1949).
Then, in the mid-1970s, researchers at the Edgewood Arsenal Biomed-
ical Laboratory demonstrated the North American opossum (D. virgini-
ana) is highly resistant to venom administered either intramuscularly
(IM) or intravenously (IV) from a number of crotalid snake species(Kil-
mon, 1976; Werner and Vick, 1976, 1977). Additionally, it was
demonstrated that D. virginiana possesses one or more inhibitory com-
ponents in the serum, that confer resistance in mice to crotalid venom
equal to or greater than the resistance conferred by commercial an

tivenin(Werner and Faith, 1978). While the title of this report indi-
cated that the opossum species was D. marsupialis(Werner and Faith,
1978), it should be noted that the N. American opossum previously was
identified as D. marsupialis virginiana (Kerr)(Gardner, 1973, 2005; Ju-
rgelski, 1974), and it was confirmed that the species used in this study
was in fact the N. American opossum, known now as D. virginiana (per-
sonal communication with author, Werner).

The first opossum-derived SVMPI protein was isolated from D. vir-
giniana serum in 1979(Perez et al., 1979), but took until 1992 to be
more fully characterized(Catanese and Kress, 1992). This inhibitory
protein, coined “oprin” (for opossum inhibitor protein was also named
as opossum α-1-β-glycoprotein), interacts with several SVMPs and in-
hibited C. atrox venom both in vitro and in vivo(Catanese and Kress,
1992). Other SVMPIs have subsequently been described from several
South American opossum species, all with high sequence homology to
oprin (Fig. 1)(Perales et al., 1994; Farah et al., 1996; Neves-Fer-
reira et al., 2000; Jurgilas et al., 2003). Interestingly, several re-
cently published sequences from Australian marsupials such as the
koala, wombat, and Tasmanian devil also show high sequence homology
although the resistance of these animals to SVMPs is unclear.

The opossum SVMPIs studied thus far are glycosylated, but the role
these moieties play in regard to function, folding, and solubility remain
unclear. Interestingly, the SVMPI (DM43) from D. aurita (formerly D.
marsupialis) (Gardner, 2005; (León et al., 2012)) retained half its ac-
tivity when the glycan moieties were removed, suggesting that glycosy-
lation may be required for cellular trafficking, solubility and correct pro-
tein folding but may be less important for inhibitory activity(León et
al., 2012). In addition, there have been several reports indicating that
short synthetic peptides corresponding to the first 10–15 amino acids
of the N-terminal protein sequence of oprin termed LTNFs (lethal toxin
neutralizing factors) inhibit SVMPs as well(Lipps, 1996; Lipps and
Lipps, 1996; Lipps, 1999; Komives et al., 2017).

While a recent survey of structural studies of SVMPs and small mol-
ecule/peptide inhibitors provides useful information(Aoki-Shioi et al.,
2020), further information regarding interactions of oprin-like proteins
or short peptide SVMPIs with their target SVMP is limited to com-
puter models(Chapeaurouge et al., 2009; Asega et al., 2014; Cha-
van and Deobagkar, 2014, 2015; Neves-Ferreira et al., 2002; Vil-
lalta-Romero et al., 2017), and attempts to crystalize these SVMPIs
from opossum serum have thus far proven unsuccessful(Bastos et al.,
2016). A better understanding of the molecular interactions involved
between SVMPs and SVMPIs could provide useful information for the
development of novel therapeutics for snake-bite envenomation(Bastos
et al., 2016). This report describes our effort to express a recombinant
oprin-like (DM43-like) protein from D. virginiana in E. coli utilizing ei

Fig. 1. Multiple protein sequence alignment for marsupial oprin and DM43-like SVMPI proteins showing the first 40 amino acids of a presumed consensus sequence. Darker grey shading
indicates a position with higher sequence homology to the reference sequence (AAN06912.1). Capital letters in the consensus sequence have more than ninety percent homology between
listed sequences while lower case letters have less than ninety percent homology. Bars labeled as “Rel. ID” indicate the relative number of sequences in the alignment with identical
amino acids at a particular position, and percent identical similarity (% Sim) between sequences was generated using the National Center for Biotechnology Information (NCBI) protein
BLASTP suite. Sequences 1 thru 6 are opossum (Didelphis genus) that were used to generate the consensus sequence while sequences 6 thru 8 (below solid line) are recently published
Australian marsupial annotated genome derived sequences for the koala, wombat, and Tasmanian devil, respectively. The multiple sequence alignment was performed using the NCBI
Multiple Alignment Sequence Viewer using the MUSCLE algorithm, and the figure was generated using Unipro UGENE software. (See supplemental for complete alignment and consensus
sequence information.)
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ther a 6-His or maltose binding protein (MBP) affinity tag to enhance
purification and yield. Evidence is presented that these non-glycosy-
lated proteins inhibit a variety of the proteolytic effects of Western Di-
amondback rattlesnake (C. atrox) venom in vitro. In addition to several
lessons learned along the way, this work provides a pathway towards
the large-scale production of these opossum-derived SVMPIs for mecha-
nistic and structural studies.

2. Materials and methods

2.1. Reagents and materials

LB media, tryptone, yeast extract, agar, agarose, ethidium bromide,
sodium chloride, calcium chloride, sodium phosphate, Tris-HCl, Tris
base, ampicillin, kanamycin, EDTA (ethylenediamine tetraacetic acid),
ethanol, methanol, DMSO (dimethylsulfoxide), DTT (dithiothreitol), and
IPTG (Isopropyl β-D-1-thiogalactopyranoside) were obtained from
Sigma (St. Louis, MO). pMAL Protein Fusion and Purification System
(containing the pMAL-C5X plasmid and Factor Xa), NEBuilder HiFi DNA
assembly 2X master mix, Q5 Hot Start High-Fidelity 2X Master Mix,
OneTaq 2X Master Mix with standard buffer, NEB5-α competent E.
coli (High Efficiency), NEBExpress competent E. coli (High Efficiency),
Monarch Plasmid Miniprep Kit, Monarch DNA Gel Extraction Kit,
CutSmart buffer 10X, restriction enzymes (XmnI, DpnI, BamHI-HF,
NcoI-HF, XbaI), Purple 6X-load dye, and 1 KB Molecular Weight DNA
ladder were obtained from New England Biolabs (NEB) (Ipswich, MA).
Azocoll, Immobilon-P PVDF membrane, Amicon Ultra-15 (10K MWCO)
centrifugal protein concentrators, pET28a plasmid, and BL21(DE3) com-
petent E. coli cells were obtained from EMDMillipore (Burlington, MA).
HiPur Ni-NTA Resin and HALT protease inhibitor were obtained from
ThermoFisher Scientific (Waltham, MA). Anti-6xHis Mouse Monoclonal
Antibody-HRP conjugate was from ProteinTech (Rosemont, IL). West-
ernBright ECL chemiluminescent HRP substrate and WesternBright per-
oxide were obtained from Advansta Corporation (Menlo Park, CA). All
disposable plasticware and 96-well microplates were from VWR Interna-
tional (Radnor, PA). Mini-PROTEAN Tetra vertical electrophoresis cell,
4–20% Mini-PROTEAN TGX SDS-PAGE pre-cast protein gels, microcen-
trifuge tube roller, 10X Tris-Glycine SDS-PAGE buffer, 2X Laemmli sam-
ple buffer, protein assay dye concentrate (Bradford reagent), and Pre-
cision Plus Protein Kaleidoscope pre-stained protein molecular weight
standard were from Bio-Rad (Hercules, CA). 2-aminoben-
zoyl-Ala-Gly-Leu-Ala-4-nitrobenzylamide (Abz-NGLA-Nbz) was obtained
from Peptides International (Louisville, KY). Freeze-dried Crotalus atrox
(C. atrox) venom was obtained from the National Natural Toxins Re-
search Center at Texas A&M Kingsville. Synthetic desalted PCR primers
(all primer sequences listed in the supplemental section) were obtained
from Integrated DNA Technologies (Skokie, IL). A synthetic DNA en-
coding for the oprin DM43-like gene-product derived from a D. virgini-
ana cDNA sequence (GenBank Accession number AY131001.1) inserted
into the pUC19 vector was obtained from GeneScript Corporation (Pis-
cataway, NJ). This pUC19-oprin construct contained HindIII restriction
sites immediately upstream and downstream of the oprin coding se-
quence (876 bp) as well as an inserted TGA stop codon at the 3′-end of
the sequence (see supplemental information for complete pUC19-oprin
DM43-like vector sequence).

2.2. General methods

PCR was performed using specific primers (sequences listed in the
supplemental section of this paper) and an Applied Biosystems Ver-
iti thermocycler Model 9902 (ThermoFisher Scientific Waltham, MA),
DNA visualization was performed using 0.8% agarose gels stained with
EtBr and DNA concentration was measured with a microvolume UV
spectrophotometer, namely the BioSpec-nano (Shimadzu Kyoto, Japan)
or the NanoDrop2000 (ThermoFisher Scientific Waltham, MA). LB/

Amp and LB/Kan liquid media and plates had final ampicillin and
kanamycin concentrations of 100 mg/L and 30 mg/L, respectively. Pro-
teins were concentrated using Amicon Ultra (10K MWCO) centrifu-
gal concentrators. Protein concentrations were measured using either
the Bio-Rad Bradford (1976) protein assay (Hercules, CA) or pro-
teins were diluted in 8M guanidine hydrochloride followed by micro-cu-
vette UV–vis measurements using an Agilent Cary 60 UV–Vis spec-
trophotometer and calculated extinction coefficients (ExPASy ProtParam
tool)(Gasteiger et al., 2005). Protein electrophoresis was performed
with either a Bio-Rad (Hercules, CA) Mini-Protean 3 Cell or a Mini
Trans-Blot Electrophoretic Transfer Cell. SDS-PAGE gels were stained
with Coomassie blue stain. Micro-plate assays (for protein concentra-
tion and kinetic fluorescent assays) were performed using either a Spec-
tramax M2e microplate reader with Softmax Pro 5 software (Molec-
ular Devices San Jose, CA) or a BioTek Synergy H1 Hybrid Reader
(Winooski, VT). Chemiluminescent imaging was accomplished using a
Li-Cor Odyssey infrared imaging system with Image Studio software
(Li-Cor Biosciences Lincoln, NE). Centrifugation was accomplished us-
ing either a fixed angle VWR BenchMate micro-centrifuge, an Eppen-
dorf 5417C microcentrifuge, a ThermoScientific Sorvall Lynx 400 fixed
angle centrifuge, or a ThermoScientific Sorvall Legend X1 swinging
bucket centrifuge. Sanger di-deoxy sequencing was performed at either
Univeristy of Michigan Sequencing Core (Ann Arbor, MI) or Macrogen
(Rockville, MD). IC50 values were calculated using GraphPad Prism ver-
sion 8.4.2 for Windows, GraphPad Software (San Diego, CA)

2.3. Recombinant C-terminal 6-His-oprin protein

2.3.1. Gibson Assembly of C-terminal 6-His pET28a-oprin expression vector
(Assembly 1)

To introduce overlapping oprin regions on both ends of the
pET28a(+) vector (EMDMillipore), the vector was linearized using Q5
Hot Start High-Fidelity Polymerase 2X master mix with primers A and
B (primer sequences provided in supplemental). A 25 μL PCR reaction
contained: 12.5 μL of Q5 2X master mix, 1.25 μL of 10 μM primer A,
1.25 μL of 10 μM primer B, 1 μL of pET28a template DNA (1 pg), and
9 μL ultrapure H2O. Thermocycler reaction conditions for the pET28a
linearization reaction were: Stage 1: 60 sec 98 oC; Stage 2: 20 sec 98 oC,
30 sec 70 oC, 3 min 72 °C (35 cycles); Stage 3: 10 min 72 °C; Stage 4:
4 °C. To introduce overlapping pET28a regions on both ends of the oprin
coding sequence, the appropriate region of the synthetic pUC19-oprin
plasmid (Genescript) was amplified using Q5 Hot Start High-Fidelity
Polymerase 2X master mix and primers C and D. A 25 μL PCR reac-
tion contained: 12.5 μL of Q5 2X master mix, 1.25 μL of 10 μM primer
C, 1.25 μL of 10 μM primer D, 0.5 μL of synthetic pUC19-oprin tem-
plate DNA (0.1 ng), 9.5 μL ultrapure H2O. Thermocycler reaction con-
ditions for the oprin amplification reaction were: Stage 1: 60 sec 98
oC; Stage 2: 20 sec 98 oC, 30 sec 68 oC, 30 sec 72 oC (35 cycles);
Stage 3: 10 min 72 °C; Stage 4: 4 °C. Assembly fragment lengths were
verified by 0.8% agarose gel (stained with EtBr) (see supplemental),
bands were excised, DNA was isolated using a Monarch DNA Gel Ex-
traction Kit, and DNA concentration was determined using a micro-vol-
ume spectrophotometer. Prior to Gibson Assembly, linearized pET28a
was treated with DpnI for 30 min at 37 °C in a reaction containing 8 μL
(91 ng) of linearized pET28a, 1 μL of 10X CutSmart buffer, and 1 μL
(20 units) of DpnI, followed by 20 min heat inactivation at 80 °C. Gib-
son Assembly conditions were as follows: 0.0125 pmol of the pET28a
linearized fragment (vector) and 0.025 pmol of the oprin amplification
fragment (insert) (~1:2 vector:insert ratio) were combined in a 20 μL
assembly reaction with 10 μL of NEBuilder HiFi DNA 2X assembly mas-
ter mix held at 50 °C for 30 min. NEB5-α competent cells (NEB) were
transformed with 2 μL of the assembly reaction following the manufac-
ture's 42 °C heat-shock protocol, incubated in SOC media at 37 °C for
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60 min, and 100 μL was spread on LB/Kan agar plates and incubated at
37 °C overnight.

2.3.2. Colony PCR of Gibson Assembly transformation colonies
Colonies from Assembly 1 were screened by colony PCR using One-

Taq 2X Master Mix with standard buffer and T7 promoter and termi-
nator primers F and G. Eight colonies from the Gibson Assembly were
randomly screened in separate 25 μL PCR reactions containing: 12.5 μL
OneTaq, 1.25 μL of 10 μM primer F, 1.25 μL of 10 μM of primer G, 10 μL
ultrapure H2O, and individual colonies were picked with a sterile mi-
cro-pipette tip as the DNA source (note: these same tips were used to in-
oculate eight separate 10 mL LB/Kan liquid cultures grown overnight at
37 °C with shaking at 250 rpm). PCR thermocycler conditions for colony
PCR were: Stage 1: 2 min 94 °C; Stage 2: 30 sec 94 oC, 30 sec 57 oC,
2 min 68 °C (35 cycles); Stage 3: 10 min 68 °C; Stage 4: 4 °C. Colony
PCR results were visualized by 0.8% agarose gel (stained with EtBr) (see
supplemental).

2.3.3. DNA isolation and sequencing
Plasmid DNA from the eight Assembly 1 transformation colonies was

isolated from 1.5 mL of the LB/Kan liquid cultures of colonies show-
ing appropriate amplicon length from colony PCR as visualized by 0.8%
agarose gel (stained with EtBr) (see supplemental), using the Monarch
Plasmid Miniprep Kit (NEB), eluted with 20 μL of elution buffer to
give final plasmid DNA concentrations between 80 and 120 ng/μL as
measured using a micro-volume spectrophotometer. Four of these pu-
rified plasmids were submitted for Sanger dideoxy-sequencing (Uni-
versity of Michigan Sequencing Core; Ann Arbor, MI) using primers F
and G. Reads were trimmed and aligned (data not shown) using free-
ware FinchTV and UniProUGENE software (see supplemental for plas-
mid map and complete DNA and putative protein sequences)(FinchTV;
Okonechnikov et al., 2012).

2.3.4. DNA restriction digest of Gibson Assembly 1
The pET28a-oprin construct from one of the sequenced Assembly 1

reactions was verified by a series of separate restriction digests con-
taining either NcoI-HF, BamHI-HF, XbaI, XmnI, NcoI-HF + XbaI,
NcoI-HF + XmnI, BamHI-HF + XmnI, or XbaI + XmnI. Digest reac-
tions were performed at 37 °C and contained: 5 μL (~500 ng) DNA, 2 μL
restriction enzyme (plus 2 μL of second restriction enzyme for double
digests), 5 μL CutSmart 10X buffer (NEB), and an appropriate volume
of ultrapure H2O to bring the final volume to 50 μL. Reactions were
stopped after 1 h by heating at 95 °C for 5 min, 10 μL of Purple 6X-load
dye (NEB) was added to each reaction, and 10 μL of the restriction digest
reactions were visualized with a 0.8% agarose gel (stained with EtBr)
(see supplemental).

2.3.5. Transformation of C-terminal 6-His tag pET28a-oprin construct
The pET28a-oprin construct from Gibson Assembly 1 was trans-

formed into BL21(DE3) E. coli cells (EMD Millipore) following the manu-
facture's protocol. The transformed cells (100 μL) were then spread onto
LB/Kan plates and grown overnight at 37 °C.

2.3.6. Expression and purification of C-term 6-His-oprin protein
Four transformed colonies of BL21(DE3) E. coli containing the 6-His

tag pET28a-oprin constructs from Assembly 1 were screened for
IPTG-induced protein production by inoculating four separate 10 mL
liquid LB/Kan media tubes containing 1 mM IPTG, incubated at 37 °C
with overnight shaking at 250 rpm, and protein production was as-
sessed via SDS-PAGE inspection. Once screened, the transformation
colony showing the most IPTG-induced protein production was sub-
jected to large-scale expression of the C-term 6-His-oprin protein. This
was accomplished by inoculating two separate 2 L media flasks each
containing 1 L of liquid LB/Kan media with 2 separate 5 mL portions
of the starter

culture of BL21(DE3) cells containing the previously screened Assem-
bly 1 transformed colony. Cells were incubated at 37 °C with shaking
at 250 rpm until the culture reached 0.5 OD600, IPTG (final concentra-
tion of 1 mM) was added and the cells were incubated at 30 °C for an
additional 4 h (Note: 30 °C incubation was found to give the most sol-
uble protein, data not shown). The cells were harvested by centrifuga-
tion at 4000 G for 20 min at 4 °C, the supernatant was decanted, and
the cell pellet was frozen at −20 °C overnight. The pellet was re-sus-
pended in 25 mL lysis buffer (25 mM Tris-HCl pH 8, 400 mM NaCl,
10 mM imidazole, 1% glycerol) containing 10 mg lysozyme and 100 μL
HALT protease inhibitor (Sigma). (Note: The addition of lysozyme and
the protease inhibitor cocktail increased recovery of soluble MBP-oprin
fusion protein significantly, data not shown). The sample was incubated
at 37 °C for 10 min to induce cell lysis, sonicated with ten 30 s bursts
at 25 Hz, and centrifuged at 15,000xg for 20 min at 4 °C. The super-
natant was decanted and purified at 4 °C using approximately 5 cm3

of HisPur Ni-NTA resin (ThermoScientific) according to the manufac-
ture's protocol. The resin was equilibrated with 30 mL lysis buffer, the
entire cell free lysate supernatant was applied via syringe to the col-
umn with a flow rate of 4.0 mL/min. The flow-through was re-ap-
plied to the resin two additional times to maximize binding. The col-
umn was washed twice using 10 mL of wash buffer (25 mM Tris-HCl
pH 8, 400 mM NaCl, 25 mM imidazole, 1% glycerol) with a flow rate
of 4.0 mL/min. The target protein was eluted in 1.2 mL fractions us-
ing elution buffer (25 mM Tris-HCl pH 8, 400 mM NaCl, 1 M imida-
zole, 1% glycerol) with a flow rate of 2.0 mL/min. Eluted fractions
were examined for quantity and purity using the Bradford protein as-
say and SDS-PAGE, the fractions containing purified C-term 6-His oprin
were pooled and exchanged into TNCT buffer (50 mM Tris-HCl pH 7.5,
150 mM NaCl, 1 mM CaCl2, and 0.02% Tween-20) utilizing an Ami-
con 10,000 MWCO centrifugal concentrator (EMDMillipore). The sam-
ple was then brought to a final concentration of 1.0 mg/ml (~30 nM,
based on a calculated molecular weight of 33,332 g/mol and a calcu-
lated extinction coefficient of 56,295 M−1cm−1) (values obtained from
the ExPASy ProtParam tool)(Gasteiger et al., 2005). This buffer ex-
change was required to eliminate residual imidazole that can interfere
with downstream inhibitor assays.

2.3.7. Western analysis of 6-His-oprin
Increasing quantities of purified 6-His-oprin (2 μg, 5 μg, 10 μg) as

well as 50 μg of a 28.6 kDa 6-His-BshB reference protein (provided by
Paul Cook, GVSU) were separated using an SDS-PAGE gel as described
above. The gel was transferred to a PVDF membrane by electro-blotting
following the manufacturer's recommendations (Bio-Rad). The mem-
brane was then incubated in blocking buffer (PBST + 1% casein, 10 mM
sodium phosphate pH 7.8, 150 mM NaCl, 0.05% v/v Tween-20) for
1 h at 25 °C, the blocking buffer was decanted, and 20 mL of a 1:10,000
fold dilution of a mouse 1° Anti-His-HRP conjugated antibody (Protein-
Tech) in blocking buffer was added for 1 h at 25 °C. The membrane was
then rinsed three times for 5 min with PBST buffer and then incubated
with 4 mL of a 1:1 mixture of WesternBright ECL chemiluminescent HRP
substrate and WesternBright peroxide (Advansta) for 10 min and then
imaged using an infrared imaging system (Li-Cor).

2.4. Recombinant N-terminal maltose binding protein-oprin (MBP-oprin)
fusion protein

2.4.1. Gibson Assembly of MBP-oprin expression vector (Assembly 2)
To introduce overlapping oprin regions on both ends of the

pMAL-C5x vector (New England Biolabs), the vector was linearized us-
ing Q5 Hot Start High-Fidelity Polymerase 2X master mix with primers
H and I (primer sequences provided in supplemental). The 25 μL PCR
reaction contained: 12.5 μL of Q5 2X master mix, 1.25 μL of 10 μM
primer H, 1.25 μL of 10 μM primer I, 1 μL of pMAL-C5x template DNA
(1 pg), and
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9 μL ultrapure H2O. PCR thermocycler reaction conditions for the con-
struction of the pMAL-C5x assembly fragment were: Stage I: 30 sec 98
oC; Stage 2: 5 sec 98 oC, 30 sec 70 oC, 5.0 min 72 °C (35 cycles); Stage
3: 10.0 min 72 °C; Stage 4: 4 °C. To introduce overlapping pMAL-C5x re-
gions on both ends of the oprin coding sequence, the appropriate region
of the synthetic pUC19-oprin plasmid (Genescript) was amplified using
Q5 Hot Start High-Fidelity Polymerase 2X master mix and primers J
and K. The 25 μL PCR reaction contained: 12.5 μL of Q5 2X master mix,
1.25 μL of 10 μM primer J, 1.25 μL of 10 μM primer K, 0.5 μL (1 pg) of
synthetic pUC19-oprin template DNA, and 9.5 μL ultrapure H2O. PCR
thermocycler reaction conditions for the construction of the oprin as-
sembly fragment were: Stage I: 30 sec 98 oC; Stage 2: 5 sec 98 oC, 30 sec
70 oC, 45 sec 72 oC (35 cycles); Stage 3: 3.0 min 72 °C; Stage 4: 4 °C.
Assembly fragment lengths were verified by 0.8% agarose gel (stained
with EtBr) (see supplemental), bands were excised, DNA was isolated us-
ing a Monarch DNA Gel Extraction Kit, and DNA concentration was de-
termined using a micro-volume spectrophotometer. Prior to Gibson As-
sembly, linearized pMAL-C5x was treated with DpnI for 30 min at 37 °C
in a reaction containing 8 μL (134 ng) of linearized pMAL-C5x, 1 μL of
10X CutSmart buffer, and 1 μL (20 units) of DpnI, followed by 20 min
heat inactivation at 80 °C. Gibson Assembly conditions were as follows:
0.7 pmol of the pMAL-C5x linearized fragment (vector) and 1.4 pmol
of the oprin assembly fragment (insert) (~1:2 vector/insert ratio) were
combined in a 20 μL assembly reaction with 10 μL of NEBuilder HiFi
DNA 2X assembly master mix and held at 50 °C for 15 min. NEB5-α com-
petent E. coli cells (NEB) were then transformed with 2 μL of this assem-
bly reaction following the manufacturer's 42 °C heat-shock protocol, in-
cubated in SOC media at 37 °C for 60 min, and 100 μL was then spread
on LB/Amp agar plates, and incubated at 37 °C overnight.

2.4.2. Colony PCR of Gibson Assembly transformation colonies
Colonies from Assembly 2 were screened by colony PCR in separate

reactions using OneTaq 2X Master Mix with standard buffer and either
oprin specific primers L and M (876 BP amplicon) or sequencing primers
N and O (1137 BP amplicon) that amplify the oprin coding sequence
with approximately 80 bp upstream and downstream extensions cor-
responding to the host pMAL-C5x vector. Eight colonies from the Gib-
son Assembly were randomly screened in separate 25 μL PCR reactions
containing: 12.5 μL OneTaq, 1.25 μL of 10 μM primer L or N, 1.25 μL
of 10 μM of primer M or O, and 10 μL ultrapure H2O, and individual
colonies were picked with a sterile micro-pipette tip as the DNA source
(note: these same tips were used to inoculate separate 10 mL LB/Amp
cultures grown overnight at 37 °C with shaking at 250 rpm. PCR ther-
mocycler conditions for colony PCR were: Stage 1: 2 min 94 °C; Stage 2:
30 sec 94 oC, 30 sec 57 oC, 60 sec 68 oC (35 cycles); Stage 3: 10 min
68 °C; Stage 4: 4 °C. Colony PCR results were visualized by 0.8% agarose
gel (stained with EtBr) (see supplemental).

2.4.3. DNA isolation and sequencing
Plasmid DNA from the eight Assembly 2 transformation colonies was

isolated from 1.5 mL of the LB/Amp liquid cultures of colonies showing
appropriate amplicon lengths from colony PCR as visualized by 0.8%
agarose gel (stained with EtBr, data not shown) using the Monarch Plas-
mid Miniprep Kit (NEB), eluted with 20 μL of elution buffer to give final
plasmid DNA concentrations between 80 and 120 ng/μL as measured us-
ing a micro-volume spectrophotometer. Four of these purified plasmids
were submitted for Sanger dideoxy-sequencing (Macrogen; Rockville,
MD) using primers N and O. Reads were trimmed and aligned (data not
shown) using freeware FinchTV and UniProUGENE software (see sup-
plemental data for plasmid map and complete DNA and putative protein
sequences)(FinchTV; Okonechnikov et al., 2012).

2.4.4. DNA restriction digest of Gibson Assembly 2
The pMAL-C5x-oprin construct from one of the sequenced Assembly

2 reactions was verified by a restriction digest with BamHI-HF (NEB).
A 50 μL digest reaction contained: 5 μL (~500 ng) DNA, 2 μL restric-
tion enzyme, of 5 μL CutSmart 10X buffer (NEB), and 38 μL of ultrapure
H2O. Reactions were stopped after 60 min by heating at 95 °C for 5 min,
10 μL of Purple 6X-load dye was added, and 10 μL of the restriction di-
gest reaction was visualized with a 0.8% agarose gel (stained with EtBr)
(see supplemental).

2.4.5. Transformation of MBP-oprin constructs
The pMAL-C5x-oprin construct from Assembly 2 was transformed

into NEBExpress E. coli cells (NEB) following the manufacturer's proto-
col. This strain is recommended for the expression of MBP-fusion pro-
teins because it is ideal for Ptac expression vectors such as pMAL-C5x and
is deficient in proteases Lon and OmpT. The transformed cells (100 μL)
were then spread onto LB/Amp plates and grown overnight at 37 °C.

2.4.6. Expression and purification of N-terminal MBP-Oprin fusion protein
Four transformed colonies of NEBExpress E. coli containing the N-ter-

minal MBP-oprin constructs from Assembly 2 were screened for IPTG-in-
duced protein production by inoculating four separate 10 mL liquid
LB/Amp media tubes containing 1 mM IPTG, incubated at 37 °C with
overnight shaking at 250 rpm, and protein production was assessed
via SDS-PAGE inspection. Once screened, the transformation colony
showing the most IPTG-induced protein production was subjected to
large-scale expression of the N-terminal MBP-oprin protein. This was ac-
complished by inoculating 1 L of liquid LB/Amp/Glu (containing 1 mM
glucose) media with a 10 mL starter culture of NEBExpress E. coli cells
containing the previously screened Assembly 2 transformed colony.
(Note: The addition of glucose is recommended as it inhibits the pro-
duction of amylase, an enzyme that can degrade the amylose resin
used in subsequent purification steps). Cells were initially incubated at
37 °C with shaking at 250 rpm until the cultures reached 0.4 OD600,
the temperature was then decreased to 30 °C, IPTG (final concentration
of 1 mM) was added and the cells were incubated at 30 °C for an ad-
ditional 6 h (Note: we found that if cultures were grown at 37 °C or
for extended time periods, significant inclusion body formation was ob-
served, data not shown). The cells were then harvested at 4000xg at
4 °C, the supernatant was decanted, and the cell pellets were frozen
at −20 °C overnight. The cell pellets were re-suspended in a total of
60 mL of column buffer (20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM
EDTA, and 0.5 mM DTT) containing 10 mg lysozyme and 100 μL HALT
protease inhibitor (Sigma). (Note: The addition of lysozyme and the
protease inhibitor cocktail increased recovery of soluble MBP-oprin fu-
sion protein significantly, data not shown). The sample was incubated
at 37 °C for 30 min to induce cell lysis, sonicated with ten 30 s bursts
at 25 Hz, and centrifuged at 15,000xg for 20 min at 4 °C. The com-
bined supernatants were decanted and purified at 4 °C using 40 cm3

of amylose resin (NEB) equilibrated in column buffer with 1M NaCl
added (Note: the addition of NaCl to the column buffer for equilibra-
tion and rinsing of the amylose column significantly reduced non-spe-
cific binding, see supplemental). A flow rate of 2.0 mL/min was used
to rinse the column with 100 mL of column buffer with 1M NaCl
added, and the MBP-oprin fusion protein was eluted into 3 mL fractions
with column buffer containing 10 mM maltose but lacking the added
1M NaCl. Eluted fractions were examined for quantity and purity us-
ing the Bradford protein assay and SDS-PAGE, the fractions containing
the purified MBP-oprin fusion protein were pooled and exchanged into
TNCT buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM CaCl2, and
0.02% Tween-20) utilizing a 10,000 MWCO centrifugal concentrator
(EMDMillipore) to a final concentration of 5.0 mg/ml (~67 nM, based
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on a calculated molecular weight of 75,001 g/mol and a calculated ex-
tinction coefficient of 122,245 M−1cm−1) (values obtained from the Ex-
PASy ProtParam tool)(Gasteiger et al., 2005). This buffer exchange
was required in our hands to eliminate residual EDTA and DTT, compo-
nents that can interfere with downstream steps such as proteolytic cleav-
age or inhibitor assays.(Jenny et al., 2003; Waugh, 2011).

2.4.7. Cleavage of MBP-oprin with Factor Xa
Partial proteolytic cleavage of the MBP fragment was achieved by

allowing 1 mg of Factor Xa (NEB) to react with a portion of the puri-
fied MBP-oprin fusion protein (250 μL, 1.25 mg) for 96 h at 0 °C (Note:
a variety of conditions were examined to optimize cleavage, data not
shown). The resulting cleavage reaction was analyzed by SDS-PAGE.

2.5. Collagenolytic inhibition assay

Azocoll (EMD Millipore) was used to evaluate collagenolytic activ-
ity of crude C. atrox venom and to evaluate the inhibitory activity of
recombinant oprin proteins. The method of Pinto et al. was followed
with modifications as described(Pinto et al., 2006). Crude C. atrox
venom (1 g lyophilized powder) was dissolved in 5 mL ultrapure H2O,
and transferred to dialysis tubing, where it was exchanged with two sep-
arate 1 L volumes of TNCT buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 1 mM CaCl2, and 0.02% Tween-20). The dialyzed crude venom
was then diluted with TNCT buffer (500-fold dilution) and stored at
−20 °C in 1.0 mL aliquots (Note: there was no measurable loss in ac-
tivity after 6 months of storage using these conditions). A working
stock of venom was made by adding 0.5 mL of this 500-fold diluted
crude venom to 4.5 mL of TNCT buffer in a conical centrifuge tube
(5000-fold dilution, called “Solution V”). A series of 2-fold serial dilu-
tions of potential inhibitor proteins in TNCT buffer (either C-terminal
6-His-oprin or N-terminal MBP-oprin) were made in six separate 1.5 mL
centrifuge tubes. In order to perform duplicate measurements, these in-
hibitor dilutions, along with the concentrated inhibitor stock (100 μL
of each) were then mixed with 100 μL of Solution V in fourteen sepa-
rate 1.5 mL microcentrifuge tubes and allowed to pre-incubate for 2 h at
37 °C. Additional duplicate incubation controls included 200 μL of TNCT
buffer with no venom (negative control), 100 μL of TNCT buffer plus
100 μL Solution V (positive control), and 100 μL of 100 mM EDTA plus
100 μL Solution V (inhibitor control) (Note: several authors report that
high concentrations of EDTA inhibit metalloproteinase venom compo-
nents in similar assays) (Neves-Ferreira et al., 1997; León et al.,
1998; Gay et al., 2005; Howes et al., 2007) In a separate 50 mL
conical centrifuge tube, an Azocoll suspension (8 mg/mL) was made
by vortexing 360 mg of Azocoll in 45 mL of TNCT buffer. The Azo-
coll substrate (100 μL) was then added to each of the inhibitor/venom
pre-incubates and controls described above and placed on a tube roller
(Bio-Rad) with gentle rotation at 37 °C for 4 h (Note: it was found that
the Azocoll suspension must be mixed by inversion before each addi-
tion for consistent results, and that the use of a tube roller was supe-
rior to a bio-shaker at high rpm). The reactions were centrifuged at
13,000xg for 1 min at 25 °C to pellet the remaining insoluble Azocoll
substrate, 200 μL of supernatant from each reaction was transferred to
a 96-well microplate, and the absorbance was measured at 550 nm.
For this non-continuous assay, the percent of remaining venom activ-
ity at differing inhibitor concentrations was calculated by dividing the
absorbance for each sample by the maximal absorbance obtained when
venom was present but no inhibitor was present (positive control). This
data was normalized using values for the positive control (no inhibitor
– maximal activity) as the upper curve boundary and average values for
both the negative control (no venom) and the inhibitor control (EDTA)
as the lower curve boundary. Non-linear regression was applied to the
log[inhibitor] vs. normalized response dose-response curves using a

variable slope method, and IC50 values were derived from this curve us-
ing GraphPad Prism software.

2.6. Continuous fluorescent peptide hydrolysis inhibition assay

The fluorescent peptide substrate (Abz-AGLA-Nbz), has been utilized
as an effective substrate to determine kinetic parameters of a variety of
proteases as well as SVMPs and their associated inhibitors(Nishino and
Powers, 1980; Rush et al., 1984; Neves-Ferreira et al., 2000; Ju-
rgilas et al., 2003; Villalta-Romero et al., 2012). A portion of an
8 mM Abz-AGLA-Nbz dissolved in a H2O:DMSO (9:1) stock solution was
diluted 200-fold (0.04 mM final concentration) in TNCT buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM CaCl2, and 0.02% Tween-20)
in a 40 mL plastic trough. Venom/inhibitor pre-incubates and controls
that were prepared as described for the collagenolytic assay (section
2.5) were used for this experiment and were pre-incubated for 2 h at
37 °C. Black 96-well plates were used to perform triplicate measure-
ments. Abz-AGLA-Nbz (100 μL of the 0.04 mM diluted stock) was added
to 30 wells of the microplate using a multichannel pipettor. The pre-in-
cubates and controls (170 μL) were first added to empty wells of the
microplate and then a multichannel pipettor was used to initiate the
reactions by transferring 50 μL of these to the wells already contain-
ing the Abz-AGLA-Nbz substrate. The plate was then read at 37 °C us-
ing excitation and emission wavelengths of 340 nm and 415 nm, respec-
tively, for 10 min at 30 s intervals. For this continuous assay, the initial
slopes of these kinetic measurements were used to determine the per-
cent of remaining venom activity at differing inhibitor concentrations
by dividing the initial slopes for each sample by the maximal slope ob-
tained when no inhibitor was present (positive control). This data was
normalized using values for the positive control (no inhibitor – maxi-
mal activity) as the upper curve boundary and average values for both
the negative control (no venom) and the inhibitor control (EDTA) as the
lower curve boundary. Non-linear regression was applied to the log[in-
hibitor] vs. normalized response dose-response curves using a variable
slope method, and IC50 values were derived from this curve using Graph-
Pad Prism software.

3. Results and discussion

3.1. Bacterial production of recombinant SVMPIs

The production of soluble mammalian proteins using recombinant
expression vectors in bacteria can be both challenging and rewarding.
Mammalian proteins typically contain post-translational modifications
(i.e. glycosylation, signal sequence cleavage) that are not found in bacte-
rial systems(Altenbuchner and Mattes, 2006). These issues can often
lead to the production of proteins in bacteria that are neither soluble nor
active, and can limit the use of this approach(Hochkoeppler, 2013).
However, the production of mammalian proteins in bacteria, most no-
tably E. coli, for structural and functional studies has a rich history and
remarkable success rate(Sahdev et al., 2008). The use of affinity tags
as well as solubilization fusion proteins has increased the successful pro-
duction of mammalian proteins in bacteria significantly(Yang et al.,
2016).

In response to the call for additional methods to understand the
interaction of mammalian SVMPIs and their target SVMPs(Bastos et
al., 2016), we expressed a SVMPI protein derived from the N. Ameri-
can opossum (D. virginiana), originally termed “oprin” and subsequently
shown to be highly homologous to DM43(Neves-Ferreira et al.,
2002), utilizing two approaches involving an affinity fusion tag. First,
we investigated the production of a C-terminal 6-His tagged oprin pro-
tein using a pET-series vector, namely pET28a(+). Second, we investi-
gated the production of an N-terminal maltose binding protein (MBP)
tagged oprin protein to evaluate the ability of MBP to improve solubil-
ity of these recombinant proteins using the pMAL-C5x vector. A cDNA
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derived sequence that encodes for the oprin protein (GenBank
AY131001.1) was chemically synthesized and produced in a pUC19 vec-
tor. Appropriate overlapping ends were added to the coding sequence
using PCR and then inserted into the above linearized expression vectors
with corresponding overlapping ends using the Gibson Assembly proce-
dure(Gibson et al., 2009). The insertion of the oprin sequence into ei-
ther pET28a(+) (Assembly 1) or pMAL-C5x (Assembly 2) using Gibson
Assembly was straightforward as was the characterization and sequenc-
ing of these DNA constructs (see supplemental).

The expression of C-terminal 6-His-oprin was accomplished by trans-
forming BL21(DE3) E. coli cells with the pET28a(+)-oprin construct (As-
sembly 1). Upon the addition of IPTG to large cultures entering the expo-
nential growth phase, the 6-His-oprin protein (~33 kDa) was produced
(Fig. 2A). Unfortunately, regardless of the growth conditions tested, the
majority of this protein was produced as insoluble inclusion bodies as
visualized by comparing the “lysate super” and “lysate pellet” lanes in
Fig. 2A. Attempts to resolubilize the pellet were moderately successful,
however, these fractions showed no inhibitory activity of C. atrox venom
suggesting that improper protein folding and aggregation may have oc-
curred (data not shown). When the soluble cell lysate supernatant frac-
tion was subjected to affinity purification using a HisPur Ni-NTA col-
umn, the 6-His-oprin was purified in relatively small quantities upon
elution from the column with imidazole (~10 mg from 2 L of culture)
as visualized in Fig. 2B. An approximate molecular weight of 33 kDa
as well as the presence of the 6-His affinity tag was verified by Western
blot analysis (Fig. 2C).

The expression of N-terminal MBP-oprin was accomplished by trans-
forming NEBExpress E. coli cells with the pMAL-C5x-oprin construct
(Assembly 2). Upon the addition of IPTG to a large culture entering
the exponential growth phase, the MBP-oprin protein (~75 kDa) was
produced (Fig. 3A). Fortunately, the majority of this protein was pro-
duced in the soluble “lysate super” fraction as compared to the insol-
uble “lysate pellet” fraction. These results contrasted with those found
for the 6-His-oprin protein that tended to express as insoluble inclusion
bodies. When the soluble cell lysate supernatant fraction was subjected
to affinity purification using an amylose column, the MBP-oprin was pu-
rified in relatively large quantities (~40 mg from 1 L culture) upon elu-
tion from the column with maltose as visualized in Fig. 3A. The Fac-
tor Xa cleavage of the MBP-oprin fusion (~75 kDa) yielding the oprin
protein (~33 kDa) and MBP (~42 kDa) was ultimately accomplished in
low yield, but only after a prolonged reaction time of 96 h at 25 °C (Fig.
3B). Attempts to optimize or further prolong the cleavage reaction had
limited success and led to additional non-specific proteolysis (data not
shown). Attempts to purify the liberated oprin protein were unsuccess-
ful.

3.2. Inhibitory activity of recombinant SVMPIs

The inhibitory activity of the C-Term-6-His-oprin (from Assembly 1)
and the N-Term-MBP-oprin (from Assembly 2) were assessed using two
different in vitro methods. First, the ability of these SVMPIs to inhibit
crude C. atrox venom mediated hydrolysis of collagen was measured in

Fig. 2. A. SDS-PAGE gel showing the expression of 6-His-oprin (~33 kDa) (Coomassie blue stain). B. SDS-PAGE gel showing the purification of 6-His-oprin from the crude cell lysate
using a HisPur Ni-NTA affinity column (Coomassie blue stain). C. Immunoblot derived from an SDS-PAGE gel showing the Western analysis of increasing amounts of 6-His-oprin (2 μg,
5 μg, 10 μg) compared to 50 μg of a 28.6 KDa 6-His reference protein, 6-His-BshB (chemiluminescent image using WesternBright ECL substrate/peroxide and Anti-His-6-HRP congugate 1°
antibody).

Fig. 3. A. SDS-PAGE gel showing the expression and purification of MBP-oprin (Coomassie Blue stain). B. SDS-PAGE gel showing the Factor Xa cleavage of MBP-oprin (~75 kDa) to MBP
(~42 kDa) and oprin (~33 kDa) (Coomassie Blue stain). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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a pre-incubation non-continuous assay using the commercially available
reagent Azocoll, an azo-labeled collagen that is used in studies on a va-
riety of proteases(Moore, 1969; Chavira et al., 1984; Biardi et al.,
2006; Pinto et al., 2006 Fernandes et al., 2014). Second, inhibi-
tion studies were performed in a pre-incubation continuous assay using
the commercially available fluorogenic peptide, Abz-AGLA-Nbz, a pep-
tide that is used to study a variety of SVMPs(Neves-Ferreira et al.,
2000; Jurgilas et al., 2003; Villalta-Romero et al., 2012). In both
of these assays, EDTA was used as an inhibitor control as high concentra-
tions completely inhibit metalloprotease mediated peptide hydrolysis by
crude C. atrox venom in these assays(Price, 2015). The dose-response
curves used for the determination of IC50 values and associated parame-
ters for these SVMPIs are shown in Fig. 4 and summarized in Table 1.

The IC50 values determined using two different in vitro methods in
this study were within a factor of three, thus, average IC50 values de-
rived from the two methods for the C-Term-6-His-oprin (4.5 μM) and the
N-Term-MBP-oprin (32.5 μM) are suggested with reasonable confidence.
It is important to note that in these assays, inhibitor and venom were
pre-incubated for 2 h, thus these results do not represent actual IC50 val-
ues for in vivo experiments where the SVMPI might be administered post
envenomation. In addition, these assays do not control for proteolytic
cleavage by other components of C. atrox venom (i.e. serine proteases)
and thus may represent an underestimate of the inhibitory effects these
recombinant proteins may have on SVMPs. However, the 7-fold reduc-
tion in the inhibitory activity of the N-terminal MBP-labeled oprin rel-
ative to the C-terminal 6-histidine labeled inhibitor suggests that the
amino-terminus of this SVMPI may play a more important role in form-
ing a complex between the SVMPI and its target SVMP in venom.

It has been demonstrated that the SVMP:SVMPI complex has a 1:1
stoichiometry, at least for jararhagin (the main hemorrhagic metal-
loproteinase from B. jararaca venom) complexed with either of the
highly analogous SVMPIs (DM43 or PO41) derived from the South
American opossums D. marsupilais (now referred to as D. aurita) or
P. opossum, respectively(Neves-Ferreira et al., 2002; Jurgilas et
al., 2003). Because the current studies looked at inhibition of crude
venom rather than isolated metalloproteinases, the stoichiometry of the
SVMP:SVMPI complex was not determined but rather inferred due to ho-
mology. Furthermore, it is recognized that the N-terminus of the opos-
sum SVMPIs have high sequence homology (Fig. 1), and that 10-15mer
peptides with this N-terminal sequence, termed lethal toxin neutral-
izing factors (LTNFs)(Lipps, 1996), also act as moderately effective
SVMPIs(Komives et al., 2017). The presence of a 6-His affinity tag on
the C-terminus may reduce inhibition relative to a “native” oprin pro-
tein, but additional studies would be needed to investigate this possi-
bility. While having a free amino-terminus appears to be important in

forming the SVMP:SVMPI complex, the results presented here indicate
that this is not an absolute requirement for inhibition.

Finally, because bacterially derived proteins are not glycosylated, the
question arises as to the role of the glycan moities in the native opos-
sum SVMPI. Previous studies demonstrated that when these glycan units
were removed, the inhibitory activity of DM43 towards jararhagin was
reduced by half suggesting an important role for these moieties(León et
al., 2012). Likewise, studies of a related protein, an opossum (D. au-
rita) phospholipase A2 (PLA2) inhibitor (DM64) expressed in P. pastoris,
demonstrated that this recombinant protein exhibited inhibitory activity
even though it did not have the native complement of sugars or when
the glycans were removed(León et al., 2012; Vieira et al., 2017).
The current studies showing that the C-Term-6-His-oprin when grown
in bacteria is expressed almost exclusively as inclusion bodies while the
MBP-oprin is expressed primarily in soluble form, indicate that glycosy-
lation may play a more important role in protein solubilization and fold-
ing rather than crucial interactions in the SVMP:SVMPI complex. An-
other potential role for these sugars is the stabilization of dimers be-
tween these opossum SVMPIs(Neves-Ferreira et al., 2002; Brand et
al., 2012), a possibility that the current study did not address.

4. Conclusion

This study demonstrates the feasibility of expressing functionally ac-
tive mammalian SVMPIs derived from D. virginiana in E. coli, a prospect
that will aid in the further investigation of the structural characteris-
tics that allow them to inhibit their target SVMPs. The use of a solubil-
ity enhancer such as the maltose binding protein (MBP) may allow for
sufficient quantities of these proteins to be produced to achieve these
goals. We are currently working on improving our solubilization en-
hancer-oprin fusion protein design to increase yield and allow for easier
cleavage of the fusion protein. We hope to couple these approaches with
site-directed mutagenesis and x-ray crystallographic structural studies to
identify the critical protein regions necessary for inhibition of SVMPs.
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Fig. 4. Normalized dose-response curves used for the determination of the IC50 values for the SVMPIs 6-His-oprin and MBP-oprin against crude C. atrox venom. A and B show the curves
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perimental data points are shown with black circles. Curves B, C, and D were normalized relative to a maximal activity when no inhibitor was present (data points not shown, negative
control) or to minimal activity when 100 mM EDTA was present (square data point, inhibitor control). The minimal activity of Curve A was normalized to an experimental data point with
the highest inhibitor concentration. The IC50 values are reported in molar (M) units, pIC50 = -log(IC50) where R2 is the coefficient of determination relative to the curve derived using
non-linear regression with a value of one representing an ideal fit.

8

https://www.elsevier.com/about/policies/publishing-ethics
https://www.elsevier.com/about/policies/publishing-ethics
https://www.elsevier.com/about/policies/publishing-ethics


UN
CO

RR
EC

TE
D

PR
OO

F

R. Marshall Werner et al. Toxicon xxx (xxxx) xxx-xxx

Table 1
Summary of IC50 values and associated parameters determined for the SVMPIs 6-His-oprin
and MBP-oprin on crude C. atrox venom using either the fluorescent peptide or Azocoll
assay using the equation pIC50 = -log(IC50 where R 2 is the coefficient of determination
relative to the curve derived using non-linear regression with a value of one representing
an ideal fit. Average IC50 values represent the average of the two different measurement
methods.

SVMPI Assay
IC50
(μM) Avg. IC50 (μM) pIC50

Avg.
pIC50 R 2

C-
Terminal
6-His-
oprin

Fluorescent 6.2 4.5 5.2 5.38 0.9766

C-
Terminal
6-His-
oprin

Azocoll 2.8 5.55 0.9952

N-
Terminal
MBP-
oprin

Fluorescent 23.1 32.5 4.64 4.49 0.9538

N-
Terminal
MBP-
oprin

Azocoll 41.8 4.34 0.9922
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