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Boiga dendrophila (mangrove catsnake) is a colubrid snake
that lives in Southeast Asian lowland rainforests and man-
grove swamps and that preys primarily on birds. We have
isolated, purified, and sequenced a novel toxin from its
venom, which we named denmotoxin. It is a monomeric
polypeptide of 77 amino acid residues with five disulfide
bridges. In organ bath experiments, it displayed potent
postsynaptic neuromuscular activity and irreversibly inhib-
ited indirectly stimulated twitches in chick biventer cervicis
nerve-muscle preparations. In contrast, it induced much
smaller and readily reversible inhibition of electrically
induced twitches in mouse hemidiaphragm nerve-muscle
preparations. More precisely, the chick muscle «; 8yd-nico-
tinic acetylcholine receptor was 100-fold more susceptible
compared with the mouse receptor. These data indicate that
denmotoxin has a bird-specific postsynaptic activity. We
chemically synthesized denmotoxin, crystallized it, and
solved its crystal structure at 1.9 A by the molecular replace-
ment method. The toxin structure adopts a non-conventional
three-finger fold with an additional (fifth) disulfide bond in
the first loop and seven additional residues at its N terminus,
which is blocked by a pyroglutamic acid residue. This is the
first crystal structure of a three-finger toxin from colubrid
snake venom and the first fully characterized bird-specific
toxin. Denmotoxin illustrates the relationship between toxin
specificity and the primary prey type that constitutes the
snake’s diet.
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Three-finger toxins (3FTXs)® form one of the most abun-
dant, well recognized families of snake venom proteins. They
share a similar structure and are characterized by three
B-stranded finger-like loops, emerging from a globular core
and stabilized by four conserved disulfide bridges. An addi-
tional disulfide linkage may sometimes be present in the first
(non-conventional toxins) or second (long-chain a-neuro-
toxins and k-toxins) loop (1-5). All 3FTXs are monomers
except for k-toxins, which are noncovalent homodimers iso-
lated from Bungarus venoms. Minor structural differences in
the three-finger fold, viz. the number of B-strands, overall
morphology of the loops, and differential lengths of turns or
C-terminal tails (6), lead to the recognition of varied targets
and modulate the toxicity and specificity (7). Hence, 3FTXs
affect a broad range of molecular targets, including «;-nico-
tinic acetylcholine receptors (nAChRs; short- and long-
chain a-neurotoxins), a,-nAChRs (long-chain a-neurotox-
ins), and «a;- and a,-nAChRs (k-toxins) (4, 5); muscarinic
acetylcholine receptors (muscarinic toxins) (8); L-type cal-
cium channels (calciseptine and FS2 toxin) (9, 10); integrin
o, Bs (dendroaspin) (11, 12); integrin «, 85 (cardiotoxin A5)
(13); acetylcholinesterase (fasciculins) (14); phospholipids
and glycosphingolipids (cardiotoxins) (15); and blood coag-
ulation protein factor VIIa (16). As the interaction with such
a broad spectrum of target proteins results in a variety of
pharmacological effects, the understanding of the physiolog-
ical role and mechanism of action supported by the architec-
ture of 3FTXs could be of great value in the development of
novel research tools or rational drug design. For instance,
studies with a-bungarotoxin led to a detailed characteriza-
tion of muscle nAChR, helping to elucidate the fundamental
underlying mechanisms involved in neuromuscular trans-
missions (17).

3FTXs were thought to occur only in the venoms of the snake
family Elapidae. But recently, our laboratory reported the first

3 The abbreviations used are: 3FTXs, three-finger toxins; nAChRs, nicotinic
acetylcholine receptors; RP-HPLC, reversed-phase high pressure liquid
chromatography; RT, reverse transcription; Fmoc, N-(9-fluorenyl)methoxy-
carbonyl; CBCM, chick biventer cervicis muscle; MHD, mouse hemidia-
phragm muscle; ESI/MS, electrospray ionization mass spectrometry;
AChBP, acetylcholine-binding protein.
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colubrid snake venom toxin (a-colubritoxin from Coelo-
gnathus radiatus), a reversible antagonist of chick muscle
nAChRs (18). The large polyphyletic family Colubridae consists
of approximately two-thirds of the described species of the
advanced snakes and includes >700 different venomous spe-
cies (19, 20). Colubrid snakes possess a venom gland (the
Duvernoy’s gland) with a common duct extending to the pos-
terior lingual region of the maxilla, commonly associated with
grooved or enlarged posterior maxillary teeth. Relatively little is
known of the chemistry, toxicology, and immunology of colu-
brid venoms, and a more thorough investigation of colubrid
venom components holds great promise for discovering new
bioactive compounds (21, 22).

In this work, we report the isolation, purification, and
pharmacological and structural characterization of a novel
bird-specific neurotoxin, denmotoxin, one of the major
venom components of the mangrove catsnake (Boiga den-
drophila). Denmotoxin produced a virtually irreversible
blockage of chick muscle a;By8-nAChRs, whereas it pro-
duced a much weaker, readily reversible blockage of mouse
muscle «; By8-nAChRs. In addition to pharmacological and
biochemical studies, we have established a chemical synthe-
sis and refolding protocol for synthetic denmotoxin and
solved the high resolution crystal structure of the protein.
Denmotoxin has great potential to become a model for a
better understanding of the mechanisms of species specific-
ity as well as reversible binding of venom neurotoxins.

EXPERIMENTAL PROCEDURES

Materials—Most chemicals and drugs (including carbamyl-
choline chloride, d-tubocurarine chloride, and neostigmine
bromide) were purchased from Sigma. Trypsin and Lys-C
endopeptidase were purchased from Wako Pure Chemicals
(Osaka, Japan), and Pfu pyroglutamate aminopeptidase was
from Takara Biochemicals (Tokyo, Japan). Acetonitrile was
obtained from Merck KGaA (Darmstadt, Germany), and
reagents for protein sequencing were from Applied Biosystems
(Foster City, CA). Chromatography columns were obtained as
follows: uRPC C2/C18 (10 wm, 120 A, 2.1 X 100 mm) and
HiLoad Superdex 30 gel filtration (1.6 X 60 cm), Amersham
Biosciences AB (Uppsala, Sweden); RP-Jupiter C18 (5 wm, 300
A, 1 X 150 mm), Phenomenex (Torrance, CA); UNO S6 cation
exchange, Bio-Rad; and Discovery® BIO wide pore C5 (5 um,
300 A, 10 X 250 or 4.6 X 150 mm), Sigma. An RNeasy® RNA
isolation mini kit; a one-step RT-PCR kit; QIAquick® PCR puri-
fication, gel extraction, and plasmid isolation miniprep kits; a
PCR cloning kit; and a HotStartTaq polymerase kit were pur-
chased from Qiagen Inc. An ABI PRISM BigDye terminator
cycle sequencing ready reaction kit was purchased from
Applied Biosystems. Gene-specific primers were custom-syn-
thesized by 1st BASE (Singapore). 1 Kb Plus DNA Ladder™
was purchased from Invitrogen. EcoRI restriction endonucle-
ase was obtained from New England Biolabs (Beverly, MA).
LB-broth and agar were purchased from Qbiogene (Irvine, CA).
Water was purified with a Milli-Q system (Millipore Corp.,
Billerica, MA). For protein synthesis, protected amino acid
derivatives, resins, dicyclohexylcarbodiimide, and N-hy-
droxybenzotriazole were from Novabiochem (Meudon,
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France). Piperidine, N-methylpyrrolidone, dichlorometh-
ane, methanol, trifluoroacetic acid, and tert-butyl methylox-
ide were from SDS (Peypin, France). Tris(2-carboxyeth-
yl)phosphine hydrochloride was from Pierce.

Snake Venoms—B. dendrophila venom was extracted as
described previously (23) from snakes originating from
Sulawesi, Indonesia. Bungarus multicinctus venom was
obtained from Venom Supplies Pty. Ltd. (Tanunda, South
Australia, Australia), and a-bungarotoxin was purified using
a standard method (24).

Animals—Swiss-Webster albino mice (32 = 2 g of body
weight) were purchased from the Laboratory Animals Cen-
ter of the National University of Singapore (Sembawang,
Singapore) and kept in the Department of Pharmacology
animal holding unit. Paper pellet bedding and food was pur-
chased from Glen Forrest Stockfeeders (Glen Forrest, West-
ern Australia, Australia). Food and water were available ad
libitum. The animals were housed five per cage in a light-
controlled room (12-h light/dark cycles) at 23 °C and 60%
relative humidity.

6—10-day-old domestic chicks (Gallus domesticus) were
purchased from an agricultural farm in Singapore and delivered
on the day of experimentation. Experimental animals were
killed by exposure to 100% CO.,,.

Protein Purification—Previously, we had performed liquid
chromatography/mass spectrometry crude venom profiling of
B. dendrophila venom (25) to identify venom complexity and to
predict the composition of venom proteins. A major protein
component was purified from the venom using a two-step proc-
ess involving cation exchange chromatography and reversed-
phase high pressure liquid chromatography (RP-HPLC). Crude
venom was applied to a UNO S6 cation exchange column
attached to an AKTA purifier system (Amersham Biosciences
AB) and separated into fractions with a linear gradient of
0-50% solvent B over 50 min (solvent A = 50 mm Tris-HCI (pH
7.5); solvent B = 1 m NaCl in 50 mMm Tris-HCI (pH 7.5)). The
pooled fractions containing the protein of interest were applied
to an RP-Jupiter C18 HPLC column using the same chromatog-
raphy system and eluted with a linear gradient of 30 —40% sol-
vent B over 80 min (solvent A = 0.1% trifluoroacetic acid in
H,O and solvent B = 80% acetonitrile and 0.1% trifluoroacetic
acid in H,O). Elution was monitored at 215 and 280 nm. To
assess potential protein oligomerization, the purified lyophi-
lized protein was diluted to 4 mg/ml in H,O, incubated for 30
min at room temperature, and applied to a Superdex 30 gel
filtration column attached to an AKTA purifier system. Protein
was eluted with 50 mm Tris-HCI (pH 7.4) at a flow rate of 1
ml/min. Elution was monitored at 215 and 280 nm.

Mass Analysis—A Sciex API300 LC/MS/MS mass spectrom-
eter (PerkinElmer Life Sciences, Thornton, Canada) was used
to determine the precise masses and purity of the native protein
as well as the generated peptides. Ion spray, orifice, and ring
voltages were set at 4600, 50, and 350 V, respectively. Nitrogen
was used as a curtain gas at a flow rate of 0.6 ul/min and as a
nebulizer gas at a pressure setting of 100 p.s.i. The mass was
determined by direct injection at a flow rate of 50 ul/min using
a Shimadzu LC-10AD liquid chromatography pump as the sol-
vent delivery system (50% acetonitrile and 0.1% formic acid in

JOURNAL OF BIOLOGICAL CHEMISTRY 29031

9002 ‘6 12090190 uo 1sanb Aq Bio agl-mmm wol) papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

6

Pharmacological and Structural Characterization of Denmotoxin

H,0). BioMultiView software was used to analyze the mass
spectra.

Unblocking and Sequencing of the N Terminus—Pfu pyroglu-
tamate aminopeptidase digestion was performed to remove the
pyroglutamic acid residue that was blocking the N terminus of
the protein. Enzymatic digestion was carried out in 50 mm
sodium phosphate (pH 7.0) containing 10 mm dithiothreitol
and 1 mm EDTA at a ratio of 2 milliunits of enzyme to 1 nmol of
protein. The reaction was incubated for 10 h at 50 °C, followed
by N-terminal sequencing by automated Edman degradation
using an ABI Procise 494 pulsed-liquid phase protein sequencer
(PerkinElmer Life Sciences) with an on-line 785A phenylthio-
hydantoin-derivative analyzer.

Peptide Generation and Protein Sequencing—Lyophilized
protein (500 ug) was dissolved in 500 ul of 0.13 M Tris-HCI, 1
mM EDTA, and 6 M guanidine HCI (pH 8.5) and reduced with 10
wl of B-mercaptoethanol. This mixture was incubated at 37 °C
for 2 h under N,. Subsequently, 100 ul of alkylating reagent
(4-vinylpyridine) was added, and the mixture was incubated for
another 2 h under N, at room temperature in the dark. The
alkylated toxin mixture was immediately loaded onto a uRPC
C2/C18 column attached to a Smart workstation (Amersham
Biosciences AB). The column was washed for 30 min with sol-
vent A (0.1% trifluoroacetic acid in H,O), followed by protein
elution with a linear gradient of 0 —50% solvent B (80% acetoni-
trile and 0.1% trifluoroacetic acid in H,O). Lyophilized pyridyl-
ethylated protein was then subjected to enzymatic digestion
with Lys-C endopeptidase or trypsin. Protein (250 ug) was dis-
solved in 250 pl of enzymatic digestion buffer (50 mm Tris-HCl,
4 M urea, and 5 mm EDTA (pH 7.5)), and proteases were added
at a ratio of 1:50 (w/w). Cleavages were performed at 37 °C for
16 h. The peptides generated were separated on a uRPC
C2/C18 column attached to the same chromatography system
using a linear gradient of 15—40% solvent B over 1 h (solvent
A = 0.1% trifluoroacetic acid in H,O and solvent B = 80%
acetonitrile and 0.1% trifluoroacetic acid in H,O). The flow rate
was 200 ul/min. Eluted peptides were monitored at 215, 254,
and 280 nm. The amino acid sequences of the peptides were
obtained by automated Edman degradation using an ABI Pro-
cise sequencer.

Total RNA Isolation—5 days after milking, the B. den-
drophila specimen was killed by an overdose of CO,. The pair of
venom glands was dissected and stored in RNA/ater at —80 °C
until used. Total RNA extraction was performed using a rotor
homogenizer and an RNeasy mini kit. The amount of RNA was
calculated according to the absorbance of the sample at 260 nm.

Reverse Transcription (RT)-PCR—Based on the available
amino acid sequence of the protein, the following degenerate
primers were designed to obtain partial cDNA sequence: RT-
forward, 5'-GCICCIGTRCARCAYTTIAC-3'; and RT-reverse,
5'-TGYTTIGCIGTIGGMCACAT-3'. One-step RT-PCR was
carried out using 100 ng of total RNA under the following
conditions: RT at 50 °C for 30 min, followed by activation of
HotStartTaq polymerase at 95 °C for 15 min and 30 cycles of
three-step PCR (94 °C for 1 min, 50 °C for 1 min, and 72 °C
for 1 min) and a final extension at 72 °C for 10 min. PCR
products were subjected to 1% agarose gel electrophoresis
and visualized by ethidium bromide staining.

29032 JOURNAL OF BIOLOGICAL CHEMISTRY

Cloning and Sequencing of RT-PCR Products—Amplification
products were purified using a PCR purification kit, ligated with
the pDrive vector, and transformed by a heat shock method into
competent Escherichia coli DH5a cells. Selection of the trans-
formants (blue/white colony screening) was performed on LB-
agar plates containing 100 ug/ml ampicillin and supplemented
with X-gal (isopropyl B-p-thiogalactopyranoside and 5-bromo-
4-chloro-3-indolyl- 3-p-galactopyranoside). The sizes of the
inserts were estimated by EcoRI digestion, followed by 1% aga-
rose gel electrophoresis and ethidium bromide visualization.
All sequencing reactions were carried out with an ABI PRISM
3100 automated DNA sequencer using a BigDye terminator
cycle sequencing ready reaction kit according to the manufac-
turer’s instructions. All clones were sequenced in both direc-
tions using T7 and SP6 sequencing primers.

Sequence Analysis—Sequence analysis was carried out using
the BLAST program at the NCBI Database (www.ncbi.nlm.
nih.gov) and ExPASy proteomics tools (www.expasy.ch).
Sequence alignments were carried out using the ClustalW pro-
gram (www.ebi.ac.uk) or DNAMAN Version 4.15 (Lynnon
Corp.).

Chemical Synthesis—Chemical synthesis and assembly of
protein were performed with an Applied Biosystems 431
peptide synthesizer using a modified version of the Applied
Biosystems standard 0.1 mmol small-scale program (26)
with N-hydroxybenzotriazole as the coupling reagent and
N-methylpyrrolidone as the solvent. Fmoc-protected amino
acids were used with the following side chain protections:
t-butyl ester (Glu and Asp), ¢-butyl ether (Ser, Thr, and Tyr),
t-butylcarbonyl (Lys), trityl (Cys, His, Asn, and Gln), 2,2,5,7,8-
pentamethylchromane-6-sulfonyl (Arg), and ¢-butyloxycar-
bonyl (Trp). The toxin was assembled on Fmoc-Asp-z¢-butoxy-
Wang resin (loading, 0.55 mmol/g) (27). Synthesis was
performed using the improved software armed with UV depro-
tection step monitoring, which, in the case of deprotection fail-
ure, automatically extends the deprotection and coupling time
for the particular amino acid (28). After each coupling, the resin
was acetylated with a mixture of 5% acetic anhydride and 6%
2,4,6-collidine in dimethylformamide. At the end of the synthe-
sis, the peptide resin was treated with a mixture of trifluoroace-
tic acid (90%), triisopropylsilane (5%), and distilled water (5%)
to cleave the peptide from the resin and to remove the protect-
ing groups from amino acid side chains. After 2 h of incubation
at room temperature with constant mixing, the crude material
was filtered and precipitated in cold tert-butyl methyloxide.
Precipitates were washed three times with zerz-butyl methylox-
ide, followed by centrifugation at 1700 X gand resuspension in
10% acetic acid. Lyophilized crude synthetic toxin was then
reduced with a molar excess of tris(2-carboxyethyl)phosphine
hydrochloride for at least 30 min (to reduce incorrectly formed
disulfide bonds) and purified by RP-HPLC using a Discovery®
BIO wide pore C5 column (10 X 250 mm) with a gradient of
40 -60% of solvent B over 40 min (solvent A = 0.1% trifluoro-
acetic acid in H,O and solvent B = 60% acetonitrile and 0.1%
trifluoroacetic acid in H,O). The flow rate was 3 ml/min, and
elution was followed at 215 and 280 nm.

Purification and Refolding of the Synthetic Toxin—The
reduced synthetic peptide was dissolved in 200 ul of distilled
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water to evaluate protein concentration based on absorbance at
278 nm. It was then diluted with refolding buffer (0.1 m Tris-
HCI (pH 7.8) and 0.5 M guanidium chloride, GSH, and GSSH at
a molar ratio of 10:1) to a concentration of 0.05 mg/ml and
incubated for 2—4 days in 4 °C. The mixture was acidified with
20% trifluoroacetic acid and purified on a Discovery® BIO wide
pore C5 column with a gradient of 30 -50% solvent B over 40
min (solvent A = 0.1% trifluoroacetic acid in H,O and solvent
B = 60% acetonitrile and 0.1% trifluoroacetic acid in H,O). The
flow rate was 3 ml/min, the elution was followed at 215 and 280
nm. The synthetic and native toxins were compared by co-elu-
tion profiles and circular dichroism spectra.

In Vivo Toxicity Test—The native protein was injected intra-
peritoneally into male Swiss-Webster mice (19 £ 2 g) at 0.1, 1,
10, and 20 mg/kg (n = 2). All doses were made up to a volume of
200 plin saline. The same volume of normal saline was injected
intraperitoneally into control animals. Mice were observed for
6—8 h and killed after 24 h for autopsy. Mice (19 * 2 g) were
injected intracerebroventricularly with the proteinat 0.1, 1, and
10 mg/kgin 5 ul of saline (n = 2 per dose) or with 5 ul of control
saline (n = 2) using a fine capillary Hamilton microsyringe.
Animals were killed for autopsy after 5 h of observation.

Chick Biventer Cervicis Muscle (CBCM) Preparations—Pairs
of CBCMs were isolated from 6-10-day-old chicks and
mounted in an 8-ml organ bath (29) containing Krebs solution
continuously aerated with 5% CO, in O,. The temperature of
the organ bath was maintained at 35 °C. The resting tension of
the isolated tissue was adjusted to ~1 g. Electrical field stimu-
lation was carried out through platinum ring electrodes
using an S88 stimulator (Grass Instruments, Quincey, MA).
The data were transferred via a Model FT03 force displace-
ment transducer (Grass Instruments) and recorded using a
PowerLab 6 system (ADInstruments, Bella Vista, New South
Wales, Australia). Maximal twitch responses of the muscle
were elicited indirectly via stimulation of the motor nerve by
applying an electrical field of 7-10-V potential difference at a
frequency of 0.2 Hz in supramaximal rectangular pulses of
0.1-ms duration. The preparation was equilibrated for 30 -50
min before the beginning of an experiment, with changes of
Krebs solution at 10-min intervals. To ensure selective stimu-
lation of the motor nerve, d-tubocurarine (10 uM) was added,
with subsequent abolition of twitches, which were then re-es-
tablished after a thorough wash. At appropriate intervals, sub-
maximal control contractures to exogenously applied 300 um
acetylcholine, 8 um carbachol, or 30 mm KCI were obtained in
the absence of an electrical field. The contact times for these
agonistic drugs were 30, 90, and 60 s, respectively, followed by a
wash with ~100 ml of fresh Krebs solution. The electrical stim-
ulation was then recommenced; and after stabilization of twitch
height, the effects of various concentrations of denmotoxin
(0.1-100 pg/ml, 11.8 nm to 11.8 um; n = 5), a-bungarotoxin
(0.1 nm to 0.5 um; n = 3), or vehicle were investigated. Neuro-
muscular blockage is expressed as a percentage of the original
twitch height in the absence of toxin. Dose-response curves
representing the percent blockage after 30 min of CBCM expo-
sure to the respective toxins were plotted. Each preparation was
exposed to only one dose of toxin, and both muscles from the
same specimen were used to test two different doses. The
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reversibility of the inhibitory effect of the toxin on twitches was
assessed by the replacement of Krebs solution in the organ bath
at 10-min intervals combined with a slow drip wash over 180
min. The effect of neostigmine (10 uMm) on the reversal of neu-
romuscular blockage was also examined.

Mouse Hemidiaphragm Muscle (MHD) Preparations—MHD
with the associated phrenic nerve was isolated as described by
Bulbring (30) and mounted in a 5.5-ml organ bath. Indirect
stimulation was performed at a frequency of 0.2 Hz in rectan-
gular pulses of 0.2-ms duration at a supramaximal voltage of
7-10V. a-Bungarotoxin (10, 50, and 100 nm; # = 3) was used as
a positive control. Partial dose-response curves for denmotoxin
(117.5nMm, 1.175 um, and 11.75 uM (n = 3) and 2.35 and 5.88 um
(n = 1)) were determined. In control experiments, the effect of
uninterrupted nerve stimulation of MHD was assessed. Also,
the recovery of twitches was assessed by washing with Krebs
solution overflow, followed by slow drip wash. To eliminate
batch-to-batch variations of the protein during the experi-
ments, all CBCM and MHD experiments were performed using
same protein stock solution. Data are expressed as the means *
S.E. Data were analyzed and fitted using Fig.P Version 2.98
(Fig.P Software Corp., Durham, NC).

Crystallization—Lyophilized protein was resuspended in 50
mM sodium acetate (pH 5.5) containing 0.02% sodium azide,
washed four times to remove salts, and reconcentrated to 10
mg/ml by ultrafiltration with an Amicon 5-kDa cutoff filter
(Millipore Corp.). Crystallization experiments were carried out
using the sitting drop vapor diffusion method at 291 K (18 °C).
In initial crystallization experiments, Hampton Research Crys-
tal Screens 1 and 2 were used, and setups contained 1 ul of
protein and 1 ul of reservoir solution. The final conditions were
optimized by seeding to bypass spontaneous nucleation and
hence to control the number of crystals and to improve their
growth. Crystals for diffraction were kept in cryoprotectant
solution containing 1.5 M LiSO, and 25 mwm imidazole (pH 8.0)
and flash-frozen in liquid ethane.

X-ray Diffraction Data Collection, Structure Determina-
tion, and Refinement—Crystal diffraction was performed on
beam line ID-29 at the European Synchrotron Radiation
Facility (Grenoble, France). The data were processed using
the HKL package (31), and the structure was solved using the
molecular replacement method. Different search models
were tried out to find the proper rotation and translation
solution. To choose the best model for the molecular
replacement method, a FASTA search was conducted using
the protein sequence against the Protein Data Bank. The
closest match found was the crystal structure of neurotox-
in-1 from Naja naja oxiana (PDB code INTN). Based on this
molecule, the denmotoxin search model was built by residue
replacement. Several other homology models were tried in a
different resolution range, but no solution could be found.
Finally, the proper solution was found using native data and
a search model built based on irditoxin (PDB code 2H7Z)
with partial deletions of loops regions. The programs MOL-
REP (32), Refmac (33), CNS (34), and PROCHECK (35) were
used to solve, refine, and analyze the structure.
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