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ABSTRACT A novel heterodimeric three-finger neuro-
toxin, irditoxin, was isolated from venom of the brown
treesnake Boiga irregularis (Colubridae). Irditoxin subunit
amino acid sequences were determined by Edman degra-
dation and cDNA sequencing. The crystal structure re-
vealed two subunits with a threefinger protein fold,
typical for “nonconventional” toxins such as denmotoxin,
bucandin, and candoxin. This is the first colubrid three-
finger toxin dimer, covalently connected via an interchain
disulfide bond. Irditoxin showed taxon-specific lethality
toward birds and lizards and was nontoxic toward mice. It
produced a potent neuromuscular blockade at the avian
neuromuscular junction (IC5,=10 nM), comparable to
o-bungarotoxin, but was three orders of magnitude less
effective at the mammalian neuromuscular junction. Co-
valently linked heterodimeric three-finger toxins found in
colubrid venoms constitute a new class of venom pep-
tides, which may be a useful source of new neurobiology
probes and therapeutic leads.—Pawlak, J., Mackessy,
S. P., Sixberry, N. M., Stura, E. A., Le Du, M. H., Ménez,
R., Foo, C. S., Ménez, A., Nirthanan, S., Kini, R. M.
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PEPTIDE TOXINS FROM ANIMAL VENOMS target a variety of
physiological processes by binding with remarkable spec-
ificity and high affinity to receptors and ion channels.
They have played a key role in therapeutic lead discovery
and in deciphering the molecular structure and function
of receptors and ion channels (1). A classic example of
three-finger toxins (3FIXs), which constitute one of the
most abundant, nonhomogeneous, and well-documented
families of snake venom proteins, is a-bungarotoxin. The
3FTX protein fold is characterized by three (-stranded
finger-like loops, emerging from a globular core stabilized
by four conserved disulfide bonds. An additional disulfide
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bridge may sometimes be present in the second (middle)
loop, as found in long-chain a-neurotoxins (e.g., a-bunga-
rotoxin) and k-neurotoxins (e.g., k-bungarotoxin), or in
the first loop, as in nonconventional 3FIXs (eg., can-
doxin, bucandin; refs. 2, 3). Nonconventional 3FTXs (4)
are generally several orders of magnitude lower in toxicity
than classical snake a-neurotoxins. Their molecular tar-
gets are largely unknown but presumed to be nicotinic
acetylcholine receptor (nAChR) subtypes, because the
few examples characterized appear to interact with mus-
cle (a1B1y8) and neuronal a7 receptors (5, 6).

The overall structural similarity notwithstanding, subtle
differences in the three-finger fold, such as in the general
morphology of the loops and C-terminal and N-terminal
segments (7), enable 3FTXs to recognize diverse molec-
ular targets with precise specificity (8). These targets
include the al (shortchain and long-chain a-neurotox-
ins); a7 (long-chain a-neurotoxins) or a2B4 and a3p4
nAChRs (k-neurotoxins); muscarinic AChRs (muscarinic
toxins); L-type calcium channels (calciseptine and FS2
toxin); integrin oy, B3 (dendroaspins); acetylcholinester-
ase (fasciculins); phospholipids and glycosphingolipids
(cardiotoxins; reviewed in ref. 2); coagulation factor VIla
(hemextin AB complex; ref. 9); and B1/B2-adrenergic
receptors (B-cardiotoxin; ref. 10). The structure and
function of these molecules, with broad spectrum phar-
macology within a highly conserved 3FIX fold, are of
great value in the development of novel research tools or
in rational drug design.

3FTXs, once believed to exist only in the venoms of
elapid snakes, have only recently been found in other
nonelapid families (11-15). Currently, almost all known
3FTXs exist as monomers, except for k-bungarotoxins
from Bungarus venoms, which are noncovalently linked
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homodimers, and the hemextin AB complex from
Hemachatus hemachatus venom, which is a noncovalently
linked hetero-tetramer of two different 3FTX subunits
(9). In the present study, we report for the first time a
new class of covalently linked heterodimeric 3FTXs
purified from the venom of the brown treesnake, Boiga
irregularis, an invasive colubrid snake introduced on the
Pacific island of Guam. This toxin demonstrated potent
in vilro neurotoxicity specific for the avian neuromus-
cular junction that accounts for the taxon-specific
toxicity of the brown treesnake’s crude venom, which is
essentially nonlethal to mammals (including humans;
refs. 16, 17). Its high resolution crystal structure details
the similarities to and significant differences from
other known snake 3FITXs, which are essential to un-
derstanding and exploiting its novel pharmacology.

MATERIALS AND METHODS
Materials

Glu C endopeptidase was purchased from Wako Pure Chemicals
(Osaka, Japan), immobilized TPCK-trypsin was from Pierce
Chemical Company (Rockford, IL, USA), Edman degradation
reagents were from Applied Biosystems (Foster City, CA, USA),
and acetonitrile was from Merck KGaA (Darmstadt, Germany).
Pfu pyroglutamate aminopeptidase was purchased from Takara
Biochemicals (Tokyo, Japan). Ellman’s reagent was purchased
from Pierce. HPLC columns used included Superdex 30 Hiload
(16/60) and pRPC C2/C18 (10 pm 120 A 2.1X100 mm) from
Amersham Pharmacia (Uppsala, Sweden), and Shodex CM-825,
Jupiter C, and Cy5 (5 pm 300 A 1X150 mm, 4.6X250 mm and
10 pm 300 A 10X250 mm) columns were purchased from
Phenomenex (Torrance, CA, USA). SDS-PAGE gel standard
and silver stain were purchased from Bio-Rad Laboratories
(Hercules, CA, USA). RNA isolation (RNeasy mini kit), PCR
purification, Qiaquick gel extraction, plasmid miniprep, pDrive
cloning, and Hot Start Tag Polymerase kits were obtained from
Qiagen (Valencia, CA, USA). 3'-Rapid amplification of cDNA
end (3'-RACE) kit containing SuperScript II reverse transcrip-
tase was obtained from Invitrogen (Carlsbad, CA, USA). The
ABI PRISM BigDye terminator cycle sequencing ready reaction
kit was purchased from Applied Biosystems. Gene-specific prim-
ers were custom synthesized by lst Base (Singapore). DNA
ladder 1 Kb Plus was purchased from Gibco Life Technologies
(Carlsbad, CA, USA). EcoRI restriction endonuclease was ob-
tained from New England Biolabs (Beverly, MA, USA). Luria
Bertani broth and agar were purchased from Q.BIOgene (Ir-
vine, CA, USA). All other reagents were purchased from Sigma
(St. Louis, MO, USA).

Animals

Brown treesnakes (B. irregularis) were collected on Guam and
imported to Colorado under a permit from the U.S. Fish and
Wildlife Service (MA022452-0 to SPM). Snakes were maintained
at the University of Northern Colorado Animal Facility (UNC
IACUC protocol 9204.1) and were extracted of venom every 2
mo. House geckos (Hemidactylus frenatus) were obtained from
Bushmaster Reptiles (Longmont, CO, USA). NSA mice were
bred in the UNC Animal Facility (UNC IACUC protocol 9401).
Twelve- to 16-day-old chickens (Gallus domesticus) for in vivo
toxicity studies were obtained from a local breeder (Greeley,
CO, USA). Male Sprague-Dawley rats (250-350 g) were pur-
chased from the Centre for Animal Resources of the National
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University of Singapore (Lim Chu Kang, Singapore) and kept in
the Animal Research Laboratory of the National Neuroscience
Institute (NNI TACUC TNI-07/1/004). Six- to 10-day-old domes-
tic chicks (G. domesticus) were purchased from Chew’s Agricul-
tural (Lim Chu Kang, Singapore) and delivered on the day of
experimentation.

Venom extraction

Extraction of venom was based on an established methodol-
ogy (18), using 18 ng/g ketamine-HCI and 6.0 pg/g pilo-
carpine-HCIL. Venom was centrifuged for 10 min at 10,000 g
and was then lyophilized and stored frozen until it was used.

Protein purification

Lyophilized venom (70 mg) was dissolved in 1.0 ml 10 mM
HEPES, pH 6.8, containing 100 mM NaCl and 5.0 mM CaCl,,
centrifuged to pellet solids, filtered using 0.45 wm syringe tip
filters, and subjected to size exclusion chromatography on a
2.8 X 100 cm BioGel P-100 column. Proteins were eluted with
the same buffer at 6.0 ml/h at 4°C. Fractions of interest were
combined, dialyzed against MilliQ H,O, and lyophilized. This
fraction was reconstituted in 20 mM sodium phosphate buffer,
pH 6.8, and subjected to ion-exchange HPLC using a 4.6 X 75
mm Shodex CM-825 column on a Waters HPLC operating
under Empower software (flow rate 1.0 ml/min). Final purifica-
tion was achieved using a Jupiter C, RP-HPLC column equili-
brated with 0.1% trifluoracetic acid (TFA; v/v) and eluted using
a 20-50% linear gradient of acetonitrile (80% in 0.1% TFA);
flow rate was 1.0 ml/min. Elution of protein at all steps was
monitored at 280 and 220 nm. The purified toxin was then
lyophilized and stored frozen until it was used.

Electrophoresis

SDS-PAGE under reducing and nonreducing conditions was
carried out on a 15% gel using the Bio-Rad mini-Protean II
electrophoresis system. The proteins were visualized by stain-
ing with silver stain.

Measurement of free thiol groups

Ellman’s reagent (pH 9.0) and toxin solution were combined,
the pH of the mixture was adjusted to 8.0 with phosphate buffer,
and the absorption was measured at 412 nm after 5 min.
Concentrations were calculated by comparison with standards
containing known concentrations of reduced glutathione.

Electrospray ionization-mass spectrometry (ESI-MS)

ESI-MS was used to determine the precise mass of the protein
fractions. The masses were measured using a Perkin-Elmer
Sciex API 300 triple quadrupole LC/MS/MS system (Perkin-
Elmer, Wellesley, MA, USA) equipped with an ion-spray
interface as described previously (14).

Separation of subunits

Toxin was treated with 20 mM dithiothreitol (DTT) or Tris
(2-carboxyethyl)-phosphine hydrochloride (TCEP) for 1 h, and
the subunits were separated by RP-HPLC on a 4.6 X 250 mm C,
column equilibrated with 0.1% TFA (v/v) and eluted using a
20-60% linear gradient of acetonitrile (80% in 0.1% TFA) in 40
min or on a 4.6 X 250 mm C, 4 column with a linear gradient of
30-60% B (60% ACN in 0.1% TFA) in 50 min. The elution of
peptides was monitored at 220 and 280 nm.
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Total RNA isolation

One B. irregularis had venom extracted to stimulate the produc-
tion of mRNAs in the venom glands and was euthanized by
decapitation 4 days postextraction. The venom glands were
quickly dissected, placed in RNAlater solution (Qjagen), and
kept frozen at —80°C until used. Venom gland tissue (20 mg)
was homogenized using a rotor homogenizer, and the total RNA
was extracted using an RNeasy mini kit. The amount of RNA was
quantified spectrophotometrically at 260 nm.

3'-RACE

cDNA was synthesized from ~1.0 pg of total RNA using
SuperScript II reverse transcriptase and 3'-RACE adapter
primer [56'-GGCCACGCGTCGACTAGTAC(T),-3']. The re-
verse transcription reaction product was treated with RNase H
(2 U) for 30 min at 37°C and then used as a template in PCR
(95°C, 15 min, hot start; followed by 30 cycles: 94°C, 1 min;
50°C, 1 min; 72°C, 1 min; and final extension at 72°C for 10
min) with sense primer corresponding to the 3FTX signal
peptide region (5-ATGAAACTCTGCTGCTGGCC-3") and an
antisense 3'-RACE abridged universal amplification primer
(5'-GGCCACGCGTCGACTAGTAC-3"). The PCR products
obtained were visualized using ethidium bromide staining
followed by agarose gel (1%) electrophoresis.

Cloning of PCR products

3’-RACE products were purified according to the manufac-
turer’s instructions using a PCR purification kit, ligated with
pDrive vector, and transformed into competent E. coli cells
(DHb5a) by heat shock method. Transformants were selected
on LB-agar plates containing 100 wg/ml ampicillin and
supplemented with isopropyl-3-D-thiogalactopyranosid and 5-
bromo-4-chloro-3-indolyl-3-np-galactopyranoside for blue/white
colony screening. The sizes of the inserts were estimated by
EcoRI digestion followed by 1% agarose gel electrophoresis
and ethidium bromide visualization.

DNA sequencing

Sequencing reactions were performed using the ABI PRISM
BigDye terminator cycle sequencing ready reaction kit. Prod-
ucts resulting from several independent PCRs were se-
quenced two times in both directions using T7 and SP6
sequencing primers on an ABI PRISM 3100 automated DNA
sequencer. cDNA and protein sequences were analyzed using
the BLAST program at the National Center for Biotechnology
Information web site (www.ncbi.nlm.nih.gov) and ExPASy
proteomics tools at www.expasy.ch. Sequences were aligned
using the ClustalW program (www.ebi.ac.uk) or DNAMAN
version 4.15 (Lynnon Biosoft, Quebec, QC, Canada).

Crystallization

Crystallization experiments were carried out using the sitting
drop vapor diffusion method at 291 K (18°C), containing 1 pl
of protein and 1 pl of the reservoir solution (for details, see
Supplemental Fig. S3). Crystals for data collection were
flash-frozen in liquid ethane using a cryoprotectant solution
with 25% glycerol added to the crystallization solution. Data
were collected on beam line ID-29 at the European Synchro-
tron Radiation Facility (Grenoble, France).

DISULFIDE-LINKED HETERODIMER OF THREE-FINGER TOXIN

Structure determination and refinement

Diffraction images were indexed, integrated, and scaled using
the HKL2000 package (19). The experimental phasing was
performed with the MLPHARE program from CCP4 package
(1994) using a MIRAS approach, i.e., the isomorphous signal
from the iodine data set was combined with the tungstate
anomalous signal. Building of the structure was performed
through several cycles of an interactive process, which in-
cluded map calculation with the program FFT, followed by
automated model building using ARP WARP and recalcula-
tion of the map, map examination, and manual adjustment of
the model with TURBO-FRODO. From a partially built
model, phases were calculated using SFALL, and the program
SIGMAA was used to combine calculated and experimental
phases. Finally, experimental phases were improved with DM
(Density Modification) and extended to 1.5 A. The refine-
ment was performed with Refmac and CNS.

In vivo toxicity test and LD, determination

Lethal toxicity of the purified toxin was determined in three
different model animals: NSA mice (Mus musculus), domestic
chickens (G. domesticus), and house geckos (H. frenatus). These
models were chosen because birds and lizards are typical prey
utilized by brown treesnakes. Toxin was dissolved in 0.9% saline,
and weight-proportional doses were administered intraperitone-
ally. Doses were administered to groups of 3 animals/dose: NSA
mice, 0-25 pg/g in 100 pl total volume; chickens and lizards,
0-10 pg/g in 100 pl total volume. Periodic observations of
effects, survival time and lethality at 24 h were recorded, and
lethal toxicity (LDj,) was calculated for each species. All toxicity
assays were conducted in accordance with approved procedures
(UNC IACUC protocol 9402).

Chick biventer cervicis muscle (CBCM) preparations

Pairs of CBCMs were isolated as described previously (6, 14)
and mounted in a 6 ml organ bath. All experimental setups
and recordings were as described previously (6, 14). The
effects of various concentrations of IrTx or a-bungarotoxin
(0.01-1 puM) were investigated. Neuromuscular blockade are
expressed as a percentage of the original twitch height before
the addition of toxin. Concentration-response curves repre-
sented the percent blockade of nerve-evoked twitch responses
of the CBCM after a 30 min exposure to the respective toxins.
In separate experiments, the reversibility of the neuromuscu-
lar blockade produced by IrTx was assessed by washing out
the toxin by overflow with fresh Krebs solution at 10 min
intervals combined with a slow drip wash over 120 min or
by the addition of the anticholinesterase drug neostigmine
(10 uM).

Rat phrenic nerve-hemidiaphragm preparations

Male Sprague-Dawely rats were euthanized by exposure to
100% CO, followed by cervical dislocation, and the rat
phrenic nerve-hemidiaphragm (RHD) preparations, with the
intact phrenic nerves, were isolated as described previously
for the mouse (14). The tissues were mounted in a 6 ml organ
bath, essentially under the conditions stated for the CBCM
preparation. Indirect nerve stimulation was performed at a
frequency of 0.2 Hz in rectangular pulses of 0.2 ms duration
at a supramaximal voltage of 7-10 V. The concentration-
dependent effects of IrTx (1 and 10 wM) and a-bungarotoxin
(0.03-3 pM) on twitch responses of the RHD evoked by
electrical field stimulation of the phrenic nerve were studied.
Each muscle preparation was exposed only to one dose of



toxin, and at least two replicates were obtained for each
concentration, except for concentrations of 1 wM or greater
of IrTx, where a single experiment was conducted due to the
scarcity of the compound. All animal handling and experi-
mental protocols were conducted in accordance with ap-
proved procedures (NNI JACUC TNI-07/1/004).

RESULTS

Protein purification

Irditoxin (IrTx) was purified from venom of B. irregularis
using gel filtration chromatography, cation exchange
HPLC, and final polishing by RP-HPLC (Fig. 1). It is an
abundant component of the venom and comprises ~10%
(peak area) of the total venom protein. Precise mass and
homogeneity of native protein were determined by ESI-
MS, which showed 6 m/z peaks: 1217.9, 1311.5, 1420.7,
1549.8, 1704.6, and 1893.9, having charges of 14, 13, 12,
11, 10, and 9, respectively, and corresponding to a molec-
ular mass of 17,036.31 = 0.49 Da (data not shown). No
contaminating proteins were found. Reduced toxin
(treated with TCEP or DTT) resulted in separation of the
subunits (Fig. 24). Covalent linkage between subunits was
confirmed by SDS-PAGE; the nonreduced protein ap-
peared as a single ~17 kDa band, and the reduced form
was visible as two bands of ~8.5 and 7.5 kDa (Fig. 2B). No
free cysteine residues were detected in the native mole-
cule using Ellman’s reagent (data not shown). Reduced
subunit A has an observed molecular mass of 8379.56 =+
0.20, and subunit B is 8677.79 = 0.12 (Fig. 2C, D). This
covalent association is unique among the 3FTXs, and the
toxin contains two subunits linked through a single disul-
fide bond.

Primary sequence

The two reduced subunits were separated and deblocked
with Pfu pyroglutamase, and their partial (48%) amino
acid sequence was determined by direct NHy-terminal
protein sequencing. The complete sequence was deter-
mined by Edman degradation sequencing of overlapping
peptide fragments (Supplemental Fig. S1) and through
sequencing of clones obtained by constructing a 3'RACE
library (Fig. 3). Out of 60 clones, 7 and 10 clones exactly
matched the amino acid sequences of subunit A and B,
respectively. The fulllength cDNAs and deduced amino
acid sequences of both subunits are shown in Fig. 3. The
calculated masses of both the subunits as obtained from
c¢DNA and observed masses from ESI-MS matched exactly.
These sequences have been submitted to GenBank (ac-
cession numbers DQ304538 and DQ304539 for subunits
A and B, respectively). The ¢cDNA encodes for open
reading frames of 236 (subunit A) and 230 nucleotides
(subunit B). Both termination codons are encoded by
TGA, and the polyadenylation signals AUUAAA (less
frequent compared with AAUAAA) are located 14 nucle-
otides upstream of poly-A tail. The deduced amino acid
sequence has an additional 34 amino acid residues at the
NH, terminus when compared with the mature protein.
Interestingly, a BLASTX search (National Center for
Biotechnology Information) showed hits with insignifi-
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Figure 1. Isolation of IrTx from venom of the brown

treesnake (B. irregularis). A) Chromatogram of 70 mg venom
applied to a BioGel P-100 low-pressure column (2.8X90 cm);
asterisk indicates peak of interest. B) Chromatogram of
cation exchange HPLC (BioGel peak III) on a Shodex
CM-825 column. C) RP-HPLC chromatogram of cation ex-
change peak on a Jupiter C; column; note that IrTx elutes as
a heterogeneous peak, even though it is highly purified.

cant E values with any other proteins, and only the
conserved signal peptide regions of other 3FTXs matched
IrTx sequences.

The toxin subunits A and B have 75 and 77 amino
acid residues, respectively. Their NH, termini are
blocked by a pyroglutamic acid and are considerably
longer than most 3FTXs due to the presence of seven
additional residues, similar to other colubrid 3FTXs
(Fig. 3 and Fig. 6). The cysteine pattern in this new
toxin is unique. Each subunit contains 11 cysteine
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