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ABSTRACT: A polyhistidine tag was added to the N-terminuscebungarotoxin (Bgtx) recombinantly
expressed irkE. coli. The His-tagged Bgtx was identical to native, venom-derived Bgtx in its apparent
affinity for the nicotinic acetylcholine receptor (hnAChR)Tiorpedoelectric organ membranes. Furthermore,

in a physiological assay involving mouse muscle NAChR express&emopusocytes, the His-tagged

Bgtx was as effective as authentic Bgtx at blocking acetylcholine-evoked currents. Ala-substitution
mutagenesis of His-tagged Bgtx was used to evaluate the functional contribution of Arg36, a residue that
is invariant among alkit-neurotoxins. Replacement with Ala resulted in a 90-fold decrease in the apparent
affinity for the Torpedo nAChR and a corresponding 150-fold increase in theg [for block of
heterologously expressed mouse muscle nAChR, demonstrating the critical importance of this positive
charge for the binding and functional activity of a loagneurotoxin. The observed decrease in affinity
corresponds to AAG of 2.7 kcal/mol and indicates that Arg36 makes a major contribution to complex
formation. This finding is consistent with the proposal that Arg36 mimics the positive charge found on
acetylcholine and directs the toxin to interact with receptor sites normally involved in acetylcholine
recognition. In comparison, Ala-substitution of the highly conserved Lys26 resulted in only a 9-fold decrease
in apparent affinity. Truncation of the His-tagged Bgtx following residue 67 produces a toxin lacking the
seven C-terminal residues including the two positively charged residues Lys70 and Arg72. Truncation
leads to a 7-fold decrease in apparent binding affinity.

The a-neurotoxins isolated from the venom of protero- in addition to the four that are shared with the short
glyphous (Elapid) snakes are extremely toxic due to their neurotoxins and also feature several additional residues in
high affinity for the nicotinic acetylcholine receptor (nACRR)  the C-terminal region. Binding studies have suggested that
found at the neuromuscular junction. These neurotoxins the long neurotoxins bind more irreversibly than the short
comprise a large family of sequence-related proteins that varyneurotoxins as demonstrated by the extremely slow rates of
in length from 60 to 76 residues (for review, seeXpfThese dissociation for the long neurotoxing)( In addition, recent
toxins are further subdivided into short and long neurotoxins studies suggest that the long and short neurotoxins differ
with the short neurotoxins containing 62 amino acids dramatically in their affinity for NAChRs composed af-
and 4 conserved disulfide bridges. The long neurotoxins, with subunits ), further indicating that these two families of
just a few exceptions, contain a characteristic fifth disulfide toxins may differ substantially in their mode of interaction

with the various nAChRs.
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1 Abbreviations: nAChR, nicotinic acetylcholine receptor; Bgtx, affinity for the muscle nAChR and instead recognizes certain
a-bungarotoxin; BSA, bovine serum albumin; CD, circular dichroism; neuronal forms of the nAChR in the peripheral and central

FPLC, fast protein liquid chromatography;Bytx, recombinant Bgtx nervous system3(5). In addition, x-bungarotoxin (also

encoded by vector pBGTX containing a seven residue His tag . -
appended to the N-terminus of the Bgtx coding sequences, IC known as neuronal bungarotoxin) forms dimers under

concentration resulting in a 50% reduction of the binding of radiolabeled physiological conditions whereas tleneurotoxins appear
authentic Bgtx to the nAChR or a 50% reduction in acetylcholine- all to be monomeric3, 4). A number of the short and long

evoked currents recorded from heterologously expressed nAChR; IPTG, ; ; ;
isopropyi-p-thiogalactoside: LB, LuriaBertani broth: PBS, phosphate- neurotoxins have been isolated, and their structures have been

buffered saline; PCR, polymerase chain reaction; rBgtx, recombinant determined thrOUgh X-ray CrySt?-_"OgraphiC studies a_nd by
Bgtx; UV, ultraviolet. solution NMR techniquess(-8). Initial attempts at exploring
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the mechanism of receptor recognition by the toxins focused The sequence was verified using Sequenase version 2.0
on chemical modification of toxin residue®)( More (USB).

recently, recombinant expression systems have allowed the Mutagenesis of pHBgtx-RQ pH;Bgtx-RQ as well as
application of site-directed mutagenesis approaches to thepBGTX1M3, the template used for its construction, contain
determination of the structurdunction relationship in this  an Arg at position 71 and a GIn at position 72 based on the
important group of toxins. Site-directed mutagenesis studiespreviously published sequence for Bgtk7). The primary

of the short neurotoxin erabutoxan(10—12) have suggested  sequence for Bgtx has since been corrected to GIn71 and
important functional roles for both conserved and variant Arg72 (18). To make this change in the expression plasmid,
residues. The related short neurotoxin, Nmm |, has also beerpH;Bgtx-RQ, we used the Transformer Site-Directed Mu-
studied recently by site-directed mutagenedi8).(These tagenesis kit (Clontech). The manufacturer’'s protocol was
latter studies suggest that certain mutant Nmm | toxins can followed except that a second parental plasmid specific
discriminate between the two ligand binding sites on the restriction digest was added to reduce parental colony
mouse muscle nAChRc-Bungarotoxin’s interaction with ~ background among transformants. Products from the mu-
neuronal nAChRs, its weak binding to muscle nAChRs, and tagenesis were used to transform the expression strain BL21-
the structural role of individual disulfide bonds have also (DE3) (Novagen). Plasmid DNA was isolated from a positive

been investigated by site-directed mutagenesid4, 15). clone, designated pBgtx, and the sequence was confirmed.
We have previously described the recombinant expression  Site-Specific Mutagenesis by Unique-Site Elimination.
in E. coli of the classic long neurotoxin BgtxL§). We Using the Transformer kit (Clontech) as described above,

described the purification of the recombinant toxin (rBgtx), three additional mutations were prepared inipgix: K26A,

and we characterized the binding activity of the toxin R36A, andA68—74, the deletion of residues His68 to Gly74.
containing the wild-type sequence in comparison to an Ala- PH/Bgtx was the template for the construction of &gtx-
substituted mutation at the highly conserved but not invariant K26A and pHBgtx-R36A. The template for pHBgtx-A68—
Asp30 position 16). Our earlier studies demonstrated that 74 Was pHBgtx-RQ. Products from the mutagenesis were
neither the carboxy! side chain of Asp30 nor the N-terminus Use€d to transform chemically competent HB101 cells
of Bgtx is directly involved in receptor recognition. In this (Novagen). Plasmids from successful transformants were
study, we take advantage of our previous investigations of isolated (MiniPrep kit, Promega) and, after the sequences
the functional role of the N-terminus in Bgtx to prepare an Were confirmed, were used to transform the expression strain
N-terminal His-tagged rBgtx with full receptor binding BL21(DE3) (Novagen). _

activity. We then use the minimally disruptive approach of ~ Cell Growth Conditions for Expression of Bgtx Constructs.
Ala-substitution mutagenesis to investigate in a more quan-All constructs were grown in LB medium containing 100
titative fashion the contributions of the two highly conserved #9/mL ampicillin (LB/amp). A single colony from a fresh
positively charged residues, Lys26 and Arg36, to binding a9ar plate was used to inoculate 250 r_nL of LB/amp medium,
and functional block. Further, we use deletion analysis to @nd the culture was grown at 3T until Aspo = ~0.3. The
examine the functional and structural importance of the seven©vernight culture was added to 0.75 L of LB/amp in a

residues forming the C-terminal region of Bgtx. Fernbach flask and grown at 3Z at 300 rpm until thé\soo
was ~0.7—0.8. Cultures were induced by the addition of
EXPERIMENTAL PROCEDURES IPTG to 0.5 mM and grown for 3 h. Cells were collected by

centrifugation. The cell pellets were resuspended in 40 mL

Construction of a Recombinant Bgtx Synthetic Gene of “bind” buffer (0.5 M NaCl, 5 mM imidazole, and 20 mM
Containing a Histidine TagThe sequences of the various Tris-HCI, pH 7.9) and either used immediately or frozen at
oligonucleotide primers used for construction of the synthetic —80 °C. Resuspensions (fresh or thawed) were passed
gene and for mutagenesis are available upon requestthrough a French pressure cell (SLM Instruments) at 20 000
pBGTX1M3 (16) was used as a template for creating a new psi. The extract was clarified by centrifugation in a Ti60
Bgtx fusion construct that contained the coding region for rotor (Beckman) at 39 000 rpm at 4 for 20 min. The
Gene-9, followed by a factor Xa protease recognition site supernatant was filtered through a Q& filter prior to
(IEGR), a thrombin protease site (LVPRS), and a seven  passage over a nickel affinity column. In some cases, a 2-L
amino acid histidine-tag, and ending with a synthetic gene benchtop fermenter (Virtis) was used with appropriate scaling
for Bgtx. The mass of the expressed fusion protein was of media and reagents.
expected to be 43 kDa; of this;9 kDa corresponds to#+ Nickel Affinity Chromatographysoluble extracts prepared
Bgtx. Upon thrombin cleavage, the N-terminal sequence of as described above were applied to &"Niffinity column
the recombinant Bgtx is expected to be GSHHHHHHH. (Novagen) prepared according to the manufacturer’'s speci-
DNA containing this synthetic gene construct was amplified fication. Proteins were then sequentially eluted with 10
by PCR, and the purified product was digested with both column volumes of “bind buffer” and with five column
Hindlll and Sal (Life Technologies, Inc.). The doubly volumes of “wash” buffer (0.5 M NaCl, 20 mM Tris-HClI,
digested 285 bp cassette was ligated into the pSR9 plasmidoH 7.9, and 40 mM imidazole). Finally the fusion protein
(Protein Polymer Technologies, Inc.). HB101 competent cells was eluted in 5 column volumes of elution buffer (0.5 M
(Life Technologies, Inc.) were transformed with the ligation NaCl, 20 mM Tris-HCI, pH 7.91 M imidazole).
mixture, and single colonies were screened for inserts by Refolding.The nickel column eluant fraction containing
PCR. Plasmid DNA was isolated from overnight cultures of the fusion protein was diluted te1 mg/mL, and the correct
one of the positive isolates, designated;Btx-RQ, using disulfide pairs of the 10 cysteine residues of Bgtx were
Wizard mini-prep (Promega). The plasmid was used to generated via a mixed-disulfide intermediate procedure as
transform cells of the expression strain BL21(DE3) (Novagen). previously described (16). The refolded material was con-
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centrated by stirred-cell ultrafiltration (Amicon) using a mouse muscle AChR subunits, 3, y, andd (plasmids
YM30 membraneWe attempted to cleave the fusion protein provided by Jim Boulter), were prepared with an SP6 RNA
in solution but found that there were additional sites cleaved polymerase kit (Megascript, Ambion Inc.). ChickZ neu-
within the gene 9 sequence and that these fragmentsronal nAChR subunit cRNA was similarly prepared from a
precipitate in the absence of the affinity resin. plasmid provided by M. Ballivet. Oocytes were injected with
Thrombin Cleaage.The refolded, concentrated histidine- 15 ng of in vitro synthesized RNAs (3 ng eachfy, and
tagged fusion protein in “bind” buffer was loaded onto the 6, and 6 ng ofa) in a total volume of 50 nL of KO using
nickel affinity resin as described above. The resin was a Drummond nanojector. Oocytes were incubated in standard
washed with 5 column volumes of 20 mM Tris, pH 8.2, 150 ND92 buffer at 19°C for up to 6 days before recording.
mM NaCl, and 2.5 mM CaGJ and additional cut buffer was Acetylcholine-evoked current responses were recorded
then added to make the protein concentratidnmg/mL as  using an OC-725b two-microelectrode voltage clamp (Warn-
estimated by the Bradford method. Thrombin (Boehringer er Instruments, Hamden, CT) at room temperaturé tlays
Mannheim) was added to either 0.5% or 1% (w/w) and after injection. Three 10 s pulses of 1@ ACh were
incubated with gentle agitation at room temperature. After applied in control solution with 4 min washes of control
16—36 h of digestion, the resin was washed with 5 column solution between agonist applications. The three peak current
volumes of “bind” buffer and 50 mL of elution buffer. amplitudes were averaged to determine the 100% agonist
Further buffer changes involved either dialysis against buffer response. Responses were recorded and analyzed only for
A (50 mM sodium acetate, pH 5.2, 20 mM NaCl) or gel those oocytes in which the ACh-evoked responses were
filtration with a PD10 desalting column (Pharmacia) equili- within the range that could be effectively voltage-clamped
brated with buffer A. (2~10uA). Oocytes were incubated in toxin solutions for
Cation-Exchange Chromatographtistidine-tagged tox- 30 min, and the responses to 10 s pulses of AROACh
ins were loadedma 1 mL prepacked Resource S column were measured as described. The three post-Bgtx responses
(Pharmacia LKB Biotechnology Inc.) in buffer A, and awash to ACh application were averaged. The block in ACh
with the same buffer removed unadsorbed material. The His- responses following toxin application was determined as the
tagged toxins were eluted with a 355% gradient of 1 M ratio of the post-Bgtx response to the control ACh response.
NaClin 50 mM NaOAc, pH 5.2. Peak fractions were desalted Fractional block was plotted with Origin using the Logistic
using PD10 gel filtration columns (Pharmacia) preequili- equation for doseresponse curve-fitting.
brated with 0.5% NEHHCO;, pH 7.5, or by dialysis against
this same buffer using dialysis tubing with a cut off of 1000  RESULTS
daltons. Desalted samples were lyophilized and resuspended i i
in an appropriate volume of 10 mM sodium phosphate buffer, I previous studies1), we demonstrated that a recom-
pH 7.4, for binding assays. Bradford protein assays and Pinant Bgtx, encoded by the pBGTX1M3 expression vector,
SDS-PAGE analysis were done using standard methods. With 10 additional amino acid residues appended to the
125.Bgtx Solid-Phase Competition Binding Assaihe N-terminus o]‘ thg codlng sequence has_ an affinity for qat|ve
binding activity of recombinant toxin was determined in a NAChR that is virtually |c_jent|pal to native, venom-derived
competition binding assay usidi-labeled native Bgtx and ~ BItx. To make use of this evident tolerance of Bgtx for an
acetylcholine receptor enriched membrane preparations adV-terminal extension so as to facilitate purification of the
described previously1€). In the standard assayorpedo recolmbmant toxin, we de3|_gned a new expression con;truct
electric organ membranes (equivalent to OglLof protein) that_ incorporates an N—tgrmlnal polyh|§t|(j_|ne tag. In addltlor),
were plated into 96-well microtiter plates (Nunc, Immuno- W€ introduced a thrombin cleavage site in the fusion protein
sorb), resulting in 0.04 pmol of Bgtx binding sites adsorbed at a position immediately N-terminal to the H_|s-tag in (_)rder
to the well as measured by saturation binding. The final 10 release the ¥Bgtx from the expressed fusion protein.
concentration of?3-Bgtx used in the competition assays was  Purification and Characterization of yBgtx. The GeneS-
3nM in an assay volume of 0.1 mL. The competition curves H7Bgtx fusion protein was overexpressedEn coli upon
and resulting 1§ values from fitting the data were generated induction with IPTG as previously describeti6f. SDS-
by using the doseresponse (Logistic equation; mathemati- PAGE analysis in conjunction with protein determinations
cally analogous to the empirical Hill equation, &%) curve- revealed that the expressegBdtx fusion protein was found
fitting program within Origin (Microcal). In the Logistic ~ exclusively in the soluble fraction of the cell lysate,
equation adapted to competition data, fractional binding of representing 1522% of the total soluble protein (Figure 1A).
129.Bgtx = 141 + ([Bgtx])/ICs0)"} . Identical IGo values were The polyhistidine tag expedited purification of theBdgjtx
obtained after 2 or 21 h of incubation as well as with fusion protein from the soluble cell lysate by selective
decreased amounts of membranes added per assay well. Thiteraction with a nickel-affinity resin. As shown in Figure
ICsp values obtained in such competition assays are directly 1A (lane 6), elution from this resin wit1 M imidazole
related to the binding affinity of the mutant toxins for resulted in a fraction greatly enriched in the fusion protein.
nAChR, and differences in igvalues represent differences At this stage in the purification, the7Bgtx fusion protein
in the underlying affinities as described previously,(12). shows activity in a competition binding assay, confirming
The 1G5, values reported here for wild-type and authentic its identity as the overexpressed protein (Table 1).
Bgtx compare favorably to those previously reported for  The protein eluted with high imidazole was reduced with
recombinant erabutoxia which has an affinity comparable DTT and then treated with cystine as previously described
to that of Bgtx (L1, 12). (16) to generate the mixed disulfides which facilitate the
Electrophysiological Recordings from Oocyte-Expressed correct formation of the five disulfides in Bgtx. We had
Acetylcholine ReceptorsRNAS, corresponding to the four  previously shown that refolding at the fusion protein stage
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Ficure 1: Isolation and purification of FBgtx overexpressed in

E. coli. (A) SDS-PAGE (7.5% polyacrylamide) gel of the;Bigtx
fusion protein following purification with a nickel affinity column.
Lane 1, protein molecular mass standards; lane 2, soluble fraction
from IPTG induction prior to application onto the nickel column;
lanes 3-5, sequential elution of the nickel column with 40 mM
imidazole; and lane 6, protein eluted Wil M imidazole. The
position of HBgtx fusion protein is marked by the arrow. (B) SBS
PAGE (20%) gel of HBgtx at various stages of purification. Lane
1, H/Bgtx fusion protein from lane 6 in panel A; lane 2, proteolytic
fragments released from the nickel column upon digestion of the
adsorbed KBgtx fusion protein with thrombin; lane 3, protein eluted
with 1 M imidazole; lane 4, authentic Bgtx; and lane 5, functionally
active HBgtx fraction following Resource S chromatography. In
each case, #&g of protein was loaded per lane. Both gels were
stained with Coomassie brilliant blue.

Table 1: Relative Binding Activity of Purified Fractiohs

relative purity,
[ICso Of purified Bgtx/

fraction ICso Of fraction] x 100
1. fusion protein eluted from R column 0.4
2. fusion protein after refolding 4.9
3. H/Bgtx following thrombin cleavage 18
and elution from Ni* column
4. H;Bgtx after FPLC isolation 100

a|Cs values of HBgtx were determined at various stages of
purification, and the ratio of the kg of authentic Bgtx to these values
was calculated. The molarity of protein used in theol@termination
was based on the mass of the fusion protein in the first two fractions,
and on the mass of Bgtx in the final two purified fractions. The
values presented are the averages from three separate purifications.

followed by proteolytic release of rBgtx was more efficient
than the initial release of the rBgtx polypeptide from the
fusion protein followed by its refoldingl@). The “refolded”
fusion protein showed an increase in specific binding activity

Rosenthal et al.

0.5

04

03

[ 1D®BN

0.2

Absorbance (280 nm)

0.0

1
80

i

°l:
oo

40 60
Time (min.)

FiGUrRe 2: Resource S chromatography ofBgtx. Protein (6.8
mg) eluted from a nickel affinity column following thrombin
digestion was loaded amta 1 mL Resource S cation-exchange
column equilibrated in 50 mM sodium acetate, pH 5.2, containing
20 mM NacCl. Fractions were collected following elution with an
increasing concentration of NaCl as indicated by the dotted line.
The flow rate was 1 mL/min, and the absorbance of the eluted
protein was monitored at 280 nm.

molecular mass~<9 kDa) expected for FBgtx (Figure 1B,
lane 3). Although this fraction appeared homogeneous by
SDS-PAGE analysis, its specific activity (Table 1) sug-
gested the presence of inactive protein. We further purified
this fraction by cation-exchange chromatography (Resource
S/FPLC) as shown in Figure 2. Three discrete peaks were
observed upon salt gradient elution, all of which consisted
primarily of a ~9 kDa protein (e.g., Figure 1B, lane 5).
Rechromatography of the material isolated from each peak
resulted in a single peak eluting at its original position. Peak
“A” produced the highest specific activity in competition
binding assays (Table 1 and see below). The total yield of
protein from the peak “A” fraction ranged from 0.5 to 1.5
mg/L of initial culture medium.

The wild-type and all three mutant constructs expressed
well in E. coli and resulted in similar amounts of refolded
protein. The amounts of material eluted from the Resource
S column were comparable in each case although the exact
position of elution in the gradient varied somewhat with each
mutant toxin as expected with a change in charge. In every
case, the major peak of mutant toxin activity, as determined
by the competition binding assay, corresponded with the
major active fraction that eluted at0.4 M NacCl for the
wild-type sequence (see below). Further evidence that the
mutations produced little if any structural alterations was
provided by circular dichroism (CD) spectroscopy (not
shown). The secondary structure content for the recombinant
wild-type and mutant toxins was calculated from the CD
spectra by the method of Perczel et dl9)( The average
values for g-sheet content were 281%, for o-helix
9—12%, for random coil 5559%, and forj-turn 1—7%.

as expected (Table 1). The fusion protein was subsequentlyCompared to venom-derived Bgtx, the random coil content

reapplied to the nickel resin, and thrombin was added to the
suspension to liberate;Bgtx from the fusion partner. Non-

of the His-tagged toxins is slightly elevated%7% vs 38%)
and thes-sheet content is slightly decreased30% vs 44%).

histidine-tagged cleavage products were washed from theThese differences are most likely due to the significant

resin while HBgtx was eluted wh 1 M imidazole (Figure
1B). SDS-PAGE analysis showed that the fractions selec-
tively eluted from the nickel column wit1 M imidazole
gave rise to a single band of protein that migrated at the

spectroscopic contributions of the added polyhistidine se-
guence to the overall CD spectrum. Nonetheless, the mutant
His-tag toxins show essentially the same secondary structure
content as the His-tag wild-type toxin which has full activity.
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Ficure 3: Solid-phase competition binding activity ofBgtx. (A)
Wells of microtiter plates were coated withuty of Torpedoelectric
organ membranes and incubated with 3 #®I-Bgtx and various
concentrations of unlabeled venom-derived native Bgtx (nBgtx) or
purified recombinant FBgtx as described under Experimental
Procedures. Aftea 2 hincubation, the wells were washed 4 times,
and the bound radioactivity was determined. The values are average
of duplicate determinations. The competition curves were fit to the
Logistic equation using the nonlinear curve-fitting routines in the
commercial program Origin. (B) The pH dependence of binding
to Torpedomembranes was determined for native and purified
recombinant FBgtx as described under Experimental Procedures.
Values are averages of duplicate determinations.

Competition Binding Analysig.o follow the purification
of H;Bgtx and to determine the functional effects of various
mutations, receptor binding activity was determined with
solid-phase competition assays usl#tBgtx andTorpedo
electric organ membranes enriched in the nACh&.(Under
the standard assay conditions, a concentration of 35 nM
venom-derived Bgtx produced a 50% decrease in the amoun
of 129-Bgtx bound to membranes afta 2 hincubation. The
ICso 0bserved for the wild-type, authentic Bgtx is comparable
to that reported for othen-neurotoxins that have been
measured in similar competition experimentd,(12). As
shown in Figure 3A and summarized in Table 1, an analysis
of the protein fractions obtained by cation-exchange chro-
matography revealed that the activity {@f 34 nM) of the
material isolated in peak “A” (Figure 2) was identical to that
of native, venom-derived Bgtx (Kgof 35 nM). The material
in peak “B” (Figure 2) migrated as a singte9 kDa band
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on SDS gels, but its apparent affinity for the nAChR was
decreased~7-fold. Similarly, peak “C” also contained a
single~9 kDa protein band as determined by SEFFAGE,

but the activity of this material was decreased-bi/7-fold.
Using nonreducing conditions for SB®RAGE analysis, we
found that~80% of peak “C” was an aggregate of high
molecular weight complexes (data not shown). Attempts to
refold the HBgtx present in this fraction were unsuccessful.
The final yields of recombinant Bgtx represent a-40%
improvement over a recombinant Bgtx lacking the His-tag
(16).

Side-by-side competition binding studies with the ex-
pressed rBgtx containing the wild-type sequence GIn71 and
Arg72, produced by pkBgtx, or that containing Arg71 and
GIn72, produced by pBGTX1M316), showed that the
apparent binding affinities of these two recombinant toxins
were identical to that obtained with native Bgtx (not shown).
Thus, the reversal of the positions of these two residues in
Bgtx has no effect on binding affinity.

Both at pH 7 and at pH 4 the Acity of H;Bgtx Is
Identical to Authentic BgtxTo determine if the seven amino
acid His-tag on HBgtx affected receptor binding at low pH
where the histidines would likely be positively charged, we
performed a competition binding experiment at three different
pH values with both native and-Hgtx (Figure 3B). The
activity of H;Bgtx at acidic pH values was identical to that
obtained at neutral pH and in each case was identical to that
of venom-derived Bgtx.

Site-Directed Mutagenesis of ;Bgtx. The alanine-
substituted toxins KBgtx-K26A and HBgtx-R36A were
purified as described for wild-type toxin; each eluted from
the Resource S column at essentially the same position as
the wild-type HBgtx (data not shown). A third mutated
toxin, H;Bgtx-A68—74, when analyzed by SDSPAGE,
migrated at approximately the same position as native toxin
(~8 kDa; data not shown) as expected for a His-tagged toxin
lacking seven C-terminal residues. The functional conse-
fuences of mutations introduced intgBditx by site-directed
mutagenesis were tested using the competition binding assay.
Representative binding curves obtained with each of the
mutated toxins are displayed in Figures 4 and 5. In comparing
the mean |G values from a minimum of three independent
trials, we calculated apparent dCvalues of 35+ 10 nM
(£SEM) for native Bgtx and 34t 3 nM for H;Bgtx. In
contrast, the three mutated toxins showed a range of reduced
binding affinities as revealed by corresponding increases in
their ICsp values: HBgtx-A68—74 (2294 47 nM) < Hs-
Bgtx-K26A (310+ 34 nM) < H/Bgtx-R36A (3.1+ 0.7 uM).

In each binding assay, the fold-increase inoCeflecting

lIhe fold-decrease in affinity for the mutated toxins, was

calculated in comparison to wild-type Bgtx assayed at the
same time. From this analysis, the average fold-decreases
in binding affinity from the wild-type were 7-fold for H
Bgtx-A68—74, 9-fold for HBgtx-K26A, and 90-fold for H-
Botx-R36A.

Functional Blockade of Heterologously Expressed Mouse
Muscle nAChRsTo provide an independent means of
assessing the biological activity offBgtx and the mutated
derivatives, we measured the ability of the various toxins to
block ACh-evoked currents of mouse muscle nAChRs
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Ficure 4: Solid-phase competition binding activity of/Bgtx-
K26A and -R36A mutant toxins. The FPLC-purified mutant toxins
were tested for binding competition fBorpedo membranes as

described under Experimental Procedures. For internal comparison,

the assay of native venom-derived Bgtx (nBgtx) was included in
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each binding experiment. Values are averages of duplicate deter-

minations. The competition curves were fit to the Logistic equation
using the nonlinear curve-fitting routines in the commercial program
Origin.
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Ficure 5: Solid-phase competition binding activity of theBgtx
truncation mutant toxin lacking C-terminal residues—-G&. The
FPLC-purified mutant toxin (FBgtx-A68—74) and native Bgtx
were tested for binding competition fBorpedo membranes as
described in Figure 4.

heterologously expressedXenopuocytes. This study also

Ficure 6: Acetylcholine-evoked currents blocked by,Bdjtx
mutant toxins in oocyte-expressed mouse muscle nAChRs. Mouse
muscle nAChR subunity 3, y, ) cRNAs were injected into stage

V Xenopusocytes. Two-electrode voltage clamp recordings were
made at-60 mV holding potential, and the peak current responses
from three 10 s pulses of 100M ACh were averaged. Native
(nBgtx) and HBgtx mutant toxins were diluted into ND92 buffer
containing 0.1 mg/mL BSA and perfused into the recording chamber
for 2 min. The oocytes were incubated in the toxin solutions for
30 min, and the subsequent responses to three 10 s pulses of 100
uM ACh were averaged. The doseesponse curves were generated
using measurements from three different oocytes at each concentra-
tion of toxin.

DISCUSSION

We previously demonstrated that an extension of 10 amino
acids on the N-terminus of Bgtx had little or no effect on
binding activity (L6). We subsequently prepared and char-
acterized two additional constructs that effectively removed
the factor Xa site and replaced it with either an enterokinase
(DDDDK) or an acid-cleavable (DP) site (data not shown).
Neither construct produced an active Bgtx of the molecular
weight predicted for the cleavage site introduced at the
N-terminus. These results suggest that the N-terminal lle
residue in Bgtx may have limited accessibility, a conclusion
that is supported by the low reactivity of the N-terminal

enabled us to investigate any species specificity to the effectsresidues of Bgtx and cobratoxin to chemical modifying
of the toxin mutations. Each concentration of toxin was tested agents 20, 21).

on at least three separate oocytes. The resulting-dose

We demonstrate here that an N-terminal His-tagged Bgtx

response curves for toxin block are shown in Figure 6. The has full activity as measured either with a receptor binding
apparent Ig values observed in these assays were 2.2 nM assay utilizingTorpedoelectric organ membranes (Figure

for H;Bgtx, 2.4 nM for Bgtx, 77 nM for HBgtx-K26A, and
342 nM for HBgtx-R36A. (Only one preparation of purified

3) or with the functional blockade of heterologously ex-
pressed mouse muscle AChR (Figure 6). In addition, in

truncation mutant was tested in the oocyte assay; the resultsreliminary studies with the homooligomeric chiak?
therefore, although generally consistent with the other mutantnAChR heterologously expressed in oocytesBétx was

toxins tested, have not been included in the figure.) When as effective as Bgtx in functional blockade of ACh-evoked
compared to the activity of native Bgtx assayed under currents (data not shown). The addition of the His-tag to
identical conditions, the mutated toxins had apparent affinities the Bgtx sequence provides a convenient and facile means
that were 2-4 times lower than expected from the solid- of protein isolation and purification. For these reasons, His-
phase binding data utilizinfforpedomembranes. Neverthe- tagged Bgtx was used for the analysis of several mutations
less, the rank order of the mutated toxins based on functionalin Bgtx generated by site-directed mutagenesis. The avail-
blockade of oocyte-expressed mouse muscle nAChR was theability of a fully functional His-tagged Bgtx significantly
same as that obtained in the competition binding assay (seeexpands the repertoire of tools available for the study of
Figures 4 and 5). toxin—receptor interaction and suggests that similar modi-
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resulted in a 175-fold decrease in the apparent binding
affinity (10, 11). Likewise, the replacement of this Lys in
the related shorti-neurotoxin Nmm | with a Glu led to a
toxin with reduced affinity for the nAChR although in this
case the mutation also produced differential effects on
binding to the two subunit-specific binding sites on the
NAChR (13). Whereas the native Nmm | toxin binds with
equal affinity to the two neurotoxin binding siteg/{ and
o/d) on the mouse muscle nAChR, the K27E mutation in
Nmm | produced a toxin with a 13-fold reduction in apparent
affinity for the a/d site and a 390-fold reduction in apparent
affinity for the a/y site. Ala substitution at this site has not
been previously investigated in either of the two short
o-neurotoxins, erabutoxia or Nmm |, nor in any otheo-

or k-neurotoxin.

We find that the K26A mutation in Bgtx leads to a 9-fold
decrease in the apparent binding affinity for therpedo
nNAChR (Figure 4) and a 34-fold decrease in affinity as
measured by functional block of mouse receptors after 30
min of toxin incubation (Figure 6). The difference in the
effectiveness of the K26A mutant in the two receptor assays
may be related to the species difference betweerpedo
and mouse NAChR. It is also possible that as the functional

: assay with oocytes was not performed under equilibrium
FiGURE 7: Schematic representation of the Bgtx residues studied conditions, there may be a significant difference in the rates
in this report by Ala-substitution or deletion analysis. The positions of association between the mutant and wild-type Bgtx. In
of the 74 amino acids of Bgtx are shown as they would appear on gny case, the competition binding analysis of the K26A

the backbone structure of Bgtx determined by solution NMR (40). ; ;
The invariant R36 and the highly conserved K26 are shown in mutant Bgtx suggests that the side chain of Lys26 does

boldface diamonds. Those residues outlined in boldface squaresindeed participate significantly in receptor binding, contribut-
comprise the C-terminal tail region which characterizes the long ing about 1.3 kcal/mol (1 kca+ 4.18 kJ) to the binding
a-neurotoxins. interaction AAG = RTIn [ICso (mutant)/IGe(wild-type)]).

The larger effects reported with the K27E mutation in
fications could be successfully introduced into other members erabutoxina and Nmm | are presumably due primarily to
of the a-neurotoxin family. the additional unfavorable interactions between the receptor

The substitution of Ala residues for sites postulated to be and the mutant toxins because of the introduction of the
involved in receptorligand interactions has been widely carboxylate side chain into the toximeceptor interface.
used to delineate the key residues at recegigand There may also be fundamental differences in the mode of
interfaces 22, 23). The effect of an Ala mutation is generally  receptor interaction between Bgtx, a lomgneurotoxin, and
considered to be the simplest to interpret because thiserabutoxinaand Nmm I, two shorti-neurotoxins. The long
mutation is least likely to introduce new interactions either and shortx-neurotoxins are known to differ substantially in
unfavorable or favorable. Changes in apparent binding the reversibility of their binding to the nAChRL), Mutations
affinities (AAG) can then be most directly interpreted as inthe nAChR have a more pronounced effect on the binding
reflecting the contribution of the mutated residue to the free of Nmm | compared to Bgtx, further suggesting possible
energy of binding. In the case of human growth hormone significant differences in binding modes between long and
interaction with its receptor, a set of residues located on the short a-neurotoxins 26).
periphery of the proteinprotein contact zone produces no We find no indication for differential binding of the K26A
functional effect when mutated to Ala. These residues have mutant Bgtx to thex/y ando/o receptor sites. Our competi-
been described as forming the “structural epitope” becausetion data with the K26A mutant Bgtx are best fit by a simple
they are indeed located at the contact zone but do not appeat ogistic equation with a pseudo-Hill coefficier2®) of 0.96
to contribute energetically to the proteiprotein interaction  as shown in the representative binding competition curve
(23—25). In contrast, residues comprising the “functional (Figure 4). This value suggests that there is no discrimination
epitope” produce pronounced effects upon mutation to Ala. between the two sites on tHerpedonAChR.

As few as 8 side chains in human growth hormone, out of  The Role of Arg36Substitution of Arg33 in erabutoxia
the 31 side chains that are buried upon binding, contribute (which corresponds to Arg36 in Bgtx) with a Glu led to a
approximately 85% of the binding energ®3j. greater than 318-fold decrease in the apparent binding affinity

The Role of Lys26.ys26 in Bgtx (Figure 7) corresponds  (11). Of the mutations studied, this effect on receptor binding
to a highly conserved residue found in nearly all of the was second in magnitude only to the S8T mutatiag).(
a-neurotoxins (1). The exceptional neurotoxins contain either Replacement of Arg33 with Lys produced a 25-fold decrease
a Met or a Glu residue at this position; for example, the Oh (11) while substitution with the neutral but polar GIn side
a toxin from Ophiophagus hannabontains a Glu in place  chain resulted in a 187-fold decrease in binding affinitg)
of Lys and yet retains full toxicity in animal studieg)( Our finding that Ala-substitution of the homologous Arg36
Mutation of the corresponding Lys in erabutoxro a Glu in Bgtx leads to a 90-fold decrease in the apparent binding
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affinity (AAG = 2.66 kcal/mol) is most similar to the effect for mutant toxins, as shown in the representative competition
of the R33Q mutation in erabutox@aand suggests that even  of Figure 4. In contrast to the K26A mutant where the
the isosteric substitution with GIn may introduce new pseudo-Hill coefficientZ7) describing the slope of the curve
unfavorable side chain interactions. In any case, our resultsis 0.96, as expected for simple competition with a single
with Ala-substitution of the Arg side chain clearly demon- binding site, the pseudo-Hill coefficient obtained for the
strate that Arg36 plays a critically important functional role  R36A mutation was significantly below that value (i.e., 0.67).
in the longa-neurotoxins. In comparable analyses of Nmm |, a Hill coefficient for
The difference in fold effects between the R36A (Bgtx) K27E and R36E of 0.6 was reported3. The binding
and R33Q (erabutoxira) mutations may be due to the characteristics of the R36A mutant toxin may therefore
differential contribution of the conserved Arg to activity in  suggest a differential effect of this mutation on the binding
the two toxins or may reflect the significant side chain affinity for the two sites ¢/y and o/d) on the nAChR.
differences between the GIn and Ala substitutions. The Further analyses involving other site-selective ligands would
substitution of Ala for the homologous residue, Arg40, in be needed, however, to quantitate the affinities of the two
«-bungarotoxin, a neurotoxin related in sequence to the longreceptor sites for R36A Bgtx.
a-neurotoxins, effectively abolishes the already quite low  The C-Terminal TailThe long- and short-chainadneu-
affinity (ICso = 10 uM) recognition of muscle receptorS)( rotoxins vary in the amino acid sequence and length of the
and produces a greater than 100-fold decrease in the abilityN-terminal toxin loop corresponding to residues1b in
of the mutant toxin to block neuronal receptor activity as Bgtx. They also differ dramatically in the length of the
assessed in the chick ciliary ganglion systeid)( The C-terminal tail region, which is-59 residues longer in the
importance of Arg36 in several related neurotoxins is long-chained toxins (Figure 7). Our studies indicate that the
consistent with the proposed role of this residue as a mimic removal of the seven carboxyl-terminal residues, HPKQRPG,
of the quaternary ammonium of acetylcholir®. (If this which comprise~10% of the Bgtx sequence, results in a
hypothesis is correct, then the cognate receptor residuegoxin with a~7-fold reduction in binding affinity AAG =
interacting with Arg36 of Bgtx are likely to comprise a major 1.15 kcal/mol) to thelTorpedonAChR. Previous work had
determinant of the agonist binding site on the nAChR. shown that removal of the C-terminat-% residues of Bgtx
The two agonist binding sites in each nAChR molecule by carboxypeptidase P treatment resulted in a 15-fold
are believed to be located at the interface of ¢tié and reduction in Bgtx binding activity 38). Similarly, trypsin
o/y subunits. It is clear that many small ligands bind at the removal of two basic residues, Lys70 and Arg72, near the
two sites with different affinities, reflecting the different C-terminus resulted in a-15-fold reduction in binding
microenvironments at the two site28-30). In general, the  activity (39). Our findings are generally consistent with these
short and longo-neurotoxins bind to the two sites with a  earlier results based on enzymatic treatment and suggest that
single affinity suggesting that it is the-subunit which the C-terminal seven residues contribute to receptor recogni-
provides the major determinants for toxin binding and/or that tion to an extent that is approximately comparable to that of
the contributions from the neighboring subunits are identical. Lys26. What our studies further demonstrate is that the
A major role of theo-subunit in specifying Bgtx binding is  folding of Bgtx does not rely on an intact C-terminal tail in
supported by the observation that proteolytically derived that the truncation mutant can be successfully and efficiently
fragments, synthetic peptides, and recombinantly expressedefolded in vitro.
fragments corresponding to a short region ondkgubunit NMR studies of the complex formed between Bgtx and a
(Torpeddmousea-subunit residues 18200) bind Bgtx dodecapeptide o(185-196) from the a-subunit of the
with submicromolar affinity 81—36). Similar analyses of = TorpedonAChR revealed that the chemical shift positions
peptides or fragments derived from other regions and from of a number of protons in His68 were perturbed by greater
other subunits of the receptor fail to reveal a consistent than 0.15 ppm upon receptor peptide binding, suggesting that
interaction of comparable affinity with Bgtx. Nevertheless, His68 may be in a position to be in close proximity to the
the y and d subunits may also contribute to or otherwise receptor binding site40). The apparent binding affinity of
influence o-neurotoxin binding as suggested by recent the truncation mutant toxin lacking the C-terminal residues
mutational evidencel@, 26, 37). beginning with His68, however, was no worse than the
Recombinant Nmm | neurotoxin binds with one affinity affinities reported for enzymatically treated Bgtx in which
to the two sites present on the mouse nAChR. Of the two Lys70 and Arg72 were removed without apparent modifica-
mutations, K27E and R33E, that reveal differential effects tion of His68. These results suggest that if His68 is at the
on binding to the two sites, the R33E mutation results in a contact zone between receptor and Bgtx, it is not likely to
larger reduction in the apparent binding affinity. There is a contribute much energetically to the interaction.
680-fold decrease in affinity for the mouséd site while In conclusion, we have demonstrated that a His-tag
binding to the neighboring/y site is decreased by 16 000- addition to the N-terminus of Bgtx (Figure 7) has no adverse
fold (13). Based on double mutant cycles involving charge effect on toxin binding nor on its ability to block receptor
reversal mutations, these two residues appear to interact withfunction. The addition of a His-tag sequence to the N-
Val188 in the mousel subunit 26) as well as other receptor  terminus of Bgtx provides a convenient means for rapid
residues in the vicinity of Vall188. The substitution of an isolation of the rBgtx from the expression system. In addition,
Ala for Arg36 in Bgtx (Figure 4) has a substantial and by we have demonstrated by means of Ala-substitution mu-
far the largest effect that has been observed to date with anytagenesis that the side chains of both Lys26 and Arg36
Bgtx mutation on the apparent binding affinity of the mutant contribute significantly to the interaction of the long neu-
toxin for the TorpedonAChR. It is also the only mutation  rotoxin, Bgtx, with theTorpedonAChR and with the mouse
to date that may give a hint of nonequivalent binding sites muscle nAChR. Analysis by Ala-substitution provides the
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most meaningful estimate of the basic contribution of a toxin

side chain to the binding energy. Residues Arg36 and Lys26

together with the C-terminal residues, 684, appear to
contribute approximately 35% of the binding energy in the
interaction of Bgtx and th&orpedonAChR. This estimate

assumes that the mutations studied here are independent in

their functional effects and that no generalized structural

alterations have been introduced. Additional studies of these
and other Bgtx mutants may help elucidate the mechanisms

underlying the essentially irreversible binding of Bgtx to the
NAChR and the ability of thei-neurotoxins to interact with
high affinity to NAChRs from a variety of vertebrate species.
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