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ABSTRACT: Dendrotoxin K (DTXK) is a 57-residue protein from mamba venom that blocks certain non-
inactivating, voltage-activated K+ currents in neurones. In order to pinpoint the residues responsible for
its specificity, structure-activity relations of DTXK were investigated by mutagenesis. A previously cloned
gene encoding this toxin [Smithet al. (1993)Biochemistry 32, 5692-5697] was used to make single
mutations; after expression inEscherichia colias fusion proteins and enzymatic cleavage of the conjugates
isolated from the periplasmic space, nine toxins were purified. Structural analysis of the native DTXK

and representative mutants by circular dichroism showed that no significant differences were detectable
in their folded structures. The biological activity of the mutants, which contained alterations of positively
charged and other amino acids, was determined from their abilities to compete for the binding of125I-
labeled DTXK to K+ channels in synaptic plasma membranes from rat cerebral cortex. Mutants with
residues substituted in theR-helix near the C-terminus (R52A or R53A) yielded binding parameters similar
to those of wild-type and native DTXK. In the case of theâ-turn (residues 24-28), however, altering
single amino acids reduced binding to the high-affinity site of K+ channels, with the rank order of decreases
being K26A. W25A > K24A ) K28A. Also, substitutions made in the 310-helix (residues 3-7), a
region located close to theâ-turn, produced equivalent effects (K3A> K6A). Thus, it is deduced that
residues in the distortedâ-turn and neighboring 310-helix of DTXk are critical for its interaction with
neuronal K+ channels.

Dendrotoxins isolated from the venoms of snakes belong-
ing to theDendroaspisgenus are a family of low molecular
weight (∼7K) proteins of 57-60 residues, each having three
conserved disulfide bonds. Seven neurotoxic dendrotoxins
have been purified from mamba venoms thus far, and the
complete amino acid sequence of five (1-3) and the partial
sequence of two (4) have been determined. These homolo-
gous dendrotoxins are among the most potent blockers of
voltage-sensitive K+ channels discovered (5, 6) to date, acting
in the nanomolar range (7, 8). R-Dendrotoxin (R-DTX)1
purified (9) fromDentroaspis angusticepshas been utilized
for the localization (5, 10) and purification (11, 12) of
mammalian brain K+ channels (13). Additionally, some
R-DTX homologues display striking selectivity for certain
K+-channel subtypes. In particular, dendrotoxin K (DTXK)
from the venom ofDentroaspis polylepisand its close
relativeδ-DTX from D. angusticepsvenom have been shown
to inhibit preferentially a non-inactivating voltage-dependent

K+ channel in rat ganglionic neurons, while a slow-
inactivating current is more susceptible toR-DTX (8, 14,
15). Similarly, acceptors forR-DTX and δ-DTX show
distinct, though overlapping distributions in rat central
nervous system (10, 16).

The three-dimensional X-ray crystal structure ofR-DTX
(17) and the NMR solution structures of DTXI from D.
polylepis(18) and DTXK (19) have been solved; their global
polypeptide fold is very similar. DTXK has a 310-helix
composed of residues 3-7, aâ-hairpin of residues 18-35,
and anR-helix from residue 47 to residue 56. The three
toxin structures determined resemble Kunitz-type, serine
protease inhibitors, such as bovine pancreatic trypsin inhibitor
(BPTI). Due to a conserved pattern of disulfide bridging,
the backbone of the dendrotoxins and the serine protease
inhibitors is similar, though subtle differences exist in their
detailed structures (17). Nonetheless, the dendrotoxins do
not exhibit anti-protease activity (2, 20, 21), and the serine
protease inhibitors such as BPTI are unable to block voltage-
dependent K+ channels (22).

Despite the availability of the tertiary structure of DTXK,
little is known about the residues or domains that underlie
its neurotoxicity. To facilitate investigation on structure-
activity relations, the gene encoding DTXK has been cloned
and the protein expressed inEscherichia coliand purified
in a fully active form (23). In this paper, genetically
modified cDNAs were used to produce site-directed mutants
of DTXK. Analysis of the resultant proteins yielded new
insight into the interactions that govern DTXK binding to
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K+ channels, and this may aid the design of effective channel
modulators.

EXPERIMENTAL PROCEDURES

Materials. Restriction endonucleases and DNA-modifying
enzymes were products of New England Biolabs (Beverly,
MA) and Life Technologies (Gaithersburg, MD). The Muta-
Gene phagemidin Vitro mutagenesis kit was purchased from
Bio-Rad Laboratories (Hercules, CA). The Wizard DNA
purification system was obtained from Promega (Madison,
WI). A protein fusion and purification system was supplied
by New England Biolabs. Oligonucleotides used for mu-
tagenesis (Table 1) and DNA sequencing were synthesized
on an Applied Biosystems 381A instrument (Foster City,
CA).
Methods. Nucleic acid manipulations, transformations,

plasmid purifications, and affinity chromatography were
carried out according to manufacturers’ specifications.
Construction and Expression of DTXK and Its Mutants.

Cloning of a cDNA encoding DTXK and its expression as a
maltose-binding protein (MBP) fusion protein inE. colihave
been described (23). DTXK cDNA was reconstructed by
using PCR techniques to eliminate the naturally occurring
leader sequence. PCR primers were designed from cDNA
sequence data to incorporate unique restriction enzyme sites
flanking the structural gene region of DTXK. The 3′ PCR
primer provided a uniqueHindIII site, while the 5′ primer
duplicated the entire multiple cloning site, as well as the
factor Xa protease recognition sequence represented in the
cloning vector pMAL-p2. The reconstructed gene was
cleaved with restriction endonucleasesSacI andHindIII, gel
purified, and ligated to similarly prepared vector DNA. The
recombinant plasmid was cloned intoE. coli DH5R cells.
The wild-type DTXK gene described above was used as a

template for site-directed mutagenesis. The gene cassette,
encoding the factor Xa protease recognition site and DTXK,
was removed from the pMAL-p2 vector with restriction
endonucleasesBamHI (5′ site) andHindIII (3′ site) and
directionally cloned into mutagenesis phagemid vectors
pTZ18U and/or pTZ19U. The recombinant plasmids were
introduced intoE. coli dut, ungstrain CJ236 (24, 25). After
superinfection of recombinantE. coli CJ236 cells with the
helper phage, M13K07, single-stranded uracil-containing
DNA was extracted and purified from phagemid particles.
Mutagenic oligonucleotides (Table 1) were annealed to

the single strand template. The complementary strand DNA
was synthesized by using T4 DNA polymerase and joined
by using T4 DNA ligase. The resulting double-stranded
DNA was transformed intoE. coli strain MV1190, which
provided a strong selection against the nonmutagenized

strand of the double-stranded DNA based on its uracil content
(24, 25). The parental, uracil-containing strand was inacti-
vated, and the strand containing the mutation was replicated.
E. coli DH5R cells were transformed with the double-
stranded DNA containing the mutation(s). DNA, isolated
from minipreparations, was analyzed by using the dideoxy-
nucleotide chain termination method with [R-35S]dATPRS
and Taq DNA polymerase. DTXK genes containing the
correct mutations were excised from the pTZ phagemid
vector withBamHI andHindIII restriction enzymes, direc-
tionally subcloned back into a pMALp2 expression vector,
and introduced intoE. coliDH5R cells. Transformants from
E. coli DH5R cells were grown at 37°C in Terrific broth
(26) containing 100µg/mL ampicillin to a cell density of
(2-4)× 108 cells/mL. Protein induction was then initiated
by adding isopropylâ-D-thiogalactopyranoside (IPTG) to the
culture (final concentration, 0.6 mM), and the cells were
harvested 2.5 h later.
Purification and Characterization of Recombinant DTXK

and DTXK Mutants. Cells containing the pMALp constructs
were lysed by osmotic shock (27) in 5 mM MgSO4
containing 10µM pepstatin A and 10µM leupeptin. After
centrifugation, periplasmic extracts containing MBP-DTXK

were applied to an amylose affinity resin as previously
described (23) and unbound proteins removed by washing
the amylose resin with buffer A (10 mM sodium phos-
phate, pH 7.2, 30 mM NaCl, and 1 mM sodium azide)
containing 0.25% (v/v) Tween 20. The bound MBP-DTXK

fusion protein was eluted by buffer A containing 15 mM
maltose. Fusion proteins were cleaved at 26°C for 24-48
h by using factor Xa in buffer B (20 mM Tris-HCl and 100
mM NaCl, pH 8.0) at a ratio of 0.1-0.5% (w/w) of factor
Xa (1000 units/mg) to the fusion protein. Products of the
factor Xa cleavage were applied to an Alltech Vydac 218
TP column (250 mm× 4.6 mm, 5µm) (Deerfield, IL)
equilibrated with 0.1% (v/v) TFA in water. Proteins were
eluted from the column by using a linear gradient of
acetonitrile in the latter. Fractions containing the recombi-
nant DTXK or DTXK mutants were lyophilized, resuspended

Table 1: Oligonucleotide Primers Used To Produce Site-Directed
Mutations in DTXK

DTXK mutant primer

K3A 5′-ATTTACAGTACGctgCAGCGGATCC-3′
K6A 5′-GCGAAGAGGCAAtgcACAGTACTTTGC-3′
K24A 5′-TGCTTTCCAtgcGTAGTAG-3′
W25A 5′-TTTGCTTTtgcTTTGTAGTA-3′
K26A 5′-ATTGTTTTGCtgcCCATTTG-3′
A27K 5′-GCATTGTTTtttTTTCCATTTG-3′
K28A 5′-GGCATTGtgcTGCTTTCC-3′
R52A 5′-ACAGGTGCGggcGCATTCCTCT-3′
R53A 5′-AACACAGGTggcGCGGCATTCC-3′

FIGURE 1: Three-dimensional representation of the averaged-
minimized NMR structure of DTXK illustrating the various
constructed mutants. Regions of the molecule colored blue are
unchanged, and the remaining colored regions denote each substitu-
tion. Disulfide bridges are colored yellow.
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in 20 mM sodium phosphate, pH 7.4 (buffer C), and applied
to an HPLC cation-exchange column (Waters SP-8HR)
equilibrated in buffer C. The samples were eluted by a linear
gradient of NaCl (0-1 M) prepared in buffer C. Toxin-
containing fractions were desalted using a Sep Pak C-18
column, lyophilized, and resuspended in water. Recombi-
nants were analyzed by SDS-PAGE under reducing condi-
tions in Novex (San Diego, CA) precast gradient Tricine gels
(10-20%). Purified recombinant DTXK and selected DTXK
mutants were subjected to N-terminal sequencing by auto-
mated Edman degradation performed by a model 470A
amino acid sequencer from Applied Biosystems (Foster City,
CA).
Purification and Iodination of NatiVe Dendrotoxins.

DTXK and R-DTX were purified from the venoms ofD.
polylepis and D. angusticeps, respectively, as previously
described (9). DTXK was radioiodinated by a modification
of the chloramine-T method to a specific activity of 300-
800 Ci/mmol, as detailed before (9, 28).
Circular Dichroic (CD) Measurements.CD spectra were

recorded on a JASCO spectropolarimeter J720 in the far-
UV (185-255 nm) and near-UV (245-325 nm) range, using
0.2 and 1 cm path lengths, respectively. A time constant of
4 s, a scan rate of 10 nm/min, and a bandwidth of 2 nm
were used. The spectra are expressed as∆ε ) εL - εR (M-1

cm-1) based on a mean molecular weight per amino acid
residue, in accordance with pending IUPAC-IUB recom-
mendations.
Molecular Modeling Methods.Atomic coordinates used

for modeling DTXK consisted of 20 NMR determined

conformers, taken from the Brookhaven Protein Data Bank
(accession number 1DTK). An averaged structure was
computed and energy minimized with the consistent valence
force field partial charge set of Discover (Biosym Technolo-
gies Inc., San Diego, CA). Electrostatic surface potential
maps were calculated for the averaged-minimized structure
and several NMR structures, by using the program GRASP
(29). The physiological ionic strength was set at 0.145 M,
and dielectric constants of 80 and 4 were used for the solvent
and protein interior, respectively. Molecular modeling of
protein ribbon diagrams was constructed by using the
program RIBBONS (30).

Purification of Synaptic Plasma Membranes.These were
isolated from rat cortex, as previously described (28), and
resuspended by homogenization in 7 mM imidazole hydro-
chloride buffer (pH 7.4) containing 2 mM EDTA, 25µg/
mL bacitracin, 10µg/mL soybean trypsin inhibitor, 0.2 mM
benzamidine, and 0.1 mM phenylmethanesulfonyl fluoride.
Membranes were stored at-70 °C.
Binding Assay.Inhibition of the binding of125I-DTXK to

rat synaptic membranes by unlabeled toxin or mutants was
carried out in 50 mM imidazole hydrochloride, 90 mM NaCl,
5 mM KCl, and 1 mM SrCl2, pH 7.4, as previously described
(23). Membranes were incubated at room temperature for
1 h in the presence of 1 nM125I-DTXK and various
concentrations of unlabeled toxin (native, recombinant wild-
type, or mutated DTXK). Bound toxin was separated from
free toxin by centrifuging through a mixture of silicone fluid
and dinonyl phthalate. The pellets were counted in a

FIGURE 2: Effects of site-directed mutagenesis of DTXK on binding to neuronal K+ channels. Rat synaptic plasma membranes from
cerebral cortex were incubated at room temperature for 1 h in thepresence of 1 nM125I-DTXK and various concentrations of native or
recombinant DTXK or its mutants, and binding was measured as described. Values (( SD,n) 13 for native DTXK; n) 3-5 for recombinant
DTXK and its mutants) are plotted for the fractional binding in the absence (B0) and presence (B) of (a) native (b) and wild-type recombinant
DTXK (O); (b) mutants K24A (×), W25A (1), K26A (9), A27K (O), and K28A (4) from theâ-turn; (c) mutants K3A (0) and K6A (O)
of the 310-helix; and (d) mutants R52A (9) and R53A (1) in theR-helix region.
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γ-counter. Data were analyzed by using the LIGAND
program (31).

RESULTS

Site-Directed Mutagenesis and Characterization of Puri-
fied Mutants of DTXK. Specific mutations (Figure 1) in the
DTXK gene were initially shown to be correct by nucleotide
sequence analysis (data not shown). Purity of the recom-
binant DTXK and its mutants was established from analysis
by SDS-PAGE and reverse-phase chromatography followed
by cation-exchange chromatography. Furthermore, the first
15 residues of wild type and mutants K3A and K6A, as well
as 30 residues for mutant K26A, were shown by automated
Edman degradation to have the correct amino acid sequences.

Identification of Residues in DTXK Important for Binding
to Neuronal K+ Channels.The DTXK mutants were tested
for their ability to compete for binding of 1 nM125I-DTXK

to K+ channels. Rat synaptic plasma membranes were
chosen for assaying the mutants because of an adequate level
of specific binding for DTXK and the unavailability of a cell
line expressing sufficient quantities of recombinant K+

channels. Native and recombinant wild-type DTXK each
exhibited extended competition curves for inhibition of125I-
DTXK binding (Figure 2a), which allowed two apparent sites
(termed 1 and 2) to be resolved using the LIGAND program.
TheBmax values derived for the two sites using native DTXK

are 0.29 (R1) and 2.9 (R2) pmol/mg of protein; identical
figures were obtained when wild-type toxin was employed.
The analysis yielded equilibrium binding constants of 0.26
(Ki1), 48 (Ki2) nM for native and 0.29 (Ki1), 135 (Ki2) nM
for wild-type recombinant DTXK, respectively (Table 2). The
appropriateness of the two-site model compared to the one-
site version for native and wild-type recombinant DTXK was
shown using anF-test (31), which revealed a significant
improvement [P< 0.002 andP< 0.0001, respectively, well
below the threshhold of 0.05 recommended (31)], when the
data are fitted to the two-site model. The close agreement
of the two sets ofKi values for native and wild-type
recombinant DTXK is indicative of the expressed protein
being fully active and, thus, correctly folded (see below).
High uncertainty was observed for the low-affinity site

probably due to the relatively low concentration of labeled
ligand that had to be used to ensure a tolerable level of
nonsaturable binding and/or the high degree of inter-
dependence of the above-noted parameters (R1, R2, Ki1, and
Ki2) on the two-site model (31). Therefore, only the high-
affinity binding site is dealt with further in this paper.

Mutational analysis concentrated principally on positively
charged residues in three well-defined regions of DTXK that

Table 2: Ki Values for the Inhibition of125I-DTXK Binding by
DTXK and Its Mutants

Bmax (pmol/mg)competitor
DTXK

Ki1 (nM)
site 1

Ki2 (nM)
site 2 site 1 site 2 Pa

native 0.26( 0.15 48( 51 0.29( 0.07 2.9( 2.6 <0.002
Rec WT-DTXK 0.29( 0.12 135( 189 0.29( 0.01 2.9( 0.5 <0.0001
mutated in

â-turn
K24A 0.94( 0.51
W25A 2.8( 0.7
K26A 51( 9
A27K 0.14( 0.03
K28A 0.84( 0.24

310-helix
K3A 324( 87
K6A 3.9( 1.3

R-helix
R52A 0.18( 0.09
R53A 0.57( 0.21

aGoodness of fit of the data to a two-site versus a single-site model
was determined by theF-test (28), compared to aP value of 0.05
recommended by the latter.

FIGURE 3: Ultraviolet circular dichroic (CD) spectra of DTXK and
mutants. The CD spectra of native DTXK (blue) and mutants K3A
(green), K6A (red), and K26A (black) were recorded in the far- (a,
top panel, 185-255 nm) and near- (b, bottom panel, 245-325 nm)
UV range, with a JASCO spectropolarimeter J720 using a 4 stime
constant, a 10 nm/min scan speed, and a spectral bandwidth of 2
nm. Similarity in the far-UV spectra for native and the recombinant
toxins suggests that the mutations did not cause misfolding of the
backbone. The profiles observed for the mutants at 290 nm and
above are almost identical to that for native toxin, indicating that
formation of S-S bridges and the local structure of W25 (the only
one present in the toxin) are unaltered. A noted increase or decrease
of the negative ellipticity between 250 and 290 nm may be due to
changes in local freedom of Y and F residues.
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are distinguishable in its NMR structure (19). Five of the
mutants studied form part (residues 24-28) of the distorted
â-hairpin. Substituting positively charged residues (K24,
K26, or K28) in theâ-turn with alanine resulted in decreased
binding affinity for site 1 (Figure 2b), with the K26A mutant
giving the most dramatic decrease (Ki1 ) 51 nM) compared
to a value of 0.29 nM for wild-type DTXK (Table 2).
Introduction of a lysine instead of alanine at position 27
increased slightly the affinity for site 1. Additionally,
mutation of tryptophan at position 25 to a less hydrophobic
residue (alanine) yielded a 10-fold reduction in affinity for
site 1 (Table 2). Thus, both positively charged and a
hydrophobic residue in this domain are involved in the high-
affinity interaction of DTXK with K+ channels.
Although separated in the primary sequence from the

â-turn by about 20 amino acids, changing K6 or K3 to
alanine in the 310-helix yielded large reductions (13-1113-
fold) in the binding affinity for site 1, which may give rise
to the incomplete inhibition observed (Figure 2c). Moreover,
inspection of the DTXK structure obtained by NMR revealed
that these residues are in close proximity to theâ-turn. Thus,
the data reveal that these positively charged residues as well
as those adjacent to theâ-hairpin (K26 and to a lesser extent
K24 and K28) along with W25 located in the latter region
are functionally important for the high-affinity binding of
DTXK to synaptic membranes.
Unlike alteration of amino acids in the above-mentioned

two regions, mutation of two positively charged residues
(R52A, R53A) in theR-helix at the C-terminus had little
influence on the binding of DTXK to K+ channels (Figure
2d). Such a lack of effect highlights the selectivity of the
other changes that lowered the affinity for K+ channels.
Assessment of the Structural Effects of RepresentatiVe

Mutations. It is conceivable that the dramatic reduction of
binding affinity caused by the aforementioned changes might
be due to a gross structural alteration in the toxin molecule.
This possibility was examined by recording both the near-
and the far-UV circular dichroic (CD) spectra (Figure 3) for
native DTXK and three mutants (K3A, K6A, and K26A).
These proteins showed similar spectra in the far-UV range
(Figure 3a), illustrating that the backbones are similarly
folded. This was corroborated by the negative ellipticity
above 290 nm (Figure 3b), due to the three S-S chro-
mophores (32), which is virtually identical for each of the
proteins, suggesting that the disulfide bonds are formed
correctly. Even the local structure around the tryptophan at
position 25 seems not to have been affected by the mutations;
this was shown (Figure 3b) by the similar profile around
290 nm (32). Likewise, the good concordance of the
absorption of the tyrosine and phenylalanine residues be-
tween 250 and 290 nm in the near-UV spectra for these
mutants also indicated that the local environment around

FIGURE4: Models showing the folded structures and charge density
distribution of DTXK and the residues found to be essential for its
interaction with K+ channels. (a) Main-chain folding of DTXK

showing the side-chain positions of mutated residues: K3 and K6
of the 310-helix; K24, W25, K26, and K28 of theâ-turn; and R52
and R53 of theR-helical region. (b) Electrostatic surface map of
the conformer presented in (a) with blue and red representing
positive and negative charges, respectively. Note the cluster of
positive charges in the region shown by mutagenesis to contain
amino acids (c, see below) that are required for the high-affinity
binding of DTXK to neuronal K+ channels. (c) A cross section of
the solvent-accessible surface is shown (in rose color) for the above-
mentioned residues, and the side chains of the key residues are
depicted in white. The three disulfide bonds are indicated in yellow.
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these residues was not altered. Nevertheless, the observed
decrease (for K3A and K26A) or increase (for K6A) in the
intensity of the negative ellipticity may reflect a change in
their freedom. However, such changes in local freedom do
not appear to affect the binding of DTXK to K+ channels
because these three particular mutants all exhibited similarly
reduced affinity.

DISCUSSION

The structural framework for selecting and characterizing
the various mutants was based on the idea of a positively
charged region of DTXK interacting, in an appropriate
topology, with a complementary negatively charged region
on the K+ channel (21, 23, 33). Such a presumption arose
from the multiple lysines and/or arginines that are conserved
only in DTXK and other homologues that block the K+

channel (7, 34). Accordingly, high salt concentrations lower
the affinity of DTX for K+ channels (12), presumably by
disturbing such electrostatic interactions, a change also
achieved by removal of a glutamate from the toxin binding
domain in K+ channel R subunits (35). In addition,
complementary mutagenesis of the Kv1.3 channelR subunit
and charybdotoxin, kaliotoxin, margatoxin, noxiustoxin, and
other peptide K+ channel blockers revealed multiple toxin-
channel points of association including electrostatic interac-
tions (36) involving positively charged toxin residues similar
to that seen here and acidic amino acids in the channel mouth.
The DTXK residues mutated are shown in the overall three-

dimensional fold of the protein (Figure 4a). The calculated
electrostatic potential map (Figure 4b) associated with the
molecular surface of the averaged NMR solution structure
of DTXK (19) reveals that all of the residues altered, K3
and K6 in the 310-helix, K24, K26, and K28 of theâ-turn,
and R52 and R53 in theR-helix, are located in highly
solvent-exposed areas which are strongly charged (cf. Figure
4a,c). The aggregate charge density appears to be signifi-
cantly compacted along the base of the molecule (Figure 4b),
with the side chains of K26 (mutation of which gave rise to
more than a 100-fold reduction in affinity) and K28 of the
â-turn and K3 and K6 of the 310-helix protruding out into
the solvent (Figure 4c). Importantly, the residues found to
be critical for the high-affinity interaction of the toxin with
the K+ channel reside in these two structural elements. With
the exception of A27K (see below), all of the mutations
examined in theâ-turn and 310-helix lowered the binding
affinity for site 1 of K+ channels. Substitution of A by K at
position 27, mimicking theâ-turn ofR-DTX, led to a slight
increase in binding affinity. Interestingly, however, the
inhibition curve for this mutant resembles the one-site pattern
of inhibition reported forR-DTX (28). Although interaction
of DTXK with synaptosomal membranes appears complex
(see Figure 2), probably due to the several K+ channel
subtypes present (37), this does not affect any of the
conclusions presented. Interestingly, in the case of the
homologous protein,R-DTX, mutation of a triple lysine
cluster in theâ-turn decreased binding to neuronal K+

channels, but the shift was much less dramatic (38) than those
seen herein. This quantitative difference probably reflects
the subtle dissimilarity in the structures ofR-DTX (17) and
DTXK (19) that probably underlies their distinct specificities
for different K+-channel subtypes (14, 15, 39). From this
study, it can be deduced that theâ-turn and 310-helix domains

are particularly important for interaction with K+ channels.
This information may aid in producing artificial and selective
K+-channel blockers.
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