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SUMMARY

A new peptide antagonist of voltage-activated calcium channels
was purified from venom of the funnel web spider, Agelenopsis
aperta. This 48-amino acid peptide, w-agatoxin (w-Aga)-IVB, was
found to be a potent (Ks, ~3 nm) blocker of P-type calcium
channels in rat cerebellar Purkinje neurons but had no activity
against T-type, L-type, or N-type calcium channels in a variety
of neurons. The calcium channel-blocking properties of «-Aga-
IVB were similar to those of another toxin, w-Aga-IVA, which has
71% amino acid identity with w-Aga-IVB. The 10-fold greater
abundance of w-Aga-IVB in venom allowed structural studies

using NMR spectroscopy. The three-dimensional structure de-
rived from NMR data resulted in a proposed disulfide bond
configuration for the peptide. Although «-Aga-IVB has fewer
basic and more acidic residues than does w-Aga-lVA, the two
toxins show conservation of positively residues in a
mid-peptide region that is predicted to form one face of the w-
Aga-lVB molecule. This region may be crucial for high affinity
binding to the P-type calcium channel. In contrast, the amino
termini of the two toxins have different charges and seem unlikely
to be involved in binding to the channel.

Venomous animals use complex cocktails of toxins for prey
capture or for defense. Many of the toxins contained in venoms
are targeted to ion channels and receptors and are proving to
be useful pharmacological tools (1-4). Indeed, unique toxin
binding sites on ion channels have been the basis for pharma-
cological classification of some types of ion channels, including
voltage-activated calcium channels.

Multiple types of voltage-activated calcium channels have
been found in mammalian neurons by voltage-clamp studies,
and differential sensitivity to drugs and toxins has been crucial
in distinguishing these channel types (5-7). Multiple types of
calcium channels also have been identified by cloning of brain
c¢DNA, and there is now great interest in correlating cloned
calcium channels with those identified electrophysiologically
(6-8). So far, excellent correlations have been established for
two classes of channels, based in large part on channel phar-
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macology. Dihydropyridine drugs such as nifedipine, nimodi-
pine, and Bay K8644 are highly selective for L-type channels,
as expressed normally in neurons (9, 10) or as expressed from
cloned cDNA (11). w-CgTX, a peptide toxin from the venom of
the cone snail Conus geographus, is highly selective for a
distinct class of N-type calcium channels, as expressed both in
neurons (10, 12) and from cloned cDNA (13).

A third type of high-threshold calcium channel, the P-type
channel, was originally identified in rat cerebellar Purkinje
neurons and was found to he insensitive to both dihydropyri-
dines and w-CgTX (14, 15). A peptide toxin from venom of the
spider Agelenopsis aperta, w-Aga-IVA, has been identified as a
potent selective blocker of P-type calcium channels (16, 17).
Based on sensitivity to w-Aga-IVA, fractions of calcium current
carried by P-type channels were identified in a variety of central
and peripheral neurons. Qur understanding of P-type calcium
channels is still quite limited, however, especially because there
is no clear identification with any of the cloned calcium chan-
nels (see Refs. 6 and 7). Further pharmacological characteriza-
tion of P-type channels should be helpful in establishing this
link.

ABBREVIATIONS: o-CgTX, w-conotoxin GVIA; w-Aga, w-agatoxin; NOESY, nuclear Overhauser spectroscopy; MS, mass spectrometry; ES,
electrospray; FAB, fast atom bombardment; NOE, nuclear Overhauser effect; TFA, trifiuoroacetic acid; DRG, dorsal root ganglion; RMS, root mean
square; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)}-N,N,N’ ,N'-tetraacetic acid.
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We have searched for additional toxins in A. aperta venom
that may have activity against P-type calcium channels. Here
we describe a new toxin, designated w-Aga-IVB, which we found
to be a highly potent blocker of P-type calcium channels in rat
neurons. The amino acid sequence of w-Aga-IVB has substan-
tial similarity to that of w-Aga-IVA, and its selectivity for
particular types of calcium channels was also found to be
similar to that of w-Aga-IVA. Because w-Aga-IVB is present in
venom at a 10-fold higher concentration, compared with -
Aga-IVA, it has been possible to isolate sufficient quantities
for a detailed analysis of its three-dimensional structure.

Materials and Methods

Toxin isolation and sequencing. w-Aga-IVB was purified from
crude A. aperta venom using high performance liquid chromatography
protocols based on those described previously (4, 16). Whole venom
was fractionated on a Brownlee Cs wide-pore analytical column (4.6 X
150 mm) with a linear gradient of aqueous acetonitrile in constant
0.1% TFA, at a flow rate of 1.0 ml/min. The peak labeled IVB in Fig.
1A was purified further using a Brownlee C; column and a linear
gradient of n-propyl alcohol/water (0.33%/min) in constant 1% TFA.
A third high performance liquid chromatography step made use of a
Vydac wide-pore C,s analytical column and a linear gradient of aqueous
acetonitrile in constant 0.1% TFA.

Amino acid composition and sequencing analyses were performed at
the University of California, Riverside, Biotechnology Instrumentation
Facility, using methods described previously (4, 16, 18). ES- and FAB-
MS were performed at the Beckman Research Institute, City of Hope
Hospital (Duarte, CA), according to previously reported methods (16).

Synaptosomes. Synaptosomes were prepared from whole rat brains
(minus brainstem) of 14-20-day-old Sprague-Dawley rats as described
(16), with the following modifications. Brain homogenates were centri-
fuged at low speed (3000 X g for 10 min) to yield a P1 pellet. After the
pellet was washed, supernatants were pooled and centrifuged a second
time, at 12,500 X g for 20 min, to obtain a P2 pellet. Instead of purifying
a synaptosomal fraction from the P2 pellet as done previously (16), we
simply resuspended the P2 pellet and used it directly for “Ca®* flux
experiments. This less cumbersome approach was adopted because data
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Fig. 1. isolation and sequence analysis of w-Aga-IVB. A, Liquid chroma-
erlubonpmﬂeofw-l\ga-lva (/vB) and w-Aga-IVA (IVA) after the

first high performance liquid chromatography step. Venom was fraction-
atedonaBrownleeC.wlde-poreanalyﬁcaloolumn(46x150mm)wuth
a linear gradient of aqueous acetonitrile in constant 0.1% TFA, at a flow
rate of 1.0 mi/min. B, Block of potassium-stimulated ‘*Ca* entry into rat
brain synaptosomes by «-Aga-IVB and w-Aga-4VA. C, Amino acid se-
quence of w-Aga-IVB and alignment with w-Aga-IVA.

obtained with the resuspended P2 pellet were identical to those ob-
tained with the purified synaptosomal fraction. The resuspended P2
pellet was incubated with toxin fractions (10-20 min) at 4° and then
warmed to 30° over 10 min before depolarization with 40 mm KCl
“Ca’* influx was terminated at 5 sec by addition of excess wash
solution, and the solution was rapidly filtered using a Skatron cell
harvester. Radioactivity trapped on the filters was used as a measure
of Ca®* entry into synaptosomes; counts from low-potassium tubes were
subtracted from those from high-potassium tubes to obtain the voltage-
sensitive fraction of “°Ca®* entry.

Electrophysiology. Whole-cell recordings were made from acutely
dissociated rat neurons as described previously (17). Pipettes (1-3 MQ
resistance) were filled with an internal solution of (in mM) 108 cesium
methanesulfonate, 4 MgCl,, 9 EGTA, 9 HEPES, 4 Mg-ATP, 14 creatine
phosphate (Tris salt), and 0.3 GTP (Tris salt), pH 7.4. After whole-
cell recording was established with the cells in Tyrode’s solution (150
mM NaCl, 4 mMm KCl, 2 mMm CaCl,;, 2 mM MgCl,, 10 mM glucose, 10
mM HEPES, pH 7.4 with NaOH), cells were transferred to a 50-60-ul
minichamber, where steady toxin applications could be made using
minimal amounts of material. The external solution in the minicham-
ber was 5 mM BaCl;, 160 mM tetraethylammonium chloride, 10 mM
HEPES, pH 7.4 with tetraethylammonium hydroxide. Cytochrome ¢ (1
mg/ml) was included in all external solutions to prevent loss of toxin
to the walls of the containers. Toxins and drugs were added to the
minichamber from 10-fold more concentrated stock solutions prepared
in the external solution. Recovery from toxin block was monitored
during continuous washing of the minichamber using a gravity-driven
perfusion system. Synthetic w-CgTx was purchased from Peninsula
Laboratories. Bay K8644 and nimodipine were gifts from Dr. Alexander
Scriabine, Miles Laboratories (West Haven CT).

Voltage pulses were generated and currents were digitized using the
Basic FastLab system (INDEC Systems, Sunnyvale, CA). Currents
were filtered at 3-10 kHz (-3 dB, four-pole low-pass Bessel filter) and
digitized every 20-100 usec. Reported potentials were corrected for a
liquid junction potential of —10 mV between the internal solution and
the Tyrode’s solution in which the pipette current was zeroed before
sealing onto a cell. Calcium channel currents were corrected for leak
and capacitative currents by subtraction of an appropriately scaled
current elicited by a 10-mV hyperpolarization. Statistics are given as
mean # standard error. All experiments were done at 21-24°.

NMR spectroscopy. NMR spectra were recorded at 500 or 600
MHz on 4 or 8 mg of w-Aga-IVB dissolved in 0.5 ml of either 10%
?H,0/90% H:0 or 100% ?H,0 at pH 2.6. Total correlated spectroscopy
(19) spectra were acquired with a 60-msec 7-kHz MLEV-17 (20) spin-
lock field. NOESY (21) spectra were acquired with a mixing time of
80, 160, or 250 msec, with presaturation of the H,0 signal during the
mixing time. Both experiments consisted of either 2048 or 4096 T, and
512 or 750 T, data points and utilized time-proportional phase incre-
mentation (22) to achieve phase sensitivity in w,. Heteronuclear mul-
tiple-quantum coherence (23) spectra were recorded in 100% *H,0 with
2048 T, and 256 or 300 T, data points, using hybrid states/time-
proportional phase incrementation phase cycling (24) to obtain phase-
sensitive spectra. All experiments were recorded at 288°, 298°, and
303°K. Amide protons were characterized as either slowly or very slowly
exchanging, based on the presence of corresponding cross-peaks in
sequentially acquired total correlated spectroscopy (total acquisition
time, 2 hr) and NOESY spectra (total acquisition time, 24 hr) of
samples freshly dissolved in 2H,0. Coupling constants were measured
directly from resolution-enhanced one-dimensional spectra recorded in
H;0.

Structure calculations. Cross-peaks in the NOESY spectra were
classified as strong, medium, or weak, and corresponding internuclear
upper bound distances of 2.5, 3.5, or 5.0 A, respectively, were assigned
to each interaction. Backbone ¢ angles were constrained based on
observed NOE and ®Junu. coupling patterns (see below). Structures
were generated using NMR-derived restraints as input to a distance
geometry/simulated annealing algorithm, DGII (25), without tetrangle
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bounds smoothing, using a four-dimensional embedded algorithm and
an initial energy of 1024 kcal for the simulated annealing stage.
Structures were considered acceptable and subjected to conjugate gra-
dient energy minimization if the final error function was <1 after
simulated annealing.

Results

Structure of w-Aga-IVB. Liquid chromatography fraction-
ation of A. aperta venom on a Brownlee Cg wide-pore analytical
column (see Materials and Methods) yielded multiple fractions
that inhibited potassium-induced *’Ca’* entry into rat brain
synaptosomes. One of the constituents in these inhibitory frac-
tions is w-Aga-IVA (16, 17). We subsequently focused on an-
other fraction, which also inhibited synaptosomal Ca®** entry
under the same conditions (Fig. 1A). The inhibitory activity of
this fraction was abolished after trypsin exposure, indicating
its likely peptidergic nature. After additional purification (see
Materials and Methods), the material was analyzed by ES-MS.
The spectrum exhibited a series of multiply charged ions that
deconvoluted to a molecular mass of 5274 Da. Amino acid
composition analysis of the native peptide gave the following
molar ratios of amino acids (with values from subsequent
sequence analysis in parentheses): Asx, 4.4 (4); Glx, 4.4 (4);
Ser, 2.6 (2); Gly, 6.6 (6); Arg, 4.5 (4); Thr, 3.8 (4); Ala, 2.6 (2);
Pro, 2.1 (2); Tyr, 0.85 (1); Met, 1.0 (2); Ile, 2.9 (3); Leu, 2.1 (2);
Phe, 1.1 (1); Lys, 2.0 (2). Tryptophan and cysteine were not
quantified by composition analysis, but their presence was
indicated by 1) a characteristic tryptophan-like UV absorbance
spectrum and 2) alkylation of the reduced peptide by 4-vinyl-
pyridine. We also noted that, whereas the native peptide was
relatively resistant to trypsin digestion, reduction followed by
trypsin treatment produced a complex peptide map.

Amino-terminal Edman sequencing of the reduced pyridyl-
ethylated peptide was successful through residue 43 (Fig. 1C)
and indicated the presence of methionine residues at positions
29 and 42. Subsequent cyanogen bromide cleavage yielded
several fragments. Amino acid composition and sequence anal-
yses performed on two of these fragments showed them to
correspond to residues 1-28 and 30-42 of the sequence previ-
ously determined by amino-terminal sequencing. A third frag-
ment was isolated and analyzed by FAB-MS. Its molecular
mass (MH* = 623.34 Da), when added to those of fragments
1-28 and 29-42, yielded the mass (5274 Da) established previ-
ously for the native peptide. Initial attempts to sequence this
fragment were unsuccessful, due to high levels of wash-out
between sequencing cycles. Subsequent covalent attachment of
the carboxyl terminus of the peptide to the Sequelon filter,
using carbodiimide, eliminated this problem and permitted
determination of the sequence as EGLSFA.

ES-MS analysis was performed on each of the three cyanogen
bromide fragments. The following values, each rounded to the
nearest integer, were obtained (theoretical mass of each unpro-
tonated fragment in parentheses): fragment 1-29, 3827
(3823.7); fragment 30-42, 1614 (1611.8); fragment 43-48, 624
(622.30). The MH* peak (mass, 623.34) for fragment 43-48
obtained by FAB-MS indicated that the peptide possesses a
free carboxyl terminus (theoretical MH* mass, 623.30). Taken
together, these data are consistent with the amino sequence for
w-Aga-IVB depicted in Fig. 1A, i.e., an unblocked 48-amino
acid peptide with four cystines. The concentration of w-Aga-
IVB in crude venom was estimated to be 1 mM, which is
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approximately 10 times higher than that reported previously
for w-Aga-IVA (16).

Pharmacological properties of w-Aga-IVB. w-Aga-IVB
blocked potassium-stimulated ‘“*Ca®* entry into rat brain syn-
aptosomes at low nanomolar concentrations. The concentra-
tion-dependent inhibition (Fig. 1B) was maximal at about 60%
of the total response, with an estimated ICs of 20 nM. The
results of experiments performed in parallel with w-Aga-IVA
showed that the two peptides were virtually identical in potency
and efficacy as inhibitors of rat brain synaptosomal calcium
flux.

In voltage-clamp experiments, w-Aga-IVB was found to be a
potent antagonist of the high-threshold calcium channel cur-
rent recorded from isolated rat cerebellar Purkinje neurons
(Fig. 2). An average of ~90% of this current is carried through
P-type calcium channels (15, 17). w-Aga-IVB at concentrations
of 100-800 nM blocked 90-100% of the high-threshold current.
When w-Aga-IVB was applied at 800 nM, block developed with
an exponential time course (Fig. 2A), with an average time
constant of 26 + 3 sec (n = 12). Block was slower at lower
toxin concentrations, with a time constant of 156 sec in an
experiment with 100 nM w-Aga-IVB. Block of P-type calcium
channels was complete at all membrane potentials (Fig. 2B).
In most experiments, toxin was applied while calcium channels
were activated every 7-12 sec by 30-msec depolarizations to

A 800 nM
85 0-_ -10mv
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0- —r— —
0 5 10 15 20 25

Fig. 2. Block of high-threshold calcium channel current in cerebellar
Purkinje neurons. A, Block by 800 nm w-Aga-1VB and slow recovery after
wash-out. Current was elicited by 30-msec depolarizations to —10 mV,
delivered from the holding potential of —80 mV every 12 sec. Current
was exclusively slowly decaying, high-threshold current, and inward
current (inset) was measured after correction for linear leak and capacity
currents. B, Current-voltage relationship for calcium channel currentin a
Purkinje neuron before and after exposure to 800 nm w-Aga-IVB (/VB).
Current was blocked nearly completely at all test potentials between
—40 and +40 mV. The very small remaining currents are consistent with
small components of L-type and N-type current.
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—10 mV; however, channel activation was not necessary for
toxin binding, because equivalent block was seen in experi-
ments in which toxin was applied to the bath during a pause in
test voltage steps.

Current recovered very slowly when toxin was washed out
during the usual stimulation protocol (holding potential of —80
mV, with 30-msec steps to —10 mV delivered every 7-12 sec).
In the typical example shown in Fig. 2A, <20% of the control
current recovered during about 15 min in toxin-free solution.
Recovery could be dramatically accelerated by short voltage
steps to very positive potentials. Fig. 3A shows an example in
which, after a small amount of recovery in 10 min of washing,
complete recovery followed a train of five voltage steps to +120
mV (30 msec each, delivered at 10 Hz). If large depolarizing
voltage steps were given in the presence of toxin, recovery was
followed by re-block occurring with a time course similar to
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Fig. 3. Concentration-dependent block and voitage-dependent unblock
of P-type current in Purkinje neurons. A, Time course of block by 800
nm w-Aga-1VB and speeding of recovery by strong depolarizations. After
appiication of 800 nm «-Aga-IVB for about 3 min, toxin-free solution was
applied for 10 min while test puises (30-msec pulses to —10 mV, from a
holding potential of —80 mV) were delivered every 6 sec. At the point
marked by the arrow, a series of five steps to +120 mV (50-msec each)
were delivered at 10 Hz, resulting in complete of the current
elicited by the next test pulse to —10 mV. Dashed line during onset of
block is the best fit of a single-exponential function with a time constant
of 0.46 min. Dashed line during siow from block is the best fit
of a single-exponential function (time constant of 132 min) assuming
eventual recovery to 7 nA, the size of the current after the depolarizing
steps. B, Voitage steps to +120 mV (a series of five 50-msec steps,
delivered at 10 Hz) in the continuous presence of 400 nm w-Aga-IVB,
resulting in transient relief of block followed by reblock. C, Reciprocal of
the time constant for development of block versus toxin concentration.
Points, mean values of determinations in muitiple cells (n = 3 for 200 nm,
n = 8 for 400 nm, and n = 12 for 800 nm). Error bars, standard errors.

that observed during the original application of the toxin (Fig.
3B).

It was difficult to determine directly the half-blocking con-
centration of w-Aga-IVB. In one experiment, 100 nM toxin
produced nearly complete block, suggesting a half-blocking
concentration at least 10 times lower. Unfortunately, block by
concentrations below 100 nM was too slow to be accurately
separated from run-down of the current that occurred in the
absence of toxin. However, because both development and
reversal of block occurred with kinetics consistent with 1:1
binding of toxin to channel, we were able to estimate the
equilibrium constant for binding (K,) from the kinetic data.
The development of block could be fit well by a single-expo-
nential function over a range of toxin concentrations, and the
time constant (7,,) was inversely proportional to toxin concen-
tration, as expected for 1:1 binding. The values of 1/7,, versus
toxin concentration (Fig. 3C) could be well fit by a line corre-
sponding to a rate constant for toxin binding (k.,) of 5 X 10*
M~ sec™’. The rate constant for toxin unbinding was estimated
by fitting an exponential function to the recovery occurring in
a 10-15-min period after removal of toxin (taking as asymptote
either the current before application of toxin or the current
after a train of depolarizations, as in Fig. 3A). Values of 7.4 at
the holding potential (—80 mV) ranged from 70 to 150 min,
with an average value of 113 + 11.4 min (n = 12). The unbinding
rate constant (k.y) corresponding to this value (1/7.4) was 1.5
X 107 sec™'. Using these rate constants, the K, for block of P-
type channels by w-Aga-IVB was estimated as 3 nM.

Selectivity of Ca?* channel block by w-Aga-IVB. We
also tested the activity of w-Aga-IVB against other types of
calcium channels in various rat neurons. A subpopulation of
cerebellar Purkinje neurons possess a low-threshold T-type
current, manifested as a transient component of current on top
of the more slowly decaying P-type current (15, 26). Fig. 4A
shows currents from such a Purkinje neuron. w-Aga-IVB at 200
nM selectively inhibited the P-type current, leaving the tran-
sient T-type current (Fig. 4A, left). T-type current is also
manifested as a slowly decaying tail current upon repolariza-
tion, 1 order of magnitude slower than tail currents through P-
type channels. This slow component of tail current was unaf-
fected by w-Aga-IVB (Fig. 4A, right).

Identified currents through L-type calcium channels are con-
veniently obtained using the dihydropyridine agonist Bay
K8644, which enhances L-type current (9, 27) and dramatically
slows tail currents through L-type channels (12, 28). Fig. 4B
shows records from a DRG neuron in which 3 uM Bay K8644
produced a slowly decaying tail current in a neuron first treated
with 3 uM w-CgTX to eliminate N-type current. Application of
200 nM w-Aga-IVB (in the continuing presence of w-CgTX and
Bay K8644) had no effect on the Bay K8644-enhanced tail
current, showing the lack of activity against L-type calcium
channels. (The toxin did inhibit the current during the test
pulse to —20 mV by about 20% and inhibited a rapid component
of tail current, showing activity against other components of
total calcium current in DRG neurons.) The lack of activity of
200 nM w-Aga-IVB on Bay K8644-enhanced L-type current
was found in five of five rat DRG neurons in which L-type
current was enhanced by 3 uM Bay K8644.

The effect of w-Aga-IVB on N-type calcium channels was
investigated in rat sympathetic neurons (superior cervical gang-
lion), in which most of the high-threshold current is w-CgTX-
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Fig. 4. Lack of effect of w-Aga-IVB on T-type, L-type, and N-type calcium
currents. A, w-Aga-IVB block of P-type but not T-type current in a
cerebellar Purkinje neuron. Effect of 200 nm «-Aga-1VB on current elicited
by a 60-msec depolarization from —110 mV to —40 mV (left) and on tail
current after a depolarization to —50 mV that elicited predominantty low-
threshold T-type current (right). B, Lack of effect of w-Aga-IVB on Bay
K8644-enhanced L-type currentin a rat DRG neuron. Current was elicited
by 60-msec depolarization applied from —80 to —20 mV. The figure
focuses on deactivating tail currents recorded upon repolarization to
—80 mV in the presence of 3 um w-CgTX (trace 1), after addition of 3 um
Bay K8644 in the continuing presence of w-CgTX (trace 2), and after
addition of 200 nM w-Aga-IVB, with both «-CgTX and Bay K8644 still
present (trace 3). C, Lack of effect of w-Aga-IVB on N-type or L-type
current in a rat sympathetic neuron. Current was elicited by a 30-msec
depolarization from —80 to 0 mV in control, after addition of 200 nm «-
Aga-1VB, after subsequent addition of 5 um w-CgTX (with w-Aga-IVB still
present), and after subsequent addition of 3 um nimodipine (in the
continuing presence of 200 nm w-Aga-IVB and 5§ um w-CgTX).

sensitive N-type current. In each of six sympathetic neurons,
200-400 nM w-Aga-IVB had no significant effect on the overall
current. In three cells with stable control currents, currents
obtained under control conditions and after addition of 200 nmM
w-Aga-IVB were identical (e.g., see Fig. 4C). In three other
cells, a small current reduction produced by 200-400 nM w-
Aga-IVB was not distinguishable from run-down of control
currents.

These results show that w-Aga-IVB is a highly selective
blocker of P-type channels, with no effect on T-type, L-type,
or N-type calcium channels. w-Aga-IVA has a similar profile of
selectivity (17). Some neurons, including rat spinal cord neu-
rons, have a complex mixture of channels contributing to the
overall high-threshold current, including L-type, N-type, P-
type, and other, unidenitifed, channels (17). The similarity in
selectivity between w-Aga-IVB and w-Aga-IVA was tested more
rigorously by examining overlap in block by these two toxins
in spinal cord neurons. Examples are shown in Fig. 5. In the
experiment of Fig. 5A, w-Aga-IVA had no additional effect on
a cell in which w-Aga-IVB had blocked a component of the
current. As shown in Fig. 5B, the same result was obtained
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Fig. 5. «-Aga-IVB targets the same component of current in spinal cord
neurons as does w-Aga-IVA. A, Upper, «-Aga-IVB blocks a fraction of
high-threshold current and occludes block by «w-Aga-IVA in a spinal cord
neuron. Current was elicited by 30-msec depolarizations applied every 6
sec from —80 mV to —10 mV. Records corrected for leak and capacity
currents are shown in control, after application of 400 nmM w-Aga-IVB,
with both «-Aga-IVB and 100 nm «-Aga-lVA, and with subsequent
addition of 3 um »-CgTX and then 3 um nimodipine (nimod.) (in the
continuing presence of the other blockers). Lower, time course of the
peak current in the same experiment. B, Upper, Occlusion by «w-Aga-IVA
of the blocking effect of w-Aga-IVB in another spinal cord neuron. Same
protocol as in A, except that 100 nm «-Aga-IVA was applied first, followed
by 400 nm w-Aga-IVB, 3 um «-CgTX, and 3 um nimodipine. Lower, time
course of the peak current.

from another cell when w-Aga-IVA and w-Aga-IVB were applied
in the reverse order. Complete occlusion between the effects of
the two toxins was seen in each of five cells examined (three
with w-Aga-IVA applied first and two with w-Aga-IVB applied
first).

NMR analysis of w-Aga-IVB. Complete proton assign-
ments of all 48 amino acids in w-Aga-IVB were determined
using conventional two-dimensional NMR sequential assign-
ment techniques (29). These results confirmed the sequence
determined by Edman degradation and provided a basis for
subsequent experiments. Notably, the chemical shifts of resi-
dues 39-48 occurred near values expected for random coil
peptides, consistent with little ordered structure in this region
of the molecule. The distribution of observed NOEs is sum-
marized in Fig. 6, with the largest number being concentrated
among residues 4-36, suggesting a high degree of cross-linking
via cysteines. Preliminary analysis of the data suggested the
presence of a small, three-stranded, antiparallel 8-sheet com-
posed of residues 10-12, 25-27, and 34-36. First, Ha-Ha, Ha-
HN, and HN-HN interstrand NOEs were observed. Second, all
of the very slowly exchanging NH signals appeared in this
region, consistent with interstrand hydrogen bonding. Third,
many a carbon resonances were shifted downfield for most of
these residues (30).

For structure calculations, 267 interproton distances (135
long range) from NOEs and three ¢ (residues 6, 32, and 37)
plus seven x, dihedral angles derived from coupling constants
(31) were used as restraints for input into DGII. The seven x,
angles were constrained based on observed NOE and J coupling
patterns, as follows: Cys-4 and Cys-12, 40-80°; Cys-19, Cys-20,
Cys-34, and Cys-36, —40 to —80°; Cys-25, —160 to 160°. The x;
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Fig. 6. Inter-residue NOEs used as restraints in DGII calculations on w-
Aga-IVB. Off-diagonal points at (x, y) indicate one or more NOEs ob-
served between residues x and y. Boxed areas, interstrand NOEs arising
from the three-stranded §-sheet.

angle for Cys-27 could not be determined. Six additional hy-
drogen bond restraints, between residues 10 and 36, 26 and 35,
37 and 24, and 12 and 34, were inferred from slow amide
exchange within the 8-sheet substructure described above. An
initial structure with extended conformation was constructed,
and 10 structures were generated using the NMR-derived re-
straints. In an effort to establish the disulfide bonding pattern,
the close contacts between cystine S carbons were analyzed. Of
the 10 structures, cysteine CB8-C8 distances of <3 A were
observed between the following cysteine pairs with the indi-
cated frequency: 4-20, 12-25, and 27-34 in all cases, 19-36 in
seven cases, 19-25 in four cases, and 12-36 in one case. Because
the disulfide bonds involving cysteines 12, 19, 25, and 36 were
ambiguous from these preliminary calculations, three separate
molecules were built incorporating the three remaining possible
disulfide bonds, as follows: 1, 4-20, 19-25, 12-36, and 27-34;
2, 4-20, 12-19, 25-36, and 27-34; 3, 4-20, 12-25, 19-36, and
27-34.

These were used as starting structures for additional DGII
calculations. Using identical constraints, average final errors
of 1.14, 5.47, and 0.76 were obtained for starting structures 1,
2, and 3, respectively (25). Taking these results together with
the preliminary statistical analysis of the initial calculations,
which included no disulfide contraints, it can be concluded that
the disulfide bonding pattern in w-Aga-IVB is as shown in
structure 3 (above) and in Fig. 7. Furthermore, pattern 2 would
result in two dislocated double loops separated by an RGRP
sequence and would be expected to undergo more extensive
fragmentation than was observed upon trypsin treatment of w-
Aga-IVB (see above). It is noteworthy that, although the data
are most consistent with pattern 3, the overall topology of
amino acids is quite similar among the refined structures re-
sulting from all three sets of calculations. Efforts to map the
disulfide bond configuration using tryptic digestion and MS
have thus far not been successful, presumably due to hindering
of enzyme access in the cystine-rich portion of the molecule.

Using a randomly selected starting conformation with disul-
fide bonds between cystines 4-20, 12-25, 19-36, and 27-34 as
input for additional DGII calculations, 34 of 50 structures

converged and were used for RMS deviation analysis. The Ca
carbons for residues 3-37 were superimposed with an average
RMS deviation of 2.2 A. Residues 39-48 are extremely unor-
dered, consistent with the observed chemical shifts and lack of
long-range NOEs observed in this region. When the Ca carbons
for residues 10-12, 25-27, and 34-36 were used to compare the
structures, a much tighter RMS deviation of 1.3 A was observed
among these atoms. These residues comprise the $-sheet and
have a relatively larger number of experimental restraints per
residue. When the NMR observations are taken together, a
picture emerges for w-Aga-IVB that consists of a group of
relatively rigid “core” amino acids, four flexible loop regions,
and an extremely flexible carboxyl-terminal tail. In the globular
portion of the peptide, a large number of positively charged
residues are clustered on one face of the molecule (Fig. 7).
Significantly, many of these basic side chains are conserved
between w-Aga-IVA and w-Aga-IVB.

Discussion

w-Aga-IVB is the second antagonist of P-type Ca’* channels
identified from A. aperta spider venom. It is closely related in
size (48 amino acids) to w-Aga-IVA (16), shows identical place-
ment of the cysteine residues, and has overall sequence identity
of 73%. These data suggest that the disulfide bonding patterns
of the two molecules are likely to be very similar. However,
whereas w-Aga-IVA is a highly basic molecule (10 positively
charged and three negatively charged residues), w-Aga-IVB is
not (six positively charged and six negatively charged residues).

With such a large difference in the overall charge of the
peptides, we had expected that w-Aga-IVB might interact with
calcium channels somewhat differently than does w-Aga-IVA,
especially because the unbinding of w-Aga-IVA is strongly
voltage dependent (17). In fact, however, the calcium channel-
blocking properties of the two molecules are remarkably
similar. Both are highly selective for blocking P-type calcium
channels, with no blocking activity against T-type, L-type, or
N-type channels. The estimated K, of 3 nM for w-Aga-IVB
block of P-type channels is quite similar to that of 2 nMm
previously estimated for w-Aga-IVA (17). And, as shown for w-
Aga-IVA, the unbinding reaction of w-Aga-IVB is dramatically
accelerated by depolarization of the membrane, increasing
>1000-fold at +120 mV, compared with —80 mV. The two
molecules must interact with the high affinity binding site on
the P-type calcium channel in very similar manners. The only
difference in channel-blocking activity is that block by w-Aga-
IVB develops more slowly (~8-fold) than does that by w-Aga-
IVA and also reverses more slowly during wash-out using
normal stimulation protocols. From a biological perspective, it
is interesting that, because w-Aga-IVB is present in venom at
a 10-fold higher concentration, the rates of block by w-Aga-
IVB and w-Aga-IVA upon venom injection might be quite
similar.

The similar K, values for block of P-type calcium channels
by the two toxins measured electrophysiologically fit well with
their similar, albeit lower, potencies against potassium-stimu-
lated calcium flux in synaptosomes (ICs,, ~20 nM). This appar-
ent potency difference may result partly from a nonlinearity
between calcium conductance and accumulated calcium and
partly from the depolarized conditions characteristic of potas-
sium stimulation in the synaptosome experiments, where the
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rate of toxin unbinding may be accelerated, compared with that
at normal resting potentials.

Although the primary structures of the two toxins are quite
similar overall, the amino termini of the peptides are very
different. Amino-terminal amino acids of w-Aga-IVB are pre-
dominantly acidic amino acids, whereas this region in w-Aga-
IVA is quite basic (Fig. 1). This region of the molecule is
apparently not important for binding.

It is intriguing that clusters of basic residues occur at similar
locations, between positions 10 and 27, in both toxins. The
NMR results for w-Aga-IVB suggest that these positively
charged groups are clustered on the same face of the toxin. It
is tempting to think that this face of the molecule interacts
with the calcium channel.

The NMR data for w-Aga-IVB allow definition of a low-
resolution structure sufficient to define a unique disulfide bond-
ing pattern. Because the placements of cysteine residues in w-
Aga-IVB and w-Aga-IVA are identical, we now have a working
model for the cystine configuration in both molecules. The
pattern established here is strikingly similar to those of other
cysteine-rich peptide toxins, such as the u-agatoxins (32) and
w-conotoxins (33). Thus, cystines 4-20 and 19-36 of w-Aga-
IVB are spaced in a manner similar to that of those occurring

Structure and Properties of w-Aga-lvB 687

Fig. 7. Relaxed stereo views of three-
dimensional structural features of -
Aga-lVB. Only residues 1-39 are
shown. Upper, ribbon show-
ing the overall backbone fold and lo-
cations of the disulfides. Lower,
Space-filing model showing the topo-
logical positive (blue) and negative
(rad)dtargedismbutionhw-Aga—lVB

The blue-colored residue at the bot-

tom of the space-filing model is Arg
21.

in u-Aga-V and w-CgTX. Despite these similarities in secondary
structure, these toxins have very diverse properties. It will be
interesting to construct systematically altered analogs of w-
Aga-IVB and w-CgTX to determine which portions of the
molecules determine selectivity for P-type versus N-type cal-
cium channels.
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