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ABSTRACT. Anthopleurin B (ApB) is a high-affinity sea anemone neurotoxin that interacts with voltage-
sensitive sodium (N3 channels, causing a delay in channel inactivation. The solution structures of all
known anemone toxins having this activity include a poorly defined region encompassing ApB residues
8—17, which we call the Arg-14 loop. We propose that the inherent mobility of the Arg-14 loop is necessary
for the toxins’ ability to maintain a high-affinity channel complex throughout the continual conformational
transitions experienced by the channel during its functional cycle. We have previously shown that Arg-
12, located in this loop, and Leu-18, which is adjacent, are important for ApB activity. Here, we
characterized the role of two glycines located within the loop (Gly-10 and Gly-15) and an additional
glycine positioned immediately C-terminal to it (Gly-20). We used site-directed replacement by alanine
to assess the functional contribution to toxin binding of each of these residues singly and in combination.
Gly-20 was found to be an essential toxin folding determinant; Gly-10 and Gly-15 were important for
determining toxin affinity. Compared to wild-type toxin, the G10A and G15A toxins displayed significantly
higherKp values for both cardiac (Na.5) and neuronal (N&.2) channels, although both demonstrated
greater isoform discrimination for N&.5 than did wild-type ApB. For both G10A and G15A, significant

Nay isoform differences were evident for on- and off-rates, with the most dramatic effect of a single
mutation being the 467-fold reduction in the on-rate for G10A binding toINg suggestive of a more
accommodating binding site on IWR5 as compared to N&.2. Because alanine replacement of glycines

is known to be associated with reduced backbone freedom, these results suggest an essential role for
Arg-14 loop flexibility in toxin function, although a direct steric effect of the mutant methyl group cannot
be excluded.

Many toxins are known to interact with voltage-sensitive 34—37, and 45-48) linked byj-turns and loops with no
sodium channels (N&)?! at distinct binding sites1-4), o-helix (Figure 1;10—12, PDB code 1apf). While the three
causing either channel blockage or alterations in activation conserved disulfide bonds Cys€ys46, Cys6-Cys36, and
or inactivation kinetics. Upon membrane depolarization, Ng Cys29-Cys47) of type | anemone toxins provide a rigid core
channels undergo conformational changes from the restingsor the polypeptide, one region called the Arg-14 loop (ApB

to the activated state, followed immediately by a transition (esiques 817: 10 13) displays a high degree of disorder.
to the inactivated state. Binding of the structurally unrelated Ay 1 nown tybe | anemone toxin structures reveal few

anemone and-scorpion toxins to site 3 delays inactivation
by inhibiting this last conformational transitios-{10).
Anthopleurin B (ApB) is a type | sea anemone tox8) (
isolated fromAnthopleura xanthogrammicahich binds to
site 3 of Ng channels. ApB is a 49-residue polypeptide
neurotoxin cross-linked by three disulfide bonds in a  Using the recombinant system developed in our laboratory
conformation that is primarily @-structure. The solution  (14), we have previously demonstrated that two residues,
structure of ApB, like all type | sea anemone toxins, contains Arg-12 and Leu-18, located within and adjacent to the Arg-
a four-stranded antiparalighsheet (residues-24, 20-23, 14 loop, respectively, are important for ApB channel affinity

Th . Ty G GM-60582 (1o KM.B. and as well as cardiac (N4.5) vs neuronal (NAL.2) isoform
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and 20Qug/mL G418 in 5% CQ. The murine neuroblastoma
cell line N1E-115 was obtained from ATCC (Manassas, VA)
and used to study the effects of ApB on neuronal sodium
channels. Because N1E-115 cells primarily expressliNa
(20), we ascribe ApB binding detected in this cell line to
this isoform. It should be noted, however, that low-level
expression of N@L.3 and -1.7 has also been detected in these
cells 21). N1E-115 cells were grown in high-glucose DMEM
supplemented with 10% FBS and 1% penicittistreptomy-

cin in 5% CQ. To prepare both cell lines for study, they
were trypsinized, centrifuged, and resuspended in media and
then either placed on coverslips and returned to the incubator
> for use later that day or placed directly in the cell chamber
Gly-20 for use at that time.

Molecular Biology Site-directed mutagenesis was per-
formed using the QuikChange system (Stratagene, La Jolla,
CA) in the recombinant plasmid pKB13 previously described
Ficure 1: ApB Arg-14 loop flexibility. The three ApB structures by our laboratory14) or in the pKB13-derived plasmid pJL2.
shown (PDB code 1apf7, -2, and -1E2) represent the ensemble  pJL 2 is identical to pKB13 except that the sequence encoding
average (1lapf7) and the most extreme displacements of the Arg-y,4 pentaglutamyl linker fusing ApB to the C-terminal end

14 loop of ApB. The well-defined regions of the protein (residues : .
1—7 and 18-49) are represented by white backbone ribbons. The Of the bacteriophage T7 gene 9 protein was changed to

poorly defined Arg-14 loop region (residues 87) and the adjacent ~ €ncode KGEEM. Nucleotide sequences of all derived plas-
residues 1820 are depicted in stick format, with Gly-10, Gly-15, mids were validated by the dideoxy method to ensure that

aﬂﬁ' G'Y-Zgllin ipa(;ig”.ling.kadeaT?e z?\zle.ragle 1aPNf7t|90PtihS C|0|0red the correct product was produced. All variant proteins will
yellow, while 1apfl5 is pink and lapf2 is blue. Notice the large ; N ot :
variability in the positioning of Gly-10 and Gly-15, while Gly-20 be refen.’e‘d 0 .by the single I_etter ap.brewatlon of the wt
is more closely overlaid in the three structures. ApB amino acid followed by its position number and the
single-letter abbreviation for the replacement amino acid. The

Aside from this single interaction, the biochemical nature Mutagenesis yielded the plasmids pAS20 (G10A), pAS17

of site 3 is not well understood. Additional characterization (G15A), pAS18 (G20A), pAS27 (G10A/G15A), pAS23

of this site could provide important insights into its ability (G10A/G20A), and pAS19 (G15A/G20A).

to bind structurally diverse toxins with high affinity. Protein Purification and Analytical Method#pB and all
We were led to consider whether Arg-14 loop mobility variants were expressed itscherichia coliBL21(DE3) as

per se contributes to the high affinity and isoform selectivity fusion proteins under the control of the T7 promoter.

displayed by sea anemone toxins in general, and ApB in Following purification of the fusion protein by anion
particular. Because glycines are unique in lacking a side €Xchange chromatography, disulfide pairs were oxidized

chain, they confer greater conformational freedom upon their USing & glutathione redox couple, and then ApB was released
peptide backbone than does any other amino acid. ThereforePY hydrolysis with V8 protease, followed by final purification
we proposed that the two glycine residues located within ©© Nomogeneity by reversed-phase HPLC on a C4 column
this loop (Gly-10 and Gly-15) and an additional glycine (14)._ Molecular weights of pur|f|eo_l toxms were then
located just beyond the C-terminus of the loop (Gly-20) could confirmed by MALDI-TOF MS (matrix-assisted laser de-
contribute to its conformational mobility and ApB's affinity sorption ionization time-of-flight mass spectrometry) analysis

for Na, channels. The work described here focuses on the N @ Bruker (Billerica, MA) Biflex IV spectrometer. For
replacement of these glycines by alanine individually and SOMe PKB13-derived proteins, a second polypeptide having

in combination, to determine their importance to the toxin's & Single glutamyl N-terminal extension was also present.
ability to modify gating kinetics of Nachannels. Cleavage of pJL2-derived proteins with V8 protease yields
a form of ApB having an additional methionine residue at

MATERIALS AND METHODS its amino terminus. We have previously shown that the
glutamyl extension has no effect on toxin affini®2j, nor
Reagents and Enzyme$he highest grades of com- does a two-residue GlyArg extension {4). Therefore,
mercially available enzymes and chemicals were used for mixtures of the 49- and 50-residue products were used
all experiments. General chemicals were purchased fromwithout additional fractionation. Although the recovery for
Sigma-Aldrich (St. Louis, MO), while staphylococcal V8  wild-type ApB is typically about +2 mg/4 L of culture,
protease was purchased from ICN (Costa Mesa, CA). Cell the yield of the G20A protein was much lower. We believe
culture products, restriction enzymes, and IPTG were this decreased yield reflects the inability of G20A to fold to
purchased from Invitrogen Life Technologies, Inc. (Carlsbad, the active conformation with correct disulfide pairings. In
CA). contrast, the G10A, G15A, and G10A/G15A proteins were
Cell Culture To analyze the effects of ApB on the human recovered at levels equivalent to that of wild-type toxin.
cardiac voltage-sensitive sodium channel, cDNA encoding Secondary structural contents were determined by far-UV/
human N&1.5 was cloned into plasmid pRcCM\and stable circular dichroism (CD) spectropolarimetery on a Jasco
cell lines were constructed in HEK-293 cells using neomycin (Easton, MD) J-710 spectropolarimeter. For CD analysis, all
selection. These cells were grown in low-glucose DMEM proteins were prepared at 2M in 5 mM sodium phosphate
supplemented with 10% FBS, 1% penicilistreptomycin, buffer, pH 6.9. Spectra were recorded at 0.1 nm increments
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at a rate of 50 nm/min. The averages of four repeated spectra 5% y3

were smoothed and baseline subtracted. The folding status  so0 |\a

of mutant peptides was assessed by comparing their molec- .t \

ular ellipticities to that of wild-type toxin. oo 1Y g s yank R
ElectrophysiologyAll toxin activities were measured by £ .\ I 2

whole cell voltage clamp using an Axopatch 200B amplifier, & *®| . = A

a Digidata 1301 analogue converter, and the Clampex 8.1§ -5000 | i\* f{x

software available from Axon Instruments (Union City, CA) 8 -0 | e AR

running on a Pentium-based IBM-compatible computer. Datag g, | ° '\ 3,

were filtered at 5 kHz. Borosilicate glass pipets were pulled 5. oot

and polished to 24 MQ resistances. The bath solution used ey TN 'z‘

for N1E-115 cells was composed of 70 mM NaCl, 70 mM ~ -1%00 | ° oot

CsCl, 2 mM CaCJ, and 10 mM Hepes, pH 7.4, titrated with -15000 °

CsOH. The bath solution for HEK-293 cells stably trans- 1% 20 210 220 20 240

fected with Ng1.5 was the same except that the NaCl Wavelength (nm)

; Ficure 2: CD spectra of wt-ApB and mutant proteins. The
concentration was decreased toID mM and the CsCl. 0l 0 oo iiclties for G10AT), G15A (a), and G10A/G15A

concentration_ was increased acqord.ingly to decrease the(<>) are similar to that of wt-ApB (solid line), while the spectrum
current magnitude and thereby maintain voltage contrgl (  for G20A (dashed line with asterisks) lacks the characteristic
The pipet solution for N1E-115 cells contained 90 mM CsF, positive ellipticities at 190 and 235 nm, which are indicative of a

10 mM NaCl, 30 mM CsCl, 10 mM Hepes, and 10 mM folded structure.

EGTA, pH 7.0, titrated with CsOH. For the transfected HEK

cells, the NaCl concentration was decreased6 M and ~ (data not shown). On the basis of the altered CD spectra

the CsF concentration was increased accordingly so that the2nd routinely poor recoveries of mutant proteins containing

internal:external sodium ratio maintained the reversal po- G20A, we concluded that Gly-20 was an important folding

tential for sodium. Either suction or an electrical pulse was determinant for ApB and performed no further characteriza-

used on cells having gigaohm seal resistances to obtain wholdion of these proteins.

cell access. All experiments were conducted at room tem- Functional Characterization by Whole Cell Voltage Clamp

perature (22C). Whole cell voltage clamp analysis was used to measure the
Molecular Modeling All designed mutant proteins were ~ affinities of wt-ApB, G10A, G15A, and G10A/G15A for the

first modeled into the averaged ApB structut,(PDB code ~ N&/1.2 and Nal.5 channels. The stable HEK cell line

1apf) using the Insight and Discover programs (Accelrys, €xpressing human Na.5 was prepared as described in the

San Diego, CA) to assess the potential for steric hindrance Materials and Methods. Individual cells were clamped to a

due to replacement of glycine by alanine. voltage sufficiently negative{130 mV) to ensure complete
availability of Na, channels upon membrane depolarization.
RESULTS Voltage control was determined by examination of the slope
factor of the conductance transform, such that if this
Molecular Modeling of Mutant ApB Proteindll three relationship was less than 4.7 mV/e-fold change, then the
proposed glycine to alanine substitutions were first generateddata were rejected. Only cells with greater than 03 &zall
in silico in the averaged solution structure of ApBOJ to resistances were accepted. A simple step protocol was used

assess the potential for induction of folding alterations. to measure time courses for modification and unmodification.
Mutant structures were then energy-minimized using a Cells were perfused with either toxin-containing or toxin-
combined steepest descents and conjugate gradients protoc@fee solution until full modification or unmodification,
run in Discover. All substitutions generated models having respectively, was achieved. Toxin concentrations ranged from
energies and RMS differences comparable to those of the100 nM to 2uM, depending on the affinity of the mutant
wt-ApB structure. Because no obvious mutationally induced toxin being analyzed. HEK-293 cells transfected with/N&
structural conflicts were predicted, we proceeded to expresswere stimulated for 11 ms by stepping the voltage-&0
and characterize the G10A, G15A, G10A/G15A, G20A, and mV, while N1E cells were stepped te10 mV because these
G10A/G20A toxins. channels activate at more positive voltages. The frequency
Structural Characterization of ApB Mutant ProteinBo of stimulation varied between 0.1 and 1 Hz depending on
assess their secondary structures, the CD spectra of thehe rate of modification or dissociation. Data were leak and
mutant proteins G10A, G15A, G10A/G15A, G20A, and capacitance corrected using a locally written Matlab (Natick,
G10A/G20A were compared to that of wt-ApB (Figure 2). MA) program (8), and residual currents at-B ms after
Similar to those of many polypeptide neurotoxins, these depolarization were averaged (Figure 3A). This late current
spectra were dominated by a large negative ellipticity in the window average was normalized to the peak current of the
vicinity of 200 nm @3, 24). While the spectra of G10A, control for modification analysis and to the maximal residual
G15A, and G10A/G15A were essentially identical with that current at 78 ms for dissociation analysis, with the baseline
of wt-ApB, the spectrum of G20A had noticeable differences. residual current at 78 ms subtracted. The current at this
This spectrum lacked the positive molecular ellipticity seen late time window was used because channels not modified
with wt-ApB around 230 and 190 nm, and the region from by ApB fully decay by this time; thus, the measured current
212 to 222 nm lacked much of the characteristic shoulder was directly proportional to the number of modified channels
due to the3-sheet content. The changes in the spectrum werein the cell. Currents were plotted vs time from initial toxin
even more pronounced in the double mutant G10A/G20A wash in or wash out. The data were fit to an exponential
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A. Table 1: Kinetic Constants for ApB and Mutant Protéins
I‘on koff I’<D
mV..o L toxin 1APM1s7) (10-3sY) ("M) DI

: Na,/1.5
¢ ¢ wt-ApB 109+ 09(M=12) 1.29+027(Q=38) 1.2
G10A 3.3+ 0.7n=9) 5.8+ 1(n=05) 18
pA G15A 10.2+2.0(=6) 157+25n=6) 15
G10A/ 09+0.090=6) 643+92n=6) 714
G15A

4 8 Nay1.2

ms ApB 225+ 6.1 (n=8) 12£17(=6) 5 4
GI0A  0.049+0.022=3) 11.4+32n=3) 2327 132
G15A 0.39+0.06 (=5) 120+20(=4) 3077 200

aKinetic constants were measured as described in the text. Averages
are shown with standard errors. Bgp, if both knog andke Were not
available for one cell, the average value for the appropriate constant
was used for the calculatiorKp values were calculated using the
100nM G10A =38 s averaged values fdti and kon.

100nM G15A =123 s importantly, both toxins displayed-8L0-fold increases in
- dissociation rates (Table 1). When both substitutions were
» combined in G10A/G15A, a 50-fold increase in dissociation
110 rate and a 12-fold decrease in association rate resulted. The
0 % O imee 125 180 decrease in association is ascribed to the G10A substitution,
while the increased off-rate results from the combined effects
of both replacements. These differences yield 15-, 13-, and
G10A t=203 5 600-fold reductions in equilibrium dissociation constants for
G10A, G15A, and G10A/G15A, respectively, compared to
wild-type toxin.

In the present study, it is assumed that the kinetics of
current modification is identical with the kinetics of toxin
binding. In fact, wt-ApB and G15A were able to modify the
7—8 ms current window of NglL.5 to nearly 100% of the
peak current (Figure 3B, Table 2), suggesting that toxin was
bound to nearly all available channels. Conversely, the
mutant toxins G10A and G10A/G15A did not fully modify

Normalized 7-8 ms current

T00nM WLAPD 7 75

o
o

GI0A/G15A Wi-ApB t=1347 s

=16s

Normalized 7-8 ms current
(43
o

0 200 400 . 600 800 1000 all available channels on the basis of this assumption. When
o mefe) modification is less than 100%, the Langmuir adsorption
Ficure 3: Modification and dissociation kinetics for N&5. A isotherm can be applied to calcula€g in an independent

representative data set with the voltage step protocol used for . L
Na/L5 is shown in (A). The arrows mark the-8 ms window  (@shion. Thep values calculated from kinetic measurements

current used to generate the modification (B) and dissociation (C) for all mutant toxins are in excellent agreement with those
curves. Representative data for wt-Ap®)( G10A (), G15A (2), obtained using the Langmuir treatment (Table 2) with the
and G10A/G15A ¢) are shown with overlaid fits. Data are exception of the binding of ApB to N4.2, where affinity
normalized to the peak current as described in the text. A 100 nM is thermodynamically underpredicted due to biphasic modi-
concentration of toxin was used for wt-ApB, G15A, and G10A, . .. N
while 1 «M was used for GLOA/G15A. fication kinetics (see below). Therefore, we conclude that
the incomplete modification of the—8 ms current found
function with a least-squares minimization routine with the with G10A and G10A/G15A (Figure 3B) was due to the

software program Origin 6.1 (Microcal Software, Inc., low affinity of these toxins.

Northampton, MA), where the inverse of theof the fit Rates and constants were also measured in the same
equals the kinetic constant for channel modificati&of) manner for the neuronal Na.2 channel expressed in the
or the kinetic constant for the rate of toxin dissociatikyx). neuroblastoma cell line N1E-115 (Figure 4, Table 1).

From these association rate constants, a concentrationBecause the effects of combining G10A and G15A were
independent rate of toxin association was calculated usingadditive when measured on a5 channels, and because a
the equationko,n = (Kmog — Koff)/[toxin]. The dissociation large amount of protein would have been required to measure
constant was then calculated from the averages-df23cells affinities to Na,1.2 channels, further characterization of the
using the association and dissociation constants in thedoubly mutated toxin was not pursued. The effects of alanine
equationKp = Koi/Kon (18). substitution individually at Gly-10 and Gly-15 on INh2
Modification kinetics are concentration-dependent and channel modification were both qualitatively and quantita-
therefore not directly comparable. However, concentration- tively distinct from those observed with N5 (Table 1).
independent association rates, calculated as described abovén this case, the decreases in channel affinities were largely
did allow such comparison. For MA.5, thek,, for G10A due to decreases in the on-rates for both mutant toxins, with
was decreased slightly compared to that of wt-ApB, although G10A toxin associating approximately 450-fold and G15A
the association rate of G15A was unchanged (Table 1). Moreapproximately 60-fold more slowly than did the wild type
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Table 2: Extents of Modification for wt-ApB and Mutant Toxins

extent of extent of
toxin modification (%) Kb (NM) toxin modification (%) Kb (M)

Nay1.5

wt-ApB (n = 8) 95+ 5 5.3 G15A (=16) 90+ 7 10

G10A (n=12) 73+ 7 37 G10A/G15A (1= 6) 69+ 6 449
Nay1.2

wt-ApB (n = 5) 58+ 7 72 G15A o= 4) 51+7 1920

G10A (h=23) 36+ 4 3560

@ The extents of modification were calculated from cells to which the highest concentration of a given toxin was applied. Once toxin saturation
was achieved, the current at8 ms after depolarization was measured and is reported as a percentage of the peak current before toxin addition.

Averages of 3-12 cells are given with standard erroks; values were calculated from the average extent of modification using the Langmuir
equationKp = C(1/fmod — 1) and are in close agreement with kg values reported in Table 1 with the exception of wt-ApB binding tg Na

(see comments in the text).
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Ficure 4: Modification and dissociation kinetics for MA2.
Representative data are shown with overlaid fits as follows: wt-
ApB (@), G10A ), G15A (»). Data are normalized as described
in the text. A 100 nM toxin concentration was used for wt-ApB,
while 2 uM was used for G10A and G15A.

(Table 1). In contrast to our results with \ia5, only the
G15A mutation exhibited an increased rate of toxin dis-
sociation from Nal.2. These isoform-specific on- and off-

case of wt-ApB. We feel that the kinetic estimates are more
accurate, especially since inspection of the kinetics of
modification of Ng1.2 by wt-ApB reveals this process to
be biphasic, with a slow second phase having an average
time constant of 3 min. Because 58% of the modification is
accounted for by the faster phase, itsalue was used to
calculate the toxin on-rate. However, it is likely that the
existence of the slower component compromises our ability
to accurately gauge the extent of modification by wild-type
toxin, thereby leading us to underestimate its affinity using
the Langmuir treatment. In fact, when thetal extent of
modification is used to estimaté,, the resulting value (17
nM) is in good agreement with kinetic measurements. It is
intriguing that in very recent experiments we have seen hints
of such biphasic association kinetics in the analysis of other
mutant toxins (data not shown).

The changes we observed in binding kinetics for the
mutant toxins resulted in significantly altered isoform
selectivity. We have previously defined the term discrimina-
tion index (DI) as being the ratio &pa,1.2/Kona,1.5) for a
given toxin. Wild-type ApB displayed a DI of approximately
4. In contrast, despite their much lower overall affinities,
both the G10A and G15A forms of ApB had neuronal vs
cardiac affinity ratios of 130 and 200, respectively, due
mainly to their dramatically slowed association rates. Con-
sequently, both toxins preferred binding to cardiac channels
30—40 times more than did the wild-type toxin.

DISCUSSION

ApB and all homologous anemone toxins contain a region
termed the Arg-14 loop consisting of residues1y (ApB
numbering), which, when analyzed by two-dimensional
NMR, have few medium- to long-range constraints. Previous
work from our laboratory using recombinant ApB has
demonstrated that one residue within this loop (Arg-12) and

rate effects imply the existence of fundamental differences one immediately adjacent to it (Leu-18) contribute to channel

in the nature of the NAL.5 and Nal.2 sites 3 (Table 1).
The extent of rapid modification of N4.2 by wt-ApB,
G10A, and G15A was approximately 50% of the peak
current. However, higher concentrations of wt-ApB were able
to modify this channel to nearly 100% (data not shown).
The Langmuir equation predictd<h values comparable to
those derived kinetically (Table 2) for G10A and G15A
toxins, consistent with the assumption that toxin binding is
equivalent to current modification. However, the kinetic and
thermodynamic estimates &% do not agree as well in the

affinity (15—16). Because Nachannels undergo continual
conformational transitions throughout their functional cycle,
we hypothesized that the three glycine residues present within
and nearby the flexible Arg-14 loop might contribute to the
toxin’s ability to maintain affinity throughout the channel
cycle. By substituting alanine for each of the three conserved
glycines singly and in combination, we demonstrated the
importance of Gly-20 for the structural integrity of the toxin
and the importance of Gly-10 and Gly-15 for channel affinity
and isoform selectivity.
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A. 5004 possible that local structure changes attendant upon inde-
pendent G10A and G15A replacements are responsible for
the observed functional changes. However, we consider this
less likely, because the measured-Co distances between
G10 and G15 in each of the 20 ApB structures reported by
€200 Monks et al. £0) are so large, ranging from 6.3 to 13.6 A,
with an average distance of 10.7 A. That the insertion of a
methyl group at either position would result in a qualitatively
r similar phenotypic change seems less likely, therefore, than

s 400+

w

o

o
L

-

o

o
L

A\

Mutant ApB k_/wt-ApB k

TN

restriction of flexibility, which is a known consequence of
WApB | G10A G15A G — A changes.

ApB variant Many examples of state-dependent toxin binding to

voltage-sensitive cation channels are kno@b<27), and

124 it has long been postulated that the inactivateq dlzannel
or state has a lower affinity for all site 3 toxins, (28)
compared to the closed and open conformations. The lower
8 affinity for the inactivated state is reflected in dramatic
voltage-dependent acceleration of the dissociation rate
constant of the toxins. Interestingly, sea anemone toxins

CNORODO

Mutant ApB k /wt-ApBk
)
1

44 demonstrate less bias against inactivated states than do the
more highly structured:-scorpion toxins Z8). We propose
21 that the ability of anemone toxins to maintain better binding
o/ M to the inactivated channel than descorpion toxins may be
wt-ApB G10A G15A due in part to the flexible Arg-14 loop and its ability to
ApB variant undergo conformational transitions in concert with the

FicurRe5: Comparison of isoform-specific changes in on- and off- channel. Thus, by successfully restricting loop flexibility via
rates of mutant ApB. The upper panel depicts modification rates, alanine substitution for glycines within the loop, we would
and the lower unmodification. The primary data are derived from expect to observe an increase in dissociation rates of the
Table 1. Filled bars are for N&.5, and open bars represent/ 2. mutant toxins compared to wt-ApB. All complexes studied
Although molecular modeling suggested that ApB could are, in fact, destabilized relative to the wild type. This
accommodate the G20A substitution, consistently poor yields suggests a critical role for flexibility of the Arg-14 loop in
of the G20A protein in combination with its altered CD maintaining high affinity as the channel conformation
spectrum led us to conclude that Gly-20 is a folding changes.
determinant for ApB. While Gly-20 is in close proximity to Because the increaseskg for G10A are not as large as
the C-terminal end of the Arg-14 loop, it is not part of the for G15A, and because larger decreasédg,rare found for
loop per se, and its mobility is therefore more limited than G10A vs G15A, we conclude that there are differences in
that of Gly-10 or Gly-15. Most likely, the constraints imposed the effects of these two mutant toxins. While G10A toxin
on Gly-20 by its presence at the N-terminus of the second must overcome a higher energy barrier to bind,Na, its
f-strand (0—11) preclude the existence of a side chain at stability once binding has occurred is akin to that of wt-
this position. The inability of this mutant toxin to form the ApB. G15A is a better binder than G10A, but is unable to
necessarypg-strand contacts would thus prevent it from make new interactions or to maintain existing ones during
folding appropriately. the channel’'s conformational cycling and thus dissociates
The G10A, G15A, and G10A/G15A mutant toxins dem- more readily. The solution structures of all type | anemone
onstrated CD spectra comparable to that of wt-ApB and are toxins display a high degree of disorder for residued 8
not considered structural determinants. Therefore, these(ApB numbering). Nonetheless, structtifenction analyses
proteins were analyzed by whole cell voltage clamp to of the Arg-14 loop region of anthopleurin A (ApAl, 13)
determine the functional role of the Gly-10 and Gly-15 raise the possibility of the existence of limited structure in a
residues. The most noticeable alteration in kinetic constantsportion of the loop. Within the context of a cyclized synthetic
(Figure 5) for the G10A and G15A mutant toxins is in their peptide, whose sequence includes residueg16of this
on-rates to N@l.2, which are decreased 460- and 60-fold, toxin, Norton and colleagues suggested the existence of a
respectively. In contrast, both toxins associated withI\N& backbone hydrogen bond between Gly-10 and Asn-16.
at near wild-type rates. This large isoform discrepancy in Although no analogous interactions between other loop
kon is reflected in the equilibrium dissociation constants. Thus, residues were observed, and while the synthetic peptide
whenKp values for Ngl1.2 and Nal.5 are compared, alarge  studied lacked both channel binding and cardiostimulatory
isoform discrimination index against N&.2 is found. While activity, these data suggest that at least a transitory structure
wt-ApB has an approximately 5-fold preference forla, may exist in this region. Evidence for transient hydrogen
G10A and G15A display 3640-fold higher discrimination ~ bonds between nonsequential loop residues in both ApA and
indices despite their overall loweKp values for both ApB has also been presentedO( 11), leading to the
channels. On the basis of these results, we conclude that thesuggestion that Gly-10 might act as a hinge for the N-
Na,/1.5 and Nal.2 sites 3 accommodate toxin binding terminal portion of the Arg-14 loop. In contrast, Gly-15
differently, such that Arg-14 loop flexibility is more impor-  exhibits no constraints in any anemone toxin structure and
tant to initial toxin association in the latter system. It is exists in the region of largest flexibility within the loop,
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consistent with an important role for a small, freely mobile
residue at this position. The predictions made by these

structural models suggest that the glycine residues at these

positions are important for toxin activity, although for

different reasons. Our results showing significantly decreased 12.

Kp values for G10A and G15A caused by different kinetic
alterations are in agreement with these predictions.

In conclusion, Gly-10 and Gly-15 of ApB toxin are
essential for normal site 3 affinity. We postulate that these
residues exert their effects by contributing to an increased
flexibility of the Arg-14 loop. This in turn permits ApB to
maintain tight binding interactions with multiple channel
conformational states, albeit to different degrees. The
importance of loop flexibility to toxin affinity is also highly
dependent on the channel isoform. Because affinity tdlea
is so much lower for G10A and G15A vs wild-type toxin,
specifically due to decreased association ratesylNa
binding site 3 must be more restricted than in,M&. The
basis for the apparent inability of G20A toxin to fold remains
a subject for future study.
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