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19. (continued)
derivative brevetoxins. All of the type-i brevetoxins displace in a
purely competitive manner, whereas the type-2 brevetoxins inhibit triti;
brevetoxin binding in a mixed competition pattern, implying a partial
common binding component for type-i and type-2 toxins and a partial unio
binding character for the type-2 toxins. Photoaffinity probes synthesi:
using brevetoxin PbTx-3 inhibit tritiated brevetoxin binding with inhib
constants approximating inhibition constants derived for other type-i
brevetoxins. The probes have been stab.ilized and the synthesis confirmi
and optimized. Preliminary studies have been conducted to produce a
brevetoxin-linked affinity column and using solubilized alpha-subunit
from rat brain sodium channels preliminary purification of the breve-
toxin binding site has been undertaken.



Summary

- The polyether lipid-soluble toxins isolated from the marine
dinoflagellate Ptychodiscus brevis (formerly Gymnodinium breve) bind to
a unique site, Site V. associated with the voltage-sensitive sodium
channel (VSSC) in brain svnaptosomes. Using tritiated PbTx-3 as a
specific probe for binding at Site V, dissociation constants and
binding maxima have been determined in rat, fish, and turtle brain
synaptosomes. Dissociation constants approximate nM values in each
system, and binding maxima are all in the pmol/mg-syanptosomal protein
range. In all systems, labeled brevetoxin can be displaced by
unlabeled brevetoxin in a concentration-dependent manner. More
detailec. studies have been carried out using the rat aystem: Binding of
labeled brevetoxin is membrane-potential independent, and both Kd and
B appear unchanged in intact versus depolarized synaptosomes, in
mem rane fragements. or in solubilized sodium channels 'derived from
synaptosomes, inhibition constanty for tritiated brevetoxin binding
have been determined for each of the naturally-occurring derivative
brevetoxins. All of the type-I brevetoxins displace in a purely
competitive manner, whereas the type-' brevetoxins inhibit tritiated
brevetoxin binding in a mixed competition pattern, implying a partial
common binding component for type-I and type-2 toxins and a partial
unique binding character for the tvpe-2 toxins. Photoaffinity probes
svnthesized using brevetoxin PbTx-3 inhibit tritiated brevetoxin
binding with inhibition constants approximating inhibition constants
derived for other type-I brevetoxins. The probes have been stabilized'
and the syntheses confirmed and optimized. Preliminary studies have
been conducted to produce a brevetoxin-linked affinity column, and
using solubilized a-subunit from rat brain sodium channels preliminary
purification of the brevetoxin binding site has been undertaken.
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FOREWORD

Citations of commercial organizations and trade names in this
report do not constitute an official Departmmnt of the Army endorsement
or approval of the products or services of these organizations.

In conducting the research described in this report, the
investigacor(s) have adhered to the "Guide for the Care and Use of
Laboratory Animals", prepared by the Committee on Care and Use of
Laboratory Animals of the Institue of LAboratory Animal Resources,
National Research Council (DHEW Publication Number (NIH) 86-23, revised
1985)).
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II. Statement of the Problem

The research is aimed at characterization of the binding site for
Ptychodiscus brevis neurotoxin PbTx-3 (formerly known as T17) in nerve
tissues, specifically in rat brain synaptosomes. To achieve this
objective, we have:

[1] prepared synaptosomes from rats, turtles, and fish according
to established procedures,

[2] determined the degree of toxin PbTx-3 binding to each
species synaptosomes using tritiated PbTx-3, and have determined
apparent dissociation constants (K') and binding maxima (B );

(3] determined the degree of displacement of labeae PbTx-3 by
other naturally-occurring and synthetic derivatives of brevetoxins in
each species synaptosomes;

[4] determined the degree of displacement between brevetoxin and
synthetic photoatfinity derivative of PbTx-3 for the specific. site in
.rat synaptosomes;

[5] determined the inhibition type for each natural derivative
brevetoxin and synthetic photoaffinity labels by using iterative
classical competition studies. Comparisons of inhibition constants
(Ki) derived from these methods were compared with inhibition constants
derived from the rheng-Prusoff equation;

[6], determined the dissoriatioa constants and binding maxima for
three new brevetoxin probes.

III. Background

A. Brevetoxin Binding Site

Florida's red tide di'noflagellate Ptychodiscus brevis produces at
least eight different sodium channel neurotoxins (1), designated PbTx I-
8. The toxins are multi-ring polyether compounds; six of which are
based on a single backbone of t.ype-l (2), and the remaining two of
which are based on a carbon backbone of type-2 (1,3), as illustrated in
Figure 1.

The toxins bind at. Site 5 which is associated with the voltage-
sensitive sodium channel (4-6) and is allosterically linked to Sites 2
and 4 (7). Binding at Site 5 by brevetoxins results in a shift of the
activation voltage in mouse neuroblastoma cells (4) or in crayfish axon
(8) to more negative values, and also inhibits inactivation of the
channel (7). We previously demonstrated specific binding of
tritiated brevetoxin PbTx-3 to rat brain synaptosomes, and illustrated
that PbTx-3 binds to both intact and lysed synaptosomes. The effect of
decreasing membrane potential on specific binding of tritiated PbTx-3
to Site, 5 has been explored in greater detail -nd quantified in this
communication.

Those brevetoxins which are deri structural backbone type-
2 are 10-50 times more potent than <re the toxins based on structural
backbone type-l (1-5), implying that the former toxins may interact at
Site '5 with higher affinity than do the latter ones. We previously
showed that [3H] PbTx-3 could be specifically displaced by unlabeled
PbTx-2 or PbTx-3, but not by a nontoxic oxidized derivative of PbTx-2
(5), illustrating a potency/binding affinity relationship for these
type-l brevetoxins. Insufficient amounts of type-i competitor toxins

.7



and no type-2 toxins were available at that time for the determination
of inhibition constants. This report also describes [ H] PbTx-3
competition studies utilizing naturally occurrit.g brevetoxins PbTx-l,
2, -3, and -7, and illustrates that derived inhibition constants (Ki)
reflect the literature reports of individual potency for each
brevetoxin quantified in GambusLa fish bioassay.

In order to investigate the primary structure characteristics of
the brevetoxin binding site in synaptosomes, two photoaffinity probes
linked to brovetoxin PbTx-3 have been synthesized. Specific
displacement experiments involving brevetoxin PbTx-3 covalsrtly-linked
to these two experimental photoaffinity probes illustrate that these
derivatized toxins still bind with high affinity to Site 5 located on
the channel. Hence, these derivatized toxins are of potential use as
specific covalent probes. of the binding site.

0,l

Figure 1. The brevetoxins are based on two different backbone
structures, as indicated. ,Type 1 toxins (left) include: PbTx-2 (Ri-H,
R2-CH2CH(-CH2)CHO)]; PbTx-3 [Ri-H, R2-CH2CH(-CH2)CH2OH)]I; PbTx-5
(RI-Ac, R2-CH2(-CH2)CHO]; PbTx-6 [RI-H, R2-CH2C(-CH2)CHO, 27,28
epoxide]; PbTx-8 [Rl-H, R2-CH2COCH2ClJ. Type 2 toxins (right) include:
PbTx-l (R-CHO]; PbTx-7 [R-CH2OH]. No structual information is
available on PbTx-4.

B. Previous Work In Vitro

The toxicological consequences of P. brevis, red tides are: mass
mortality of fishes exposed to the red tide: toxic shellfish which, if'
consumed, result in human Neurotoxic Shellfish Poisoning; and, an
irritating aerosol which results from contact with P. brevis cell
particles entrapped in seaspray. In all• cases, the threshhold levels
for intoxication are in the picomolar to nanomolar concentratiorn
ranges, implying a specific locus or l.oci of action for brevetoxins
(reviewed in 6).

Electrophysiological protocols utilizing crayfish and squid giant
axons revealed that external application of brevetoxin caused a
concentration-dependent depolarization, repetitive discharges, and a
depression of the action potential leading to a block of excitability
(Figure 2). Voltage clamp experimer'. illustrated that only sodium
currents were affected Cl). Early e:*" riments utilizing n=uroblastoma
cells illustrated that application of 3revetoxin-A (PbTx-l) (8) induced



an influx of 22Na+ in a dose-dependent manner. This work was followed
by experiments using brevetoxin PbTx-3 and rat brfin pynaptosomes, once
again illustrating a dose-dependent uptake of Na following toxin
application (Figure 3) (4).

Catterall and Risk (8) demonstrated that brevetoxins did not
interfere with binding of sodium channel-specific neurotoxins which
bind at Sites 1-3, and Catterall and Gainer illustrated the lack of
brevetoxin interaction at Site 4 (9). That brevetoxins bind at a
unique site associated with voltage-sensitive sodium channels (,VSSC)
was suggested by this data (8,.9). Specific binding of brevetoxins to
s:'naptosomes was first demonstrated by Poli er al. (Figure 4) (4), by
utilizing brevetoxin PbTx-2 synthetically reduced with sodium
borotritiide to yield tritiated PbTx-3 with specific activities
approaching 20 Ci/mmole (10). Poli demonstrated saturability,
competition for specific binding sites by ncsradioactive brevetoxin
agonists , binding maxima in the pmole/mg protein concentration range,
reversibility of radioactive toxin binding, t1,2 times for associatiun
and 'dissociation consistent with specific ½inding, distinct- brain
regional and subcellular distribution, the presence of a
pharmacological response at dppropriate concentrations for binding,
tissue linearity, and temperature dependence %11). Dissociation
constants, binding maxima, and competitive displacement curves for
brevetoxin at site 5 parallel those constants derived for saxitoxin
binding at site 1 (FigureS5).

40i
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Figure 2. Dose-response curve of membrane depolarization as a function
of PbTx-3 concentration. Data from a total of 22 axons were pooled;
each axon received only one dose. Data' are plotted as means of
depolarization amplitudes. The solid line is a theoretical 3rd order
fit with an IC of 1.5 nM, maximum ooserved depolarization of 30 mV
and a Hill's coeficient of 2 (7).
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Figure 3. Concentration dependence of the stimulation of 22Na+ influx
by PbTx-3. Synaptosomes were pre-incubated for 30 min with indicated
concentrations of PbTx-3 in the presence of aconitine. Influx is
plotted as specific infux, points representing means of triplicate
determinations (4).
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Figure 4. Binding was measured in rat brain synaptosomes using a rapid
centrifugaticn technique. Total (circles), and nonspecific (squares)
binding of tritiated PbTx-3 were measured, their difference
representing specific binding (triangles). Rosenthal analysis yields a
Kd of 2.6 rnM and a Bmax of 6.0 pmoles toxin bound/mg protein (5).
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igure 5. Comparison of specific displacement of 10 nfM trttiated
saxitoxin 'triangles) or 10 nM tritiated PbTx-3 by unlabeled compecitor
saxitoxin or brevetoxin, respectively in rat brain synaptosomes. ED50
in each case is 5-10 nM.

IV. Technical Approach

A. Synaptosome Binding Assays

Excitable tissue preparations were obtained fresh daily from live
aiimals using the technique described by Dodd ec al. (12). Protein was
m•asured on each synaptosome preparation using the Coomassie Brilliant
B.ue dye technique described by Bradford (13); results were expressed.
a "toxin bound per mg synaptosome protein".

Binding of tritiated PbTx-3 was measured using a rapid
c ntrifugation technique. All binding experiments were conducted in a
bnding medium consisting of 50 mM HEPES (pH 7.4), 130 mM choline
chloride, 5.5 mM glucose, 0.8 mM magnesium sulfate, 5.4 mM potassium
chloride, 1 mg/mL bovine serum albumin, and 0.01% Emulphor EL-620 as an
emulsifier (4). In addition. 370 mM sucrose was added to fish
s aptosome experiments to maintain iso-osmolarity.

Synaptosomes, suspended in 0.1 mL of bindifg medium minus BSA,
re added to a reaction mixture containing [-HI PbTx-3 and other

ewfectors in 0.9 mL of binding medium in 1.5 mL pol-propylene microfuge
tubes. After mixing and incubating at the desired temperatures for I
h, samples were centrifuged at 15.000 x g for 2 mj'.. Supernatant
solutions were sampled for the measurement of free toxin
cbncentrations, and the remainder was aspirated in each case. Pelleted
synaptosomes were rapidly washed with 4 drops of a wash medium
consisting of 5 mM HEPES (pH 7.4), 163 mM choline chloride, 1.8 mM
calcium chloride. 0.8 mM magnesium sulfate, and I mg/mL BSA. Pellets
w re transferred to liquid scintillation vials containing 3 mL of
lquid scintillant, and the bound radioactivity was measured using
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liquid scintillation techniques. NcnApecific binding was measured in
the presence of a saturating concentration of unlabeled PbTx-3 and was
subtracted from total binding to yield specific binding.

B. Photoaffinity Probes

As we described in the Year 2 Annual Report. we have succeeded in
producing two photoaffinity p'obes which can be covalently attached to
toxin PbTx-3. These two compounds are: PbTx-3-.g-azidobenzoyl ester
(figure 6. left), and FbTx-3-g-hydroxyphenyl-3-R-azidophenyl prop:onyi
ethylene diamine monoamide (figure 6, right). The former compound
should be amenable to tritiation of the PbTx-3 moiety prior to
coupling: the latter compound is amenable, to pre-tritium labeling of
the toxin moiety or post-radioactive iodine labeling in the ring-of 'the
photoaffinity portion of the coupled probe. Both compounds possess
inhibition constants for dtspla,.ýrnt of tritium labeled PbTx-3 from its-
stecific binding site in rat'brain synaptoscmes of 3.09 and 10.3 nl..
respectively. Thus. we conclude they bind to Site 5 with sufficient
affinity to be of use to us in identifying the brevetoxin .binding
component (14.15) Our principal task this year has been to stabilize
the preparations.

P4 'lq OW

* FK I - I•C4I¢2

it 01

MY-3 C CI4M 4NP
•(PbT,"3)

Figure 6. Phoroavftnitv Probes Constru.:tod Using Brevetoxin PhTx.l
PbTx-3-j9-azidobennvl ester (left) and PbTx-3-g.azidc.phenvl propionvI
ethylene diamine monoamide (right).

C. Affinity Columns

For purposes of producing Imtohtli,!ed brp,.,oroxin for t urrito ttoe
purifirAt ton. AM -So, ýaros. 41k (Phatmacia IJXB) was. choqon as atftinity
m tatrlx. AH-SephArose 145 tas tr.' .;mirio sroips .,it the ,eid of a h,-,Ot"
spacer arm' for coupling ligands cont.ilnir free carbexv fmpm Fý'(r
purpose of couNing. PbTx-3 sucinate was prepared using su,-inic
Anhydride and Pbrx.*i as prevtuuslv (tscrIhed ,(16),

PbTx-3-succtnate knd l.*thvl-l( i-dlimethvlIrim n propvl)c.orIodi ýitip,
hydrochloride were mixed together at ,s I,11 molAr ritio in 'intftil '10%
.i•-:.mt p,,ridino )nd ,he ,tt-n was ittrred it ronm omi~r.iturp Ir 2
hours The toxin-succinate ifgand solution was then ,iddod I n, I •,% t o!
moIar exc'e-;s (with reipect to the %p-rper tins ,n the te ) no .%n ttodic
(pH 4 u. t o) 5Ip#Onsion of AHWIephArose 48 The 4uspetision -AA Illwed

0 *~t~' .i-rem trtif'erAtiuro for IS~ hins (wirý~'p~Ic~t ur..
prF'vO1tr AAMARe to the 'iepharn.to IvAd solidi sturport itir whi ', t t! o

sat rI • was loasrd volmm- 'fer yes se htd
1 ~~ hare i utIe r was tis ed t ih ecolia, Mn I r PMC etci'



toxin succinate, carbodilmide and pyridine. The column was stored in

phosphate buffered saline containing 0.1% sodium azide.

Afication of Binding Site

b nlriAti.a. For purposes of Site 5 purification from rat

brain synaptososes, it was necessary to solubilize the membrane bound
protein with detergent. Frozen synaptosomes in 5 mL synaptosome binding
medium (15)(-80°C) from a single rat brain were thawed and centrifuged
at 130,000 x g for 35. minutes. The pellet was resuspended in 2.5 mL of
a solubilization medium consisting of: 100 mM choline chloride. 20 mM
HEPES ipH 7.4), 0.05% egg phosphatidyl choline. 0.1 mM PMSF. 1 mM
iodoacetamide, 0.001 mM pepsitatin A. and 1 mM g-phenanthroline.Over a
period of 20 minutes, 0.25 mL aliquots of 4% Triton X-l00 were added
until 2.5 mL total detergent had been added. The resulting suspension
containing solubilized membrane components was centrifuged at 150,000 x
g for 40 minutes, and the supernatant solution was saved. A portion
was examined for specific binding activity using tritited PbTx-3. To
the remainder of the supernatant solution was acdeo lOmM final
concentration of calcium chloride.

Column Chromatography. Sephacryl S-300 was packed in a I cm x 37
cm column and was washed with two bed volumes of mobile phase
consisting of: 0.1Z Triton X-100, 0.02% egg phosphatidyl choline, 50 mM
choline chloride. 10 mM HEPES. 10 mM calcium chloride, 0.02% sudium
azide. and the protease inhibitors at concentrations used for
solubilization. The flow rate was adjusted to 2 psi, &M4 the column
was standardized. Solubilized synaptosomes, were loaded on the column
and fractions were collected from void volume to ;otal volume.
Bradford protein and specific brevetoxin binding activity was assessed
tn each fraction using the binding protocol established for brevetoxin
radioimtunoassavs (16), another solubilized specific brevetoxin bindtng
component. The fractions which bind tritiated PbTx-3 in a specific
manner, will, be pooled and subjected to purification *by brevetoxin
affinity column chromatography using the coluan matrix described in the
Prf,.'tous section. This work will likely occur in the time span between
the submission of this annual report and the termination date of the
contract, 15 November 1988.

E. New Toxin Probes

rhree new tritiated breveroxin probes havy been svnthesized using
procedures emoloyed for the reductive tritiation of PbTx-I from PbTx-
2. Both PbTx-I and PbTx-2 are urilized As precursor toxins, and oach
;s .educed using sodium horotritilde under identical reaction
¢,rvitions. This procedure was described in our Annual report last
S,'.ar Following reduction in aceronttrile solution, excess Acetone was
A~dodi to degrade unused bororrittide The solvent and propanol wr
-. '-.4porated, and the residue sub4pcted to thin-laver chromargraphv on
r:ica gel utilizing ethyl acetate/petrnleum ether (101)) is Solvent
'.-.t em. followed by high pressure liquid chromatogrpahv using an
.;w ratic Plution (IL.4 iL/mi n) olvernt of *'ý% aqueous methanol, and
oniltoring ibsorbance at 21ý rim, Singlo and double redticrton product .m

3,re generated from each of the procurs;or toxinls. Pbrx-i reduction



results in PbTx-7 (see figure 1, specific activity 25% of the
borotritiide employed) and PbTx-7 peak II (a-methylene reduced in
addition to the aldehyde function, specific activity 50% of the
borotritiide employed). PbTx-2 reduction results in PbTx-3 (see figure
I, specific activity 25% of the borotritiide employed) and PbTx-9 (a-
methylene reduced in addition to the aldehyde function, specific
activity 50% of the borotritilde employed). Both labeled PbTx-3 and
PbTx-9 have long shelf lives (3-6 months) in 85% aqueous methanol in
the freezer; PbTx-. reduction products decompose with a half-life of
days-weeks.

V. Results

A. Synaptosome Preparations

Synaptosomes from rats, turtles, or fish are prepared in
approximately the same manner with some minor exceptions. The.method
of Dodd'et &1. (12) works well for each species. Turtle synaptosomes
are slightly more dense than are rat synaptosomes. and are. collected at
a 0.32 M/1.2 M sucrose interface following ultracentrifugAtlon.. Fish
s.naptosomes require the' addition of 37) mM sucrose during
ultracentrifugation and during experiments to maintain iso-osmolarity
with fish ser 1u-. In contrast to turtle and rat synaptosomes, fish
synaptosomos do not demonstrate increased specific bindin* beyond the

.P2 step during purification.

B. Dissociation Constants and Binding Maxim&a

Comoar2ison of Rats,. Turtles, And Fish- Brevetoxins bind with high
specificity tO synaptosomes of fish (Trlapla sp,). turtles (P.
scrtpta), and rats (Table I). In all cases, the K was in the
nanomolar concentration range, and B was in the .p~ol/mg protein
range. Specific binding was 80-90'ealt the dissociation constant
concentration in each case. These findings illustrate the general
phylogenetic topographic ho-ology of the brevetoxin binding site, and
Also illustrates that bindiug maxima increase from fish to turtles and
rats.

Deri;.tive brevetoxins. In rat svnaptosomes. six of the eight
known brevetoxins displaco tritiated P bTx-3 from its speific binding
site (Figure 7). At 10 n.l trittared PbTx-3, IC .) values for the
brevetoxins are range from 3.5 to 20 r64 in the rAt system (Table I ,
Only fo-ir brevetoxitis could be isolated in sufricient quantities from
laboratory cultures, or through chemical naoditica,:ion of another
natural toxin, to permit ciassical competition binding studie3 (Figure
8). These four toxins are- PbTx-2 and PbTx-3, each bas-d on type-I
structural" brevetoxin backbone (Figure 1); and PbTx-t and PbTh-?,
toxins based on type-2 structurai brevetoxin backbone (Figure l) with
equivalent substituent derivatization to PbTx-2 And PbTx-3 distal to
the Lactone functionality. Tritiated PbTx-A is (competitivetv displaced
by unlabeled brevetoxins. with K values determined by classical
graphical methnds, ranging from 1.4 ýo 1.9 !-M (5) (Figure '4).
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Figure 7. Specific displacement of tritiated PbTx-3 by unlabeled
brevetoxins. Incubations, in the presence *of 50 ug synaptosomal
protein and 10 n;4 tritiated PbTx-3 with increasing amounts of unlabeled
PbTx-1 ( 0 ), PbTx-2 - U )2 PbTx-3 (@ ), PbTx-5 (A). 'bTx-6 ( * ) or
PbTx-7 ( 0 )0 were for one hour at 4 C. Each poir.t represents the mean
of three triplicates.

Regardless of the organism used for svnaptosomal preparations, it is
-apparent to us that the topographic characteristics of the brevetoxin
binding site on the VSSC are comparable. Using brevetoxins PbTx-1. -2,
and -3. IC data for specific displacement of tritiated PbTx-3 shows
comparable Pata in each case. The more hydrophobic type-2 brevetoxins
are most efficacious in their ability to compete for site 5 binding.
It is of interest to note that ciguatoxin is thought to resemble
brevetoxin-A (14).

Table I. Ccmparison of Dissociation Constant (K ) and Binding
Maximum (B ) in Fish, r-urtles, and Rats,*

K B rI'mp. Optimum Specittc Binding
Species (n ) (ptlol/mgmýotein) ('C) at Kd

Fi sh 6.) 1.'.') .3 80Z
Turt le 1.5 2.2' '.

Rat 2.6 6 80 4 T),

krzean values tor K Ir d B -4, tor t ish, t and rats
r-spectivelyv ,,
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Figure 8 Inhibition of [3H1 PbTx-3 specific binding by unlabeled

brovetoxinln Specific binding of tritiated brevetoxin PbTx-3 was

measured t4 intact rat brain synaptosomes at 4°C in standard binding
medium at four different concentrations of labeled toxins-- 5.0, 7.5,
10.0, and L5.0 nM-- in the presence of unlabeled brevetoxins at 0 (0
). 5.0 ( * ), 7.5 ( n ), 10.0 ( A ), 25.0 ( C ). 50.0 ( 0 ), or 100.0
(data not shown) nLM. Each concentration point was determined in
triplicate. The results are representative of three separate
experiments. All competition experiments were performed on a single
pooled bra n syraptosome preparation, three separate preparations
utilized to obtain the three experimental replicates.



Table II. Specific Displacement of [ 3H] PbTx-3 from Synaptosome
Binding by Unlabeled Brevetoxins, Comparison with LD50

Competitor
Toxin Concentration (nM)

Toxin Turtle (1) Fish (2) Rat (3) Fish
(IC 50 ) (IC 5 O) (ICso1 (LDs 0 )

PbTx-I 3.0 30 3.5 4.4

PbTx-2 10.3 70 17.0 21.8
PbTx-3 15.0 110 i2.0 10.9

P'bTx-5 .... -.- 13.0 42.5

PbTx-6 ....... 32.0 35.0

PbTx-7 ---- --- 4.1 4.9

Tritiated toxin concentrations were (1) 10.0 nM, (2) 12.0 nM, and (3)
10.0 rnM.
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Figure 9. T 'he inhibition of ( 3 HPbTx-3 binding by four brevetoxins: Ki
determinations. lnhibitýion constants for each of brevetoxins -1 ( [3 ),
-2 ( m ). -3 ( 0 ). and -7 ( 0 ) were determined by utilizing tritium-
labeled PbTx-3 concentrations of 5.0, 7.5, L0.0. and 15.0 ' ruM. and
competitor brevetoxin concentrations ranging from 0, 5.0, 7.5. and 10
nM at each labeled toxin concentration. The slopes of the appropriate
lines in Figure 8 were determined, and each slope was normalized to the
slope of PbTx-l inhibition at 10.0 rLM,

Imolication of binding exprrimer.ts. In rat s vnaptosomes with normal
membrane potential, we investigated, using a graphical method, the,
individual abilities of brevetoxin-1. -2, -3. and -7 to specifically
displace tritiated PbTx-3 from its binding site. Srevetoxins -L, -2,-

m 1 IIJ = l I l I I I l l l I



3, and -7 each displace tritiated PbTx-3 from its specific binding site
in a competitive manner within concentration constraints of their
physiological action (Fig 8); double reciprocal plots of competitor
concentration versus specific binding reveal fa:milies of lines which
intersect at the inverse-bound axis (11).- Depending on the specific
toxin used in competiticn studies, inhibition, character became non-
competiti'.'e in nature beyond 25-100 nM competitor concentration. This
noncompetitive data is presented only to illustrate that regressed
lines do not intersect at the inverse bound toxin axis, and the derived
slopes of these regressed lines have considerable uncertainty
associated with them.

Regression analysis and calculation of inhibition constants for
the competitive portions of each displacement experiment confirm our
original hypothesis that the more potent brevetoxins PbTx-I (Ki- 1.4
nM) and PbTx-7 (K i- 7.1 rnM) must bind with higher affinity to site 5
than do either PbTx-2 (K i 9.6 n:M) or PbTx-3 (K1 - 9.9 nM) (Fig 9).'

Analysis of IC5 values revealed no marked differences in the
displacing abilities %etween any of the type-I toxins, and similarly
there was no apparent difference between displacing abilities of PbTx-l
or -7, both type-2 toxins. Although some specific details require
correlation, a gross comparison indicates that sodium channels in brain
are similar in the systems examined. In the system studied most
extensively, the rat brain synaptosome. t-test analysis revealed no
significant differences between PbTx-2 and PbTx-3 IC , or between PbTx-
1 and PbTx-7 IC50 , but statistically significant diffPerences werr found
between the two classes (P<0.01) (5). If the Cheng-Prusoff equation
(15) is applied:

Ki- IC50/ (l+C/Kd)

where K1 " the inhibition constant, IC5 ^ - the inhibitory concentration
of competitor toxin required for a0% specific displacement of
radioactive toxin. C - the concentration of radioactive toxin, and K d-.
the dissociation constant of the radioactive toxin, then relative
affinities of' the 'toxins for the various species receptors can be
determined (rable III). Deteruination 'of inhibition constants by this
equation, however, ' requires that the compounds of interest interact
with only a single receptor subclass. In other words, the inhibition
must be clearly and solel' competitive in nature, Also implicit is the
use of radioactive toxin 'oncentrations at or near the Kd' which
necessitates use of high specific activity radioactive toxin (at or
above ' 10 Ci/mmole). Work in progress indicates that all type-I
brevetoxins inhibit tritiated .PbTx-3 binding in a purely competitive
manner, 'wherear the type-2 brevetoxins inhibit in a mixed competition
manner at higher concentrations (Figure 8).

The comparison of fish bioassays (6) with the calculated effective
-doses indicate that the two most potent brevetoxin, i.e. PbTx-l and
PbTx-7, also are most effective at displacing tritiated probe from its
specific site of action. The considerably lower potency of brevetoxins
PbTx-5 and PbTx-6 in the rat system suggest that these two toxins may
bind with lesser affinity to Site 5. In a general sense, this is
indicated in Table II, and is summarized in Table III.



Table III. Inhibition Constants for Derivative Brevetoxins
Derived from the Cheng-Prusoff* Equation

II
Toxin K i (r11)

Turtle Fish Rat

PbTx-l 0.39 10.10 0.72
PbTx-2 1.34 23.57 3.51
PbTx-3 1.96 37.04 2.47
PbTx-5 ---- .... 2.68
PbTx-6 ---- ---- 6.60
PbTx-7 ---- ---- 0.85

*see discussion concerning 'the limits of applicability for this
treatment.

The affinities of each toxin, in each test system, are presumably
based on structural considerations: the portion'of the toxin molecule
which binds to the specific site on the sodium channel must. retain
sufficient structural integrity to permi-t binding. Obviously those
toxins which are altered sufficiently so they no longer bind to the
site, are no longer toxic. This conjecture is supported by past work
which indicated that oxidation of the C-42 aldehyde of PbTx-2 to the
corresponding carboxylic acid reduced both' potency and affinity for the
site (11), and that opening of the lactone it ring A destroys all
activity (6). Thus, detailed studies of derivative brevetoxins based
on the type-I backbone may lead to increased understanding of the three-
dimensional site specificity of brevetoxin binding. Of significance is
the demonstrated increased potency of the type-2 toxins PbTx-1 and PbTx-
7 (2,5,8) and their increased affinity for 'the site associated with
sodium' channels (5). The larger 8- and 9-membeied rings (DE,F) of
these toxins may confer a greater binding affinity to synaptosomes.
This increased affinity may be a function of increased flexibility of
the type-2 backbone (about a 40o bending capability, 14) over the type-
I backboneý The added flexibility and its enhanced propensity to
conform to the topography of the channel is an area of potential
importance (Figure 1).

Effects of Membrane Integrity. Binding maxima for intact
synaptosomes reported herein are slightly lower than the binding
maximum of 6.9 pMol/mg protein reported earlier, a difference
attributable to different preparations of synaptosomes and individual
variations in purity. (5). Within our present stulies, there appears to
be no significant change in K or B for [ HI PbTx-3 binding to
intact, lysed, or depolarized synaptosomes (Fig 10).. The derived K 'S

0 dare 2.6 (intact), 2.9 (lysed), and 3.3 (depolarized) nM. and B 's are
max6'.01, 5.83, and 5.75 pMol bound/mg synaprosomal protein, respectively.

At fixed 12.5 nM [ H] PbTx-3 concentration, step-wise depolarization
experiments utilizing intact synaptosomes revealed no significant
change in apparent specific binding with increasing potassium chloride
concentration (Fig 11). These results indicate that the binding of
PbTx-3 to its specific site is essentially membrane potential
independent.
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Figure 10. Rosnethal analysis of specific [3 HI PbTx-3 binding to
intact ( 0 ). lyse (A ), and depolarized ( U ) synaptosomes. Binding
was measured at 4 C in rat brain synaptosomes or lysed synaptosomes
according to protocols explained in the text. These results are
representative of four separate experiments, each done in triplicate.
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Figure 11. Voltage dependence of binding of [3H]PbTx-3 to synaptosomes
was measured at 4 C at the indicated concentrations of potassium ion,
as described in exerimental. KCi was exchanged for choline chloride to
maintain iso-osmolarity. The membrane potential varies from' -55 mV in
stnadard binding medium to 0 mV at 135 mM KCI. The figure represents a
composite of four experiments, triplicate determination in each. Error
bars represent 95% confidence limits.



Photoaffinity Probes. As mentioned earlier, each PbTx-3
photoaffiniýy probe possesses an inhibition constant in the nanomolar
concentration range, 3.09 nM for the p-azidobenzoyl derivative, and
10.3 nM for the p-azidophenyl propionyl ehtylene diamine monoamide
derivative (see Figure 6). In the latter case, we believe we have
produced a toxin derivative with solubility characteristics close to
unaltered PbTx-3, and hence will be of greater use in identifying the
binding component in intact synaptosomes. A minor problem was
encountered in producing high yield products from the toxin coupling to
affinity probe, however, in subsequent-experiments. This was solved'by
protecting the phenolic group on the photoaffinity portion of the
molecule to prevent self-condensation (the coupling function on the
toxin PbTx-3 being an' alcohol, also). Protecting with a cyclohxyl
functionality, with subsequent cleavage after brevetoxin condensation,
appears to provide. the solution. These reactions are currently being
evaluated, and products are being spectroscopically anaylyzed by FT-IR
to provide the evidence, for structure integrity and indentity. We
expect those studies to be complete by 15 Novmeber 1988, the conclusion
of this contract.

C. New Radioactive Brevetoxins

Preliminary work reported herein indicates that tritium labeled
PbTx-7 (reduced *PbTx-l), PbTx-9 (doubly reduced PbTx-2), and PbTx-10
(doubly reduced PbTx-l) also interact .with Site 5 associated with the
VSSC, with' dissociation constants and binding maxima consistent with
the data presented for tritiated PbTx-3 (Table 4). Huang et al. (7)
suggested that the brevetoxin binding site lies in the hydrophobic
portion of the channel, and since PbTx-l and PbTx-7 are also the most
hydrophobic of the toxins, their potency may also be in part due to
solubility considerations. In general, the more hydrophobic the toxin,
the, higher is its potency and ability to displace tritiated PbTx-3 from
-its specific binding site. It is our contention that substituent
character on each toxin's K (type-.) or J (type-2) ring determines
solubility and hence access to the site. The A-ring in each toxin
backbone carries the active portion of the toxin. It is clear to us
that both solubility and flexibility, characteristics ' confer
differential potency and binding abilities to individual to-:ins. We
feel that naturally-occurring toxins, as well as synthetic derivatives,
will aid in our understanding of the site-specific potency of toxin
from P. brevis. Our principal, aim is to synthesize derivative toxins
with discrete alterations at specific sites without changing their
lipid solubiities and hence their access to site 5 associated with
voltage-sensitive sodium, channels. A current problem pertains to the
PbTx-I reduction products, and their apparent short half-lives, in
aqueous solution. According to Shimizu (personal communication) these
compounds decompose by an internal rearrangement and 'elimination
reaction of the side group linked to ring J (see Figure 1). This
results in a detoxification, and a loss of the tritium atom
introduced. The toxins can be stabilized in aprotic solvent., 'These
latter two materials (i.e. PbTx-7 and PbTx-10) are still under
development. PbTx-9 however, is as stable as PbTx-3 and is currently
available at twice the maximum specific activity of PbTx-3.
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Table 4. Compariscn of Kd and B for Four Different Tritiated
Brevetoxfan Probes

Toxin K B
max

(A) (pmoles/mg protein)

PbTx-3 2.13 6.99
PbTx-9 8.76 6.75
PbTx-7 1.91 6.38
PbTx-lO 1.56 6.46

D. Brevetoxin Affinity Columns

The results of coupling reactions indicate that we were successful
in coupling PbTx-3 to AH Sepharose 4B. Using a small amount of
tritiated PbTx-3 in the reactio:n mix as tracer, we calculate about a
2.5% efficiency in coupling. We are currently attempting to improve on
efficiency, and expect to have most of the shortcomings workee out by
15 November 1988.

Preliminary results employing the afifnity column deal solely with
brevetoxin specific antibodies as specific binding model system. The
results indicate that we can pass crude IgG solutions through the
column, wash with excess phosphate buffer (until no protein is detected
in eluent) and then simply strip brevetoxin-specific antibodies from
the column with 3 H NaCl solution. We feel the Loupling is a success
and that the affinity column feasibility has been demonstrated.

E. Purification of the Brevetoxin Binding Site

We have successed in demonstrating that solubilized membrane
protein from rat brain synaptosomes can be separated on Sephacryl A-300
columns (size fractionation). The results of a representative
separation are illustrated in Figure 12. Of the fractions collected,
significant specific binding of tritiated brevetoxin PbTx-3 was seen in
fractions 30-37. Similarly, significant amounts of protein were
demonstrated in the same fractions. The size to which this large
protein peak corresponds is in the 230,000 to 350,000 dalton molecular
weight range. This suggests that the brevetoxin binding component
interacts with the a-subunit of voltage-sensitive sodium channels in
rat brain synaptosomes. There is little specific brevetoxin binding in
any other smaller molecular weight range,, further illustrating that
brevetoxins do not likely interact with either of the 0-subunits. This
finding, coupled with our already known facts about specific brevetoxin
binding being retained in solubilized sodium channel, gives us an
excellent potential for isolating and identifying the brevetoxin
binding component in excitable tissues.
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Figure 12. Demonstration of specific 'tritiated brevetoxin. binding in
Sephacryl A-300 fractions of solubilized rat brain synaptosomes.
Membrane proteins were solubilized using detergents in the presence of

protease inhibitors. Solubilized proteins were chromatographed on a

Sephacryl A-300 size partition column. Eluted fractions were assayed

for both specific brevetoxin binding ( circles) and protein
(triangles).
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VI. Conclusions

All of the toxins isolated from the marine dinoflagellate
Ptychodiscus brevis interact with Site 5 associated with the voltage.
sensitive sodium channel. The binding characteristics of the site are
present and similar in rats, fish, and turtles. Binding initiates a
concentratiun-dependent fmbrane depolarization, which can be measured
by microelectrode or Na influx. The stoichiometry of binding
appears to be 1:1 with saxitoxin; with K in the k-3 nM concentration
range and B in the 6-7 pmole/mg proteen range. Binding is membrane
potential m'fndependernt. All naturally occurring brevetoxins,
derivatized brevetoxins, .and photoaffinity probe brevetoxins displace
tritiazed brevetoxin, with Ki in the 0.5-50 nM concentration range.
More potent brevetoxins displace with greater efficiency. Both
tritiated reduction products of PbTx-2 (i.e.. PbTx-3 and PbTx-9) and
PbTx-I (i.e. PbTx-7 and PbTx-l0) bind'with nearly identical B , and
PbTx-Il reduction products possess a greater affinity for the Inding
site. The brevetoxin binding site retains its specific binding
capabilities upon detergent solubilization, can be purified using a
Sephacryl S-300 size fractionation column, and is a protein of
approximate molecularweight comparable to that of the a-subunit of the
sodium channel. Solid-support linked brevetoxin PbTx-3 is capable of
binding with high avidity, and releasing upon high salt denaturation,
specific brevetoxin binding components.
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VII. Recomendations

This current contract expires on 15 November 1988. Certain
unfinished experiments are being completed:

(1) complete the evaluation of the PbTx-3 affinity column including
specific binding capacity;

(2) complete examination of )hotoaffinity probe PbTx-3 synthe is;

(3) stabilize PbTx-l radioactive reduction products;

(4) investigate PbTx-l photoaffinity probes.
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