OTiC FILE COPY

o0
- Q)
oo
o
™~ AD
F
o
< Molecular Basis of Paralytic Neurotoxin Action on
Voltage-Sensitive Sodium Channels
Annual Report

William A. Catterall, Ph.D.
Professor and Chairman
Department of Pharmacology

0030 121 EH

October 14, 1986

Supported by‘

U. S ARMY MEDICAL RESEARCH AND DEVELOPMENT COMMAND
Fort Detrick, Frederick, Maryland 21701-5012

Contract No. DAMD17-84-C-4130 ELECTE N
MAY O 8 1887 ¢
University of Washington

Seattle, Washington 98195

—ramen o

Approved for public release; distribution unlimited

The findings in this report are not to be construed as an oiTicial
Department of the Army posmon unless so designated by other
authorized documents,

87 3 % 0s

;P I Foid o
O
L LCTRETME LD B, 5% %

Ly

rd
7

s

\ x",‘:}.a
. ’
AP

' e
} Qs
i,

’.

~:
._v)
\\

s S8 S Sa ¥ /20 SR A (Y N 0% USRS A L 0 TS I R SRS R A Al I e o S e"#‘«"‘.‘ A TR I RO J-\‘ J‘\‘ﬁ




: ng? " 0704.0
, No. .0188
REPORT DOCUMENTATION PAGE oMB o G70a018s
1a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MAMIONGS
Unclassified
28, SECURITY CLASWETIOH AUTHORITY . . 3. DISTMIU"ONIWIIUT\' QF REPORT

Approved for peblic releasey

§ 25 DECLASSIFICATION / DOWNGRAOING SCHEDULE distribution walimited :
[ & PERFORMING ONGANIZATION REPORT NUMBERC) 5. MONITONING ORGAMZATION REPORT. NUMBER(S)

62, NAME OF PERFORMING ORGANIZATION ] 60. OFFICE SYMBOL | 7a. NAME OF MONNOWNG ORGAMIZATION
Wnive:'s:l.ty of Washington (if applicabie) .

&. ADORESS (Gty, Statw, and ZIP Code) 7b. ADURESS (City, Siste, and 2IP Code)
Department of Pharmacelogy .
[Seattle, Washington 98195

8a. NAME OF FUNDING/SPONSORING ] 80, OFFICE SYMBOL | 9. PROCUREMENT WSTRUMENT IOENTIFICATION NUMBER
ORGANIZATION U.S. Army Medical] 0f spplcabiv)
Research & Development Command. DAMD17-84~C-4130
"8c. ADDRESS (City, Statw, and ZIP Code) ) 0. SOURCE OF FUMBING NUMBERS ,
‘ - PROGRAM PROECT TASK' WORK UNIT
Fort Detrick, Frederick, MD 21701-5012 ‘ELEMENT NO. IM0.3M16], | MNO: ACCESSION NO.
61102A | 1az8s12 AN 111

11. TITLE (Include Security Classification)
(i) Molecular-Banis of Patalytic Neurotoxin Action on Voltagn-&ensitive Sodium Channels

12. PERSONAL AUTHOR(S)
William A. Catterall, Ph D.

13a. TYPE OF REPORY 130, TiME CbVSRED 14. DATE OF REPORT (Year, Month, Day) I1S. PAGE COUNT
Annual Report rrom 9/15/85 vo 3/14/86) 1986, October 14 Y&

16. SUPPLEMENTARY NOTATION

—— Not————— -
17. COSATI CODES ] 18. SUBJECT TERMS (Continue on reverse « necessary and identify by block numoor)
\ EELD CROUP SUB.GROUP on. transpor:Z;:odium chznnels, action potentials,

o6 o1 — ‘ e\lec:rical exdéMabilicy, umotmfi.ns
13 ‘ .
ABSTRACT (Continue on reverse it necessary and ide by biock number)’
in years 1 and 2 of this projecz, progress was made on several objectives:
¥ The sites and mechanisms of actioh on the sodium chamnel were examined and further
defined for three new classes of neurotoxins: Goniopora toxins, Brevetoxins, and
Conotoxins.

—%— Monoclonal antibodies with high affinh:y for the mammslian neuronal sodium channel
were developed and methods to screen them for activity at neurotoxin binding sites
wvere established. \

' S\ Site~directed antibodies agairst defined regicna of the amino acid sequence of the

sodium channel were prepared and shown to bind at discrete negatively charged

‘subsites on the extracellular surface of the channel that may form part of

neurotoxin receptOt sites. \'tg\b\wc)rd:\;,/

20. OISTRIBSUTION/ AVAILABILITY OF ABSTRACT 21 ABSTRACT Siw CLASSIFICATION
BXuncLassingorunumited [ same as apT. C] oric users
22a. NAME_OF RESPONSIBLE INOIWVIDUAL ) 22D TELEPHONE (inclede Area Co«ﬁz: OFFICE SYMBOL
Mrs. Judy Pawlus 301-663-7325 | SGRD-RMI-< W
DD FORM 1‘73. 84 MAR . 83 APR edition may be used until exhausted. SECURITY CLASSIFICATION OF THIS PAGE '

All other editions are obsolete.

A A R T A S I T T M L 0 WA AL L .\'."-’.\'. AR AR CANK L R ERAR ’,ﬁ‘.\.. N LA AT AL L LNVATALY LY




TABLE OF CONTENTS

FOREWARD, ............ccc00te

n’.l.‘l‘l.‘...ltl..'.l

RESEARCHREPORT..............

-.'...Q.‘..l‘t--l..-oz

TABLESLIV.........

ll.'ll...l’..’.‘..ll.'.....l.ull

FIGURES.....

P &1

FIGURELEGENDS. . ... ...t tvtrnernnonennansnsesss.dl

REFERENCES . . o v ot et e tetteteeseeneesnsnennneaens, 44

Aocession For R

i NTIS GRA&I g

y DTIC TAB

Unannounced d
Justification el

1 By.
| Distribution/
Availabili;z_gygel
Avail and/or
Dist Special

u!}‘, ~f;

' .

i@ﬁlﬁ?&\ﬂ?ﬂ?#ﬁJ?JJX!H“)!)?$7$H¥?XHJHXEX1X!¥?J?)?J?#?)3J])\)!MXLW&‘AXSKS‘E*S\l‘&?XNXNNﬁF&Vﬁ?%TVVRQNQ&?VY\1&VVU€D




1
Foreword
In conducting the research described in this report, the investigator(s) adhered to the
. "GmdefortbeCatemdUseofubaawryAmmnh, by the Committee on
Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources,
National Research Council (DHEW Publication No. (NIH) 78-23, Revised 1978).
\
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Research Report

In the second year of this project, we have continued to analyze the effects of -
newly described neurctoxins on voltage-sensitive sodium channels in mammalian
neurons, developed a panel of monoclonal antibodies against sodium channels of
mammalian neuroas, and prepared site-directed antisera against several defined segments
of the sodium channel.

A. Neurotoxin Action on Sodium Channels
! Si { Mechani  Acti ¢ Goni Toxi

The results on the site and mechanism of action of Goniopora toxin on sodium
charnels described in last year’s Annual Report (October 14, 1985) were complcted and
have now been published in Molecular Pharmacology.

2 Inhibition of Sodium Channels by u-C .

: Most species belonging to the gastropod family Conidae use venoms in the
- capture of prey organisms. Among them, Conys geographus is most toxic to vertebrates
and has been responsible for human fatalities (3). The venom of C, geographus causes
complete loss of contractile responses of skeletal muscles (4-6). Recently, three classes

of peptide toxins have been isolated and their structures determined. Conotoxins GI,
GIA and GII are blockers of nicotinic acetylcholine receptors (7); w-conotoxin blocks
neuronal calcium channelis (8, 9); and geographutoxins (GTX)I and II (10, 11), also
called p-conotoxins (12), have the novel action of blocking sodium channels in muscle
much more effectively than those in nerve (12, 14). Our results show that this novel
action may be mediated by interaction of the peptide toxin with the tetrodotoxin/saxitoxin
receptor site on the sodium channel providing the first evidencr, that toxins can
distinguish between the tetmdotoxm/sanwxm receptor sites on nerve and muscle sodium
channels.

&WMMWI&IL The
primary structure of the novel polypeptide toxin GTX I is illustrated in Figure i. The -
presence of three hydroxyproline residues and 6 cysteine residues in disulfide bonded
form within the 22 residue sequence distinguish the structure GTX IT and its congeners
(10-12) from other polypeptide toxins that have been characterized. In order to make a
quantitative estimate of K(.5 values for inhibition of muscle contraction by GTX II, the
effects of a range of toxin concentrations on contractile responses of rat and rabbit
diaphragm muscle to direct electrical stimulation were measured. The resulting
concentration-effect curves (Figure 2) show that GTX II inhibits contr:ction in rat and
rabbit muscle with K(,5 values of 60 nM and 50 nM, respectively. These values are
similar to the apparent KD of 52 nM measured for block of muscle sodium channels in
planar bilayers by the related conotoxin GIIIA by Cruz et al (12). These indirect
estimates of toxin binding affinity in physiological assays prowde a standard of
comparison for direct binding studies.

Site of GTX I action, Of the numerous neurotoxins that act on sodium channels,
only tetrodotoxin and saxitoxin block sodium channels rapidly and reversibly as observed
for GTX II and its congeners (12-14). Moreover, inhibition of batrachotoxin-activated
sodium channels by GTX II is voltage-dependent (12) as for saxitoxin and tetrodotoxin.
These similarities suggest the possibility that GTX II, tecrodotoxm and saxitoxin may act
at the same receptor site.
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Previous studies have shown that tetrodotoxin and saxitoxis bind at a common
mepmrsitemsodimchmnelsthnhubeendesimmdmouhmepmﬁ_ml :
(reviewed in 2, 13, 14). Measurement of specific binding of [3H}saxitoxin provides a
direct measure of toxin interaction with that site (2, 13, 14). Figuse 3 illustrates the
inhibition of specific saxitoxin binding to neurotoxin receptor site 1 on sodium channels
in a total rat muscle homogenate or in purified rabbit transverse nibules. [3H]saxitoxin
binding is blocked completely with haif-rr 1ximal inhibition at 60 &M in whole

and 35 nM in purified transverse tubules. These KQ_§ values are similar to
those for inhibition of muscle contraction in agreement with the coaclusion that GTX II
inhibits sodium channels through interaction with neurotoxin receptor site 1.

The dependence of [3H]saxitoxin binding on free toxin coacentration in the
presence and absence of 50 nM GTX II illustrated in Figure 4A. Specific binding was
dztermined from the difference between total binding and the fited line for nonspecific
binding measured in the presence of 2 uM tetrodotoxin. Scaschand analysis showed that
saxitoxin binds to a single class of high affinity receptor sites with KD = 9.3 aM at 360.

. GTX II (50 nM) increased the Kp for [3H]saxitoxin from 9.3 10 25.3 nM. The maximal
binding capacity was slightly reduced from 300 to 240 fmoi/mg in. These results
indicate a primarily competitive mode of interaction between 1I and saxitoxin
consistent with interaction of GTX II at neurotoxin receptor site 1 with Kp values.of 24
nM and 35 nM for sodium channels in T-tubuics or homogenates, ;espectively..

Tissue specificity of GTX II binding at neurotoxin receptor site 1, The
physiological effects of GTX II and its congener conotoxin GIIA on sodium channels
are highly tissue specific. No inhibition of batrachotoxin-activeted sodium channel, from
brain membranes incorporated into planar lipid bilayers is observed at 1 yM
(unpublished observations). Figure § illustrates the effect of GTX H on {3H]saxitoxin
binding to rat brain synaptosomes and rabbit superior cervical gaaglion membranes.
Saxitoxin binding to these neuronal membrane preparations is unaffected by 35 nM GTX
11, a concentration which gives 50% inhibition of toxin binding % muscie membranes.
Higher concentrations of GTX I inhibit saxitoxin binding to synagtosomes with an EC50
of 2 uM, but reduce binding to superior cervical ganglion membrase only 10% at 10
WM. These results show that the marked tissue specificity in the actions of GTX II and
conotoxin GIIIA may derive from marked differences in toxin biading affinity at
neurotoxin receptor site. 1 on the sodium channel. ,

Three other neurotoxin receptor sites associated with the sodium channel have
been defined in neurotoxin binding studies in synaptosomes and other neural tissues
(reviewed in 1, 13). We have examined GTX II interaction with two of these. GTX II
has no effect un binding of {3H]BTX-B to neurotoxin receptor site 2 at concentrations
ranging from 10 nM to 10 uM (data not shown). Similarly, GTX I has no effecton -
binding of 1251-labeled scorpion wxin to neurotoxin receptor site 3 over the
concentration range (data not shown). ,

GTX II acts at neurotoxin receptor site 1 on the sodium channel, Our results

provide strong evidence that GTX I inhibits sodium channels by interaction with
neurotoxin receptor site 1 or a physically overlapping site. Bindiag of saxitoxin at that
site is competitively inhibited by GTX II with a KD approximately equal to the Kq. 5 for .
block of muscle contraction and muscle sodium currents (10-12). Inhibition of saxitoxin
binding to sodium channels in neuronal membranes requires much higher concentrations

" of GTX I in agreement with the lack of inhibition of sodium channels in neurons by this
toxin. An allosteric mechanism of inhibition is unlikely because both saxitoxin:and GTX
II inhibit sodium channels via a similar mechanism with similar voitage dependence
indicating that they bind to the same functional state\.> of sodium channels. If the two
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toxins did bind w separate, allosterically interacting sites, they would be expected to bind
and act synergistically.

-The structure of the polypeptide toxin GTX II (Figure 1) is quite different from that
of tetrodotoxin and saxitoxin which are low molecular weight heterocyclic guanidines. It
is likely that it occupies a larger binding surface than tetrodotoxin and saxitoxin. The
guanidine moieties of the multiple arginine residues of GTX II may allow it to interact
with neurotoxin receptor site 1 directly in addition to other nearby regions of the
extracellular surface of the sodium channel. ' :

8118100 gl ‘R 110 Gt SRCICTRL TOUN ] 3 4
Initial comparisons of the physiological and pharmacological properties of sodium
channels in nerve and adult skeletal muscle revealed many similarities and no important
differences (15). In contrast, more recent work has revealed striking pharmacological
and molecular differences. Crotamine, a polypeptide from certain rattlesnake venoms,
blocks muscle sodium channels more effectively than nerve (16). Polyclonai antisera
against brain sodium channels crossreact poorly with muscle channels (17). Muscle
sodium channels have a 20% higher single channel conductance than nerve channels
(18). These resuits support the view that skeletal muscle and neuronal sodium channels
are different molecular species. Qur results provide more definitive evidence for this
conclusion by showing that GTX II differs sharply in its interaction with neurotoxin
receptor site 1, a discrete functional region of the nerve and muscle scdium channels.
While these differences might result from posttranslational modification; it seems more
likely that they reflect diiferences in prirnary structure of the two channels. It will be of
considerable interest to use GTX II to identfy these tissue-specific regions of sodium
channel structure at neurotoxin receptor site 1. These results have been published in the
Journal of Biological Chemistry (46). ,

3. Site of Acti (B .

The Florida red tide dinoflagellate Ptychodiscus brevis produces multiple nonprotein
toxins that have been purified to homogeneity including PbTx-1 (also designated T4,
GB-1, or brevetoxin A, references 19-21), PbTx-2 (also desigrated T47, GB-2, T34 or
brevetoxin B, references 19, 22-23), and PbTx-3 (also design: ted GB-3 or T17,
references 20, 24). PbTx-1 (21) and PbTx-2 (23) have been r,etermined by X-ray
crysiallography to be distinct, ladderlike structures of 10 or {1 fused ether rings. PbTx-3
can be prduced by reduction of the aldehyde moiety of PbTx-2 to a primary alcohol.

Pure preparations of of PbTx-1 enhance persistent activation of sodium channels in
mouse neurobliastoma cells at concentrations consistent with its toxic actions on fish and
mice (25, 26). PbTx-2 and -3 each depolarize squid and crayfish axons under voltage
clamp by causing prolonged activation of sodium channels (27). The voltage dependence
of channel activation is shifted 35 mV to more negative membrane potentials and
inactivation is blocked (27). These results establish the sodium channel as an important
receptor site for the toxic actions of the pure brevetoxins. '

The sodium channel has multiple receptor sites for neurotoxins (reviewed in
references 13, 14, 28). Tetrodotoxin and saxitoxin bind at neurotoxin receptor site 1 and
inhibit ion conductance. Grayanotoxin and the aikaloids veratridine, batrachotoxin, and
aconitine bind to neurotoxin receptor site 2 and cause persistent activation of sodium
channe's. Polypeptide a-scorpion toxins and sea anemone toxins bind at neurotoxin
receptor site 3, slow sodium channel inactivation, and enhance persistent activation of
sodium channels by toxins acting at site 2 via an allosteric mechanisms. B-scorpion
toxins bind at neurotoxin receptor site 4 and alter sodium channel activation. We have
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analyzed the effects of PbTx-2 on toxin bindingamhofthuefmrnmmxinréoepm
sites and; establish=d that PbTx-2 enhances toxin binding at sites 2 and 4 via an allosteric

Neurotoxin receptor site 1, The interaction of the sodium channel blockers
netmdomxin,saxitoxin.andgeomghumxinﬂ,amxinﬁummmﬂs. with neurotoxin
receptor site 1 on sodium channels in rat brain tosomes can be monitored by
measurement of specific binding of [3H]saxitoxin (29). Figure 6 illustrates the effect of
PbTx-2on ific [3H]saxitoxin binding. No effect is observed at concentrations
between 1 nM and 1 uM. Since PbTx-2 modifies sodium channel properties in squid
giant axon in this concentration range (27), the results indicate that it has no effect on
ligand interaction with neurotoxin receptor site 1. '

Neurotoxin receptor site 2, The interaction of the sodium channel activators
batrachotoxin, veratridine, aconitine, and grayanotoxin with neurotoxin r=ceptor site 2 on
sodium channels in rat train synaptosomes can be monitored by measurement of specific -
binding of [3H]BTX-B (30). However, it can be markedly enhanced by LqTx >rough
allosteric interactions at neurotoxin receptor site 3 (30). Fi 7 shows that FbTx-2
increases specific binding of [3H]BTX-B 2.9-fold with half maximal effect at 20 nM.
Evidently PbTx-2, like LqTx, can enhance [3H]BTX-B binding through allosteric
interactions.

The effects of PbTx-2 and LqTx on [3H]BTX-B binding are synergistic. Figure 8
illustrates the time course of [3H]BTX-B binding in the presence of saturating . ‘
concentrations of PbTx-2 (1 uM) alone or PbTx-2 and LqTx (1 gM). The time course
of binding is similar approaching equilibriumn in 60 min at 360. However, the
equilibrium binding of [3H]BTX-B is increased 3.1 fold over that observed with PbTx
alone. Table 1 summarizes the levels of specifically bound {3H)BTX-B observed in the
absence of other neurotoxins or in the presence of saturating concentrations of PbTx-2,
LqTx, or a combination of the two toxnis. The two toxins, when present together, cause
an enhancement of [3H])BTX-B binding that is more than the sum of the effects of PbTx-
2 and LqTx when present separately. This synergistic interaction suggests that PbTx-2
and LqTx can sinnutaneouslg bind at different receptor sites associated with sodium
channels and each enhance ["H]BTX-B binding. :

The effects of combinations of LqTx and PbTx-2 on Kp and Bipax values for
specific binding of [3H]BTX-B were studied by Scatcitard analysis of the concentration
dependence of toxin binding (Figure 9). No significant changes in Bmax were observed.
The KD in the presence of LqTx alone is 116 nM in reasonable agreement with earlier
work (20). The KD in the presence of PbTx-2 (270 nM) is higher than in the presence of
LqTx as ex from the lower levels of binding observed at a fixed concentration (10

* nM) of [3H]BTX-B (Table 1). In the presence of both agents, the Kp for BTX-B is
reduced to 68 nM. These changes in KD are consistent with the synergistic effects of
PhTx-2 and LqTx on BTX-B binding at 10 nM [3H]BTX-B aithough a quantitative
comparison is not possible because the low level of specific binding observed in the
absence of LqTx and PbTx-2 prevents an accurate measurement of Kp. '

i or site 3. The interaction of polypeptide neurotoxins from scorpion -
and sea anemone venoms with receptor site 3 on sodium channels can be monitored by
measurement of spe:ific binding of [1251]1LqTx (29). In order to test directly whether
PbTx-2 affects toxin binding and action at site 3, its effects on specific binding of
[125111LqTx were studied. The results of Figure 6 show that PbTx-2 has no effect on
neurotoxin binding at site 3. Evidently, its effects on binding of [3H]BTX-B arise from
interaction at a different receptor site than those of LqTx.
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i ite 4. The interaction of B-scorpion toxias with neurotoxin
receptor site 4 on sodium channels can be studied by measurement of specific binding of
[1251)CsTx I (31). Figure 10 illustrates the effect of PbTx-2 on CsTx II binding.
Specific binding is increased 2.7 fold with a half maximal :ffect at approximately 30 nM
PbTx-2. This effect is similar in magnitude and concentration dependence to the
enhancement of [3H]BTX-B binding by PbTx-2 (Figure 7).

Analysis of the effects of PbTx-2 on Bmax and Kp for [125[]CsTx II is illustrated in
the form of a Scatchard plot in Figure 11. The KD is decreased 2.5 fold from 5.2 nM to
2.3 nM without a significant change in Bmax. Thus, the effect of PbTx to enhance CsTx
II binding results trom an effect on Kp with no change in Bmax, like its effect on BTX-B
binding. - ‘

Voltage dependence of PbTx action, The binding and action of neurotoxins at
receptor site 3 on sodium channels is highly voitage-dependent (13, 28), decreasing
progressively with membrane depolarization. In order to examine possible voltage
dependence of PbTx action in enhancing specific binding of [3H]BTX-B, synaptosomes
were incubated with [3H]BTX-B and a concentration of PbTx-2 (30 nM) near its
apparent KD, in the presence of varying concentrations of K+ to alter the resting
membrane {)otential. Figure 12 compares the effect of increased external K+ on the
binding of 125{I]1LqTx and on the enhancement of [3H]BTX-B binding. Between the
resting membrane potential of synaptosomes at 5 mM K+ (approximately -55 mV, (23)),
and the membrane potential at 135 mM K+ (approximately 0 mV, (23)), binding of
(1251]1LqTx is reduced 8-fold (Figure 7). The enhancement of [3H]BTX-B binding by
PbTx-2 is also reduced by depolarization of synaptosomes with elevated external K+
(Fi 7). The dependence on K+ concentration is less steep than observed for binding
of [1251]1 LqTx with a 4-fold changc between S mM K+ and 135 mM K+. The binding
of [3H]BTX-B itself is not strongly affected across this voltage range. The results
suggest a significant voltage-dependence of PbTx-2 bindirg and action.

Site of PYTx action, Our results provide clear evidence that PbTx-2 exerts its effects
on sodium channels by interaction with a new receptor site not previously described in
direct radioligand binding studies. We show that PbTx-2 has no effect on neurotoxin
binding at sites 1 and 3 and enhances neurotoxin binding at sites 2 and 4. Thus, it must
act at a new neurotoxin receptor site, site 5, associated with sodiuni channels. This new
receptor site has recently been detected in direct binding studies using [3H]PbTx-3
produced by reductive triiation of PbTx-2 (32).. As expected from the results described
here, toxins acting at sites 1-4 do not block specific binding of [3H]PbTx-3 providing

" further evidence of action at a new receptor site. :

Previous studies of the actions of a related sodium-channel-specific neurotoxin,
PbTx-1 on sodium channels in mouse neuroblastoma cells and rat brain synaptosomes
reached the conclusion that PbTx-1 must also act at a new sodium channel receptor site
(25, 26). This toxin enhances activation of sodium channels by veratridine, aconitine,
and batrachotoxin acting at neurotoxin -ezceptor site 2 without inhibition of binding of
saxitexin or [1251]1LqTx at sites 1 and 3, respectively. Intsractions at neurotoxin
receptor site 4 have not been studied. PbTx-2 blocks specific binding of PbTx-3 to
neurotoxin receptor site 5 on sodium channels consistent with the conclusion that it
shares this receptor site for toxin action (32). We expect that PbTx-1 also shares this
receptor site although direct experimental evidence for this conclusion is not yet
available.




The allosteric modulation of neurotoxin binding and action at sites 2 ~ad 4 by PbTx-1
and PbTx-2 acting at site 5 indicate that there are conformational interactions among
these three sites mediated through the sodium channel structure. Allosteric interactions
between neurotoxin receptor sites 2 and 3 have been described previously in terms of a
model in which neurotoxin action on sodium channels resuits from selective high affinity
binding to individual functional states of sodium channels (33). Neurotoxins acting at
rceptor sites 2, 4, anc 5 have some similar effects on sodium channel function: each of
these classes of toxins shifts the voltage-dependence of sodium channel ac.ivation to
more negative membrane potentials and toxin acting at sites 2 and 5 slow or block |
sodium channel inactivation (reviewed in 13, 27, 28). These actions suggest that all three
of these classes of neurotoxins may act, at least in part, by binding with high affinity o
active states of sodium channels and stabilizing them according to the law of mass action,
as has been previously shiown for the site 2 toxins (33). As the structure of the sodium
channel is becoming known in some detail, we are optimistic that the location and
structure of these toxin binding sites and the pathways of interaction between them may
be elucidated in the future. .

B. Production of Monoclonal Antibodies Against the Sodium Channel

The sodium channel is a highly conserved protein which has proven to be a.poor

" antigen in the hands of most investigators. Thus, both polycional and monoclonal
antibodies prepared against sodium channels from eel electroplax crossreact poorly with
sodium channels in nerve and muscle (34, 35). Occasional monoclonal antibodies v-hich
do crossreact generally have low affinity (36, but see 37 for an exception). Polycional
and monoclonal antibodies against sodium channels from rat muscle crossreact poorly -
with nerve (38, 39). Polyclonal antisera against rat brain sodium channels do not
crossreact with rat muscle and actually crossreact with sodium channels in peripheral
nerve relatively poorly (40). Antibodics that alter neurotoxin action on sodium channels
have been observed in only one case (37). These various studies from several
laboratories all lead to the conclusion that antibodies are usually produced against unique
tissue- and species;ﬂ)eciﬁc epitopes on the ;odium channels rather than conserved .
regions present in all sodium channels. Since the functional elements of sodium channels
and the toxin receptor sites which modulate channel function are highly conserved,
isolation of antibodies against these regions will require screening of large numbers of
independent antibody isolates or use of new experimental approaches,

Antibodies against detergent-solubilized sodium channel, In the first year of work on
this proposal, we established methods for productivn and scmening of monocional
antibodies using both in vivo and in vitro immunization techniques and isolated the first
high affinity monocional antibodies directed against sodium channeis in mammalian
neurons. For in vivo immunization, mice were immunized with repeated doses of highly
~ purified sodium channels until a high titer of anti-sodium channel antibodies was
produced. Splenic lymphocytes were then dissociated from excised tissue and fused with
clone SP2-derived myeloma cells using polyethylene glycol. Replicating hybrid cells
- were selected in HAT medium and screened for secretion of anti-sodium channel
antibodies in a single step using a specific radioimmune assay for sodium channels (41).
This single-step screening procedure with highly purified sodium channel reagents was
found to be quite important in accurately identifying antibody-secreting clones of interest
within a few days after fusion and rapidly cloning them. Using this approach, we have
isolated several hydridoma cell lines which secrete a high titer of monoclonal anti-
sodium channel antibodies. Representative clones have been injected into mice for
production of amounts of antibody in ascites fluids. Immunoprecipitation of 32P-
labeled sodium channels by ascites fluids from one of these clones (2E8) is illustrated in




Figure 13. Half-maximal immunnprecipitaton of sodium channcls in our radioimmune
assays is produced by 0.006 yl of this ascites fluid.

The affinity of this mAb for sodium channels was estimated using a competition
binding assay in which increasing amounts of unlabeled sodium channel weve added to
the immunoprecipitation reaction to corapete with 32P-labeled sodium channel. Half-
maximal inhibition of immunoprecipitation is observed with 6 nM unlabeled sodium
chanpel (Figure 14A). Scatchard analysis of these data (Figure 14B) yields a K value
of 6.4 nM and a binding site concetration in the ascites fluid of 6.8 uM. Thus, this
mAb has high affinity and high titer for detcrgcnt solubilized rat brain sodium channels.

Ammd&smmgmmﬂmmggm Detergent-solubilized sodium
channels lose most of the functional properties of native sodiuni channels (13, 44).
Reconstitution of purified sodium channels from rat brain into phospholipid vesicles of
appropriate composition restores all of the functional properties that have been studied to
date (13, 44). Since the ioss of functional propérties on detergent solubilization might be
accompanied by changes in antigenic sites we have also developed methods for
preparation of antibodies against purified and reconstituted sodium channels. Purified
sodium channels were reconstituted in phosphatidylcholine vesicles and injected
intraperitoneally into mice using 2n injection schedule similar to that for detergent
solubilized sodium channels. Monocional antibodies were isolated as described above
using radioimmune assays with both solubilized and reconstituted sodium channels to
screen for preducing clones. Several hybridoma cell lines were isoiated and those
producing high affinity antibodies against the sodium channel were selected for further
analysis. Large amounts of antibody were produced in ascites fluids in syngeneic mice.
Figure 15 illustrates a radioimmunoassay curve for one such representative antibody.
Half maximal immunoprecipitation is observed with 0.0001 pl of ascites fluid, The
affinity of this .oonoclonal antibody for socium channels in syraptosomal membranes
was examined using a pre-adsorption assay. Ascites fluid was incubated with increasing
amounts of synaptosomes containing a known concentration o1 saxitoxin binding sites
and antibodies bound to sodium channels in synaptosomes were removed b’
centrifugation. The remaining antibodies in the supernatant were then measured by
radioimmune assay with purified sodium channels. Data from this kind of experiment
from Ab 3G 4 are illustrated in Figure 16 and i7.. Syneptosorr I sodium channels
reduced the immunoreactivity of the ascites fluid to 50’4 of maximum at a concentration
of 1.0 nM consistent with a KD value of 1.1 nM. Thus, the affinity of this mAR for
native sodium channels is hxgh

" Data for several mAb's that have been characterized to date are collected in Table 3.
The KD values for all the high affinity antibodies we have characterized are in the range
of 1 to 20 nM for solubilized and purified sodium channels and in the range of 3 to 25
nM for sodium channels in synaptosomes. Antibody titers in ascites fluids range from 7
to 70 uM. These antibodies are therefore excellent reagents for further studies of .
sodium channels.

All monoclonal antibodies that have been developed have been tested for inhibition
ncurotoxm binding at sxtcs 1 through 3 on sodium channels in synaptosomes
[3H]saxitoxin at site 1, [3 H]batrachotoxinin A 20-a-benzocte at site 2, and [12 1l-
labeled a-scorpion toxin at site 3. Representative data are illustrated in Figure 18.
Unforturately, none of the mADb’s tested to date has a specific effect on neurotoxin
binding to brain socium channels.

The immune respons: to conserved regions of proteins is uften suppressed by poorly

understood mechanisras [n vivo. It has been suggested that these suppression phenomena




can be avoided if antigen is presented to lymphocytes in vitro in cell cultres (42). Thus,
in vitro immunization may provide an approach i0 increasing the probability of isolation
of antibodies against consesved functional regions of sodium channels. We have now
established the in vitro imnracization method in our laboratory. In several trials of
immunization of freshly dissociated cultured lymphocytes by this method (42), we have
identified multiple hybndoma clones producing antibodies against the sodium channel,
but none of these have proven to have high affinity for the channel. These clones have
not been characterized further. We intend to apply this method more extensively in the
next year using assay procedures designed to detect high affinity antibodies directed
against neurotoxin rwepmr sites soon after ﬁlSlOl‘l to forran hybndomas

C. Site-directed An'ﬁbodies that Alter Neurotoxin Action

We have now determined nearly the coraplete amino acid sequence of the & subunit
of the sodium channe! from rat brain by cDNA sequencing methads (43) and Noda et al
(45) have reporwd the complete sequence of two forms of the & subunit. Most of the
functional sites of the sodium channel reside on this subunit. We have selected regions
of the a subunit that are likely to be components of receptor sites for positively charged
sodium channel neurotoxins like saxitoxin and scorpion toxin by identifying regions of
concentrated negative charge located on the extracellular surface of the channel. The
corresponding polypeptides have been synthesized, covalently coupled to carrier
. proteins, and injected into rabbits to produce polyclonal antisera. One of these antisera
has now been characterized in detail. The binding of peptide SP1 to these antibodies is
illustrated in Figures 19 and 20. 32P-labeled sodium chanyels are bound half maximally
at 0.2 jl of antiserum (Figure 19). Saturable binding of [* < T}-labcled SP1 is ubserved
in the range of O to 5 nM peptide (Figure 20). Ana'ysis of the specific bmdmg data by
Scatchard plot yields a KD of 0.8 nM for SP1.

The affinity of the an*ipeptide antiserum for the purified sodiu channel was
determined in a competition binding assay (Figure 21). Binding of 32P-labeled sodium
channels was reduced to half of maximum by 2 nM unlabeled sodivm channel.

Scatchard analysis of these data gives a Kp value of 1.1 nM for purified sodium
cgannell.s Thus, this anupepude antibody has a sxm.-.lar affinity for the native sodium
channe

In order to determine whether these antibodies bind to native sodium channels in
intact membranes and to establish whether their binding site is on the intracellular or
extracellular face of the membrane, the antiserum was incubated with intact or lysed
synaptosomes, bound antibodies were removed by sedimentation, and the remaining
unbound antibedies in the supernatant ‘vere quantitated by radioimmune assay. These
binding data are illustrated as a Scatchard plot in Figure 22. Antibody against SP1 binds
to sodium channels in synaptosomes with a Kp of 12.2 nM. Thus, the affinity for the
native sodium channel in intact synaptosomal membranes is 10-fold lower than for
purified sodium channels or SP1 peptide. Evidently, this antigenic site is accessible in
the native sodium channel but annbody access is hindered relative (o solubilized
preparanons

Figure 23 compares the binding of antibodies against peptide SP1 to sodium channels
in intact and lysed synaptosomes. Lysis reduces scorpion toxin binding by depolarization
but has no <ffect on saxitoxin binding. However, both intact and lysed synaptosomes
bind to an epitope that is equally available in intact and lysed syraptosomes. This
epitope is therefore present on the extracellular surface of the native sodium chanael.

This represents the first negatively charged site idendfied on the extracellular surface of
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the channel and it is therefore 2 prime candidate for a neurotoxin receptor site. These
antibodies do nct affect [3H]saxitoxin binding to sodium channels indicating that this
epitope does not form part of neurotoxin receptor site 1. Similarly, they have no effect
on neurotoxin binding and action at neurotoxin receptor sites 2 and 3.

We have now synthesized 12 more sodium channe! peptides, purified and
characterized them, coupled them to bovine serum albumin, and raised polyclonal
antisera in multiple rabbits. These antibodies are now under intense study. All of them
have affinity for the peptide against which they were raised. However, only 4 of these 12
antisera have measurable affinity for native sodium channels (Table 4). The remainder of
these antibodies must be against regions of the sodium channe! that are inaccessible in
the native protein or are constrained in secondary structures that are not recognized by
our antibodies. While the antibodies that do not interact with the native sodium channel
will not be useful as agents to block neurotoxin actior, we expect that they will e
valuable reagents in mapping neurotoxin binding sites in defined regions of the channel
structure. '

10

D BN N N N N T N N N T LS LR T AT LT TN Y LT e N N R S m b e .
N a2 e v

AP TRl AAIA
v a2 A D

4

.
0
.



k' 11
TABLEI | |
< Synergistic Effects of PbTx-2 and LqTx on BTX-B Binding to
2 K Sodium Channels '
| ifically Bound

 Condition (3HIBTX-B (fmol)

Control . 3.0

LOUM PbTx-2 o 9.6

1.OuMLqTx | - 19.7

1.0 uM PbTx-2 +

1.0 uM LqTx S | 8.3
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R B Y A e S S S i




TABLEII

Neurotoxin Receptor Sites Assoc

ziated with the Sodium Channel

Receptor Ligands Physiolcgical
Site* Effects
1 Tetrodotoxin Inhibit ion conductancs
‘ Saxitoxin
Geographutoxin II and other
p-conotoxinst
2 Veratridine Persistent activation
Batrachotoxin
Aconitine |
Grayanotoxin
|
3 a-Scorpion toxin Inhibit inactivation
Sea anemone toxin
|
4 B—Scorpiorjt toxins Shift activation
[
5 Brevetoxins Shift activation
!

* The sodium channel also has additional receptor sites for local anesthetics, certain
anticonvulsants, pyrethroid insecticides, and corai toxins. However, since these receptor sites

b

|

[nhibit inactivation

have not been directly identified m ligand binding studies, they are not listed here.

t Shown to act at neurotoxin receptor site 1 in references 26-28.
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TABLEIV
Site Directed Antibodies
Synthetic Peptide Reactivity with Reactivity with
, ' Peptide Sodium Channel
1 ++4+ +++
2 -+ -
3 ++ -
4 e -
5 ++ -
6 ++ +
7 -+ -
8 + -
9 ++ +
10 + -
11 + +
11a ++ +
12 ++ +
13 ++
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'Figure 6. Effect of PbTx-2 on specific binding of %%'x and [1251)1LqTx to

Figure 7. Enhancement of specific binding of [SH]IBTX-B to synaptosomes by PbTx-2.
- Specific binding of 10 nM [PH]BTX-B to synaptosomes was measured as described

.and PbTx. Specific binding of 10 nM to 1.0 [°H]BTX-B to synaptosomes was
-1 UM LqTx (@) was measured as described under Experimental Procedures. Ordinate:

A e o R TR e N e D N e DA A R R A I ¢ DA DR T e T e 2 2y,

Legends for Figures

exposure to different concentrations of GTX II. Each point on the graph represents the
mean of 5 experiments. Vertical bars indicate standard error of the mean.

Figure 3. Effects of GTX I on | itoxin inding to rat skeletal musct

hom ates and T-tubular membranes of rabbit skeletal muscles. Muscle homogenates

( or T-tubular membranes ( were incubated with 5 nM [SH]STX and the
indicated concentrations of GTX II for 30 min at 360C and bound STX was measured
using the rapid membrane filtration assay. Nonspecific binding in the presence of 2 uM
tetrodotoxin has been subtracted from the results. .

Figure 4. Binding of [3H]saxitoxin (STX) to T-tubular membranes of rabbit skeletal
muscles in the presence or absence of GTX II. T-tubular membranes were incubated
with increasing concentrations of [YH]STX from 0.4 to 40 nM for 30 min at 360C and
bound STX was measured using the rapid membrane filtration assay. Nonspecific
binding in the presence of 2 4M tetrodotoxin has been subtracted from the results. In (a),
[3H]STX binding was measured in the presence (@) or absence ( Q ) of 0.5 nM GTX

I and are plotted. In (b), [3H]STX binding in the presence (@ ) or absence ((Q ) of
GTX II is presented as a Scatchard plot.

Figure 5. Effects of 7 "1l on ] xitoxin inding to rat brain synaptosome
and ganglion membr.... . Brain synaptosomes and ganglion membranes

were incubated with 2 nM [3H]STX and the indicated concentrations of GTX II for 30
min at 360C and bound STX was measured using the rapid membrane fiitration assay.
Nonspecific binding in the presence of 2 UM tetrodotoxin has been subtracted from the

results.

synaptosomes. Specific binding of 3 nM [SH]STX or 0.1 nM (12311 LqTx (O)
to synaptosomes was measured as described under Experimental Procedures in the
presence of the indicated concentrations of PbTx-2.

under Experimental Procedures in the presence of the indicated concentrations of PbTx-
2. :

Figure 8. Time course of specific binding of [3H]BTX in the presence of PbTx-2 or
PbTx-2 and 1.qTx. Specific binding of 10 nM [3H]BTX-B to synaptosomes was
measured in the presence of 1 uM PbTx-2 (@) or 1 uM PbTx-2 plus 1 uM LqTx (Q)
after incubation for the indicated time at 370C as described under Experimental
Procedures.

Figure 9. Scatchard analysis of ific binding of [SHIBTX-B in the presence of LqTx

measured in the presence of 1 uM PbTx-2 ( , 1 UM LgTx (é), or 1 pM PbTx-2 plus
fmol/nM.
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Figure lo.Enhaneemmt of specific binding of 0.25 nM [125!]C5Txll to synaptosomes
was measured in the ceofthemdxcatedconcenmuonsobeTx-Zasdmnbed

under Experimental

ﬂmleﬂmmmmmmﬂqﬁnnmmmﬂnm
presence of PbTx-Z2, SpecxﬁcbmdmgofOZSthoSOnM[ NCsTx Il to

synaptosomes was measured in the absence (Q) ) or presence (@ ) of 1 uM PbTx-2.2s
descnbed in Experimental Procedures. Ordinate: fmol/nM.

Figure nwwmmﬂw
Specific binding of 10 nM [SH]BTX-B to synaptosomes was measured in the presence of

30 nM PbTx-2 and the indicated concentrations of K+ as described ender Experimental
Procedures . KCl was exchanged for an equal concentration of choline chloride in
standard bi medmm. Binding of [3H]BTX-B in the absence of PbTx-2 was
subtracted ﬁ'om the data. For comparison, specxﬂc binding of 0.2 aM [1251]1LqTx to
synaptosomes was measured under the same conditions as described under Experimental
Procedures (@ ). ‘

Figure 13. Radioimmune assay of mAb 2E8 against detergent-solubilized sodium :
g_hmn;_i,z’me indicated volumes of ascites fluid by hybridoma 2E8 were incubated: with

0.1 nM S<P-labeled sodium channels and antibody-bound sodium channels were:
precipitated by adsorbtion to protein A-Sepharose.

Figure 4. Ssmhand_amlmmtsb:m.dmxnf_muﬁl A. A fixed concentration of mAb
2E8 was incubated with 0.1 nM 3<P-labeled sodium channels and the indicated

concentrations of unlabeled sodium channels. Antibody-bound, 32P-labeled sodium
channels were precipitated by adsorbtion to protein A-Sepharose. B. The data of panel A
were analyzed according to Scatchard. The best fit regression line is drawn for a Kp of
6.4 nM and Bmax of 6.8 pM.

Flgurels. Radioimmune ass \ : i i
indicated volumes of ascites ﬂuxd produced by hybndoma 3G4 were mcubated with 0.1
nM 32P-labeled sodium channels and antibody-bound sodium chanmels were precipitated

* by adsorption to protein A-Sepharose.

Figure 16. Affinity of mAb 3G4 for sodium channels in synaptosomes, A fixed
concentration of mAb 3G4 was incubated with increasing concentrations of.
synaptosomal soditm channels. Synaptosomes and bound mAb’s were removed from
the sample by centrifugation in an airfuge. mAb’s remaining in the supernatant were
then assayed by radioimmune assay: the supernatants were incubated with 0.1 nM 32P-
labeled sodium channels and antibody-bound sodium channels were precipitated by
adsorbtion t protein A-Sepharose.

Figure 17. Scatchard analysis of mAb 3G4 binding, The data in Figure 16 are plotted as
a Scatchard plot. The regression line corresponds to KD = 1.1 nM and Bmax = 11 pM.

Figure 18. Effect of mAb’s on bindirg of saxitoxin and scorpion toxin, A. Saxitoxin
binding to sodium channels in synaptosomes was measured as previously described (29)
in the presence of the indicated amounts of mAb’s or control preimmune serum. B.
Binding of the a-scorpion toxin from Leiurus quinquestriatus to sodium channels in
synaptosomes was measured as previously described (29) in the presence of the indicated
amonnts of mAb’s or control preimmune serum.
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Figure 19. xmmm@m%ﬁm ‘The indicated volumes
of antiserum 1312 were incubated with 0.1 nM J<P-labeled sodium channels and the
antibody-bound channels were precipitated by adsorotion to protein A-Sepharose.

Figure m.ﬂmmnuﬁm_tg_aggm_lm A. 1251-1abeled SP1 was incubated at the
indicated concentration (0-5 nM) with antiserum 1312 and the antibody-bound peptide
was precipitated by adsorbtion *o protein A-Sepharose. B. The data of panel A are
present as a Scatchard plot. The regression line gives a Kp of 0.8 nM.

Figure 21. Scatch is of binding of sodium channels by antibody against SP1
The experiinent was carried out as described in the legend to Figure 16. The regression
line gives a Kp of 1.1 nM.

Figure 22.B iumn channels in
experiment was pcrformed as descnbed in thc lcgcnd to Flgure 17. The rcgmssxon lmc
gives a Kp of 13.2 nM.

Figure 23. Effzect of lysis with saponin on binding of antibody against SP1 to sodium
gﬁanmj;mmp_gsm Synaptosomes were prepared as described previously (29).
Part of the preparation was lysed by treatment with 0.2% saponin. Specific binding of
[3H]saxitoxin and 125]-labeled scorpion toxin was measured for intact and lysed
synaptosomes as described previously (29). The IgG fraction of antiserum 1312 was
labeled with 1251 by the chloramine T method. The labeled antibodies were incubated
with synaptosomes for 16 hr at 40 and synaptosomes with bound antibodies were isolated
by sedimentation in a microfuge and washing,
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