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The development of polyclonal antibodies having good cross-reactivity

against the entire family of the paralytic shellfish poisons has been the focus

of this research effort. One approach to this problem is the design of small

hapten molecules which express the epitopes canwmn to all the PSP toxins.

Since the guanidinium ring systems are integral parts of all of the toxin

molecules, synthetic routes to both the five- and the six-mmbered ring -ystems

have been developed. In both cases, a carboxylic acid group is attached to the b

ring system for coupling to carrier protein via an activated ester route. The

coupling of the five-nmbered guanidinium ring to a variety of carrier proteins

and the antibody response to these conjugates in rabbits has been investigated.
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S.4/

Identification and Siqnificance of the Problem

Massive dinoflagallate bloom in coastal waters are the cause of. the
pknown as the "red tide" [1]. These organism produce an very potent
group of tetrah rine-based toxins involved in paralytic shellfish
poisoning (PSP) (2], Figure 1). The mode of action of the PSP is based- upon
their ability to act as potent blocking agents of the voltage-sensitive sodium
ion channels in neurtmuscular mbranes [3-5]. They disrupt the ion passagewhich prevents signal trnsision in the neuron; this efec can cause
paralysis and death. Therefore, this group of compounds can serve as a source Wa
of significant potential risk to humans through accider.al ingestion of
shellfish which bioaccumulate the PSP (i.e., mussels, clas) or by the use of
the PSP as chemical warfare agents.

In the past, a variety of assays have been utilized for the assessment of
PSP, but xone of the tests are rapid enough for routine testing in. the
laboratory or field. The most widely utilized laboratory tests have: been
bioassays L! animals with the current test for shellfish toxins being based
upon a time-of-death mouse assay (6). The advantage of the assay is that it
indicates total toxicity; but has the following distinct disadvantages: 1) need
to maintain mouse colony with mice in the 19-22 gram weight range, 2)
sensitivity dependent on mouse strain, 3) possibility for underestimating
marginally toxic clams,. 4) subsequent tine of death detenrinatiom, 5) laborious
to perform, and 6) relatively expensive (7]. Consequently, a variety of assay
methods have been developed as alternatives to the mouse assay. These include
the following: a) fluormestric and colorimetric methods based upon hydrogen
peroxide oxidation [8-11] and b) high perfonnaxnce liquid chrI "xophy methods
[12-141. Each of these assays has a serious disadvantage which has preventedit from replacing the mouse assay. The peroxide oxidation sethodls racp".
following a strict protocol [(9 and the neosaxitoxin sub-group of the PSP is
not efficiently detected (15]. The HPLC met:-ods require extensive sample
preparation and the need for expensive equipment and trained personnel. F'
Furthermore, the HPLC methods for detection of the PSP toxins require the• use
of post-column derivatization sinc, d6cy do rot give a significant UV/VIS
absorption band.

An attractive alternative to the above methods is the develncpant of a PSP
assay based on the selectivity and high affinity characteristics of PSP binding
proteins. Presumably an assay could be based on the PSP binding proteins from
excitable nerve membranes [16]. Although the binding characteristics of these
proteins would probably be excellent (high Ko (17], good PSP cross-reactivity
[based on PSP toxicities]), their isolation in sufficient quantity for
application in a routine assay would be expected to be difficult [3]. At least
one soluble binding protein, which wuld alleviate the isolation problem, has
been identified but the quantity available is extremely limited [.18,19]._34

In contrast to the binding proteins which are available onLy in limited
quantities, antibodies can be produced in in -h larger amWurts. Several
previous attempts have been made to prepare anti-iSP antibodies (20,21]. Koehn
et, al. were unable to prepare imminogenic PSP-protein conjuga-,es [20] and the
antisera prepared by Johnson et. al., which was raised in rabbits using a
labile PSP-protein conjugate, gave relatively poor anti-PSP antisera [21]. The
sensitivity of the he]agglutination assay which was based on these antisera was
marginal (ca. I lmmoe/ml minimum detection level) [22]. Recently, Chu and -o-
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workers have obtained more iTpressive but still limited results using Johnson's
inmunogen in combination with a enzyme imiunosorbent assay format [23]. Our
studies have led to successful production and characterization of an anti-PSP
antisera based on a stable saxitoxin (STX) derivative-bovine serum albumin
(BSA) conjugate [24]. This antisera has been used in the development of an STX
radioimmunoassay [24] and has been evaluated for use in anti-STX therapy [25].

Rationale

we have demonstrated that it is possible to produce an anti-STXol antisera-
which will function in development of therapeutic and analytical protocols for
STX arn closely related PSP [241. However, the demonstration preparation has
significant drawbacks in that it is not cross-reactive against the NEO sub-
group of the PSP and because it is only a weak ccmpetitor with the PSP binding
protein (Figure 1).

The goals of this project are to proauce anti-PSP antibodies which will be
useful for both the aralysis of the PSP and for prophylaxis/therapy of PSP
poisoning. Therapeutic use of the antibody will require high PSP affinity so
that the antibody can compete with the PSP binding protein for the toxin.
Analytical use of the antibody will require high cross-reactivity so that the
antibody and the assay will be readily usable for the deternination of total
PSP (Figures 2,3).

Generally, these goals are scmewhat exclusive because the ability to
recognize haptens which have significant structural variations requires that
the antibody be "flexible" enough in its binding to allow access by differing
functional groups. It is possible that' a single functional group (epitope),
which is consistently retained throughout the PSP series, will have a high
binding affinity.

Anal 2 sis of the PSP (Figure 1) and the results of the cross-reactivity
studies (Figure 2) indicated that the most useful binding site for an anti-PSP

antibody might be based upon an irmunogen which contains only the five-mem•ered
N-7,8,9 guanidiniur ring. In order to provide a point for covalent attachment
to protein, the ring system was further substituted with a carboxylic acid.
Much of the synthetic work was focused upon the synthesis of this guanidinium
acid (ccompund 3, Figure 4), referred to as the C-5 hapten. Because of the
closely related synthetic chemistry, the analogous six-membered ring (ccmpound
6, Figure 5, C-6 hapten) was also prepared using methods developed for the C-5
ccmound. These analogs would exhibit good cross-reactivity with antibody and
thus antibodies produced against the C-5 and C-6 guz nidinium analogs would be
extremely useful in the development of an enzyme imunoassay for detecting
total PSP content.

Results ¢.t.

Chemistry

C-5 Guanidinium Acid

The C-5 hapten was prepared by the scheme outlined in Figure 4. S,S-
Dimethyl-N-tosyliminodithiocarbonimidate, 1, was preared by the reaction of p-
toluenesulfonamide with carbon disulfide in a concentrated aqueous NaCH
solution with a DMF co-solvent. The resulting anion was then trapped by
alkylation with methyl iodide, giving a 77.6% yield of 1 after
recrystallization from methanol. Th melting point (106-107 0 C) was in close 'N
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agreement with the literature value (1090C) [26].
The tosylate protected guanidinium acid, 2, was.prepared by reaction of 1

with caommrcially available 2, 3-diainopropionic acid nvnohydzochloride. The
diamino acid was first neutralized with two equivalents of aqueous NaCH and. the
resulting salt solution was refluwsd with 1 in an aqueous ethanol solvent: for

24 ho~urs. '11w resulting product was recrystallized friu water yieldingpowdery white solid (84% yield, m.p. 208-2100 C with d Cisition) whe
structure was confinned by IR and NMR analysis.

The detosylation of the tosylate protected guanidinium acid 2 proved to be
a very difficult step. The literature has reported that such detosylations can
be accomplished using phenol in refluxing HBr (27,28]. When 2 was refluxed for
two hours with this reagent combination, thin layer chrau jz•gay confirmed
the consumption of starting material and the fonumation of the desired
guanidinitin product. Wmoverý, 'numerous byproducts made .uiicto of the
product very difficult. After extensive experin*ntation, a woriup procedure
was established which corsisted of an initial ruemval of the HBr solvent under 51
reduced pressure. 1The resulting oil was then diluted with water and the
organic soluble impurities ware revowed by successiv extractiam" with diethyl
ether and ethyl acetate. Th1 reYaining water soluble residue was then
subjected to, a cationic ion-exchange column (AG 50W-X4, Bio-Rad) for final
purification. The column retained the charged guanidinium salt, pennitting the
removal of water soluble, uncharged. impurities as well as the substitution of
chloride for bromide using elhtion with W-1. Final isolation of 3 gave an 88%
yield with structure confirmation by IR and NR.

In order to quantitate the coupling efficiency of the C-5 hapten and to
monitor antibody response to the C-S imurrgen, the radiolabled analog of 3
has been syrnthesized uaing t same procedure as described above. The starting
2,3-diaminopropionic acid-3-1"C was prepared for us (Moravek Biochemical, Inc.,
Brea, Calif.) and was reacted with S, S-diethyl-N-Isyliminodithiocarbonimidate
to fomn the tosylat-d guanidinium acid 2 with the. C label in the ring system.
The formation of labeled 2 was not a clean reaction and required extensive
purification by preparative HFC (polar aninocyanophase column; Whatmen) to
raivve nwMMrous byproducts resulting' fran minor impurities in the diamino acid.
The detosylation of 2 with HBr and phenol, followed by the workup as described
above proceeded quite wall to give 3 as confirmed by NMR analysis. Preliminary
data showed, a specific activity of approximately 20 mCi/mmole.

C-6 Guanidiniun Acid

In addition to the C-5 hapten molecule, we have also been involved in the
synthesis of the corresponding C-6 guanidinium acid (6, Figure 5). This
molecule could also be used in the preparation of a useful immunogen for
producing antisera which would have a high binding affinity for all of the
PSP' s. Since it i a wprarent that alterations of various portions of the PSP
molecule can, have a significant effect on potency (Figure 3), it may be
beneficial to produce alternative iiwiunogens which would possess structural
features similar to those observed in portion II of the saxitoxin molecule
(Figure 3).

The C-6 guanidiniun acid was prepared by procedures similar to the C-5
hapten. Ccumercially available (S)-(+)-2,4-diaminobutyric acid dihydrochloride
was first neutralized with three equivalents of aqueous NaCH and then refluxed
22 hours with I in an aqueous ethanol solvent. The tosylate protected
guanidinium acid -5 was purified by recrystallization frao water, giving an 85%
yield of a white powdery solid, melting point 216-2200C (lit. 202-2030 C) (291.
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The structuye was confirned by IR and NMR analysis.

The detosylation of 5 was accomplished using the HBr and phenol reflux
procedure outlined previously for the C-5 hapten. The crude product was
purified as before using the selective extraction of organic soluble impurities
with diethyl ether and ethyl acetate, followed by ion-exchange purification of
the water soluble product. A 93% yield of a pale yellow solid was achieved,
which upon recrystallization from isopropanol-ether gave a 54% yield of white
crystals, m.p. 209-2120 C (lit. m.p. 210-2110 C) [291.

Guanidinium Alcohol Synthesis

Ccmounds 3 and 6 rely upon the carboxylic acid group for coupling to
protein via stable amide linkages, formed by reaction of activated esters with
free amine groups on the protein. An alternative approach considered was to
use 'hbe corresponding guanidinium alcohols obtained by reduction of the
carboxylic acid group. The alcohol could be coupled using 1,1' - N
carbonyldiimidazole (CDI) by formation of stable carbamate linkages with amine
groups on the protein. Our earlier success in coupling saxitoxZnol to BSA
using CDI provided strong precedent for this approach [24].

The carboxylic acid group in 2 is easily reduced by treatment with lithium
aluminum hydride (LAH) in ThF for one hour at 250C and then 30 minutes at
reflux. The excess IAH is quenched by tie addition of an equal volume of ethyl
acetate, followed by washing with water and a back extraction with ethyl
acetate to give the tosylate protected C-5 guanidinium alcohol 4. The yield of
a viscous yellow oil was 89%.

In a similar fashion, the tosylate protected C-6 guanidinium alcohol 7 was
prepared by LAH reduction of 5, providing an 85% yield of a white crystalline
product, m.p. 170-1730 C. Structural confirmation was provided by IR and NMR
analysis.

Before coupling the alcohol to protein, reoval of the tosylate protecting
group to give 8 was required. At the time of the termination of this contract-,
only preliminary work had been carpleted on the synthesis of 8 and no work inad
been started on the corresponding deprotected C-5 gtanidinium alcohol.
However, the information obtained on 8 was very encouraging. Reduction of 6
with tAH in THF and the deprotection of 7 with HBr and phenol led to products
which were chroatographically identical. The fact that two completely
oifferent routes led to the sace product would appear to confirm the identity
of 8. Termination of the contract prevented ccmplete characterization of the
proacts.-

Immunogen Preparation

In addition to the preceding synthesis work, a significant amount of
effort was directed toward producing suitable irmmogens by coupling the C-5
guanidinium acid to protein. The approaches initially considered for imiunogen
preparation were. 1) coupling of the N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ) activated C-5 ester directly to bovine serum albumin
(BSA); 2) coupling of the activated ester derived from the N-hydroxysuccinimide
(NHS) or N-hydroxysulfosuccinimide (sulfoNHS) to the p.rotein; 3) preparation of
C-5 guanidinium-4-aminobutyric acid (GABA) or 3,3'-dianinodipropylamine (DADPA)
analogs and coupling of these spacer groups to BSA by either of the above
activation methods; and 4) direct coupling of the C-5 guanidinium acid to
protein by the use of l-ethyl-3-(dimethylamninopropyl)-carbodiimide (EDC).

All of the above approaches ware explored with varying zuccess in term of
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gen preparation. The direct coupling of 3 using EDC failed to give any
indication of the desired ibmauxjen. Examination of the reaction product
indicated that only t lecular crosslinking of the pwtein had been
produced. etio of C-5 haptens having GAM and taWPA space groups
on the carboxylic acid group of 3 proved very difficult. A•Ver, small
quantities cf both conjugates were obtained and purified by the use of silica
gel GF preparative platps. Attempts were made to couple the GIUk analog to BSA
using the EIQ activated ester and the sulfoNOS activated ester cr to directly
couple the ORMA analog to BSA using water soluble EDC. Neither of these
analogs could be coupled to BSA in sufficient yield to be useful as imnmungens.

we also explored the option of attaching a long space chain terminated in
a free hydroxyl group to the C-5 guanidinium acid. The free base of the C-5hapten was prepared by ion-exchange on Amberlite IRA-400 and it was then
successfully alkylated with 11-br •-l-undecanol. However, attempts to couple
this adduct to BSA by CDI activation gave very poor results with only 1-2 moles
of hapten per mole of BSA. 7to use of 3-bro-1-propanl as the alkylIting U
agent failed to give any of the desired alkylation prodct and thus no
i numgen prpaIration could be attempted.

Our first apparent success in immunxgen preparation ca by use of a
sulfoNOS activated ester of the C-5 guanidinium acid in reaction with BSA. The
free base of the C-5 hapten was prepared by passing the HCI or HBr salt of the,
hapten (in ethanol) through an Auterlite IRA-400 (CH-form) ion-exchange column.
The C-5 carboxyl free base was comerted to the activated sulfoNME ester by
reaction with sulfoNHS in CF using dicvlohexylcarbodilmide (DCC) as a
dehydrating agent. After stirring six hours at room temperature, the reaction
was transferred to a 40 C cold roaw for another 16 hours. The resulting
dicyclohexyluzea (DCU) was xwoved by filtration of the cold solution and the
sulfoNOS ester (in 150 molar excess) was mixed with BSA or mdified BSA in 0.2
M NaHCO 3 , pH 9. The reaction mixture was stirred at rooz tON•erature for 90
minures and then was transferred to a 4VC cold roan for an additional 16 hours.
The resulting immunogen was then dialyzed extensively against PBS, concentraeed
by u.trafiltration and used for the _ tion of rabbits (or stored at
-20°:C).

T use of this immunogen for polyclondl antibody production failed to
produce any antisera against the guanidiniim acid as deterned by use of the
radiolabeled matetial. Our preliminary data based on aminu analysis of the
protein had indicated a loss of amines cor rXpining to an incorporation: of 10-
20 moles hapten/mole of protein. However, the lack of immunological response
leadsa us to believe that no coupling of the guanidinium acid occurred and that.
the consumption of amines is attributable to acetate present in the salt of the
guanidiniun product. Furtherre, it would .-e predicted that the incorporation
of the guanidine group should not lead to a loss of amines on the protein, but
instead should increase the available amine content.

Because of the difficulties encountered in achieving effective coupling of
the C-5 guanidinium acid to protein, we decided to pursue modifications of the
carrier protein prior to coupling of the hapten molecule. Toward this goal,
three modified BSA preparations -wre produced: 1) direct coupling of DADPA to
the carboxylic acid moieties on BSA using EDC activation, thus increasing the
effective amine content; 2) acetic anhydride addition to BSA to acetylate the
free amines on BSA, followed by DADPA coupling to the remaining, carboxylic acid
groups using EDC activation; and 3) addition of auccinic anhydride to BSA with
subsequent coupling of DADPA to all carboxylic acid groups to give an increased
mmcer of amine sites available for coupling "oo the activated ester of 3.

The follwing procedures deacribe the preparation of the above mentioned
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modified proteins. If the orotein (BSA) is first acetylated or succinylated,
the BSA (300 mg) is dissolved in 0.2 M NaHC) 3 (pH 8.0-8.5) and the appropriateanhydride is added slowly (over --v hours) while keeping the pH betweený 8. 0 and

8.5. After addition of the anhydride, the pH is adjusted to 8.0 using I N NaCH
and the mixture is stirred 30 minutes at roan temperature. The mixtureý is then
dialyzed at 4°C against 0.1 M morpholine ethanesulfonic acid (MES), pH P.0. To
add DADPA spacers to the pretreated or native BSA, 1. 0 ml of DADPA is added to
2.0 ml of water containing 70 mg of MES. The pH is carefully adjusted tc 5.5
using 12 N HCI and the BSA and DADPA solutions are mixed txgether. Thp EDC (4
x 200 mg) is then added at 30 minute intervals while maintaining the miure at.
roon temperature. Following the last addition of EDC, the solution is
transferred to a 40C cold room wnd stirred 16-18 hours. The mixtureý is then
dialyzed extensively against PBS and concentrated by ultrafiltration to a level
of 60-70 mg protein/ml solution. Amine analysis of the products gave results
consistent with the various treatments and this procedtre will serve as the
model systen for modification of other carrier proteins (i.e., bovin gamma
globulin, sheep gamma globuilin).I

We were successful in coupling the C-5 guanidinium acid to all three
modified carrier proteins as indicated by shifts in the UV spectri of the
protein and ir'creased amine values of the protein. Each of these intiunogens
was then used to immunize rabbits using the protocol described in a following
section. Examinaticn of the sera from all of the rabbits for antibody
production up to 16 weeks using an 0uchterlony assay indicated that anti-C-5
antisera was being produced. Hover, examination of binding of radiolabeled
saxitoxinol and C-5 hapten failed to indicate any evidence of bi of the
labeled molecules.b t

The difficulties encountered in achieving effective coupling of the C-5
hapten molecule tr protein led us to recognize that the potential exists for
the guanidine group to react with the NOS activated ester. The guanidine
group, in the free base form, is a very basic noiety and is potentially a very
good nucleophile for reaction with the activated ester to give a polymer of the
C-5 hapten. Indeed, in early experiments, designed to alJ'w isolation of the
NS ester, the disappearance of 3 could be monitored by chromatographic means
but no evidence of the activated ester could be found. The use of excess DCCC
in these experiments may hae consumed the HUI present as the guanidinium
hydrochloride salt, leaving the free base to react. In experiments conducted
just prior to the termination of the contract, it was found that! limited
animts of DCC permitted chromatographic observation of the ester.
Furthermore, this nroduct was reacted with a model primary amine, p-
nitrophenethylamine, to give a new amide adduct, thus demonstrating the
viability of the NOS ester as an acylating agent. It seems quite probable that
this improved preparation of the activated esters could lead to substantial
improvetments in protein loading.

Polyc lonal Antibody Production

Six rabbits for each of the inrunogens prepared wre injected
intracermally in multiple sites (40 sites - 0.1 mg/rabbit) along the back with
an emulsion containing a 50% mixture of complete and incop] ete :Freund's
Adjuvant. The rabbit ,- were given subcutaneous booster injections (0.2
mg/rabbit in incomplete Freuind' s Adjuvant) at three week intervals.
Examination of the sera began one Naek following the first booster injection.

.4
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Discussion;

The generation of a single antibody to the _•,tire class of PSP is made
difficult by the significant differences in strutures throughout the series
(Figure 1). One approach to this problem is to focus on the portion of the
wnecule which is common to all members of the family, utilizirg that structure
fragment as a hapten for antibody production. In this manner, the opportuni •y
exists for antibody production which would exhibit good cross-reactivity toward
all the PSP. In keeping with this approach, the recent focus of our research
has been on the use of the five-netAered guanidinium ring species (Figure 2) as
the hapten of choice. The use of the five-nmmbered guanidinium ring coupled to
carrier proteins failed to illicit any antibody production in rabbits which
would bind the radiolabeled guanidini•u or cross-react with any of the PSP.
This lack of immunological response nay be due to any one of the following
factors: a) no aignificant production of appropriate immunogens. fonred by
coupling the guanidinium species to carrier protein due to a competitive
intermolecular reaction of the guanidinitu NOS ester and guanidinium free base,
b) the guanidinium species is too closely related to naturally occurring, purine
bases and thus will not elicit an immunological response, c) not the correct
choice of animal species (rabbit) for antisera production, and d) poor choice
of carrier protein. Despite this unsuccessful approach to producing antibodies
which possessed a high degree of cross-reactivity to all che PSP, nuch useful
information was obtained concerning the methods for covalent coupling of.
saxitoxin or analogs (guanidinium analog) to proteins for the develcpment of a
stable enzyWe-hapten conjugate. This infonration will be useful in the
development of stable enzyme-hapten conjugates necessary for the successful
preparation of excellent enzy-me immunoassays for saxitoxin and/or total PSP
Content.

12
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Figure 1. The PSP
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IG - Saxitoxinol (STXOL) H H H H
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F1igure 3. SAXITOXIN POTENCY DOMAINS

R4

II

SAXITOXIN

(Ri,R2,R3,R4 - H)

I Potency reduced 20-100% on decarbamylation or sulfation

II Potency increased up to 4 fold on addition of Ni -OH

III Considered important for binding

IV Potency reduction 0-90% on reduction of the carbonyl or
sulfation
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Figure 4

C-5 Synthesis
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Figure 5

C-6 Synthesis

/SCH3
HC-SOz-N=C jHi-CHi-CH-COOH *2HCI

NHz NH:

Aq. EtOH

OOH

HBr LiAlH 4

Phenol THF

H2 . H920H

6 H~r7

LiA1H. H Zhm

+ N

H2N=

N
I CH 2O

19
ii,



DISTRIHT0nI LIST

5 copies Camiazxier
U.S. Army Medical Research Institute of

Infectious Diseases
ATMI: SGID-UIZ-M
Fort.Dstrick, Frederick, MD 21701-5011

1 copy Commandler N
U.S. Any Medical Research and Development CamiI
ATTN- SGFO-PMI-S

Fbrt Detrick, Frederick, MD 21701-5012

2 copies Defense Technical Information Center (UrIC)
ATTN: MTC-DOAC
Caniron Station
Alexandria, VA 22304-6145

1copy Dean
School of MedicineUniformed Services University, of the

Hea.lth Sciences
4301 Jones Bridge Road
Bethesda, MD 20814-4799

1 copy Commandant
Academy of Health Sciences, U.S. Army
ATI!: AHS-C
Fort Sam Houston, TX 78234-6100

2I


