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lysine=23 ([FITC-N®-lysine-23]-a-toxin) with the acetylcholine receptor. We

show that when a-toxin binds %o the recepto., the region around the lysine-23 ‘ , "
- and a-toxin is completely accessible to soluble. As more site-specifically )

labeled toxins are prepared, it will be possible to obtain a clearer picture

of the disposition of the a-toxin molecule on the surface of the receptor.

Section 11 summarizes the characterization of the interaction of a novel

decamethonium homolog, decidium, with the acepgchonne receptor. Measurement

of the iInhibition of the initial rate of | ““i]-a-toxin binding to Torpedo

californica ;glectroplax membranes and BC3H-1 cells, inhibit of carbachol-

stimuTated 'Ka influx 1into BC3H-1 cells, inhibition of | H|-phencyclidine .

binding to Torpedo membranes, and fluorescence spectroscopy are utilized in i

these analyses. Decidium is shown to bind to both the agonist/antagonist and |
noncompetitive blocking binding sites on the surface of the receptor and to : ‘ )
.aisplay specific spectral shifts associated with the interaction with each

class of drug binding site. Fluorescence energy transfer studies between

decidium and. [FITC-N®-1ysine-23]-a-toxin indicate some proximity bDetween the

a-toxin binding sites and the 1ipid bilayer. Section [Il summarizes our

progress in site-specifically ladeling a-toxin with FITC, erythrosin isothio-

cyanate (EITC), and tetramethylrhodamine 1isothiocyanate (TRITC). Uttlizing

new high resolution fsoelectric focusing techniques, it should. be possible to

isolate semipreparative quantities of site-specifically labeled a-toxins.

Avcesion For

R R

~
NTIS crast 4
a
U

0LC T TAB
Jrgnnguncad

Bv e e ceae
Gt itrtion |-
L‘—-o-—o~ .

Lonbasdty Covles

Vs A w St . o« o

- e e mead
L A e o
Crat l Spec-M .




SUMMARY

‘\;—\:)Ihis report described the development of fluorescent probes of the nico-
tinic acetylcholine receptor and their use in an analysis of drug and a-toxin
interaction with the acetylicholine receptor. Section I develops a new theo-
retical framework with which to use fluorophores on the surface of macro-
molecules. This framework 1is utilized in an analysis of the interaction of
fluorescein isothiocyanates {FITC)-N®-Tysine-23<a=toxin with the acetylicholine
receptor. We show that when a-toxin binds to the receptor, the region around

‘ \‘ r-toxin's lysine 23 is completely accessible to the solute. As more site-
Pt \specificany labeled toxins are prepared, it will be possible to obtain a
\ Clearer picture of the disposition of the a-toxin molecule on the surface of

the receptor. Section Il summarizes the characterization of the interaction

! of a novel decamethonium homolcg, decicium, with the acetylcholine receptor.
Decidium 1is shown to bind to both the agonist/antagonist and noncompetitive

i

spectral shifts associated with the interaction with each class of drug
binding site. Fluvrescence energy transfer studies between decidium and FITC-

-toxin indicate some proximity of the 3-toxin binding sites and
tne 1ipid bilayer. Section II1 summarizes our progress in site-specifically

P

ng Q@~toxin with FITC, erythrosin isothiocyanate (EITC), and tetrame-

thylrhoduine isothiocyanate (TRITC). Uttlizing new high resolution isoelec-
tric focusing technigues, it should be possible to isolate semipreparative
quantiues of site specﬂically-labeled a-toxins, .
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blocking binding sites on the surface of the receptor and displays specific.
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FOREWORD

In conducting the research described in this report, the {investigators
adhered to the "Guide for the Care and Use of the Laboratory Animals," pre-
pared by the Committee pn Care and Use of Laboratory Animals of the Institute

. of Laboratory Animal Resources, National Research Council (DHEW Publication

. No. (NIH) 78-23, Revised 1978).

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

At the molecular level, Investigations into the mechanism of action of
acetylcholine at the neuromuscular junction have focused mainly on & unique -

neurceffector junction. This Junction is the motor endplate of the electro-
plax from Electrophorus electricus or the various species of Torpedo and
Narcine. Electroplaxes have been studied because of their exceptional rich-
ness In nicotinic synapses. Pharmacologically, the electroplaxes respond much
1ike neuromuscular endplates to cholinergic agents and, consequently, are
considered to be an exc:llent model of mammalian nicotinic-neuromuscular
synapses [1-3].

Isolated membrane-bouna receptors from the electroplax have been shown to
undergo multiple conformational changes upon agonist and metapntlic antagonist
binding. These transitions have been compared to the transitions betwean
resting and desensitized states, between resting and open channel states, and
between open-channel and desensitized states of the endplate observed in
vivo. Four sources of evidence have confirmed the existence of these con-
formational transitions: radioligand binding sites [4], ESR [5], intrinsic
flucrescence (6,7] and fiuorescence of extrinsic probes [8].

' ‘Structure of the Acétylcholine Receptor
The Torpedo californica acetylcholine receptor (AChR) has been the most

thorougnly studied of the receptor systems. Jt is composed of five subunits,
two of which two are identical. The subunits are designated a,, 8, v, and §
and have apparent mclecular weights of 40, 49, 58 and 64 K daltons, respec-
tively [9,10]. Only the a-subunits are specifically covalently labeled by
affinity reagents such as bromoacetylcholine or 4-(N-maleimido) phenyltri-
["Hi-methylammonium 1odide (MBTA), suggesting that they contain the acetyl-
choline binding sites [9,11]. Unlike most other nicotinic receptors, the
Torpedo receptor exists primarily as a dimer (70-80%) of disulfide-bonded
mon-mers between the s-subunits [12]. The dimer can- be dissociated into
monomars by mild reduction without loss of response to the ionophoretic
application of acetylcholine [13]. Each subunit contains carbohydrate moie-
ties which account for 4-7% of their weight [13]. The amino acid sequence
indicates significant subunit homology [14-16). However, peptide maps (17,18}
and some lack of immunological cross-reactivity of the subunits [19] indicate
some domains of significant differences. In addition to the five subunits of
the receptor, there is a base extractable 43 K daiton peptide which associates
with the receptor but is not essential for its functional activity [{20]. This
43 K dalton peptide appears to be a structural protein which restricts the
rotational and translational motions of the receptor [18].

Negatively stained electron micrographs indicate the plasma membrane
surface of the Torpedo californica receptor to be disk-shaped, 90 +/- 10A in
diameter, with a central cavity of 15-20 A in diameter [21). The electron
density profile through receptor-rich membrane fragments indicates that the
receptor ¢xtends -15A into the cytosol with an overall length of -110A normal
to the plane of the membrane [21]. Since all five subunri.s ¢pan the bilayer,
it is gererally thought that they are like staves in a tarrel. The arrange-

10

b A s s et R TR

FRS PR S

b




mnt of the staves appears to be 3
is shown in Fig. 1. » avagé or avess |7], and a model of the ACnR

EXTPACELLULAR Acetyicneiine
binding sts!  ome 85 A e
Nencompetitive .

blesking sitve!

CYTOPLASMIC

Fig. 1. Model of the acetyicholine receptor.
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Ligand Binding Sites on Receptor

~ Each Torpedo caiifornica receptor contains distinct situradle binding .
sites or regions of contact for agonists/antagonists (22,23] and for noncom- -
petitive blocking agents [23,25]. While the stoichiometry of a-toxin to -

noncompetitive binding sites {s controvercial, varfously reported to be four
to one [25] or two to one [24], most laboratories agree that there ire two
agonist/antagonist sites per receptor {2,23,26/. Though birding of agonist,
antagonists and snake e-toxins is mutually exclusive and suggestive of common
regions of contact on the receptor, important differences exist in the nature
of their binding behavior. e-toxing bind independent’y and with equal affi-
nities to each agonist/antagonist sits on the receptor (27]. Classical
antagonist binding 18 charycterized by two affinities with equal numbers of
sites [28]. For example | H|d-tubocurarine has dissociation constants of 33

Little s understood concerning the functional activity or the interre-
lation of subunits. The agonist/antagonist binding sites are located on the
a-subunits [9,11]. A1l five AChR subunits are accessible from either side of
the mesbrane to proteolytic enzymes [29-30] and to antibodies [31-38] and are,
therefore, transmembrane polypeptides. ae-toxin in the presence of bifunc-
tional reagents will predominately cross-1ink to the a and 4 subunits (30,31},
suggesting mutual proximity. Recently, uunz electron microscopy and single-
particle image averaging at 20A resoiution, lingsheim et al. (6] showed that
a-bungarotoxin inds to two regions of the receptor. one adjacent td the
delta subunit and the other diametricaliy acros; ihe molecule, -50A dway from
the s-subuntit. The lipophilic photoladbeled [ |oyremesulfonyl azide labels
primarily the beta end jJamma tubunits, which .uggests that they have pro-
nounced exposure to the membrane lipids [37]. The &-subunit s affinity-
labeled by noncompetitive blockers and a photoeffinity-labeled noncompetitive
blocking agent (38}, suggesting that it is & site of action of these agents,

Over the last two decades, our understanding of the nicotinic AChR has

increased. Two major research areas have been Lhe elucidation of the receptor

structure and of ligand modulation of ‘on perme Hility. Current work on the

receptor structure includes primary emino azid § juencing of the subunits |14-
16] and high resolution electron microscopy {19/. The functional responses of
“interacting ligands are deing pursued by now-ciassical bdinding metnods and
electrophysfological techniques. We propose to integrate these disparate
approaches by utilizing fluorescence energy tiansfer [39-41] and quenching
techniques [42] as well as peptide mapning and sequencing techniques to
examine structural determinants of receptor functional responsiveness.
Specifically, we will measure the topographic disposition of fluorescent
agonists/antagenists and noncompetitive blocking agents relative to each other
and to the surface of the lipid bilayer, The selection of ligands with
suttable spectrcscopic properties will provide information on the structure
and the ctite of ligand binding as well as information on the pharwmacologic
selectivity of ligand artions. :

The advantages of fluorescence technigues are that (1) only nanomolar
concentrations of fluorophores are required, compared to the milli. and
micromolar concentratiors demanded by other spectroscopic technigques: (2)
relatively large fluorophore intersite distances (20-80A) .an be measured; and

)
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/ (3) dynamic measursments can be made on functiona) molecules, cbviating the
! neec for fixatives or frozen preparations dictated by electron microscopy.

The measurement of distances Dy fluorescence energy transfer tachnioues
requires o detailed knowledge of the spectroscopic and pharmacologic proper-
ties of the fluorescent probes. Information return is maximized by use of a

" variety of donor-acceptor pairs as well as complementary procedures to measure
energy tnmur. e.g., donor quenching, acceptor sensitization m ifetine

mlyns.
The ?ool of this project 1s to determine the spatia! nlmoin between
drug binding sites on the surface of the Torpedo AChR and to reiate these

distances to the prisary smino acid sequence of the receptor. This informa-

. tion will provide & comnection between current research on the structure of
m:’.roctptor and that on the functional properties of the receptor-active 14-
gands.

Neuromuscular transaission depends critically upon the interplay bDetween
4 functionally responsive receptor and rapid inectivation of relessed acetyl-
choling by acatylcholinesterase. Conditions of estersse inhidition such as
insecticide potsoning lead to acatylcholing accumulation and receptor refrac-
toriness. Better knowledge of drug dinding sites can facilitate the desigr of
?r:?;’:o:ich mitigate the effacts of excess acetylcholing arising fm ssterase
” m.

Finally, many diseases affect the mromscuur Junction. In myasthenia
gravis, tha patient produces antibedies to the ACMR, [n the case of radies,
the virus appears to enter the nervous tystem by dinding to the AChR (44]. A
better knowledge of receptor structure could permit tM design of drugs that
could block virys or ant ibody attachment.

Orgenization of the Report

This report 1s divided Into three sectivns. Section | deals with our
efforts to develop & theoretical framework to analyze solute gquenching of
fluorescence to determine the solute accessidility of sgite-specifically
labeled a-toxin bound to the surface of the ACM, The solute quenching
studies provide informaifon on the disposition of a-toxin on the surface of
the AChR. Section 1 presents our andlysis of the intersctfon of a nove)
decamethonium homolog, decidium, with the AChR. Section [Il susmarizes our
progress to date on site-specifically labeling a-toxin with fluorescein
isothiocyanate (FITC), erythrosin fsothiocyanate (EITC), and tetramethylrho-
damine fsothiocyanate (TRITC).
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SECTION I

SOLUTE ACCESSIBILITY TO COBRA FLUORESCEIN ISOTHIOCYANATE-N®-
LYSINE-23-o-TOXIN BOUND TO THE ACETYLCHOLINE RECEPTOR

lotroduction

Solute accessidility to fluorescent prodes or groups attached to protein

. molecules 1s often used to monitor conformational aspects of these macromole-

- surface ared of the macromolecule, w11l meet & quencher molecule during fts

- A S 1 - vy
RPN )
B

cules. Solute accessibility 1s most often deotermined with fluorescence
quenchers such as ocrylamide and fodided by measurd and comparing the
specific rate of quenching of the fluorophore free in solution, keg, with its
rate attached to the sacromolecule, » Or Dy comparing values of Q'Q for two
or more conditfons that may affect conformation of the protein., It {s
usually assu=ad that a decrease in quenching rate for the dound fluorophore
indicates a decreased accessibility due to geometrical masking factors in the
sacromolerule. However, elementary considerations indicate that for the

- repld, diffusion-limited reactions which characterize the fluorescence

qenching process, ke, should depend not only on masking factors but also on
‘the translational and rotationa) mobtlities of the labeled macromolecules as
well as on orifentational constraints imposed by. the association of fluoro-
phores with macromolecules. The lower the rotational mobility, the lower the
probability that & bound fluorophore, exposed on & small fraction of the

excited state lifetime. These notions are supported by recent theoretical
::;.-:;?uom on the reactivity of specific groups attached to macromolecules

In this section of the report, we estadlish quantitative relations

between the specific rate cof quenching, kyn, translational and rotational
modilities, orientational constraints, and gedmetrical masking factors, using

. formulations of Shoup et al. [46]. Me then use these relations to analyze

fodide quenching data (steady state and time-resolved), which we have measured

(a) for fluorescein free in solution, (b) for fluorescein-labeled a-toxin

(1abeled at Tysine 23) free in solution, and (c) for this a-toxin bdound to

the Torpedo californica AChR. The results give information on the extent to
which the surface !67 the a-toxin solecule in the region of lysine 23 1s masked

when bound to the ACAR, and, ultimutely, on the disposition of the a-toxin on
the surface of the ACMKR. ‘ . :

Theory
In the fluorescence quenching experiment, the fluorescence intensities of
the fluorophore ettached to a sacromolecule or free In solutfon are monitored

as a function of the quencher concentration. The intensities are then anal-
yzed with the Stern-Voimer equation

T/l = 1+ Kglal (1)
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Qhero I, and | are fluorescence intensities observed in the absence and
presence, respectively, of a concentration [Q] of quencher. Kg, the quenching
constant, is related to the bimolecular reaction rate, "FQ' by the equation

‘Q - kFQT ' (2)
where 1 is the fluorescence lifetime. The fundamental parameter for evaluat-
H . ing accessibility is "FQ' ' _

Quenching of Free Fluorophore in Solution. Quenching rate is determined
by the rate of encounter between quencher and fluorescent molecule and the
probabilfty of reaction per encounter. For the case where the fluorophore, F,
and quencher, Q, are spherical molecules, the encounter rate is given by the
Fick equation: - ' ' :

S = 4 aReq20pqang(R,t)/3R (molecule/s) (at R=Re) - - - (3)

l ~ where Dgq 13 the sum of the translational diffusion coefficients of F and Q.

, (R,t) qs the average concentration of quencher molecules at & distance R
from an excited fluorophore molecule. Rcy 13 the sum of the molecular radit
of F and Q, Rp and Ry, respectively. Tlfg partial derivative is the concen-
tratfon gradient of qlencher molecules about an excited F molecule evaluated

! at the distance R = Rco. 5 s essentially the flux due to translationa)

y diffusion of quencher mdlecules across a spherical surface of radfus Rg

y surrounding an excited molecule and is just the rate of new encounters batwe

; Fand Q. S 1s related to kq by the equation

i

!

¥

|

1

:

b

4

kg = S/n*g (cn’ /molecules) o C)

where n°, is the concentration of quencher molecules ‘in the bulk solution, .
According’ to theory (47 and 49|, when an ensemble of excited molecules Iis
first created by a pulse of light, the quenching rate is initially very high ..
‘because of encounters between the F and Q molecules that hagpen to be Jn close :
proximity at the time of excitation. However, within 107  to 107 " s, the
system moves to a steady state with & gradient of quencher molecules around
each fluorescent molecule. For the case where quenching occurs on every
encounter, the specific quenching rate is then given by the Smoluchowskt
~ equation (Eq. §5). ‘

kFQ - 4‘DFQRFQ ’ (s)

The interaction of quencher molecules with an excited fluorophore molecule

attached to a macromolecule can be considered an asymmetric reaction in which

each quencher molecule behaves as a unifcrmly reactive sphere interacting with

a macromolecular sphere that {is reactive oni: on a limited portion of its
4 surface area, as shown in Fig. 2. The reactive area is characterized by the
‘ cone angle 28, shown in the figure. For such a reaction, the rate constant
. depends not only on the collision frequency between Juencher &nd spherical
' macromolecule (determine by radi{ and translational diffusicr coefficients, as
§ shown by the Smoluchowsk! equatior) but also on the rotationa: Jdobility of the
q macromolecule and o,. This {s because the number of encoum.:: between
: macromolecule and its surrounding quencher molecules that are effective at the
’ reactive area depends on the rotational mobility of the macromolecule.
2
!
‘
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Various authors have offered approximate solutions for this type of reaction,

based on considerations of the combined translational and rotational Jiffusion

equations. Here, we follow the solution of Shoup et al. [46] for the analo-

gous reaction. Since the bimolecular reaction rate constant is the quenching

‘rate constant, kp.lln the steady state, we can evaluate km by Eq. 6 (cf. Eq.
al.

22 in Shoup ¢t 48)).
| ] ?o<(1-cose,)’ o
g * Ot mg o/ (6)
| 40y (1-cose,) - kRyg ';o
[P 1(€080,) = Ppyy(cosag) 1K (6%)
(n + B) [(Kp ) (E%) = €% Kny3 2(E%)]
where , |
6% = Rugln(m1)0p/Dg 1" N (n

Dl(s") fs the rotational diffusion coefficient of the macromolecule and « is
4 parameter related to the probability of reaction upon encounter. « appros-
ches a value of infinity for a probability of 1. K 1s a parameter of a
modified spherica] Bessel function of the third kind and P, (cosoo) is tha nth

~order Legendre polynomial [51]. s

We use the foliowing procedure to cospare our experimental fluorescence
quenching data with calculated theoretical rates based on £q. 6. According to
this equation, the quenching rate constant for & fluorescently labeled macro-
wolecule is determined by the values of 0y, 0‘. 033 and o,. For a spheri-
cal protein molecule, Dy, 0& and Ny can be evaluatdd ¢ the molecular weight
of the protein with Eqs. 10-14 in 152). Values for 0, and can be obtained
from the literature. The parameter 8, can be waluaus as follows. We a5sume
that the fluorophore 1s treatable as & spherical particle of radius and
that the bound fluorophore occupies an area of 4:R.° on the surface of the
macromolecule when the flyorophore is fully upoud' (completely accessible).
The fraction of the protein surface area, F'py, Occupied by the fully exposed -
flvorophore s than given by

Firw = Re'/(Rey' + Rg') - (8)
far the case where the fiuorophore Is only partially exposed to the quencher,

. we let fyus represent the fraction of the fluorophore's surface area, 4aRc ",

that Is exposed on the surface of the macromolecule. f. ranges from 0 to 1
for the completely monexposed to completely exposed m:orophore and is a
measure of quencher accessibility. The fraction of protein surface area
occupied by the partially exposed fluorophore is then given by '

Fem = rugRe ™/ (R’ + fugRe?) (9)

Fem €an thus be evaluated by vssigning a value to fy, and using the values for
Ry and Ry obtained as descrided in the appendix of 150]. Finally, 8, Can be
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evaluated with the known equation for the fraction of a sphere's surface area _
- circumscribed by o, o

cos oy = 1-2Fpy ' (10)

With the procedure described above, we have evaluated ky, for proteins of
different mclecular weight and different values of f,,, assuling & very large
. value for <, as s expected for rapid quenching p sses that occur in the
nanosecond time range. k Q: the quenching rate constant for the free fluoro-
phore, was calculated with €q. 5, using Dp = 4.3 x 107" /sec and R¢ = 5.3A for
fluorescein. F1ig. 3A shows a plot of km/k Qs molecular uight o? protein .
for the fully exposed fluorophore (f f Fig. 38 shows plots of kyg/ke i
vs. fun for the partially exposed fluorophore and protains with leun. ~
weights of 8, 250 and 9,000 kOa. Fig. 3A essentfally shows the effects on k
of the limited translational and rotational mobility of the lncrmlecuﬂ
.compared to the free fluorophore, while the plots of Fig. 38 show the addi-
tional effects introduced by geometrical masking as measured by fn. K /"FO
decreases very rapidly until the mass of the protein reaches »'Sn 55”&0&.
after which it tends to approach a limit of about 0.38 (Figs. 3A and 28).
According to Fig. 3B, the accessibility parameter, f,,, is not linearly
related to the quenching constant, particular for fll) < 0"3 :

SR T

Based on the above theoretical calculations, the conjugation of FITC to
the a-toxin (8 kDa) should decrease the guenching rate constant, relative to
the free fluorophore, by about 3¢X, while the binding of the labeled a-toxin
to the membrane-assoctated AChR (>>250 kDa) should further reduce the rate
constant by sbout 38%, apart from possible masking effects.

.

Fig. 2. Model (based on Solc and Stockmaker, [47] and [48] for the interac-
tion of a uniformly reactive quencher with a spherical macromolecule reactive
only in an area circumscribed on its surface by a cone darawm froe {ts center
with 'a cone angie of 29,. (Rpy and RQ are the radii of the macromolecule and
solute, respectively.) . :
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Experimental Procedures

Materials. a-Toxin (siamensis 3) i“ isolated following the method of
Karisson et al. [52] from NaJa naja siamersis venom obtained lyophilized from
Miami Serpentarium (Miami, FL). [FITCT-toxin was prepared as described
elsewhere [53] and subsequently purified by column isoelectric. focusing as
described previcusly [43]. Analytical {soelectric focusing of this material
fodicated 98% homogeneity based on the distribution of fluorescence. [Mono-

I-tyrosine-25)-a-toxin (siamensis 3) was prepared and separated from
nonfodinated and diiodo species by col isoelectric focusing [54]. ANl
other reagents were at least reagent grade.

Recgg' tor Isolation. Receptor-rich nubrm; fragments were isolated from

Torpedo californica electric organ following published procedures [55,56). -

rotin (2.7 trypsin inhibitor units/100 g tissuve), phyenyimethyl-sulfonyl-
fluoride (0.9 mg/100 g tissue), and EGTA| (S sM) were added during the initial
homogenization to minimize proteolysis.| The specific binding AGtivities of
the receptor preparations were measured by adsorption of [monc- 1]-a-toxin-
receptor complexes onto DEAE-cellulose fipters {57} and ranged between 1 and 2
rmol of a-toxin binding sites/mg protein. Incubatigp of tenfold excess of
native toxin 30 min prior to the addition of [mono- “'[]-a-toxin defined the
nonspecific binding component in the total binding.

by the single-photon counting technique, using an EEY scientific nanosecond
fluorometer (La Jolla, CA) equipped with a high-pressure hydrogen arc laap.
Oata accumulated 1n a E.G. and G. Ortec 7150 muitichannel analyzer (Salem,
M), were analyzed and displayed by usint a Compaq computer (Houston, TX) and
4 Hewlett Packard 7470A plotter (San Orego, CA). Excitation and emission
bands were selected with an Oriel 5754 interference filter (Stamford, CT) and
a Corning 3-68 cut-off filter (Corning, NY), respectively. Fluorescence decay
rates were resolved and assessed as either single or doudble exponential
functions by using the method of moments. The instrumental arrangement and
principles of data treatment have bee:s discussed in detail [58,59]. :

Fluorescence Lifetime Analysis. F vorescence lifetimes were determined

The intensity, I(t), vs. time graph, directly measured with the nanose-

cond vluorometer, is distorted by the finite duration of the lamp pulse (L(T),

and is related to the nondistorted time course of ewission (F(t) by the
convolution integral (Eq. 11). :

I(t) = [t L(TiF(t-T)dT (11)

F(*) was obtained from measured graph of I(t) and L(t) by deconvolution with
the. method of moments, assuming that F(t) can be represented by a one or two-
expcnential expression (pleese see Ref. 56). The time shift between L(t) and
I(t) introduced by the spectral response properties of the detecting photo-
miitizlier tube was corrected with a time-shift introduced by the computer.
Convolution of F(t) so obtained witn L(T) generates a new function, C(t),
which can be comparey with I(t). The values of coefficients and lifetimes

were chosen so that the reduced chi square, xy vas a minimum.
. = 1) T (1/a )1z -citp 1’ (12)
18
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wheré oy 1s the standard deviation of I(ty) due to noise, N is the total
number of data points and n is the number of parameters being fitted.

Fluorescence Titrations. A1l steady-state fluorescence measurements were
made on a Farrand Mark [ spectrofluorometar (Valhalla, NY) equipped with
corrected excilation and a Hamamatsu R928 photomultiplier tube (Middlesex,
MJ). The spectrofluorometer was interfaced to a Tektronix 4052 microcomputer
(Beaverton, OR) via & TransEra analog-to-digital converter (Prove, UT).
Samples were maintained at constant temperature in a four-position cell holder
turret housed in a water-jacketed sample compartment controlled with a MHaake
thergostat (Saddle Brook, MJ). Fluorescence titrations were carried out using
1 cm” cross-section cuvettes at 20°C. The samples were excited at 480 nm with
a Farrand 480 filter in-the path of the excitation beam. The emission was
monitored at 519 rm with a Corning 3-70 filter in the path of the emission
beam. Fluorescence values were corrected for ¢ilution resulting from added
titrant, lamp fluctuations, and 1ight scatter. (Unless indicated otherwise,
a1l samples were dissolved in 0.1 M NuC), 10 mM sodium phosphate duffer, pH
7.4, and 0.1 mM sodium thiosulfate to prevent formation of triiodide anfon.

Results

Nanosecond Lifetime Determinations. Fluorescence decay rates of [FITC}-
toxin free in colution or hound to the AChR reasonably conformed to monoexpo-
nent1al behavior (Figs. 4A and 48) and were calculated to be 3.9 and 3.8 ns,
respectively. ‘

Iodide Quenching. The Stern-Volmer plots for iodide quenching of the
fluorescence of fluorescein, [FITC]-toxin in the presence uf native a-toxin
are shown in Fig. 5. The slopes (K,'s) of linear least-squares fits to these
plots are presented in Table I. Beth Stern-Volmer quenching plots of [FITC]-
toxin are linear to at least 0.6 M KI {al) data not shown) but the fluorescein
plot is linear only to about 0.12 M KI, Utilizing £q. 2 and the measured
lifetimes, the quenching rate constants were calculated (Table I). The
quenching rate constant of the fluorescein moiety decreased to 45% upon
conjugation to the a-toxin and by 80% following binding of the coni.gated a-
toxin to the receptor.

To assess possible effects of the AChR-associated membranes, fodide
quenching of the fluorescence of FITC-toxin in the absence of receptor was
determined (data not shown). Tie Stern-Volmer plots of these titrations
yielded quenching constants essentially identical tc those observed for FITC-
toxin in the presence of native a-toxin-saturated receptor, indicating that
t:e presenc> of the AChR-associated membrane-induced turbidity did not affect
the results. ‘ .

To assess possible surface charge effects on the negatively charged
fodide anfon, we measured the quenching constants for samples in 1.0 M instead
of 0.1 M NaCl (data not shown). We observed only a slight increase in the
quenching 1.le constants, suggesting that the observed differences are not due
to differences in surface charge.
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Discussion

- In order to obtain informatfon on the disposition of a-toxin bound to the
surfaces of the AChR, we determined the solute accessibility to FITC conjuga-
ted to N of lysine-23 of a-toxin bound to AChR. We measured the Stern-Volmer
fodide quenching constants and fluorescence lifetimes of the conjugated a-
toxin free in solution and AChR-bound and of fluorescein free in solution.
From the fluorescence lifetimes and quenching constants, we calculated the
bimolacular accessibility. The magnitudes of the quenching rate constants of .
[FITC]-toxin free in solution and AChR-bound compared to that of fluorescein
free in solution were about what would be predicted, if the changes in trans-
lational and rotational modility and orientation constraints were consi-
dered. These results strongly suggest that the region abcut lysine-23 on the
e-toxin 1s exposed to the bulk sulvent both when the a-toxin is free in
solution and when it 13 AChR-bound.

Tsetlin et al. [60] attupted to determine the solute accessibility to
spin-labeled ¥° on lysine-23 of a-toxin (lysin; 27 in tbgir notation) bound to
the Toero marmorata receptor by studying Fe ' and Ni°~-induced paramagnetic

_broadening. They observad 3- to 5.7-fold higher apparent accessibility to the
free a-toxin than to AChR-bound a-toxin. They concluded that lysine-23 is in
"contact” with the surface of the receptor. Unfortunately, because they did
not measure the paramagnetic broadening of the free toxin in the presence of
native a-toxin-blocked receptor, it is not possible to assess the contribution
that the presence of the receptor bound to unlabeled a-toxin may have on
"apparent accessidbility. When we atteq:ted to pervorm the anaiogous fiuores-
cence quenching cxperiment with T1* (data not shown), we ocdserved that the
quenching constant of free FITC-toxin was nearly 7 times higher than that of
AChR-bound a-toxin. However, in close agreement with ocur iodide experiments,
the quenching constant of FITC-toxin in the presence of carbachol-blocked ACHhR
was about 1.9 times higher than that of AChR-bound FITC-toxin. It is unclear
why these diffe rence‘s occurred. Perhaps the AChR altered the chemical poten-
tinmo;a the T1” by nonspecific binding to the negatively charged surface of
the

: We have made many assumptions in our calculations of the bimolecular
quenching rate constants. Some of these include the spherical shape, the
average specific density of 211 the molecules involved, and the validity of
the Stokes-Einstein expression for small molecules such as fluorescein. Thus,
we must stress that the predicted ruenching rate constants are only first-
order approximations. They do show, however, that quenching constants wtill
decrease without an alteration of solute accessibility following binding or
conjugation of a small fluorophore to a macromolecule. For the case of FITC-
‘toxin binding to the AChR, there may be a small change in solute accessibility

© to the FITC associated with AChR binding, but the magnitude is probably small
reiative to the anticipated effect of AChR-binding.

We are unaware of any other efforts to consider rotationa! diffusion and
orientation constraints on the fluorescence quenching technique. Failure to
consider rotation and orfentation constraints can potentially lead to problems
in the evaluation of accessibility. Two rules of thumb appear to stem from
our consideration of rotational diffusion and orientation constraints on
fluorescence quenching experiments that involve comparisons between free and
bound fluorophores. first, a decrease in the quenching rate constant by a
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factor of 2 to perhaps 5 can be expected to occur with the immobilization of &
tyorophore on the surface of a macromolecule. Second, the relation between
solute exposure and the quenching constant is nonlinear. The nonlinearity of
this relation is particularly marked for fpy < 0.2, so that there is no simple
direct relation between the fracticn of fﬁe surface arez of the fluorophore
. expcsed to solute and the quenching rate constant (see Fig. 38).

‘e .

Fig. 3. Theoretical plots based on Eq. 6 of the ratio of lodide fon quenching
rate constants for fluorescein bound to a spherical protein (kyn: and fluor-
escein free in solution (kun) vs. (A) the molecular mass of the protein
conjugate, assuming total aé&ssibnjty of lodide to the fluorophore and (b)
the fractional accessibility '(fHQ) of iodide to protein-conjugated fluores-
cein. The fluorophore is assumed spherical with a molecular mass equal to
that of FITC (M. = 389). The lines in panel B correspond to protein moleculer
masses of 8 kia, solid line; 250 kDa, dashed 1ine; and 9,000 kDa, dotted
line. The radius of the fluorophore was assumed to be 5.3 . The translation
diffusion rate of fluorescein was estimated to be 4.3 x 107 cm .s™ .
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Fig. 4. Nanosecond fluorescence decay curves (A) of [FITC]-toxin (500 nM)
bound to the AChR (750 nM in a-toxin sites) and (B) of [FITC]-toxin (500 nM)
free in sclution in the presence of native a-toxin (4 .M bound AChR). Dashed
Tines represent lamp pulse. Deviations of the experimental (dotted) from a
single exponential theoretical (so1id) function are shown {in the upper
curves. The x . for the deviation in the upper and lower panels are 1.9 and
1.8, respectivefy. Native a-toxin was incubated with the receptor 30 min
prior to the addition of FITC-toxin.
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Fig. 5. Stern-Volmer plots of iodide quenching of the fluorescence of fluor-
escein (triangles), (FITC|-toxin bound to the AChR (circles), and [FITC]-toxin
free in a solution containing native o-toxin-saturated AChR (squares). Error
bars (n=3) are not shown when they fall within symbol. The concentrations of
fluorescein, [FITC|-toxin, AChR and native toxin were 50 nM, 122 nM, 300 M
(in a-toxin sites), and 3 M, respectively. Native a-toxin was incubated with
the receptor for 30 ain prior to the addition of FITC-toxin. This mixture was
incubated an additional 45 min to ensure that at least 95% of the |FITC]-toxin
was bcund to the AChR. Solid 1ines represent linear least-squares fits to the
data.
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TABLE I. Summary of the Stern-Volmer quenching constants (K,5) (t Scandard
error of estimate), the fluorescence decay rates (r), and the dimolecular
enching rate constant (kg) of the fluorescein, [FITC]-toxin free in solution
in the prasence of :oxia-blocked AChR) and bound to the AChR, calculated

utilizing £q. 2. The observed w&m represents the ratio of fodide ion
na

quanching constants for FITC-tox -free fluorescein. The theoretical

kFQ values iIndicate calculated ratios of iodide fon quenching rate con-
stints” (Eq. 6/Eq. 5) for a spherical fluorophore the size of fluorescein
attached to spherical proteins the size of a-toxin and the AChR relative to
the rate constant for the fluoroprore free in solutinn, assuming complete
accessidility ('N = 1).

1 k,p‘glo" Observed Theoretical
KoM t(ns) ( ) kmp/keq  kmg/keq
[FITC]-toxin 4.07 £ 0.01 3.8 1.07 0.45 0.61
(plus a-toxin-AChR) )
|FITC]-toxin-AChR 1.91 &t 0.01 3.9 9.48 0.20 0.38

(membrane-associated)
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SECTION 11
INTERACTION OF OECIDIUM WITH THE ACETYLCHOLINE RECEPTOR

Introduction

" The AChR represents & prototypic transmembrane ligand-regulated {on
channel. Coupling of receptor occupation with fon permeability arises from an -
interplay between interconvertible functional states, modulated by the history
of exposure to agonist or a variety of heterotropic ligands, such as phen-
cyclidine (PCP) and local anesthetics. The emerging description of ‘1igand-
respanse coupling reveals a dynamic recepto~ entity possessing discrete but
a”ostericany interactive sites and functional domains on the receptor
ol igomer.

Fluorescent - 1ligands containing S-dimethylaminonaphthalene-l-sulfyl
(Dansyl), pyrenebutytl, or 7-nitrobenzo-2-oxa-l,3-dfazole moieties have been
employed to characterize effector sites and mechanisms underlying functional
. transitions of the nicotinic receptor. These lijands emit at wavelengths

‘shorter than 550 rm. A ligand which emits at wavelenthgs greater than 600 rm
would be useful for assessing intersite distances through excitation energy
transfer. To this end, we have characterized the {rteraction of decidium
diiodide with the AChR. Decidium is a fluorescent phenylphenanthridium
anajogue of ethidium which contains 10 methylene groups between the endocyclic
- quaternary nitrogen and the exocylic trimethylamino quarternary nitrogen.
hence, it contains an interquaternary distance identical to decamethonium and
its congeners which have been widely studi:d in nicotinic receptor function.

In the present study, we described the pharmacoiogical, biochemical and
spectroscopic properties of decidium upon interaction with the AChR, Dipolar
energy transfer 1s employed to determine the distance between the two ACHR
agﬁnist-bindmg sites using FITC-toxin bound to one and decidium to the
other.

To characterize the properties of deciaium, we utilized both the BC3H-1
clonal muscle cell line and AChR-enriched membrane fragments from Torpedo
californica. BC3H-1 cells grow in monolayer cultures and elaborate uniformly
distributed surface AChRs permitting simultaneous measurement of receptor
occupation and functional response in the same population of intact cells.
Torpedc  electric organs provide highly enriched source of receptors for
fluorescence measurements. .
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Fig. 6. Structure of the Decidium.
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Experimental Procedures

Materfals. Cell culture media including Dulbecco's Modified Eagle's
Medium etal calf seryp were obtajined from GIBCO (Grand [sland, NY).
Radionuciides | “'I] and ""Na”", and [ Hiphencyclidine (PCP) were obtained
carrier-free from New England Nuclear (Boston, MA). [ H|Acetylcholine (ACh)
was purchased from Amersham. PCP was a ?m from Or. lan Creese. d-Tubocy-
rarine chloride was a gift from €11 Li1lly and Company (indianapolis, IN).
Oinapthyl-decamethonium was a gift from Or. H.P. Rang (Bristol, England
Proadifen was obtained from Smith, Xline, and French (Philacelphia, PA
Meproadifen was prepared by methylating proadifen with jodomethane. Lidocaine
and carbachol were from Sigma Chemical Co. (St. Louis, MO). Oecidium was
synthesized by Or. Harvey Berman. Stock decidium solutions were frashly
prepared by dissolving a small amount of dry decidium directly into aqueous
buffer. The solution was clarified by filtration and the dec{dium concentra-
tion determined from the absorbance at 480 rm (€,,, = 6000 H~ c»" ). Alter-
natively, concentrated decidium solutions were prepared in &cetonitrile and
stored, protected from light, at -20°C. Experimental solutions were freshly
prepared by dilution of the concentrated stock into aqueous bduffer. FITC-
toxin was prepared as described elsewhere [43] and subsequently purified by

~ column fsoelectric focusing as described previously [52]. Analytical t1so-

eiectric focusing of this material indicated 96X homogeneity based on the
distribution of fluorescence. a-Toxin (g3iamensis 3) was fisolated following
the method of Karlsson et al. [52] from NaJa naja siamensis verom obtyjped
lyophilized from Miami Serpentarium (Salt Lake CTty, . ClMono- "7l
tyrosing-25)-a-toxin (siamensis 3) was prepared and separated from nonfodina-
ted and ditodo species by column isoelectric focusing {53]. All other rea-

" gents were at least reagent grade. :

Receptor Isolation. Receptor-rich membrans fragments were fsolated frél
Torpedo caflfornica electric organ as descrided in Section I.

Assays of receptor occupation and agonfist-stimulated permesbility re-
spgose. Kinetlic assays to measure iigand competition with the (nitial rate of
| i!I-«-tonm binding to ACPR in Torpedo membranes were performed using
whatman DE-81 filter discs to adsord selectively the receptor-toxin complex as

. described previously [55]. Filters were acid wlshgqsprior to experiments in:

order to reduce nonspecific adsorption of [(mono- " "[]|-a-toxin to the fil.
ters. They were actid-washed prior to experiments as follows. Batches of 50-
100 filters were suspended in a solution of 12 ml concentrated HCl plus 28 m)
methanol, warmed to 43°C, and allowed to cool to room tempergture over -45
min. The solution was decanted and the filters were washed twice with dis-
tilled water, soaked overnight in a further rinse of distilled water, and the
dried under & heat lamp before use. :

Assays of ligand cospetltion with inftial rates of l'"ll-a-:onn binding
and agonist-stimulated " “Na’ permeability fn fintact BC3H-1 cells were per-
formed as described previously 27,28, .

L’y!PCP Binding. The equlibrium binding of radiolabeled PCP was measured
as described by Heldemann et al. [61] with the following modifications: AChR-

associated membranes were suspended in 100 »M NaC), 10 mM NaPQ,, pH 7.4,

‘Binding of [ H|PCP was determined under the following conditjons: 1) Mem-

branes were not treated with any cholinergic ligand prior to | K|PCP addition:
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2) & 10-fold excess of a-toxin was incubated with AChR for 1 hr prior to
addition of ["HIPCP; and 3) 200 uM carbachol was incubated with AChR for at
least 10 min prior to the ,additfon of [ H|PCP. Nonspecific binding was
deterpined by the level of | HIPCP binding in the presence of 1 mM PCP. A 20
W [HIPCP stock solution was prepared so that the final concentration of
[ 'HIPCP in the samples was 1.0 uM. After addition of the noncompetitive

inhiditor Jigand, the samples were incubated for at least 1 hr at 20°C in

Beckman polyaliomer airfuge tubes. Bound ligand was separated from free

ligand by ultracentrifugation in a Beckman Airfuge for 5 min at 160,000 x g.

For Scatchard analysis, duplicate 10 ulL aliquots of the supernatant were

resoved, or siternatively, aliquots were withdrawn prior to centrifugation to

deterwine total counts. The supernatant was then aspirated, and 3 mm of the

end of the tube containing the pellet was cut off. The membrane pellets and

::umtm; aliquots ware counted in 5 aL of Biofluor (New England Muclear,
ston, MA). _

) ’ .

HJACh Binding. The binding of [ HJACh to Torpedsc membranes was mea-
surcdlﬁ'\'Ll'db ﬁl. 100 s NaPO,, pH 7.4 by an ultracentrifugation assay.
In order to prevent catalytic ACh hydrolysis, AChR-associated membranes (2.5
wl in a-toxin sites) were incubated with 1 mM difisopropylfluorophosphate for 1
hr at 25°C. Binding studies were subsequently made in the presence of 10 .M
diisoqropylfluorophosphatc. AChR-associated membranes (¢S5 nM in a-toxin sites,
and [ H]ACh (20 nM). Incubations were performed in the presence and absence
of noncompetitive inhibitor 1igands for 1 hr at 25°C. - Ncaspecific binding was
determined by pre-incubating the AChR-associated membranes with 10-fold excess
e-toxin for 1 hr. After ultracentrifugation in a Beckman Airfuge for § min at
160,000 x g, the supernatant was aspirated. The pellet was then solubilized
by addition of 30 ulL 10% (w/v) Triton X-100 for at least 18 hr. The radtoac-
tivity was counted in 5 sl of Biofluor.

indi Dita Analysis. Competition dinding oxpériaent: were analyzed by
the L%Uiﬁmmnﬂn«r. curve fitting program for the analysis of ligand binding

‘data, model fitting and parameter estimation.
In order for the program to calculate the Ky of the unlabeled competitor,

a value for the Ky of [ 'HIPCP Nad to be determined. Since the Ko of [ H|PCP
fs allosterically modulated by binding at the agonist/antagonist sites, we

" determined "D values of 0.4 uM and 2.0 .M in the presence of carbachol and a-

toxin, respectively. The data points are the means of duplicate samples.
Scatchard plots were fit by least-squares linear rejression analysis. Figures

show the results of individual experiments, each of which was performed at

least three times with different membrane preparations.

"F1uorescence Lifetime Analysis. Fluorescence 1ifetimes were determined
by single-photon counting technique using an EEY scientific nanosecond fluoro-
meter as described in Section I.

‘Energy Transfer., The efficiency of dipolar resonance energy"transfer'

between a dfscrete donor and acceptor pair is related to the distance (R)
separating the pair by Equation 13, - :

1/6 . :
R = R (1/E - 1)"/ (13)
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s the q}gtance at which transfer efficiency equals 50%, 1s 9.756 x 10’
(x'JQ~ ) /. The overlap integral, J, between excited state donor and
acceptor dipoles is the integrated area of overlap between the donor emission
spectrum, (), and the acceptor absorption spectrum, c¢,(1) (Equation 13).

[la(\)ea(A)r " da
Ja———2 A | (19)
, f Ip(x)ar '
QR denotes the donor quantum yield in the, absence of acceptor and n represents q
the refractive index of the medium between donor and acceptor. «x°, the

orientation factor, accounts for the relative orientation of the dondr esis- :
sion and acceptor absorption transition dipoles. A 1s the wavelength in cm. i

When donor and acceptor are at separate sites on a macromolecule, the
efficiency of energy transfer (E;) can be measured by ,
Ep * 1- rgaltp . (15)

where tn, and tp are the fluorescence lifetimes of the donor in thi presence
and absence of acceptor, respectively. ' - .

PpApRpS

The distance relationships between FITC-toxin and decidium dound to the
agonist sites on the AChR was examined after 15% of the agonist sites were
occupied with the FITC-toxin. This value was chosen as a compromise between
maximizing the signal from FITC-toxin while minimizing the number of receptors
with both agonist sites occupied with FITC-toxin, Since FITC-toxin binds with
equal probability to either of the two agonist sites, the formula for a
binomial distribution was used to estimate the proportion of doubly versus
singly occupied receptors.. With 15% of all the a-toxin binding sites occapled
by [FITC)-toxin, 82X of the [FITC]-toxin occupied receptors will have only one
toxin molecule bound, and 17% will have two FITC-toxin molecules bound (cf.
Tabte 1 in 63). After the [FITC)-toxin was incubated with the AChR, the
remaining unoccupied sites were occupied by a near saturating concentration of
decidium, 10 um. PCP (100 um) was present to prevent decidium dbinding to the
noncompetitive inhibitor site. : ,

Results

L2 Goncentration dependence for decidium ighibition of initial rates of !
L' “’I]-a-toxin binding and agonist-stimulated ”Na’gemeabil!t¥. In order to : §
i

g

!

.

J

:

!\.J

»

assess the utility of decidium as a fluorescent probe o , 1t was first
necessary to characterize the pharmacological actions of the ligand. Since
classical agonists and antagonists competitively inhibit a-toxin binding to
the receptor, decidium was tested for concentration-dependent inhibition of
the initial rate of [mono- "[]-a-toxin binding. In addition, the decidium
concentration dependence for inhibitfon of the initial rate of Na* influx
stimulated by carbachol was examined. Data are shown in Fig. 5. ODecidium
inhibits a-toxin binding to AChR in Torpedo membranes (Fig. 7A) and in intact
BC3H-1 cells qgergimﬂar concentration ranges. Decidium alsc effectively
inhibits the “~"Na° influx stimulated by carbachol {n BC3H.l cells over &
comparable concentration range, suggesting that the two effects xight be
mediated through action at the agonist/antagonist site, lnl control
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experiments, decidium alone causes no detectable increase over basal vat
permeadility (data not shown). As previously noted with a variety of choli-
nergic antagonists (23], the decidium protection curves in Fig. 7C show Hill
coefficients of less than unity. This behavior may arise from heterogeneity
in decidium affinities for the two agonist/antagonist subsites on the AChR
macromolecule. It 1s interesting that equilibration of AChR with the speci-
fied decidium concentrations prior to initial rate measurements in the conti-
nued presence of decidium (Fig. 7, closed symbols) resulted in a small in-
crease (approximately 3-fold) in decidium affinity relative to that for
. decidium added to AChR during the initial rate measurement without prior
exposure (Fig. 7, open symbols). This observation suggests that in addition
to its antagonist actiors bn AChR, decidium may possess limited ability to
convert AChR to & desensitized state exhibiting increased affinity for this
Tigand. Such a conversion in AChR state might occur through the action of
decidium at the agonist/antagonist site as a metaphilic antagenist as de-
scribed by Rang and Ritter [57] or by an additional component of decidium
action as an allosteric inhibitor like the local anesthetics. ‘

Decidium Inhibition of Concentration-Dependent Agonist Activation of AChR -
Permeability Response. In order to examine further the mechanism of decidium
inhibition of 22Alﬁhii function, the concentration dependence for carbachol
activation of  ‘Na* permeability response was measured in BC3H-1 cells in the
presence of fixed concentrations of decidium. As shown in Fig. 8A, increasing
decidium concentrations progressively displaced the carbachol concentration-
response curve to higher agonist concentrations as well as reduced the maximal

- response obtained at saturating agonist concentrations. This experiment
revedls bdoth competitive and noncompetitive components of decidium inhibi-
tion. For comparison, Fig. 8C shows the effect of the competitive antagonist
d-tubocurarine. As expected, this antagonist shifted the agonist concentra-
tion-response curve to higher concentrations without altering the maximai
obtainable permeability response. Fig. 88 {llustrates the behavior of the
metaphilic antagonist dinapthyldecamethonium. Like decidium, dinapthyldeca-
sechonium displayed substantial noncompetitive inhibition, consistent with
comers}on of AChR to a desensitized state temporarily incapable of responding
to agonist. : o

» Decidium_Enhancement of Aqonist Competition with a-toxin Binding. . The
data in Figures 0 not distinguish between acticns at the agonist/
antagonist site and anesthetic-like actions at additional allosteric sites as
the mechanism by which decidium converts AChR to & state of * <~:ased affinity
and decreased functional responsiveness. If decidium's actions were exerted
solely through the agonist/antagonist site, any effect ¢f decidium to enhance
the apparent agonist affinity should occur over, the same concentration range
at which decidium itself competes with [mono- ""I]-a-toxin binding. Alterna-
tively, if decidium could convert AChR to a state of increased agonist affi-

nity by an allosteric mechanism, as demonstrated for the local anesthetics, !
one might observe a separation between the concentration dependences for
direct decidium competition versus indirect enhancement of agonist competition
with a-toxin binding [59]. To address this question, we examined the concen-
tration dependences for decidium augments competition of a fixed agonist ‘
concentration with the initial rate of [mono- " “[]|-a-toxin binding in the
absence of carbacholine., Results from experiments in Torpedo membranes and \
BC3H-1 celils are shown in Figs. 9A and 98, respectively. 'Ilhese data show that <
decidium exhibits identical concentration dependences for inhibition of a- 3
»
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ng and for augmentation of the competition of carbachol with a-
nn., Fig. 9C shows the corresponding result obtained for the local
snesthetic meproadifen with Torpedo membranes. Here meproadifen allosteri-

s carbachol competition with a-toxin binding at far lower con-

’nl ACh Binding. To further confirs and analyze

) the interaction o cidium with the agonist/antagonist site, we measured the

. concentration dependence of decidium inhibition of | 'H| binding to the Torpedo

mgmbranes 4t equilibrium. Fig. 10A shows a plot of the percent imhibition o

| "HJACh binding as a function of decidium concentration. In close agreement

with the ve a-toxin binding ichibition studies, the calculated inhibiticn
constant of decidium was about 0.4 M.

idfum Inhibition of [’HIPCP Binding. To measure directly the inter-
um with the noncompetitive binding site, we examined the

action ¢
capacity of decidium to inhidit the equilidbrium binding of [ HIPCP to Torpedo
membranes. | PCP had been shown to bind selectively to the noncompetitive
blocking sfte [61]. Fig. 108 shows the concentration-dependent inhikition of
["HIPCP binding in the presence of excess carbachol or a-toxin to block the
binding to the agonist/antagonist sites and in the absence of both agents.
Since a nopsaturating concentration of | H|PCP was utilized, 1t was possible
to observe about a 100% increase in [ H|PCP binding in the presence of carba-
chol compared with a-toxin., Moreover, PCP has about fourfold higher affinity
toward the carbachol-induced high affinity state (K, = 4.8 uM) compared to the
a-toxin-stabilized state (K, = 18.2 uM). In the absence of either carbachol
or a-toxin, decidium displays biphasic behavior. At low concentrations,
decidium increases PCP binding and at high concentrations, it inhidbits bind-
ing. Thig biphasic behavior is consistent with decidium's higher affinity
toward the agonist-induced high affinity state. Decidium, which binds at
tenfold lawer concentration to the angonist/antagonist site than to the
noncompetitive blocking site, converts the receptor to the hgh affinity
state, which increases the apparent affinity of PCP and, in turn, the fraction
of occup1eI PCP sites. ‘ : :

Spectral Characterization. By measuring the fluorescence spectra of
decidium in the presence of various combinations of excess carbachol and PCP,
it is possible to block selectively the binding of decidium to either the
agonist/antagonist or noncompetitive blocking sites on the surface of the
receptor, |and thereby obtain the spectra of decidium bound to each binding
site. Fig. 11 shows that the excitation spcctrum of decidium bound to the
spectrum of decidium bound the agonist/antagonist site. This blue shift may
refiect ar{ interaction of the aromatic protion of decidium with a charged
group in the noncompetitive blocking site between the emission spectra not in
the agonist/antagonist site. Fig. 12 shows no difference of decidium bound to
either of rhe two types of binding sites.

Prior| to parforming any energy transfer studies with decidium and FITC-
toxin, the spectral relationzhip for energy transfer between [FITC-lys-23]-
toxin as donor and decidium as acceptor had to be determined. This relation;
ship is shown in Fig. 11. The spectral overlap integral is 2.49 x 107
cm .M, |Assumina a standard refractive index for proteins of 1.4 and an
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oricntai:loﬁ factor (") of 0.67, the distance at which energy transfer would

Energy Transfer Between FITC-toxin and Decidium. To examine the distance
between the two agonist sites on the Individual receptor mnlecules, we as-
sessed dipolar fluorescence energy transfer between FITC-toxin and decidium
bound to the agonist sites on the receptor. Ooubly liganded receptors were

prepared to achieve the fractional occupation described under “Experimental

Procedures.” Saturating concentrations of PCP were added to prevent decidium
binding to the noncompetitive inhibitor site. The spectral overlap integral
betygen EITC emission and decidium excitation, J, was calculated to be 2.40 x
10 " cm".M"" (cf. Fig. 13 and datp not shown). Assuming a refractive index
of 1.4 and an orientation factor («°) of 0.67, R, was calculated to be 30 A.

Varfous factors rende: quantitation of steady-state energy transfer

between FITC-toxin and decidium vound to the AChR difficult. These factors

include the significant overiap of decidium and FITC emission spectra and the
inner filter effects of decidium at the FITC absorption maxima. Since fluor-

‘escence lifetimes are unaffected by inner filter effects and since an appro-

priate combination of interference firlters could be chosen which .reduces the
contribution of decidium fluorescence to less than 5% of the FITC fluorescence
signal, we have chosen to determine energy transfer as the extent of reduction
of donor FITC fluorescence 1ifetime (Equation 15) in the presence of the
acceptor decidium. The results of studies on membran:-associated and deter-
gent-solubilized receptor preparations are presented in Table II. In the
absence of added decidium and with 15% occupancy by FITC-toxin, the expcnen-
tial decay of FITC-toxin fluorescence was satisfactorily described by a single
fluorescence lifetime (r = 3.9 ns). When decidium was added to saturate the
remaining agonist sites, a 16X decrease was observed in the fluorescence
lifetime of FITC-toxin bound to the membrane-associated AChR. This quenching
was not altered by the further addition of native a-toxin and was abolished by
solubilizing the receptor with cholate. Taken together, the reduction 1in
FITC-toxin fluorescence lifetime does not stem from decidium at the agonist
site or nonspecifically associated with the receptor molecule but reflects
energy transfer between FITC-toxin bound tc the agonist site and decidium
partitioned nonspecifically into the 1lipid bilayer. If we assume a detection
limit of 5% transfer between agonist sites, then Equation 12 predicts a
minisum separation between fluorophores at the agonist sites of i.63 x R, or
49 A. Hence, the greater than 49 A separation between the agonist s1teg is
too distant to produce the reduction in lifetime of FITC-labeled toxin in the
presence of decidium. The minimal but measurable excitation transfér effi-
ciency indi-ates that at high concentrations decidfum can partition into the
membrane.
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Discussion

The dynamics of the nicotinic AChR function have been extensively studied
from several perspectives [2,3]. Within the timescale in which our studies
are conducted, the AChR can be thought to exist in equilibrium between at
least three types of states: resting (R), activated (R*), and desensitized
(R'). Additional transient desensitized states have been shown to exist but
::ter equilibrium exposure a single desensitized state is presumed to predo-

nate.

Changes in the population distribution of receptor molecules between
these states govern the functional and binding properties of the receptor. In
the absence of agonist (L) or noncompetitive inhibitor (A), the receptor
exists predominantly in the activatable state (RR), exhibiting a comparatively
low agonist affinity. Agonists bind to receptor, activate the cation channel,
and concomitantly but more slowly conve-t the receptor to a desensitized
state. . The desensitized states display higher agonist binding affinity and no
receptor-mediated cation permeadbility. The preference of a ligand for binding’
t? the desensitized receptor is the driving force underlying desensitiza-

ton.

, Agents which perturb receptor functiqnal responses may do so by competi-
tive or noncompetitive mechanisms. Classical antagonists 1inhibit agonist-
stimulated catifon fluxes by direct competition at the agonist-binding sites
[26], exhibit little or no preference for the R'R' relative to RR states and
do net effect transitions to the active state {28]. A large and heterogeneous
class of f{nhibitors noncompetitively inhibit channel opening by agonists.
Most, but not all, of these noncompetitive inhibitors enhance the conversion
of receptor to a desensitized state. Typical of such agents are the local
anesthetics, general anesthetics, PCP. and certain toxins such as histriont-
cotoxin, Certain antagonists competitively inhibit agonist activation and in
addition convert the receptor to a desensitized state. C(Classical pharmacolo-
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gic studies dictinguish these agents as metaphilic antagonists [58]. Meta-
philic antagonists exnibit higher affinity for the desensitized state of the
receptor and therefore show a greater capacity to block the permeability
response after exposure to carbachol. The actions of decidium are consistent
with 1t exhibiting metaphilic properties. Decidium exhibits mixed competitive
and noncompetitive inhibition of agonist-stimulated ““Na* influx (Fig. 9).
Equilibrium exposure of the receptor to decidium converts the receptor to a
state exhibiting increased decidium binding affinity (Fig. 10). Decidium
binding to the agonist site enhances [ H]PCP binding to an allosterically
gqupled noncompetitive site (Fig. 88). Decidium by itself does not stimulate
“Na* influx in BC3H-1 cells, so it is not a partial agonist. Hence, these
results indicate that upon occupation of the agonist sites decidium converts
the AChR to a functionall blocked state toward which agonists and noncompe-
- titive inhibitors display a higher affinity. In addition to its- functional
antagonism, and ability to convert the receptor to a high affinity state by
occupying the agonist sites, decidium at higher concentrations binds directly
to the PCP-binding site {Fig. 10B).

Fluorescence characterizatior of decidfum bound to the two classes of
biniing sites indicates significant shifts in both the excitation and emission
spectra, which are consistent with an environment of greater hydrophobicity
upon binding to the AChR., A red-shift in the excitation spectrum of far:
greater magnitude {s associated with decidium binding to the noncompetitive
site (-50 m) than to the agonist sites (-10 mm). This suggests that the
noncompetitive site for PCP {s more hydrophobic than the agonist-binding
sites, i.e. in a domain less susceptible to solvent proton transfer from the
excited singlet state. . :

In a previous study of the interaction of ethidium with the AChR, we
. observed that this phenylphenanthridium ligand binds selectively to the .
noncompetitive inhibitor site for PCP, particularly when the receptor is in a
desensitized state (K, -0.4 M) [62]. Like decidfum, ethidium displays a
Jarge red-shift in the excitatfon (-47 mm) and a blue-shift in the emission
(~35 nm) maxima upon binding to the noncompetitive innibitor site for PCP.
These results also show that a portion of the binding domain of the noncompe-
titive site is particularly hydrophobic. Furthermore, addition of a second
quaternary group separated by 10 methylene groups dramatically changes the
relative binding selectivity of these phenylphenanthridium congeners for the
two respective sites. x

Fluorescence titrations confirm that functional antagonism by low con-
centrations of decidium occurs via occupation of the agonist site and that
decidium binds nonequivalently to the two agonist sites on the receptor
oligomer, although the degree of nonequivalence is small relative to antago-
nists such as pancuronium or dimethyl-d-tubocurarine. Studies on reversible
[26,28,53] and site-directed irreversible antagonists [63] also show nonequi-
valence of the sites. Despite the identity in the sequence of the a subunits
[14] differential post-transiational glycosylation has been reported. Thus,
either the differential glycosylation or the lack of identity of subunits
neighboring the a-subunit could be responsible for the nonequivalence in
binding sites. ‘

To measure distances between the two agonist sites on the receptor, we
estimated the efficiency of excitation energy transfer between a siowly -
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reversible a-toxin and a highly reversible ligand, dacidium. We observed no
energy transfer between the FITC-toxin and the decidium when each ts bound to
one of the two agonist sites on doubly 1liganded receptors. Previous studies
using a hybrid receptor-fluo-escent-a-toxin complex, where FITC-toxin is on
one of the subunits and tetrimethylrhodamine-toxin occupies the other subunit,
exhibit intersubunit and interreceptor transfer in the membrane-associated
receptor and intersubunit transfer in the solubilized receptor. Intersubunit
excitation transfer measurements afforded a distance of 67 A (range 535-85 A)
between fhe fluorophores conjugated to lysine 23 of the a-toxin, consistent
with location of these lysine 23-conjugated fluorophores at the outer perime-
ter of the 85.90 A diameter receptor molecule. However, interpretation of
these data was limited by uncertainty in the location of the fluorophore
relative to the orientation of bound a-toxin molecule. Although the a-carbon
of lysine 23 is no more than 19 A away from any other a-carbon i{n the a-toxin,
the a-toxin molecule 1s an asymmetric, peptide (M. = 7820) with dimensions of
20 x 30 x 40 A, The absence of energy transfer Between lysine 23-FITC-toxin
and decidium {in the present study confirms our previocus estimate of the
intersite distance measured between fluorophores conjugated at lysine 23 on
the two a-toxin molecules. With a critical transfer distance of 30 A for
fluorescein to decidium, 5% transfer of energy will occur at 49 A. This value
fs significantly less than the 67 A measured between fluorophores for the two

fluorescenit a-toxins. If the agonist sites where decidium binds are located -

on the a2xtracellular surface near the pseudo-axis of symmetry, then energy
transfer should have been observed. The absence of detectable energy transfer
conf.rms our previous suggestion that the agonist sites reside at a distance
frm rather than near the pseudo-axis of symmetry of the receptor. Our
findings are consistent with previous suggestions that the central loop of the
a-toxin, which contains lysine 23, overlies the agonist site. Thus, energy
transfer studies with decidium have allowed us to place further constraints on
the location of the agonist sites when 1igands are associated with the recep-

tor. _ :

While no site-specific energy transfer was detected between the decidium
and FITC-toxin specifically bound to the agonist sites, minimal dipolar
transfer efficiency (16X) can be detected between FITC-toxin and decidium
associated nonspecifically with the 11pid or the receptor molecule. Decidium
has sufficient hydrophobicity to partition into the lipid bilayer. Since we
also found no energy transfer with the solubilized receptor, the membrane
itself is the likely site of nonspecific decidium association. Oue to uncer-
tainty in thc donor-acceptor stoichiometry, precise estimates of distance
between the agonist site and 1ipid bilayer cannot be obtained. Nevertheless, .
our results suggest proximity of the agonist-binding sites to the 1lipid
bilayer, which is consistent with the recent finding of the Cys-192 and Cys-
193 are proximal to both the acetylcholine-binding site and the beginning of

. the proposed M1 membrane spanning hydrophobic region (Ile-210) of the a

subunit.
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Fns 7. Concentration-dependent decidium, inhibition of initial rates of cobra
[ ""I]-a-toxin and carbachol-stimulated ‘Na* influx in Torpedo membranes and
BC3H-1 cells. Inftial rates of a-toxin binding to AChR in lorpedo membrane
fragments (A) or monolayer BC3H-1 cultures (B) were measured in the presence
of the indicated decidium concentration. Data were normalized to the rate of
a-toxin bitging the absence of decidium. Initial rates of carbachol-
stimulated " "Na" influx were measured in BC3H-1 cells (C) in the prasence of
60 uM carbachol plus the indicated decidium concentrations. Data were nor-
malized to the rate of a-toxin,binding in the absence of decidium. [Initial
rates of carbachol-stimulated “‘Na’ influx were measured in BC3H-1: cells (C)
in the presence of 60 uM carbachoi plus the indicated decidium concentrations
as described in Experimental Procedures. Data were normalized to the agonist-
stimulated “‘Na* influx observed in the absence of decidium. Experimental
determinations were routinely made in duplicate. e-e, Equilibrium exposure to
buffer containing the indicated decidium concentrations followed by initial
rate measurements in the presence of decidium plus carbachol. o0-0, Equili-
brium exposure to buffer alone followed by i{nitial rate measurements in the
presence of the indicated decidium concentrations. :
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Fig. 8. Antagonist inhibition of concentration-dependent carbachol activation
of receptor permeability response in BC3H-1 cells, _Sets of cultures were
equilibrated with physiological buffer; then the - 'Na* permeability response
was measured in response to the specified concentrations of carbachol plus
antagonist over a 20 s interval. Results are expressed as percent of the
maximum rate in the absence of antagonist. (Al Decidium: -'i§,.no added
decidium; @@ 10 ; A-A 3 x 107 M; 0-0, 100 M; O-0 , 3 x 100 M. .(B)
Dingpthyldecamethonium: N-M,. no added dinapthyidecamethonium; @@ 6 x
10" M; A-A, 3 x 10° M; 0-0, 107 M. (C} d-Tubocurarine; H-M , no added
d-tubocurarine; @@ 3 x 107 M; &-A, 107 M; 0-0, 6 x 107 M.
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Fig. 9. Decidiuu and ,peproadifen enhancement of carbachol competition with
the initial rate of I]-a-toxin binding to AChR in Torpedo membranes and
BC3H-1 cells. Decidiu- and meproadifen in the specified concentrations are
added 30 min prior to initiating the toxin-binding reaction. Carbachol is
added either 10 or 30 ain prior to addition of a-toxin. Initfal rates of
toxin binding are measurea for the first 40 min of the reaction as a percent
of the rate observed in the absenca of carbacho!, decidium, or meproadifen.
0-0, Rate of binding measured with 10 s of prior exposure to agonist; @-@
rate of binding with 30 min of prior exposure to agonist; WN- , rate of
binding with exposure only to decidium or meproadifen. (A) decidium, Torpedo
membranes: The test carbachol concentration was 1 uM. (B) Decidium, BC3H-1
cells: The test carbachol concentration was 30 .M. (C) Meproadifen, Torpedo
membranes: The test carbachol concentrztion was 1 uM, as in panel A, -
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Fig. 10.. Decidium inhibition of [3Hlacetg1choline and | "H|PCP binding to the
Torpedo membranes. A. Inhibition of [ "Hlacetylcholine (50 nM) binding to
AChR membranes (50 nM in a-toxin sites). 8. [Inhibition of ["H|PCP (1 uM)
binding to Torpedo membranes (1 uM in a-toxin sites: @-@ in the presence of
carbachol uM); a-a, in the presence of a-toxin (10 uM); o-0, in the
absence of efther a-toxin or carbachol., Carbachol, a-toxir, and decidium were
added 10 min prior to the addition of [ |acetyicholine to [ H|PCP. -
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Fig. 1l. Corrected-difference excitation spectra of decidium bound to the
membrane-associated AChR., (- - -), Difference in spectra between samples
(AChR, 1 uM, iIn a-toxin sites; decidium, 1 . M; PCP, 1 uM) in the absence and

presence of carbacho! (10 uM)., (-——), Difference in spectra between samples

(AChR, 1 uM, 1in a-toxin sites; decidium, 1 .M; carbachol, 10 mM} in the
absence and presence of PCP,
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Fig. 12. Corrected-difference emission spectra of the decidium bound to the
membrane-associated AChk, (- - -), Difference in spectra between samples
(acetylcholine, 1 uM, In toxin sfttes; decidium, 1 uM; PCP, 1 u M) in the
wumCUanumcM‘ummml? wM)., (——), Difference in spectra
between samples (acetylcholine, 1 uM) in toxin sites; decidium, 1 uM: carba-
chol (10 mM) in the absence and presence of PCP.
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Fig., 13. Relationship between spectra of donor FITC.toxin and acceptor
decidium erergy transfer pair. The absorption spectra of donor (-——) and
acceptor (=wwms) are presented as extinction coefficients (M™ .cm™ )., 'The
‘emission (corrected) of donor (“°°°) and acceptor (uncorrected) (- - -) bound
to the membrane-associated AChR are presented in arbitrary intensity units and
are it shown in proportion te the relative quantum yfeld. A1l spectra were
measyred 10 100 aM NaCl, 10 =M sodium phosphate at pH 7.4,
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SECTICON III

PROGRESS REPORT ON EFFORTS TO SITE-SPECIFICALLY LABEL
‘ COBRA o-TOXIN WITH FITC, EITC, AND TRITC

One of our major goals 1s to develop a "library® of site-specifically
labeled a-toxins with which to examine the spatial relations between drug
binding sites on the surface of the AChR by utilization of fluorescence energy
transfer and quenching techniques. Specifically, we want to prepire at least
three site-specifically labeled FITC conjugates and either three EITC or TRITC
conju?ates. We need only EITC or TRITC conjugates, because they .are both
excellent FITC anergy acceptors. What follows summarizes the progress that we
have mate on the preparation of FITC, EITC and TRITC conjugates. :

FXT% Conjugates. We have isolated and characterized an FITC-N®-lysine-
23-a-toxin, using classical CM-52 fon exchange chromatography [43]. The FITC-
lysine-23 conjugate was prepared by reacting stoichiometric amounts of FITC
with a-toxin, conjugated FITC-toxins were isolated with gel filtration chro-
matography, and the varfous conjugates were partially resolved with CM-52
chromatography. The elution profile of a CM-52 column is shown in Fig. 14,
The major monoconjugate elutes in Peak 4. Column isoelectric focusing of Peak
4 indicates two components with {soelectric points of 9.5 and 9.37&'19. 14,
left inset). The yield of 9.5 component was high enough to allow determina-
tion of the site of labeling, i.e., lysine 23. The other apparent monocon-
Jugates elute in peaks 5 and 6. Further purification of these peaks with
column fsoelectric focusing gave yields too low to allow site determination
using the above procedures.

Alternative procedures have been and are being utilized to enhance the:
ylelds and purity of conjugates with the FITC attached to sites other than the
lysine 23. One approach was to perform the conjugation reaction in 8 M
guanidine HC1 in order partially to denature and expose additional reactive
sites on the surface of the a-toxin. This approach failed because of an
overall decrease in reactivity of FITC in the presence of guanidine HC1.
Another approach involved the use of BIO-REX 70 fon exchange chromatography,
which has been shown to resolve biotinyl toxin derfvatives [54]. Unfortu-
nately, FITC 1s very hydrophobic compared to biotin and, consequently, FITC-
toxin derivatives bind almost irreversibly to the hydrophobic matrix of the
resin. Most recently, we have started to use citraconic anhydride to rever-
sibly modify the highly reactive primary amino groups in the toxin so that the
less reactive groups can be conjugated with FITC. The basic citraconic
anhydride reaction is shown in Fig. 15. The citraconic anhydride reacts with
primary amino groups, leaving a moiety with a free carboxylate. (The free
carboxylate would be expected to decrease the isoelectric point of the pep-
tide.) Following the citraconic anhydride reaction, FITC is allowed to react
with the a-toxin, and the citraconic anhydride is removed with strong acid.

Fig. 16 shows that we can modify the toxin with citraconic anhydride. a-
toxin was incubated with various concentrations of citraconic anhydride and
the reaction products were resolved with Serva polyacrylamide {soelectric
focusing plates. Native a-toxin focuses with any isoelectric point of about
10.1 with the 3scrva plates. Citraconic anhydride conjugation shifts the
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isoelectric focusings to a variety of lower pH values, suggestive of the
formation of multiple conjugates. -
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Fig. 17 shows the effect of increasing concentrations of FITC on the
formation of FITC-toxin conjugates. As the molar fraction of FITC to a-toxin
increased, so did the number of conjugates with lower isoelectric points.
Presumably, as the positively ¢harged toxin-amino groups are conjugated with
the negatively charged FITC mplecules, more derivatives are resolved with
Tower {isoelectric points. Mono-FITC conjugates should focus with focusing
points greater than 7. We resolved only one broad band with a focusing point
of about 8.3. The elution profiile of column 1soelectric-focused (pH range 8-
10) aliquot of the sample run in lane #2 (Fig. 17) 1s show in the right panel
of Fig. 16. What appeared as a4 single broad band at pH 8.3 with the Serva
plates (pH from 3 to 10) partially resolves into itwo bands -1ith focusing
-points of about 9.3 and 9.0. uWhile the 9.3 band probably represents & single
monoconjugate, the 9.0 band includes at least three closely focused bands.
The appearance of these bands prior to draining -the isoelectric focusing
column 1s shown in Fig. 19. L

(The differences 1n isoelectric focusing values indicated by the Serva
plates and column isoelectric focusing are repeatable and probably reflect the
interactions of the two' types of supports, polyacrylamide vs. sucrose, with
. the peptides.)

Because the band that focused at 9.3 did not focus at the same point
(9.5) as FITC-lysine-23-toxin, prepared without citraconic anhydride modifi-
cation, we initially thought that we had a partially isolated new monoconju-
.gate, However, sequencing of %he 9.3 band after column refocusing indicated
that the FITC was attached to lysine 23. The (M-52 column appears to modify
the FITC-lysine-23-a-toxin s1ightly to produce a shift in the focusing point,
since we observed that column focusing noncitraconic-anhydride-modified a-
;o;m generated the major -onod]onjugated FITC-toxin with a focusing point of
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: In summarv, we have not lyet fsolated significant quantities of FITC
| derivatives Conjugated at sites other than lysine 23, We have just started
| utilizing a new very high resolution isoelectric focusing technique developed
| by LKB called Immobiline. With this technique it should be possible to sepa-
rate peptides with focusing points that diffsr by a few hundredths of a pH
\
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unit. 1 am optimistic that this technigque will allow the isolation of at
least two new FITC conjugates. |

EITC Conjugates. Notwthskandmg the high relative purity of commercial
EITC Tn conjugating EITC to a-toxin, some labeling appears to have taken
place, based both on the partial resolution of EITC-toxin reaction mixtures on
Serva isoelectric focusing plaths (Fig. 21) and on the elution profile from a
CM-52 column. The major protein peak at about fraction 100 of the CM-5?
column (Fig. 20), where one would anticipate at monoronjugate to elute,
contained no components with focusing points greater than 6 (inset, Fig.
20). This suggests that the EITC (peak absorbance at 520 nm) nonspecificaliy
partitioned into hydrophobic regfons of the a-toxin. The column isoelectric
focusing, which is usually the best means to dislodge noncovalently associated
molecules from the a-toxin, separated all the EITC from the native a-toxin.
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JRITC Conjugates. = Compared to the FITC conjugation, relatively little
work has been performed to label the a-toxin with TRITC, because we need to
develop higher resolution technigques to separate the various monoconjugates.
Column 1soelectric focusing of the TRITC-toxin reaction mixture resolved six
fluorescent bands prior to draining the column (Fig., 22). Analysis of the
fractions collected indicated that the various bands merged into one 1igand
band (Fig. 23). As with the FITC-conjugation studies, we know that can
label more than one site on the surface of the a-toxin, but we need to develop

. a higher resolution technique to separate the various conjugates. The LKB
Immobiline system is probably that technique.
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Fig. 14, CM-52 elution profile of FITC-labeled toxin: {scelectric focusing
of Peaks 4, 5 and 6.
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Fig. 15. Reaction scheme for citraconic anhydride modification.
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Fig. 16. Serva polyacrylamide {isoelectric focusing of citraconic-anhydride-
modified a-toxin. Lanes 1 and 8, protein stanJards. Lanes 2 and 7, native a-
toxin. Lanes 3-6, increasing molar ratio of citraconic anhydride to a-toxin,
3, 10, 20 and 30. ‘
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Fig. 17. Serva polyacrylamide iscelectric focusing of reaction mixtures of
FITC and citraconic-anhydride-modified a-toxin. Lanes 0 and 7, protein
standards. Lanes 1 and 6, native a-toxin. Lanes 2 to 5, increasing molar
ratio of FITC to a-toxin, 1.%, 3, 6 and 9.
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Fivg. 18. IEF elution profile of the unmodified (left panel) and modified
(right panel) FITC-toxin on an LKB 100 mL column,
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Fig. 19. Appearance of FITC-toxin reaction mixture on IEF column.
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Fig. 20. Bio-Rex 70 elution profile of EITC-labeled toxin: iscelectric
focusing of EITC-labeled toxin.
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Fig. 21. Serva polyacrylamide isoelectric focusing resolution of the reaction
mixture of EITC and a-toxin (2 to 1 mole ratio). Lanes 1 and 8, protein
standards. Lanes 2 and 7, native a-toxin. Lanes 3 to 6, EITC a-toxin reac-
tion mixture. '
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Fig. 22 Appear"ance of TRITC-toxin on column (viewed with mineral lamp).
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LIST OF ABBREVIATIONS

ACh Acetylcholine

AChR Nicotinic Acetylcholine Receptor
a-toxin Cobra a-toxin (siamensis 3)

FITC Fluorescein Isothiocyanate

EITC Erythrosin Isothitocyanate

TRITC Tetramethylrhodamine Isothiocyanate

IEF ‘Isoelectric Focusing

PCP Phencyclidine

pl Isoelectric focusing point
NGD 7-nitrobenzo-2-oxa-1,3-diazole
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