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SUMMARY

YOUNG, ANNE B., ANI) SNYDER, SoLo�IoN H. : Strychnine binding in rat spinal cord

membranes associated with the synaptic glycine receptor : cooperativity of glycine

interactions. Mol. Pharniacol. 10, 790-809 (1974).

The saturable binding of [3Hjstrychnine to synaptic membrane fractions of the rat spinal
cord appears to involve an interaction with the synaptic receptor sites for the neunotrans-
mitten actions of glycine. Binding exhibits a dissociation constant for strychnine of 2.6-4
n.M and an EC50 for glycine inhibition of strychnine binding of 25 �s�i . Association kinetics

is bimolecular, with a rate constant of 1.0 X 10� i�r’ sec’, while dissociation of the stnych-
iiine-receptor complex is first-order, with a rate constant of 1.54 X 10_2 sec’. The disso-

ciation constant (k2/k,) of 1 .54 ni�� is similar to that obtained from equilibrium data. Mono-
valent cations increase specific and decrease nonspecific strychnine binding, while divalent
cations are without effect. Detergents such as deoxycholate and Triton X-100 decrease
receptor binding in concentrations which solubilize membrane protein. Displacement
curves of [3H]stnychnine by glycine indicate cooperative interactions with a Hill coefficient
of 1 .7, whereas the Hill coefficient for displacement of [3Hjstrychnine by unlabeled strych-
Ilille is 1 .0. Diazonium tetrazole and acetic anhydnide preferentially inhibit displacement
of [3Hjstrychnine binding by glycine and reduce the Hill coefficient of glycine displacement
(�urve5 Guanidine, N-ethylmaleimide, and increases in pH also lower the Hill coefficient

for glycine displacement. Diazonium tetrazole slows the dissociation of [3Hjstnychnine
elicited by excess glycine without altering dissociation produced by excess unlabeled strych-

nine. Glycine and strychnine appear to bind to distinct sites which interact in a cooperative

fashion.

INTRODUCTION tenia as a major inhibitory neurotransmitter

Glycine satisfies a variety of neurochem- in the mammalian central nervous system,

ieal (1-5) and neurophysiological (6-9) en- especially in the spinal cord and brain stem.
The convulsant drug strychnine potently
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effects of iontophoretically applied glycine

(10-13). Strychnine does not antagonize the
effects of ‘y-aminobutynic acid. We have
observed that radiolabeled strychnine of

high specific activity binds to synaptic mem-
brane fractions of mammalian spinal cord
and brain stem in a specific manner, mdi-

cating an association with the synaptic
glycine receptor (14, 15). The potencies of

various amino acids for displacing specific
strychnine binding parallels their glycine-

like neurophysiological actions. The regional
distribution of specific strychnine binding

in the central nervous system closely con-
relates with that of endogenous glycine (16,

17), high.affinity synaptosomal glycine up-
take (1 8-20) , unique synaptosomal fract ions

accumulating glycine (21), and strychnine-
sensitive synaptic inhibition (13, 22, 23).

Analysis of neurophysiological data for a
number of neunotransmitter systems sug-
gests that 2 or more transmitter molecules
may be required to active one receptor
(24-28). These data and the observation

that glycine and strychnine bean no obvious
structural resemblance to one another sug-
gest that these two compounds may bind to
the same receptor complex but at distinct
sites, thus interacting with each other in a
cooperative fashion (29-32). We describe
here the properties of specific strychnine

binding in synaptic membrane fractions of

rat spinal cord, and the cooperative interac-
tion of glycine with strychnine binding.

MATERIALS ANI) METHODS

Strychnine was obtained from Smith
Kline & French and was labeled by cata-
lytic tritium exchange at Xew England
Nuclear Corporation and purified as de-

scribed previously (14). The specific activity
of the labeled strychnine was 13 Ci/mmole,
as determined by comparison with the

ultraviolet absorption of standard solutions
at 254 nm.

Male Sprague-Dawley rats (100-150 g)
were decapitated, and the spinal cords and

brain stems were rapidly removed. The
tissues were combined and homogenized
in 20 volumes of ice-cold 0.32 M sucrose in a
Potter-Elvehj em glass homogenizer fitted

with a Teflon pestle. The homogenate was

centrifuged for 10 miii at 1000 X g, the

pellet was discarded, and the resultant super-

natant fluid was centrifuged for 20 mitt at

17,000 X �j. The crude mitochondrial pellet
was resuspended in 20 volumes of ice-cold

distilled H20 and homogenized with a Brink-
maim Polytron PT-10 (setting 2.2) for
30 sec. The suspension was centrifuged for
20 miii at 8000 X g. The supernatant fluid

was collected, and the pellet, a bilayer with

a soft buffy upper coat, was rinsed carefully
���ith the supernatant fluid to collect the
upper layer. The supernatant fluid was then
centrifuged at 48,000 X g for 20 miii. The

final membrane pellets were stored at - 30#{176}.
Specific strychnine binding was retained

intact for at least 60 days under these storage
conditions.

To measure specific binding of strychnine
to spinal cord membranes, aliquots of crude

synaptic membranes (0.3-1.0 mg of protein)
were incubated iii triplicate at 4#{176}for 10
miii in 2 ml of 0.05 iu sodium-potassium
phosphate buffer (pH 7.1) containing 200
mu NaCl and 2 nu [3Hjstrychnine (38,000

cpm) alone on in the presence of 1 mM
glycine, 0.1 mu strychnine, or various con-

centrations of drugs. After incubation, the
reaction was terminated by centnifugation
for 10 miii at 48,000 X g. The supernatant

fluid was decanted, and the pellet was
rinsed with 5 and then 10 ml of ice-cold
0.15 �i NaCl. Bound radioactivity �

tracted into 1 ml of Protosol (New England
Nuclear) , 10 ml of toluene phosphor were
added, and radioactivity was assayed by

liquid scintillation spectrometry (Packard
Tri-Carbmodel 3385 or 3375) at a counting

efficiency of 34 #{182}�. All binding determina-
tions were conducted in triplicate, and for

each determination parallel triplicate sam-
ples were assayed in the presence of 1 mM
glycine and/or 0.1 m�i strychnine to deter-
mine and correct for nonspecific strychnine

binding. Except where specifically indicated,
values for nonspecific binding were always
the same whether strychnine or glycine was

employed as a displacer.
For studies requiring rapid binding de-

terminations, samples were filtered under

pressure through Whatman glass fiber

circles (GF-B) and washed once with 5 ml

of cold 0.15 M NaCl (the filtering and washing

required less than S see). The filters were
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shaken with 15 ml of Triton X-100 toluene

phosphor for 20 mm, and radioactivity was
determined by liquid scintillation spec-

trometry. In parallel assays [3H]strychnine
binding values obtained by centnifugation
and filtrations were the same. “Specific”
[3H]stnychnine binding was obtained by

subtracting from the total bound radioac-
tivity the amount not displaced by high

concentrations of glycine (1 miu) or strych-
time (0.1 miu).

L-CySteifle, �3-a1anine, L-ct-alalune, L-glu-
tamic acid, L-isoleucine, L-methionine, L-

senine, L-tryptophan, DL-threoiune, and
L-anginine were purchased from Calbiochem.
L-Aspartic acid, ‘y-aminobutyric acid, gly-
cine, L-lySifle, L-tyrosine, L-leucine, L-prohne,

L-phenylalanine, and DL-fl-aminoisobutyric
acid were obtained from Sigma. Taurine
was purchased from K & K Laboratories,
and L-histidine was a product of Nutni-
tional Biochemicals. lodoacetate, iodoaceta-
amide, N-ethylmaleimide, 5 , 5’-dithiobis(2-
nitrobenzoic acid) , p-chloromercunibenzoic

acid, 2 , 4-dinitnofluorobenzene, ethylenegly-
col bis(f3-aminoethyl ether)-N, N’-tetra-

acetic acid, glycine 0-methyl ester, 1-ethyl-
3 - (3 - dimethylaminopropyl)carbodimide
(33), tetranitnomethane (34, 35), 2-hydroxy-
5-nitrobenzyl (36, 37), and 2-methoxy-5-
nitrobenzyl bromide (38) were all purchased
from Sigma. Ethylenedinitriotetnaacetic
acid was obtained from J. T. Baker Chem-
ical Company, and diazonium tetrazole

was made from 5-aminotetrazole (39, 40)
purchased from Aldrich.

Proteins were measured according to
Lowry et al. (41).

RESULTS

Saturation of specific [3Hjstrychnine bind-

ing. The specific binding of [3Hjstnychnine
to synaptic membrane fractions of the spinal
cord is a saturable process with respect to
strychnine (Fig. 1). Specific binding is readily
detected at 1 ni�i [3H]stnychnine and ap-
proaches saturation at 20 niu [3Hlstnych-
nine. Half-maximal specific binding occurs

at about 2.7 n�. By contrast, nonspecific

binding, consisting of [3H]strychnine bind-

ing in the presence of 1 m�i glycine, is not
saturable and increases linearly with increas-

ing strychnine concentration. The ratio of

specific to nonspecific binding decreases
from values of about 5-6 at 1-4 mu to 3 at

20 n�i strychnine. Routine assays employ 2

nM [3H]stnychnine.

Analysis of these equilibrium data by
double-reciprocal and Scatchard plots in-
dicated that a single high-affinity receptor
site was being measured and that there is

one population of independent binding sites.
The maximum specific [3H]strychnine bind-

ing capacity is about 1 .8 pmoles/mg of
crude synaptic membrane protein. The dis-

sociation constant calculated from both these
plots is 2.6-2.8 nu.

Nonnadioactive strychnine displaces spe-

cific [3Hjstrychnine binding in a saturable

manner (Fig. 2). Half-maximal displace-
ment occurs at about 4 nM, similar to the
value for half-maximal saturation of [RH]-
strychnine. Displacement is essentially max-
imal at about 0.1 �tu strychnine. The

fact that half-maximal saturation occurs

at the same concentrations of radioactive

and nonradioactive strychnine indicates
that the [3Hjstnychnine is biologically equi-
valent to nonnadioactive strychnine and
that the calculated specific activity is valid.

In addition, the similarity of values obtained
in the present study, employing 200 m�i

sodium chloride in incubations, to those of
a previous study omitting sodium chloride
(14), indicates that the affinity of strych-

nine for the binding sites is the same in

the presence and absence of sodium chlo-
ride.

Glycine also displaces [3Hjstnychnine bind-

ing with half-maximal displacement at 25
�M and maximal displacement at 1 m�t

glycine. In routine assays “nonspecific bind-
ing” is determined by measuring [3H]-

strychnine binding in the presence of 1 m�r

glycine.
Kinetics of specific [3Hjstrychnine binding.

At 4#{176},specific [3H]strychnine binding is a
time-dependent process, attaining half-maxi-
mal binding at about 34 sec and reaching a
plateau by 5 mm (Fig. 3, lower). By con-
trast, nonspecific binding attains maximal

values by 10 sec, the first time interval ex-

amined. These data satisfy models for a

bimolecular reaction with a rate constant for
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FIG. 1. Saturation of specific strychnine binding with increasing concentrations of [�H}strychnine

Synaptic membrane suspensions (1.0 mg of protein per tube) were incubated with increasing concen-

trations of [‘Histrychnine at 40 for 10 mm. Nonspecific binding (0) was obtained from the binding in the

presence of 1 mai glycine. Specific binding (� was obtained after subtraction of nonspecific from total
binding. Bottom, data plotted on linear axes; center, data represented as a double-reciprocal analysis;
top, data plotted according to the method of Scatchard. Values are the means of triplicate determina-
tions. The experiment was replicated three times.
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Fio. 2. Displacement of [‘H]strychnine binding by nonradioactive glycine and nonradioactive strychnine
Synaptic membrane suspensions (1.0 mg of protein per tube) were incubated with 2 flM [3Hlstrychnine

(38,000 cpm) and increasing amounts of glycine or strychnine at 4#{176}for 10 mm. Nonspecific binding ob-
tained in the presence of 10 mis glycine or 0.1 m� strychnine has been subtracted from all experimental

points. Values are the means of triplicate determinations, which varied less than 15%. The experiment

was replicated four times.
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FIG. 3. Rates of association. and dissociation of

[3Hjstrychnine binding to rat brain stem-spinal cord

synaptic membranes

Upper, semilogarithmic plot of the dissociation
of bound [3Hjstrychnine as a function of time at

4#{176}.Suspensions of synaptic membranes (0.4 mg of
protein per assay tube) were incubated for 10 mm

at 4#{176}with 2 nM [3Hjstrychnine (38,000 cpm) as in

the standard assay described in the text. Non-

radioactive glycine (1 mM) was then added rapidly.

Samples were stirred and filtered immediately

(zero time) on Whatman glass fiber circles or were

incubated for longer periods before they were
filtered and washed with 5 ml of ice-cold 0.15 M

NaCl. Points represent the means of triplicate

determinations, which varied less than 10%.

Values have been corrected for nonspecific binding

and are given as percentages of control binding

obtained at zero time (0.7 pmole of [‘H]strychnine

bound per milligram of membrane protein). Lower,

rate of binding at 4#{176}of 2 nai [‘Hjstrychnine to

synaptic membranes (0.4 mg of protein per assay
tube). The incubation was terminated by filtration

on Whatman glass fiber circles. Radioactivity
bound to the filter paper in the absence of tissue

(800 cpm) has been subtracted from all experi-
mental points. The nonspecific binding is the bind-

ing obtained in the presence of 1.0 mis glycine.

Points represent the means of triplicate deter-

initiations, which varied less than 10%. Values are

given as percentages of control binding at 10 mm
(0.7 pmole of [‘Hjstrychnine bound per milligram of

membrane protein). #{149},specific [3Hjstrychnine
binding; 0, nonspecific [‘H]st rychnine binding.

strychnine-receptor association, k, , of about
1.0 ± 0.1 X 10� � sec’, which is similar
to the value attained in a previous study

in which sodium chloride was not included
iii the incubation medium (14).

The rate of dissociation of the strychnine-
receptor complex cannot be measured readily
at 15#{176}or 25#{176},because under these conditions
dissociation appears to be completed by

20 sec. At 4#{176}we exammed the rate of disso-
ciation using 1 mM glycine to displace

[3H]strychnine (Fig. 3, upper). Dissocia-
tion of the strychnine-receptor complex ap-
pears to be a first-order process. When plotted

semiogarithmically, the half-life of the
strychnine-receptor complex is about 45 see,

or 50 � greater than the 30-sec value ob-
tamed in experiments without sodium in

the incubation medium (14). However, be-
cause of the great rapidity of dissociation,
we cannot be certain whether the difference
between the rates of dissociation under
these two different conditions is meaningful.
The rate constant for dissociation at 4#{176},
k2 , is 1.54 X 10_2 sec’. The dissociation
constant (k2/k1) is 1 .54 X 10� M.

Competition of amino acids for specific
[3Hjstrychnine binding. In a previous study
we observed that the potency of a variety

of amino acids in displacing specific [�HJ
strychnine binding closely parallels their
ability to mimic the neurophysiological

actions of glycine (14). Glycine and fi-
alanine, the most potent neurophysio-

logically, were also the most potent amino
acids in displacing [3H]strychnine binding,
while taurine, DL-�-aminoisobutynic acid,
and L-a-alalUne were second most potent

both in glycine-hike neurophysiological ac-
tivity and in displacing bound strychnine.
In the present study we have examined

these as well as a variety of other amino

acids to determine the specificity of [3H}

strychnine binding (Table 1). Under the
present assay conditions, which include
Nat, as in the previous study, which omitted
sodium chloride from the incubation, �-

alanine and taunine maximally displace
[3H]strychnine binding to the same extent

as glycine. At 10 ,�‘, displacement by �3-

alanine is the same as by glycine, while

taunine is somewhat less effective. At 1 mu,
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T.tBLF. 1

Amino acid competition for specific

[‘Hjstrych nine binding

Specific [‘Hlstrychnmne binding to crude synap-
tic membrane suspensions (0.35 mg of membrane
protein) was determined as described in the text

in the presence and absence of various amino

acids in the indicated concentrations. Values are

given as percentage displacement of specific

[3lllstrychnine binding by 1 mis glycine (0.6
pmol/mg of membrane protein) and represent the

means of three determinations, which varied less

than 10%.

Amino acid B

105 is

inding at

10� is 10’ is

C
�C

C�
/C

(�
C

a-Amino acids
Glycine 16 85 100

L-a-alanine 0 20 71

Proline 63

L-serine 0 13 47

Tryptophan 47

Isoleucine 32

Phenylalanine 31

Cysteine 29
Valine 1

Histidine 11

Methionine 11

Threonine 9
Lysine 0

Arginine 0
Leucine 0

Glutamic acid 0
Aspartic acid 0

p3-Amino acids
j3-Alanine 16 89 103

DL-$-Aminoisobutyric

acid 0 22 81
Taurine 9 50 104

y-Amino acids
y-Aminobutyric acid 0 0 15

L-a-alanine and L-pnohne displace specific
strychnine binding about 60-70% while
cysteine, isoleucine, phenylalanine, and

tryptophan displace binding only about 25-
50 . Several other amino acids with no

effect on specific binding include methio-
nine, glutamic and aspartic acids, arginine,
leucine, valine, lysine, histidine, threonine,
and -y-aminobutynic acid.

Influence of cations on specific [3H]strycli-

ii me binding. Sodium chloride increases

specific and decreases nonspecific [3Hjstrych-
nine binding (Table 2). At 50 mu XaCl,
nonspecific binding is decreased by 30 #{182}�,

and a maximal decline in nonspecific bind-
ing of 40 #{182}�is detected at 300 mu NaCl,
after which nonspecific binding gradually
increases with further increments of NaCl.
No change in specific binding, i.e., glycine-
displaceable strychnine binding, occurs

until 200 m�i NaCl, when specific binding is

enhanced 30 � . Specific [3H}strychnine bind-
ing increases progressively with additional

NaCl to a maximum of 200 % at 1.6 u
XaCl, and then falls somewhat at 2.0 M

NaCl. Because of the simultaneous in-
crease in specific and decrease in nonspe-
cific binding, the ratio of specific to non-
specific [3H]strychnine binding increases
from a value of about 2 in the absence of
sodium to about ,5.2 at 1 M NaCl. This
ratio then falls to 4.4 and 2.7 at 1.6 and 2.0
1�1 XaCl, respectively. Our routine binding
incubation mixtures contain 0.2 u NaCl.

KC1 and LiC1 affect binding in a fashion

similar to NaCl, increasing specific and de-

creasing nonspecific binding. With both

KC1 and LiCl, a 30 ‘� � enhancement of

specific binding is detected at 0.1 u ; a 60-

75 % increase is observed at 0.5 �i, the con-
centration at which the ratio of specific to

nonspecific binding is increased up to about

5.0.
In contrast to the enhancing effect of

monovalent cations, divalent cations have
little influence on specific strychnine bind-

ing (Table 2). Calcium, magnesium, and

barium ions at 5 or 50 m�i fail to alter bind-
ing. Moreover, the chelating agents EDTA

and ethyleneglycol bis($-aminoethyl ether) -

.L\T N’-tetraacetic acid, in concentrations of
5-100 mu, do not alter binding.

Thermal stability and pH dependence of

specific [3Hjstryc/l ii me binding. Specific [3HJ
strychnine binding occurs optimally oven a

broad pH range of 6.0-8.0 with citric acid,

sodium-potassium phosphate, and Tris buf-
fers (Fig. 4). At more acid pH values spe-

cific binding decreases, so that at pH 5.0

binding is half the maximal values. At more

alkaline pH values binding decreases to

values at pH 9 only 25-30 � of the maximal

values obtained at neutral pH.
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TABLE 2

Effects of EDTA, ethylene glycol bis(8-aminoethyl(ether)-N,.V’-tetraacetic acid (EGTA), and various ions

on specific [3H]strych nine binding

Specific [3H]strychnine binding to crude synaptic membrane suspensions (0.6 mg of membrane pro-

tein) was determined as described in the text, except that 200 m� sodium chloride was excluded from
the assay and various salts and chelating agents were added to the assay mixtures as indicated. Specific

[‘Hlstrychnine binding for controls in the absence of salt was 0.4 pmole/mg of membrane protein. Values

are expressed as a percentage of controls and represent the means of three determinations, which

varied less than 10%.

Agent Specific

[‘HJstrychnine
binding

Specific to

nonspecific
binding ratio

Agent Specific
[‘Hjstrychnine

binding

Specific to
nonspecific

binding ratio

�- control % control

None 100 2.0 CaCl2, 5 mM;

NaCl, 50 mis 100 3.0 NaC1, 200 mae 103

NaC1, 100 mae 97 3.0 CaCl2, 50 mi’s;
NaC1, 150 mae 109 3.5 NaCl, 200 mis 103

NaC1, 200 mae 130 4.0 BaCh, 5 mae;

NaCl, 400 mae 143 5.0 NaCl, 200 mae 99
NaCl, 1.0 M 171 5.2 BaCh, 50 mM;
NaC1, 1.6 M 212 4.4 NaC1, 200 mae 102
NaC1, 2.0 M 186 2.7 EDTA, 5mM;

KC1, 100 mae 130 3.5 NaC1, 200 mae 104

KCI, 200 mis 159 3.9 EDTA, 10 mM;

KC1, 500 mis 176 5.3 NaCl, 200 mae 104

LiCI, 100 mae 130 3.5 EDTA, 100 mM;

LiCl, 200 mae 163 4.2 NaCl, 200 mae 108
LiC1,SOOmae 158 4.6 EGTA,5rnae;

MgCI2, 5 mis; NaCl, 200 mae 99

NaC1, 200 mrs 103 EDTA, 10 mM;

MgCl2, 50 mM; NaCl, 200 mae 97

NaCl, 200 mrs 104 EGTA, 100 mM;

NaCl, 200 mM 90

The thermal stability of specific strych-
nine binding was examined by incubating
synaptic membrane fractions at various

temperatures for 10 mm prior to the stand-
ard binding assay. Binding is unaffected
by treatment at temperatures up to 55#{176}but
then falls precipitously and is abolished by
heating for 10 mm at 70#{176}.

Influence of detergents and denaturing

agents on specific [3H]strychnine binding.

Triton X-100 progressively lowers strych-
nine binding (Table 3). At 0.01 %, Triton

produces a 5 % increase in specific binding, a

finding obtained consistently in repeated

experiments. In previous studies omitting
NaC1 from the incubation, Triton increased
specific binding about 25 #{182}�and was in-
eluded in routine assays (14). At higher con-
centrations, Triton progressively reduces
specific binding. At 1.0� Triton, specific

binding is lowered to about one-third of
values obtained in the absence of Triton.

Nonspecific binding is also lowered by Tn-

ton, with about a 70 % maximal reduction

at 2 % Triton. When the exposure to Tniton
is lengthened from 15 mm to 60 mm, spe-
cific binding is reduced an additional 10-
20 % and the augmenting effect of 0.01 %
Triton on binding is no longer observed.

Treatment with deoxycholate for 15
mm reduces binding similarly to treatment
with comparable concentrations of Triton

(Table 3). Thus 0.2 % concentrations of

both detergents reduce binding about 50%.

At 0.4 %, deoxycholate reduces binding by
73 % , while 0.5 % Triton reduces binding
about 50%.

Both urea and guanidine HC1, which
disrupt the tertiary structure of proteins,
markedly disrupt [3H}strychnine binding
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FIG. 4. Effects of temperature and pH on specific

synaptic membranes
Upper, suspensions of crude synaptic membranes (1.0 mg of protein per assay tube) were added to

tubes containing buffers at the pH indicated, and specific [‘H]strychnine binding was determined as
described in the text. The buffers used were 0.05 is sodium citrate (0), 0.05 M sodium phosphate (�,

and 0.05 M Tris (0). Lower, suspensions of crude synaptic membranes (0.5mg of protein per assay tube)

in 0.1 M phosphate buffer, pH 7.1, were kept in an ice bath. Samples were then incubated at the indicated

temperatures for 10 mm and returned to the ice bath. Then 1 ml of 0.4 at NaC1 was added, and the spe-
cific binding of [�H]strychnine was determined as described in the text. Values are given as percentages

of control binding obtained after a 10-mm preliminary incubation at 4#{176}(0.65 pmole of [3Hlstrychnine
bound per milligram of membrane protein).

(Table 4). Binding is very sensitive to and complete inhibition at 2 M. These con-

guanidine, with 50 % inhibition at 10 mist centrations of guanidine and probably also

concentrations and 96 % inhibition at 100 of urea are not high enough to alter pro-
mM. Urea produces 70 % inhibition at 1 u foundly the quatennary on tertiary struc-
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TABLE 3

Effect of detergents on specific [3Hjstrychnine

binding in synaptic membrane fractions

1)etergents were added as indicated to suspen-

sions of crude synaptic membranes (0.4 mg of

protein) in 0.05 is sodium phosphate buffer, pH
7.1, containing 200 mae sodium chloride, and incu-

bated at 4#{176}for the indicated times. Specific

[‘HIstrychnine binding was then determined as

described in the text. The specific [3H]strychnine

binding for controls in the absence of detergent
was 0.65 pmole/mg of membrane protein. Values
are given as percentages of controls and represent

the means of three determinations, which varied

less than 10%.

Detergent Concentra-
tion”

Specific
[3H]strychnine

binding

15mm 60mm

% % control

Triton X-100 0.010

0.025

0.125

0.250
0.50

1.00

105 81

92 0

59 50

52 44
50 31

38 28

Sodium

deoxycholate 0.01 93
0.20

0.40

43

27

(I Triton X-100 concentrations are volume for

volume ; deoxycholate concentrations are weight

per volume.

ture of protein, and the significance of their

effects is not clear. The effects of guanidine
and urea are reversible up to 1 u and 5 u,

respectively, after which there is apparent

irreversible denaturation.

Effect of membrane protein-modifying rea-
gents on specific [3H}strychnine binding.

Several chemical reagents which modify

protein residues were tested for their in-

fluence on specific [3Hjstrychnine binding
(Table 5). In 0.1 mu concentrations iodo-

acetate, 5, 5’-dithiobis(2-nitrobenzoic acid),
and p-chloromercunibenzoate do not alter
strychnine binding. lodoacetamide and N-

ethylmaleimide have no significant effect

up to 5 and 4 mu, respectively. The reagent
1- ethyl-3 - (3 -dimethylaminopropyl)carbodi-
imide, which reacts primarily with protein

TABLE 4

Effects of urea and guanidine HCI on specific

[3H}slrychnine binding, and reversibility

of these effects

Suspensions of crude synaptic membranes (0.35

mg of protein) in 2 ml of 0.05 at sodium phosphate

buffer, pH 7.1, containing 200 mae sodium chloride

and the indicated reagent, were incubated at. 4#{176}

for 30 mm. Specific [‘H]strychnine binding was

then determined as described in the text. For

reversibility determinations, samples treated as

described above were diluted with 10 ml of 0.15 M

NaCl and centrifuged for 15 mm at 48,000 X g.

The pellets were resuspended in an additional 10

ml of 0.9% NaC1 and centrifuged again for 15 mm

at 48,000 X g. The final pellets were then resus-

pended in 2 ml of 0.05 as sodium phosphate buffer,
pH 7.1, containing 200 mae sodium chloride, and

assayed for specific [‘Hjstrychnine binding as
described in the text. The specific [‘Hjstrychnine

binding for controls was 0.6 pmole/mg of mem-
brane protein. Values are given as percentages of

controls and represent the means of three deter-
minations, which varied less than 10%.

Reagent Specific [3Hjstrychnine
binding

Before After
removal removal

% control

Urea, 1 M 30 100
Urea, 2 is 8 100

Urea, 3 is 0 100

TJrea,5is 0 85

Guanidine HC1, 1 mae 95 100

Guanidine HC1, 10 mae 54 100

Guanidine HC1, 100 mae 4 100

Guanidine HC1, 1 as 0 70

Guanidine HC1, 2 at 0 36

Guanidine HC1, 4 as 0 7

canboxyl groups (33), does not significantly

affect either total on specific strychnine
binding in the presence or absence of glycine
0-methyl ester. The tryptophan-modifying
reagents 2-hydroxy-5-nitrobenzyl bromide
(36, 37) and 2-methoxy-5-nitrobenzyl bro-

mide (38) have different effects. Specific
strychnine binding is lowered 65 % by 2-

hydroxy-5-nitnobenzyl bromide (4 mu),

but the reagent markedly increases total
strychnine binding and nonspecific strych-
nine binding. These results are difficult

to interpret, because the apparent inhihi-
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TABLE 5

Effect of prior treatment of spinal cord membranes with various protein reagents on total and specific
[3H]strychnine binding

Various reagents, dissolved in the indicated solvents, were added to aliquots of crude synaptic

membranes (1.0 mg of protein per milliliter of 0.1 M sodium phosphate buffer, pH 7.1), and the reactions
were allowed to proceed for 1 hr at 4#{176}.Then 10 ml of 0.15 M NaCl were added, and the suspensions
were centrifuged for 15 mm at 48,000 X g. The pellets were resuspended in 2 ml of 0.05 at sodium phos-

phate buffer, pH 7.1, and 200 mis sodium chloride, and [3H]strychnine binding was assayed as described
in the text. The specific [‘H]strychnine binding for controls was 0.7 pmole/mg of membrane protein.

Values are given as percentages of controls and represent the means of three determinations, which

varied less than 10%.

Solvent and reagent Total
[‘Hlstrych-

nine

“Specific”
[‘Hjstrycb-

nine

Solvent and reagent Total
[‘H]strych-

nine

“Specific”
l3H�strych.

nine
binding binding binding binding

% control control

Phosphates Acetoneb

Diazonium tetrazole , 2-Hydroxy-5-nitrobenzyl

2.5 mis 85 0 bromide, 4 mae 150 39

Diazonium tetrazole , 2-Methoxy-5-nitrobenzyl

1.25 mis 90 18 bromide, 4 mis 96 85

Diazonium tetrazole, Water

0.75 mis 95 70 1-Ethyl-3-(3-dimethyl-

Diazonium tetrazole , aminopropyl)carbodi -

0.25 mis 100 90 imide, 20 mis 92 89

Diazonium tetrazole, 100 100 1-Ethyl-3-(3-dimethyl-
0.025 mis aminopropyl)carbodi-

Ethanol” imide, 20 mM, + gly-

Acetic anhydride, 50 mrs 70 10 cine 0-methyl ester,

Acetic anhydride, 25 mae 98 30 50 mis 98 97

Acetic anhydride, 10 mis 100 69 lodoacetate, 0.1 mae 100 lOt)

Acetic anhydride, 1 mae 100 93 lodoacetamide, 5 mae 96 95

Acetic anhydride, 50 mae 100 100 N-Ethylmaleimide,
2,4-Dinitrofluorobenzene, 0.1 mae 100 100

4 mM 37 26 N-Ethylmaleimide,

Tetranitromethane, 4.0 mis 93 91

5 mM 52 40 5,5’-Dithiobis(2-nit.ro-

benzoic acid), 0.1 mM

p-Chloromercuribenzoate,

0.1 mM

100
100

100
100

a Sodium phosphate buffer, 0.1 M, pH 7.1.
6 The final concentration of organic solvent was less than 1% of the total volume of the incubation

mixture. This concentration of ethanol and acetone does not affect specific binding of [3Hlstrychnine
under these conditions.

tion of specific strychnine binding may re-
sult from decreased resolution due to in-
creased nonspecific binding. Treatment with
2-methoxy-5-nitrobenzyl bromide (4 mu)
does not alter either specific or nonspecific
binding.

Tetranitromethane (5 mu) , a reagent that

modifies tyrosyl (34) and perhaps trypto-
phanyl residues (35) and oxidizes sulfhydryl
groups, inhibits both total and specific

strychnine binding 50-60 %. Dinitnofluono-
benzene (4 mu), which modifies many
functional groups, also decreases both
total and specific binding (65-75%).

Diazonium tetrazole, which is relatively
specific for histidyl and tyrosyl residues

(39) but which also reacts with tryptophanyl
groups (40), completely abolishes specific

strychnine binding at 2.5 mu but has little
effect on total strychnine binding. Simi-



Control

i)iazonium tetrazole

Acetic anhydride

100 1500

51 8200

60 7182

93 3450

98 2290
51 5904

84 7134
98 4021

28 1485

42 1699

92 1620
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larlv , acetic anhydride, which reacts with

amino groups and tyrosyl residues, also
inhibits specific and total strychnine binding
differentially, having a more marked effect
on specific strychnine binding than on total
strvchnieie binding. These results indicate
that the modifications produced by these

reagents interfere with the displacement of
strychnine by glycine without altering total
strychnine binding. A possible explanation is
that glycine displaces strychnine by acting

at a site other than the strychnine binding
site.

D�ffereittiai effects of protein reagents on dis-

placement by glycine or strychnine of [3HJ

strychnine binding. Experiments were per-

formed to compare the influence of mem-
brane treatment with protein-modifying
reagents on the displacement of [3H}strych-

nine binding by nonradioactive strychnine
or glyeine (Table 6). Both diazonium tetra-
zole and acetic anhydride affect displace-

ment by strychnine and glycine differen-
tiallv. Thus 2.5 mu diazonium tetrazole

does not significantly alter the total [3H}

strychnine bound but completely prevents

the ability of 1 mu glycine to displace

[3]st rychnitie. In contrast, displacement by

nonradioactive strychnine is reduced only
50 in the same preparations. Acetic anhy-

dnide lowers total [3H]strychnine binding

about 30 %, yet decreases the ability of
glycine to displace [3H]strychnine binding
90 % while lowering the displacement by
nonradioactive strychnine only 50 %.

In contrast. to the effects of diazoniuni
tetrazole and acetic aithydnide, 2 , 4-dinitro-

fluorobenzene, tetranitromethane, and N-
ethylnialeimide lower the total amount of

[3HJst.rvchnine bound but do not affect
the ability of either strychnine on glycine

to displace [3Hjstrychnine binding. Dinitno-
fluorobenzene (4 mu) and tetranitromethane

(5 mu) reduce specific [3Hjstnychnine bind-

ing about 70 � and 60 %, respectively,

while N-ethvlnialeimide (4 mu) decreases
binding only S %.

To demonstrate further the differential
effects of diazonium tetrazole on glycine or
strychnine displacement of [3H}stnychnine
binding, protection experiments were per-

formed (Table 7). Glycine at a final con-

centration of 0.1 mu is able to provide par-

tial protection against the reagent. Higher

concentrations yield full protection from
the effects of diazonium tetrazole. ‘y-Amino-

butyric acid also protects but less effectively

thaii glycine, presumably because of its

lower affinity for the glycine binding site.
Histidine at 1 mu also renders the dia-

TABLE 6

Effects of protein-modifying reagents on specific and nonspecific [3Hjstrychnine binding

Suspensions of crude synaptic membranes (1.0 mg of protein per milliliter of 0.1 at sodium phosphate
buffer, pH 7.1) were treated with the indicated reagents as described in Table 3. The membranes were

then assayed for [3Hlstrychnine binding, using both excess glycine (1 mae) and nonradioactive strych-

nine (0.1 mM) to determine “nonspecific” binding. Values represent the means of triplicate determina.

tions, which varied less than 13%. The experiment was replicated three times.

Reagent Concen- [‘H]Strych- [3HjStrychnmne + [(A - [3HlStrychnine + i� [(A -

tration nine
(A)

0.1 mat unlabeled
strychnine (B)

B)/8300j 1 mat unlabeled
glycine (C)

C)/8100]

mAr cpnz/mg protein cpen/mg protein % control cpm/nzg protein % control

2,4-1) in it rofluorobenzene

Tetran it rome t hane

N-Et.hylmaleimide

2.3 9600
2.5 8160

1.23 8640

0.75 9120
0.25 9580

50 6686
25 9490

10 9610

4.0 3632
5 4977

4 9000

1300

3927

3660
1430

1400
2407

2500

1490

1277

1461

1350

100

0

18

70

90
10

29

69

27

40

91
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T.\BLF: 7

Effects of membrane treatment with diazonium
tetrazole in the presence of various concentrations

of strych nine, glycine, ‘y-aminobutyric acid,

a � histidine on specific

[3H]strychnine binding

Suspensions of crude synaptic membranes

(0.9 mg of membrane protein per milliliter of

0.1 ae sodium potassium phosphate buffer, pH 7.1)

were treated with diazonium tetrazole as de-
scribed in Table 6, in either the presence or ab-

sence of various concentrations of nonradioactive

strychnine, glycine, �-aminobutyric acid, or

histidine. The membranes were washed with 100

volumes of ice-cold 0.9� NaCl three times, then

assayed for strychnine binding. Specific [3HJ-

strychnine binding for controls was 0.6 pmole

(5650 cpm)/mg of membrane protein. Values are
given as percentages of controls, and the experi-

ment was replicated three times.

Protection
reagent

Concen-
tration

Diazonium
tetrazole

Strychnine-
displaceable
[‘Hlstrych-

nine

Glycine-
displaceable

[‘Histrych-
nine

binding binding

,nM mV % control % control

None

Glycine 0.2

0.5

1.0

1.0

1.0

1.0

1.0

100

85

103

92

94

100

33

46

68

81
‘y-Amino-

butyric

acid 0.2

0.5

1.0

1.0

1.0

1.0

88

89

98

35

35

65

Histidine 0.2

1.0

1.0

1.0

90

90

67

93

Strychnine 0.1

1.0

1.0

1.0

71

64

2

0

zonium tetrazole ineffective, probably by

reacting directly with the reagent (39).
By contrast, strychnine even at 1 mu

affords no protection of the membranes
from diazonium tetrazole treatment. In
fact, it seems to enhance slightly the ability
of the reagent to inhibit glycine displace-

ment selectively. These data further sup-
port the suggestion that glycine and strych-
nine bind to separate but mutually interact�
ing sites.

Displacement of [3H]strych nine by varying

concentrations of glycine and strychnine. The
differential effects of diazonium tetrazole

and acetic anhydnide on the ability of gly-

cine and strychnine to displace [3H]strych-
nine binding suggest that glycine and

strychnine may bind to two separate but
mutually interacting binding sites. To cx-

amine this possibility, � performed the
following experiments.

In one study we examined the saturation
of [3H]strychnine binding in the presence
of two concentrations of either nonradic-

active strychnine or glycine (Fig. 5). Double.
reciprocal analysis indicates that nonnadio-

active strychnine displaces [3H]strychnino

in a strict1�’ competitive fashion. By con-
trast, similar plots for glycine are nonlinear

and appear concave upward, similar to
patterns with some allostenic enzymes (42-
45).

Hill plots for the displacement of [3H]
strychnine by nonradioactive strychnine or

glycine are linear, with an ii for strychnine
of 1.0 ± 0.1, while the mm.for glycine is 1.7 ±

0.08 (Fig. 6). This indicates that glycine dis-
places [3H]strychnine binding in a coopena-

tive fashion.
Effects of diazon ium tetrazole and acetic

anhydride on [3H]slryc/m it me displacement by
varying strych ii me an(l glycine concenlra-

tions. The preferential influence of diazo-

nium tetrazole on glycine displacement of
strychnine suggests t hat diazonium tetra-
zole interferes with the cooperative intenac-
tion of glycine with strychnine binding

sites. To examine this possibility, Hill plots
were obtained for the displacement of
[3H]strychnine binding by glycine in synap-

tic membranes treated with low concentra-
tions of diazonium tetnazole, which reduce
specific strychnine binding less than 30 %

(Fig. 7). As observed previously, the Hill
coefficient for displacement by glycine in

the absence of drug treatment is 1.7. Dia-
zonium tetnazole (0.25 mu) reduces the

Hill coefficient to 1.2, and at 0.75 mu dia-
zonium tetrazole reduces it to 1.1. These
data indicate that diazonium tetrazole may
interfere with the cooperative interaction of

glycine with strychnine binding sites.

Acetic anhydride-t reated membranes simi-

larly display an apparent decrease in co-

operativity between glycine and strychnine

binding sites. The Hill coefficient is de-
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FIG. 5. Competition of nonradioactive glycine or

strychnine with [3Hjstrychnine in synaptic mem-

brane binding assays

Synaptic membrane suspensions (1.0 mg of
protein per tube) were incubated with increasing

amounts of [‘H}strychnine and in the absence or

presence of nonradioactive glycine (lower) or non-
radioact.ive strychnine (upper). Nonspecific
binding obtained in the presence of 1 mis glycine

or 0.1 mis strychnine has been subtracted from all

experimental values. Data were plotted by double-
reciprocal analysis. “Velocity” (V) represents spe-

cific [3H}strychnine binding (counts per minute

per milligram of membrane protein, uncorrected

for 34% counting efficiency) at the various [‘HJ-

strychnine concentrations indicated. Values are
the means of triplicate determinations, which

varied less than 15%. The experiment was re-

peated twice.

creased from 1.7 with control membranes
to 1.2 after treatment with 10 m� acetic

anhydnide (Fig. 8).
Diazonium tetrazole could interfere with

the glycine coopenativity either by altering

the glycine site itself, by disrupting co-
operative interactions of the glycine and
strychnine sites, or by a combination of

these two actions. If diazonium tetrazole

exerts its effects solely by inactivating a
proportion of glycine sites on the receptor,
then glycine interactions with the remain-
ing sites should be normal. In this case the
dissociation rate of [3H}stnychnine measured
in the presence of excess glycine would be

unaffected by diazonium tetrazole treat-

ment. On the other hand, if diazonium tetra-
zole treatment alters the interactions be-

tween the glycine and strychnine sites, the
dissociation rate of [3H]stnychnine in the
presence of excess glycine should be changed.
However, disruption by diazonium tetrazole

of the interaction of glycine and strychnine

sites ought not to alter the dissociation of
[3H]stnychnine when displaced by nonradio-

active strychnine.
To examine these possibilities, we meas-

ured the dissociation rate of specific [3H]
strychnine binding after treatment with two
concentrations of diazonium tetrazole (Fig.

9). The dissociation rate of [3H}strychnine

is unaffected by diazonium tetrazole treat-
ment when measured after the addition

of unlabeled strychnine at zero time. How-

ever, the dissociation rate when displace-
ment is effected with glycine is considerably
retarded in the diazonium tetrazole-treated
membranes. The half-life for dissociation
in control membranes displaced with glycine

is 45 see, while the half-lives using membrane
preparations treated with 0.25 mi�e and 0.75

mM diazonium tetnazole are 56 and 66 see,
respectively.

Effecte of guanidine and N-ethylmaleimide
on cooperative interactions of glycine and

strychnine binding. N-Ethylmaleimide, by
alkylating mainly sulfhydryl and amino
groupings, alters cooperative interactions of

various enzymes (43, 46-48). Guanidine,

which disrupts the tertiary and quaternary
structure of proteins, conceivably might
have similar effects. We examined the in-
fluence of N-ethylmaleimide and guanidine
on the displacement by glycine of [3H}
strychnine binding at concentrations of
these reagents which have only small

effects on the total amount of specific
[3Hlstrychnine binding (Fig. 10).

Guanidine reduces the Hill coefficient
for glycine from 1.7 to 1.26, and N-ethyl-
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Fia. 6. Hill plot of displacement of [‘Hlstrychnine binding by nonradioactive glycine and nonradioactive

strychnine
Synaptic membrane suspensions (0.5 mg of protein per tube) were incubated with 2 nas [3H]strychnine

(38,000 cpm) and increasing amounts of strychnine or glycine at 40 for 10 mm. Nonspecific binding ob-

tained in the presence of 1 mis glycine or 0.1 mis strychnine has been subtracted from all experimental
points. Values are the mean of triplicate determinations, which varied less than 15%. The experiment wan

replicated four times.
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FIG. 7. Effect of membrane treatment with diazonium tetrazole on displacement of [3H]strychnine by non-

radioactive glycine

Data were plotted according to the Hill equation. Suspensions of synaptic membranes (0.5 mg of

protein per milliliter of 0.1 as sodium phosphate buffer, pH 7.1) were allowed to react with diazonium

tetrazole (0.25 and 0.75 mis) for 1 hr at 40#{149} Ten volumes of 0.15 is NaC1 were added, and the suspensions

were centrifuged for 15 mm at 48,000 X g. The pellets were resuspended in 2 ml of 0.05 M sodium phos-
phate buffer, pH 7.1, and 200 mis sodium chloride, and [3Hlstrychnine binding was then assayed as de-

scribed in the text with increasing concentrations of glycine. Nonspecific binding obtained in the pres-

ence of 1 mis glycine has been subtracted from all experimental values. Values represent the means of
triplicate determinations, which varied less than 15%. The experiment was replicated twice. (These

concentrations of diazonium tetrazole inhibited F’H]strychnine binding less than 30%.) Hill plots of

the displacement of [�H]strychnine by nonradioactive strychnine were unaltered by prior treatment with

diazonium tetrazole.
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FIG. 9. Effect of membrane treatment with dia-

zonium tetrazole on dissociation. rate of [‘H]strych-

nine-receptor complex

Membrane suspensions (1.0 mg of protein per

assay tube) were treated with 0.25 mae and 0.75 mae

diazonium tetrazole as described in Fig. 7, and

then the rate of dissociation was determined as

described in Fig. 3, using both nonradioactive

glycine (upper) and strychnine (lower) as dis-

placers. Values are given as percentages of control

binding at zero time for each set of treated mem-

branes. Control binding for the preparations were:

no diazonium tetrazole, 0.68 pmole of [3Hjstrych-

nine specifically bound per milligram of membrane

protein; 0.25 mae diazonium tetrazole, 0.61 pmole/

mg; 0.75 mis diazonium tetrazole, 0.48 pmole/mg.

Values are the means of t.riplicate determinations,

which varied less than 10%. The experiment was

replicated twice.

creasing pH. By contrast, when the dis-
placement of [3H]strychnine by nonradio-
active strychnine is measured at different
pH values, displacement at pH 7.5 appears
to increase homotropic cooperative effects,
giving a Hill coefficient of 1.2, as compared
to the Hill coefficient of 1.0 at pH 6.7.

DIsCUSSION

Our previous report presented evidence
that specific [3H}strychnine binding to
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FIG. 8. Effect of membrane treatment with acetic

anhydride on displacement of [‘HJstrychnine by non-

radioactive glycine

1)ata were plotted according to the Hill equa-

tion. Suspensions of synaptic membrane (0.8 mg

of protein per milliliter of 0.1 M sodium phosphate
buffer, pH 7.1) were allowed to react with 10 mis

acetic anhydride for 1 hr at 4#{176}.Ten volumes of
0.15 M NaC1 were added, and the suspensions were

centrifuged for 15 mm at 48,000 x g. The pellets
were resuspended in 2 ml of 0.05 is sodium phos-
phate buffer, pH 7.1, and 200 mae sodium chloride,

and [3H}strychnine binding was assayed as de-

scribed in the text in the presence of increasing

concentrations of nonradioactive glyci ne. Non-

specific binding obtained in the presence of 1 mae

glycine has been subtracted from all experimental
points. Values represent the means of triplicate

determinations, which varied less than 10%.

maleimide lowers it to 0.74. Conceivably
these reagents decrease cooperative inter-
actions via their effects on structural links
between the glycine and strychnine sites of
the receptor.

Effects of pH changes on cooperative inter-
actions between glycine and strychnine bind-

ing sites. Changes in pH have been shown
previously to alter the signioidicity of en-
zymatic activity and binding curves (43-45,

49). In the strychnine binding system, pH
changes affect the cooperativity of glycine

displacement (Fig. 11). At pH values below

7.0 the Hill coefficient for glycine displace-

ment is 1.8, while at pH 7.3 and 7.5 the

coefficients are 1.20 and 1.05, respectively,

indicating a loss in cooperativity with in-



GLYCINE RECEPTOR 505

LOG[� � �:

CONTROL 4 mM 4 mM

GUANIDINE N-ETHYLMALEIMIDE

-I� . . , �.
-5 -4 -5 -4 -5 .4

LOG [GLYCINE]

FIG. 10. Effects of guanidine and N-ethylntaleimide on clisplacentent of E3Hjstrychnine by nonradioactive

glycine

The data were plotted according to the Hill equation. Synaptic membrane suspensions (0.8 mg of

protein per assay tube) were incubated with the indicated concentration of reagent for 30 mm at 4#{176}and

then assayed for [�H]strychnine binding as described in the text with increasing concentrations of gly-

cine. Nonspecific binding obtained in the presence of 1.0 mis glycine has been subtracted from all experi-

mentalpoints. Valuesare themeansoftriplicatedeterminations, which varied less than 15%. Theexperi-

ment was replicated twice. Hill plots of the displacement of [‘Hlstrychnine by nonradioactive strychnine

were not altered by prior treatment with guanidine, or A’-ethylamleimide.
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FIG. 11. Effect of pH on displacement of [‘Hlstrychnine by nonradioaetive glycine and strychnine

Data were plotted according to the Hill equation. Synaptic membrane suspensions (0.4 mg of protein

per assay tube) were incubated in 0.05 is sodium phosphate buffer and 200 mae sodium chloride at the

indicated pH values with 2 nat [3H]strychnine (38,000 cpm) and increasing amounts of glycine or strych-

nine at 40 for 10 mm. Nonspecific binding obtained in the presence of 1 mae glycine or 0.1 mae strychnine

has been subtracted from all experimental points. Values are the means of triplicate determinations,

which varied less than 15%. The experiment was replicated three times. Left: 0, pH 6.7, ii = 1.82; X,

pH 7.1, n = 1.66; �, pH 7.3, n = 1.19; L�, pH 7.5, n = 1.06. Right: #{149},pH 6.6, ii = 0.90; X, p11 7.1,

n = 1.00; 0, pH 7.4, is = 1.18.
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synaptic membranes of the spinal cord
represents an interaction with the post-

synaptic receptor for the neurotransmitter
effects of glycine (14). The distribution of

binding within the central nervous system
correlates well with endogenous glycine (16,

17), high-affinity uptake of glycine into
unique glycme-accumulating synaptosomes

(18-21), and the ability of glycine to mimic
natural inhibitory transmission (6-9). More-

over, displacement of specific strychnine
binding by several amino acids parallels

their glycine-like neunophysiological effects
(6), and the highest specific strychnine

binding activity occurs in synaptic mem-
brane fractions, consistent with the local-
ization of presumed postsynaptic glycine
receptors (14). Because strychnine has negli-
gible affinity for the presynaptic neuronal
uptake mechanism for glycine, it is unlikely
that this strychnine binding involves pre-
synaptic nerve terminal membranes (19).

In confirmation of previous observations

(14), we have found that the association of
strychnine with binding sites appears to be

bimolecular. These data, along with the
presence of a single component in analyses
of equilibrium binding at various strych-
nine concentrations, indicate that binding
involves a single population of receptor
sites.

The affinity of strychnine for this site is
about four orders of magnitude greater than
that of glycine. The dissociation constant
for glycine (about 25 �z�l) is similar to values
reported for acetylcholine at both nicotiic
(for reviews, see refs. 50 and 51) and mus-

caninic (52-54) receptors. It is thus conceiv-
able that affinity of approximately t.his

magnitude may be a general property for
neurotransmitter at their receptor sites.
Association kinetics is bimolecular, with a
rate constant of 1.0 X 10� �r’ see-’, while
dissociation of the strychnine-receptor com-
plex is first-order, with a nate constant of
1.54 X 10_2 sec’. The dissociation con-
stant (k2/k1) of 1.54 X 10� u is similar
to that obtained from equilibrium data.

In the present study we have confirmed
our earlier finding that the affinity for bind-
ing is relatively specific and that amino

acids with glycine-like neurophysiological
activity are the most efficient ones in com-

peting for receptor binding. Interestingly,
phenylalanine and tryptophan, which have

some affinity for the receptor, are thought
to be biosynthetic precursors of strychnine

(55).
1\’Ionovalent cations increase specific and

decrease nonspecific strychnine binding.

This results in considerably higher specific
to nonspecific binding ratios, which greatly
increase the sensitivity and ease of binding
assays. The increased binding with high
salt concentrations might be due to an
unmasking of “buried” receptor sites, as
has been observed for the insulin receptor

(56). The decrease in nonspecific binding
elicited by these cations may indicate that a
significant portion of the nonspecific binding
represents ionic interactions which are dis-
placed by monovalent cations.

The inhibition of [3H]strychnine binding

by urea and guanidine occurs at lower con-
centrations of these reagents than those that
normally interfere with the tertiary struc-

ture of proteins, and may indicate selective
effects on the binding interactions. It is

possible, however, that these reagents dis-
rupt the quatennany structure of the mem-
bnane at such low concentrations. Urea
has been shown to reverse the inhibition of

aspantate transcarbamylase by CTP at
0.8 i�s by disrupting the quaternany struc-
ture of the enzyme (43, 44, 49). However,
these reagents may inhibit strychnine bind-
ing either directly or by a combination of

effects.
The detergents Triton X-100 and deoxy-

cholate decrease binding in concentrations
which solubilize membrane proteins. This
suggests that the fall in binding results from

solubilization of strychnine binding compo-
nents of the membrane. This conclusion is
supported by our demonstration of spe-
cific [3H]strychnine binding to nepnecipi-
tated extracts obtained after treating synap-
tic membrane fractions of rat spinal cord

with 0.4 % deoxycholate or 1 % Triton X-

100, centnifugation for 2 hr at 100,000 X g,

aIld reprecipitating solubilized material

after removal of the detergent.3 In such

preparations we recover about 10 % of the

A. B. Young and S. H. Snyder, manuscript

in preparation.
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strychnine-binding capacity of the intact
synaptic membranes. This low recovery
may be due to incomplete precipitation of

the soluble material or to direct influences
of the detergents on strychnine binding.

Some reagents differentially alter the abil-
ity of glycine or nonradioactive strychnine

to compete with [3Hjstrychnine binding.
Diitrofluorobenzene and tetranitromethane
appear simply to inhibit total strychnine

binding without influencing the propon-
tional displacement of the remaining bind-
ing by glycine or nonradioactive strychnine.
In contrast, diazonium tetrazole and acetic

anhydride inhibit total strychnine binding
only to a limited extent but decrease the

ability of glycine and nonradioactive strych-
nine to displace [3H]strychnine. Further-
more, the effects on displacement are dif-

ferent for glycine and strychnine. After

treatment with 2.5 m�i diazonium tetrazole,
glycine no longer displaces [3H]strychnine,

but nonradioactive strychnine still dis-
places 50 % of the binding. With acetic anhy-
dride treatment (25 mM) glycine displaces

strychnine binding only 30 %, whereas
nonradioactive strychnine can still displace

84 % of the binding.
Protection experiments also support the

differentiation of glycine and strychnine

binding sites. If diazonium tetrazole acts
at a binding site common to strychnine and
glycine, both might be expected to protect
against inhibition by the reagent. If the
binding sites are separate for strychnine
and glycine, only one might protect. Since

only glycine protects against diazonium
tetrazole treatment, strychnine and glycine

apparently bind to distinct sites.
The differential effects of diazonium tetna-

zole and acetic anhydnide suggested that

strychnine and glycine may interact in an
allosteric fashion (29-32). Accordingly,
experiments were analyzed using the Hill
equation (42). After treatment of synaptic
membranes with either diazonium tetrazole
or acetic anhydnide, the Hill coefficients of
displacement curves are reduced to 1.2
from values of 1.7 for controls. Prior treat-
ment with diazonium tetrazole retards the
dissociation of the strychnine-receptor com-
plex when glycine is used as a displacer,

but not when nonradioactive strychnine is

used. Thus these reagents seem to inhibit
the cooperative interactions of the glycine
and strychnine binding sites.

N-Ethylmaleimide, which modifies mainly

sulfhydryl and amino groups, does not in-
hibit either total or specific [3Hjstrychnine
binding significantly. However, it does
affect the cooperativity between glycine
and strychnine binding sites, causing the
Hill coefficient of glycine displacement

curves to fall from 1.7 to 0.74.
The results with various protein-modify-

ing reagents suggest that histidyl, suif-
hydryl, and amino groups are involved in

the cooperative interactions of strychnine
and glycine sites but may not be essential

for the binding process directly. This is
evidenced by the differential effects of dia-
zonium tetrazole and acetic anhydnide on

glycine displacement of strychnine binding

and by the effects of both these reagents
and N-ethylmaleimide on the slopes of the

Hill plots of glycine displacement curves.
In contrast, tyrosyl and perhaps trypto-
phanyl groups may be involved directly

with strychnine binding, as indicated by
the direct effects of tetranitromethane and
dinitnofluorobenzene on total strychnine
binding. However, the nonspecificity of
these reagents and the crude nature of the

membrane preparation preclude any con-
elusive interpretations.

These studies with protein-modifying
reagents were performed at pH 7.1. At

other pH values the reagents may have
different effects, since their reactions with

various amino acid residues in proteins are
known to be pH-dependent. The inhibitory

effects of the reagents on specific strychnine
binding are almost certainly not secondary

to a direct reaction of the reagent with
glycine or strychnine, because these experi-
ments have been replicated after extensive
washing of the treated membranes before

assaying for strychnine binding. Further-
more, most of the reagents that did affect
binding did so only at high concentrations.
After 20-fold dilution they had virtually
no effect on specific binding, again indicating
that the initial wash after preliminary
treatment is sufficient to eliminate a direct
reaction with the ligand as a cause of the

inhibitory effect.



SOS YOUNG AND SNYDER

The studies with protein-modifying rea-

gents first suggested the possibility of gly-
cine and strychnine binding at two sepa-
rate but mutually interacting sites. Addi-
tional studies of glycine and strychnine

competition with [3H]strychnine binding
indicated that strychnine competes directly
with radiolabeled strychnine but that gly-
cine competition possesses aberrant ki-
netics. Double-reciprocal analysis of strych-
nine binding ‘II the presence of glycine
revealed a deviation from linearity, with
curves becoming concave upward. Further-
more, Hill plots of glycine displacement of

bound strychnine gave Hill coefficients of
1 .7, indicating a heterotropic cooperative

interaction. This coopenativity could be

altered by protein-modifying reagents, pH
changes, and denatunants such as guanidine

HC1. It is interesting that such treatments
alter the cooperativity of the interaction of
glycine with strychnine binding without

altering the absolute magnitude of the maxi-
mal inhibitory effect, i.e., without desensi-
tization of strychnine binding to the in-
hibitory effects of glycine. Similar effects
have been found with the classic allosteric
enzyme systems aspantate t ranscarbamylase
(43) and threonine dehvdnatase (46) and
may be due to a weakening of the interac-

tion between the different sites, which
would change the cooperativity and per-

haps the sensitivity of the inhibitory effect
without altering the maximal effect.

The nature of the apparently distinct
glycine and strychnine binding sites is un-

clear. Neurophysiological studies have dem-

onstrated cooperative interactions between

‘y-aminobutyric acid and its antagonist
picrotoxin (26, 27, 57) and have indicated

that more than one transmitter molecule
may be necessary to activate one receptor in
the case of -y-aminobutynic acid (24-27),
acetylcholine (28, 58, 59), and glycine (24,
25). Cooperativity has also been demon-
strated for nicotinic cholinergic receptor

binding (60). Neurotnansmitters may inter-
act with recognition sites on the postsynap-
tic receptor, triggering a change in ionic

conductance at an intimately related iono-
phone site. Inhibitory transmitters such as
glycine are thought to affect selectively

the permeabilty of the postsynaptic mem-
brane to potassium and chloride (61, 62).
Inhibitory conduct.ance changes are elicited

to varying extents by intracellular manipu-
lations of the chloride, bromide, and iodide

concentrations. Our studies of the differen-
tial effects of anions on [3H]st.rychnine

binding (63) are consistent with the hy-
pothesis that strychnine interacts with the

glycine-related ionophore site. Thus anions
which are capable of functioning like
chloride neurophysiologically (61, 62) also

inhibit [3H}strychnine binding. Similarly,
anions which seem too large (in terms of
hydration radius) can neither substitute
for chloride neurophysiologicallv nor in-
hibit strychnine binding.

The technique described here for meas-
uring strychnine interactions with mem-

brane components provides a direct bio-
chemical method for studying interactions
of neurotnansmitten agonists and antago-

nists. Conceivably, for transmitters other
than glycine, antagonists and agonists may
also interact cooperatively at the post-

synaptic receptor.
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