
ABBREVIATIONS: NMDA, N-methyl-o-aspartate; MBS, modified Barth’s solution; ACC, 1 -aminocyclopropane-i -carboxylic acid; HEPES, 4-(2-

hydroxyphenyl)-N-(i -propyl)piperidmne; PCP, phencyclidine; RMS, root mean square; EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic acid; TCP, 1-
(1 -(2-thienyl)-cyclohexyl-piperdmne.
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SUMMARY

Five structural features important for activation of the glycine
recognition site on N-methyl-D-aspartate (NMDA) receptors were
identified by structure-activity studies of more than 60 glycine
analogues in voltage-clamped Xenopus oocytes injected with rat
brain mRNA. First, sterically unhindered and ionized carboxyl
and amino termini were essential for action at this site. Second,
an increase in the interterminal separation by greater than one
carbon (e.g., fl-alanine) markedly attenuated activity at this site.
Third, activity at the glycine site was stereoselective. The D-
isomers of alanine and serine were ‘-20 and 30 times more
potent than the L-isomers. Fourth, only small sterically unobtru-
sive substitutions at the a-carbon could be tolerated. cs-Methyl
(D-alanine) and a-cyclopropyl (1 -amino-cyclopropane carboxylic
acid) (ACC) substitutions were effective as agonists but most
larger aliphatic and aromatic cs-carbon substitutions were simply
inactive. Glycine, D-alanine, and ACC probably have only a two-
point attachment to the receptor. Finally the cs-carbon substituent
of D-serine is envisioned as binding to a third site on the receptor
probably via hydrogen bonding of the w-terminal hydroxyl group.
Thus, serine, an hydroxymethyl substitution of glycine, permitted
activation of NMDA receptor-mediated currents, whereas iso-
steric substitutions incapable of hydrogen bonding (e.g., 2-ami-
nobutyric acid) were inactive. Additionally, the position and size
of the hydroxyl-containing group is critical for agonist action; ID-

threonine, DL-homoserine, and hydroxyphenolic substitutions at
the cs-carbon were all inactive. Halogenated analogs of a size
comparable to D-serine but capable only of proton acceptance
at the o-terminus (�3-fluoro-D-alanine and fl-chloro-D-alanine) pos-
sessed agonist action, whereas an analog capable of only proton
donation (1 ,2-diaminopropionic acid) was inactive. Full concen-
tration-response curves were constructed for those analogs
displaying >25% of the effect of glycine when tested at 3 �
With the exception of (R)-(+)cycloserine and /3-fluoro-D-alanine,
all compounds were nearly full agonists and had Hill coefficients
not significantly different from unity. The order of relative potency
of the active analogs was ACC > glycine > D-serine > D-alanine
> �3-fluoro-D-aIanine > (R)-(+)-cycloserine > L-serine > L-alanine.
Molecular modelling of a series of active and inactive analogs
with close structural relation to glycine was undertaken. These
results were complementary to those data obtained from the
electrophysiological investigation. Taken together, electrophysi-
ological and modelling data offer compelling evidence that the
active site of the glycmne recognition site is a small pocket
containing at least three points of possible attachment, negative
and positive ionic sites and an hydrogen bond-donating site.
Thus, the glycine recognition site shows many of the character-
istics observed for the NMDA recognition site.

Responses to the excitatory amino acid NMDA are markedly

augmented by glycine, through an action at strychnine-insen-

sitive binding sites. The exact mechanisms of glycine potentia-

tion are unclear at present. Glycine has been demonstrated,

however, to increase the frequency of NMDA receptor-associ-

ated cation channel opening without altering the mean open

time or conductance in outside-out patches of murine cultured

neurones (1). Recently, Mayer et al. (2) demonstrated that one
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role of glycine is to increase the rate of recovery of the NMDA

receptor from the desensitized state. It is thought that glycine

binds to a single discrete site on central neurones with an

affinity constant of -300 nM (3) and that the glycine sites

colocalize with NMDA-preferring L-[3H]glutamate binding

sites in rat brain (4, 5) and L-[3H]glutamate and [3H}TCP

binding sites in human hippocampus (6). In addition, glycine

has been shown to potentiate, in a strychnine-insensitive man-

ner, the NMDA-induced binding of noncompetitive blockers of

the NMDA receptor channel (7, 8) and to potentiate preferen-

tially NMDA receptor agonist binding in the thalamus and
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cerebral cortex in rat brain (9). Glycine and Zn2� are also

known to modulate synaptic transmission in cultured mouse

hippocampal neurones (10) and glycine antagonists suppress

burst firing in hippocampal slices induced by perfusion with

low Mg�� concentration-containing solutions (11). Thus, the

NMDA receptor complex has been considered as being endowed

with both positive (glycine) and negative (PCP, � and

Zn2�) modulatory sites.

Kleckner and Dingledine (12) have shown in mRNA-injected

Xenopus oocytes that the presence of glycine was required for

measurable NMDA receptor activation, a finding recently sup-

ported in studies of central neurones (13). In Xenopus oocytes,

glycine activation has a Hill coefficient equal to unity, with an

apparent affinity constant close to that reported for mamma-

han central neurones. Results to date indicate that the NMDA

receptor complex expressed in oocytes possesses properties

virtually identical to neuronal NMDA receptors. Xenopus oo-

cytes, therefore, offer a novel preparation that is well suited for

electrophysiological structure-activity bioassay, without the

complications normally associated with neuronal preparations,

e.g., potential release of glycine or modulators from surrounding

neurones/glial cells, drug diffusion barriers, and uptake.

It has been postulated that the glycine binding site on the
NMDA receptor may have originally arisen from modification

of the NMDA binding site (12). Structure-activity studies have

highlighted that agonists bind at the NMDA receptor through

a “three-point” attachment (14). Several studies have demon-

strated that a small number of amino acids with structural

similarity to glycine may substitute for glycine in activating

NMDA receptors in both electrophysiological (1, 12) and radi-

oligand binding (15-18) studies. A detailed examination of

structure-activity relationships for activation of this glycine

receptor has as yet, however, not been undertaken. We have

investigated the structure-activity relationship of over 60 ana-

logs of glycine for their ability to permit currents activated by

NMDA in mRNA-injected Xenopus oocytes held under voltage

clamp. We have determined that both carboxyl and amino

termini must be left unhindered. Only small substitutions on

the cs-carbon, preferentially in the D-configuration, are per-

missable. Our data suggest that glycine has a two-point attach-

ment through its carboxyl and amino termini to its binding

site. D-Serine and structurally related compounds, however,

probably owe their efficacy to additional hydrogen bonding via

the co-terminal to a third binding site within the receptive field.

Comparison with NMDA receptor structure-activity studies

suggests that the glycine and NMDA recognition site share

many similar structural requirements for agonist activity and

we propose that they may share a common ancestry.

Materials and Methods

Purification of rat brain RNA. RNA was extracted from Sprague
Dawley rat brain using the technique of Chirgwin et al. (19), as

described in detail earlier (20). The poly(A)� RNA was selected with
one round of oligo(dT)cellulose chromatography (21). The isolated
RNA preparations were dissolved in sterile distilled water, at a final
concentration of 0.8-1.2 mg of RNA/ml, and stored in single-use

aliquots at -70”.

RNA injection of Xenopus oocytes. RNA injection of Xenopus

oocytes was performed as described previously (20). Briefly, Xenopus

laevis females (Xenopus I, Ann Arbor, MI) were anaesthetized with

0.12-0.16% tricaine methylsulfonate. A small incision was made in the
abdomen and lobes of ovary were removed to the culture solution, MBS

(in mM, NaCl, 88; KC1, 1; NaHCO3, 2.4; HEPES, 10; MgSO4, 0.82;

Ca(N03)2, 0.33; CaC12, 0.91, and supplemented with penicillin and
streptomycin, 1000 units/ml). The abdominal musculature was sutured
and allowed to heal for a period of at least 3 weeks before further

surgery was performed. The lobes of the ovary were sectioned into
small pieces and shaken gently in neutral protease (1.5 mg/ml) in MBS
for approximately 1 hr, until oocytes began to dissociate from the
ovaries. In order to reduce diffusion barriers and to prevent possible

contamination by endogenously released glycine or other modulators,

oocytes were defolliculated using fine jewelers forceps after shrinking
in hypertonic solution (MBS containing 100 mM sucrose). Defollicu-
lated oocytes were then injected with -.50 nl (50 ng) of po1y(A)� RNA
and individually cultured at 19” for at least 48 hr before use. Oocytes

typically survived 5 days following removal from the animal.

Voltage clamp of injected oocytes. Since glycine is an ubiquitous

compound, all glassware was baked at 280” for 5 hr to remove glycine.

The water used to prepare the perfusion medium was distilled in a

closed system using baked glassware. Oocytes were positioned in a

small recording chamber (volume, -500 �sl) and superfused with MBS

with a composition identical to that used for culturing, with the

exception that Mg504 was replaced with NaSO4 (0.55 mM), an addi-

tional 0.5 mM CaCl2 was added, and no antibiotics were included.

Oocytes were impaled, under visual control, with glass microelectrodes
filled with CsCl2 and EGTA (3 M and 100 mM, respectively); electrodes

had DC resistances of 1.0-5.0 M�l when measured in physiological
saline. Oocytes with input resistances of >0.5 M�1l measured at resting
potential were voltage clamped with one or two microelectrodes (Axo-

clamp 2A; Axon Instruments) at a holding potential of -60 or -70 mV.
Oocytes were perfused by gravity feed at a rate of 3.5-4.0 ml/min at
room temperature. Drugs were directly dissolved in the perfusate and

applied in known concentrations by way of a three-way tap assembly,

with a dead time of -6 sec. Solution changes were usually completed
within 40 sec. Current and voltage signals were recorded on FM tape
and chart recorder. The current signal was low-pass filtered with an

eight-pole Bessel filter at 15 Hz and digitized by an IBM-AT computer

(30 Hz) for later analysis.
Each glycine analog was applied to the oocyte by perfusion at a

single concentration (3 �sM) for a 5-mm period. Following this initial
incubation, the perfusate was changed to one containing both the

glycine analog (3 MM) and NMDA (100 SM). The effectiveness of each
analog was assessed initially as a percentage of the maximum steady

state current evoked by NMDA (100 MM) and glycine (3 �M) in that
particular oocyte. Full concentration-response curves were then con-

structed for those agonists that had >25% effectiveness, compared with

that of glycine. Concentration-response curves were obtained in a fixed
NMDA concentration (100 �sM) by applying sequentially increasing

concentrations of the glycine analog for a time sufficient to produce a
maximum current at each concentration (Fig. 1). The analog-contain-

ing solution was then removed and a period of at least 3 mm was

allowed to elapse before the next solution was applied. The percentage
analog-induced peak current was plotted against analog concentration
and the curve was fitted by a nonlinear least squares program to the
logistic equation

Current = maximum current/Li + (EC�/(agonist)’”)]

where n and ECse represent the Hill coefficient and the agonist con-
centration that elicited a half-maximal response, respectively.

Methods for molecular modelling. All molecular structures were
either constructed using the interactive graphics program MODEL,

version 2.93, or were retrieved from the MODEL template file and
inverted to afford the D-configuration. Molecular mechanics-based

energy minimization was performed on each analog to obtain a low
energy conformation, as a starting point for a systematic conforma-
tional space search using SYBYL 5.10. Starting geometries were re-

minimized in SYBYL 5.10 using Maximin2. In order to search confor-

mational space to obtain the lowest energy conformation, each resulting

starting structure was subjected to systematic conformational search
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in SYBYL by driving the torsion angles associated with the carboxyl

carbon to a-carbon bond, cs-carbon to fl-carbon bond, and fl-carbon to
f.�-substituent bond. Each angle was rotated in 10” increments through
360”, while a single-point energy calculation was performed after each
increment. As a search constraint, all conformations were eliminated
whose energy values were more than 0.1 kcal/mol greater than the

starting energy. Because the analogs are completely ionized at pH 7.4,

the carboxyl proton was removed and the nitrogen protonated before
the minimization and subsequent search, in order to allow for realistic
steric arrangement. During the search, 46,656 conformations were
examined for each analog. Upon completion of the conformational
search, each lowest energy structure was reminimized with Maximin2
to allow the molecular geometry to relax. The resulting conformations
were taken as the most stable for each analog. All graphics were

visualized in SYBYL using an Evans and Sutherland PS390 terminal.
RMS fits were performed for each of the above lowest energy

conformations in SYBYL, comparing the fit of the two equivalent

carboxyl oxygens, the amino group, and the �3-carbon substituent with

the corresponding pharmacophoric groups in n-serine. in order to

compare conformational similarity. The more similar the low energy

structures are to that of l-serine, the more likely each is to fit the same

receptive field as does D-serine. The closeness of pharmacophoric fit is

expressed as the sum of the RMS distances, in A, of each of the four

chosen atoms to their counterparts in n-serine. The fitted superimposed

structures were then viewed graphically.

Multifit analysis and molecular volume calculations were performed

in order to compare the energies that are required and van der Waals

volume that result by forcing all analogs to conform to the pharmaco-

phoric ConformatiOn of 1)-serine. All active plus inactive analogs were

linked through the carboxyl oxygens, amino nitrogen, and ;�-carbon

substituent by a 20 mdynes/A spring constant and this ‘super mole-

cule” was minimized with Maximin2. This procedure was then carried

out for all active analogs only. The lowest energy conformation for

each analog is calculated that confbrms to the receptor geometrical

requirements for n-serine activity. The difference between the energy

for each analog resulting from the multifit treatment and its corre-

sponding lowest energy conformation found by the confbrmational

search above represents the energy required for each analog to conform

to the receptor’s geometrical constraints, as dictated by D-serine. Using

the mVolume subroutine in SYRYL, volumes were calculated for the

entire multifitted structure and the multifitted active compounds. The

active volume represents that space that is accommodated by the

receptor site. Subtraction of the active volume from the total volume

of inactive and active analogs afforded the inactive space. which is

detrimental to agonist activity.

Materials. Caesium chloride was obtained from Gallard and Schles-
inger (Cade Place, NY), neutral dispase (Type I) from Boehringer

Mannheim, and oligo(dT)-cellulose from Collaborative Research. I.-

Alanine, glycine. L-serine and L-valine were obtained from Pierce

(Rockford, IL) and NMDA from Cambridge Research Riochemicals

(Harston, UK). ��-Chloro-n-alanine, f�-chloro-l.-alanine, O-phospho-n-

serine, O-phospho-L-serine, O-methyl-IDL-serine, aminomethyl phos-

phonic acid, glycinamide, glycine hydroxymate, and DL-serine hydrox-

ymate were all obtained from Sigma Chemical Co. (St. Louis, MO), 0-
fluoro-1-alanine and 0-fluoro-t-alanine were the generous gift of

Merck, Sharpe and Dohme, (Rahway, NJ), N-phosphonomethyl glycine

(active ingredient in the herbicide Roundup) was obtained from Mon-

santo (St. Louis, MO), and glycyl-n-aspartate was the gift of Dr. Peter

Petrutz. All other drugs were purchased from Aldrich.

A!! data are expressed as the mean ± standard error, with the number

ofestimations in parentheses. The EC� values were determined by the

least squares fit of the concentration-response curves to the logistic

equation. The 95% confidence intervals were calculated as the loga-

rithm ofthe EC50 values and appear in parentheses.

Results

� P� the �9MbA/#{228}I�lneRe�P�#{212}F
At a holding potential of -60 or -70 mV, application of

NMTJA (100 �zM) and glycine (3 pM) evoked an inward current

of 53.8 ± 4.7 nA (n = 51 oocytes). No measurable inward

current was observed when either glycine, any of the glycine

analogs tested, or NMDA were applied alone. In agreement

with previous studies (12, 20, 22), the evoked currents were

often but not always biphasic. Biphasic currents comprised a

rapidly desensitizing initial component followed by a second,

slowly developing, “plateau” phase. The presence of the fast

component of the evoked current tended to vary between oo-

cytes and was usually more prominent at higher agonist con-

centrations. When present, this initial rapidly desensitizing

component comprised an initial peak, that decayed slowly, with

a time constant of approximately 2-4 sec. No attempt was made

to further characterize this component of the current in this

study. It should be emphasized, however, that this initial peak

is not to be confused with the rapidly desensitizing component

(time constant of decay, 250 msec) of hippocampal NMDA/

glycine currents described by Mayer et a!. (2). This component

is at present unresolvable with our relatively slow perfusion

system. As a consequence, the measured amplitudes in all

oocytes were determined only once the current had attained a

steady state. The shape of the currents, mono- or biphasic, was

usually the same for glycine and its analogs in a given oocyte.

Fig. 1 shows the ability of two glycine analogs (ACC and (R)-
(+)-cycloserine) to dose-dependently activate the glycine site

in th� presence of a fixed NMDA concentration (100 pM).

Glycine increased the maximal evoked NMDA response with-

out affecting the F�C5 of the NMDA concentration-response

curve (Fig. 2). This suggests that glycine (and glycine analogs)

is permissive for activation of the NMDA receptor rather than

acting as an allosteric modulator of NMDA binding. This

observation provides the rationale for comparing glycine ana-

logs in the presence of a single fixed concentration of NMDA

(100 pM).

A. NMDA (1Oo�M) -�- R(+)-cyc!oserine (pM).

H

H2N-C-�

Hc� N
2\ /

0

B NMDA (100pM) + ACC (pM).

Fig. 1. Concentration-dependent activation of NMDA receptors by the

active glycine analogs (R)-(+)-cyclosedne (A) and ACC (B), determined
in two different oocytes that were voltage clamped at -70 mV. Analogs
were applied in sequentially increasing concentrations, for the times
Indicated by the solid bars, in the presence of NMDA (100 psi). Analog-

activated currents often comprised two components, particularly at
higher concentrations of analog (e.g.. 10-1 00 pM ACC); as a conse-
quence o� this observation, all measurements were deter#{241}tlned once the
currents had attained steady state. The calculated EC50 values for (R)-
(+)-cycloserine and ACC in these experiments were 5.49 and 0.38 p�A,
respectively. Following the wash-out of each analog, a recovery period
of at least 3 mm was allowed to elapse before further addition of drug-
containing solution. The structure of each analog is shown in the inset
of each panel.
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TABLE 1
Glycine analogs
Each agonist was applied at a single concentration (3 MM) for a period of at least 5
mm before the addition of a solution containing 3 �M agonist plus 100 MM NMDA.
The data are expressed as mean ± standard error of the percentage of current
elicited by 3 pM glycine plus 1 00 pM NMDA. The number of determinations is three,
except where no standard error is shown (two determinations).

0
-6 -5 -4

Inactive substitution on the carboxyl terminus

H

H2N-C-R

-3

Activity

Glycine methyl ester
Glycine hydroxymate
Glycinamide
Sennamide
DL-Sennehydroxy-

mate
Taurine -CH2SO3H
Glycine ethyl ester -COOC2H5
Ethanolamine -CH2OH

Inactive substitutions on the amino terminus
H 0

-6 -5 -4 -3

N-Methylglycine
N-Acetylglycine
N-p-Hydroxyhippuric

acid
2-Hydroxyhippuric

acid
cs-Hydroxyhippuric

acid
N-Phosphonomethyl

glycine
Acetic acid -H

Inactive substitutions on the cs-carbon
H 0

H2N-C-C

-NHPO3CH2

E
:,
E

a
E

0

0

0
a

LL�

Log [NMDA] (M)

Fig. 2. Glycine increases the maximal induced current but does not shift
the ECse of the NMDA concentration-response curve. A, Concentration-
response curves were generated in the presence of 0, 0.3, 1 .0, and 30.0
pM glycine. Each data point represents the average from 10 oocytes for
0 �M six oocytes for 30.0, and 1 .0 �M and four oocytes for 0.3 pM

glycine. The vertical bars represent the standard error, those data points
lacking bars have errors less than the size of the data point. The
maximum current amplitudes were 0.6, 29, 53, and 87 nA for 0, 0.3, 1.0,
and 30.0 pM glycine, respectively. B, The NMDA responses were ex-
pressed as the fraction of the maximal NMDA current for each concen-
tration of glycine. The data indicate that glycine does not alter the EC�
of NMDA. The calculated EC50 values of NMDA were 23.1 pM (95%
confidence limits were 20.8-25.7 pM; n = 4), 29.4 pM (24.4-35.6 pM; n

= 6), and 26.0 pM (24.0-28.2 pM; n = 6)for 0.3, 1 .0, and 30.0 pM glycine,
respectively.

Factors Influencing Activity at the NMDA Receptor

Substitutions at the carboxyl or amino termini. With

the exception of (R)-(+)-cycloserine (see below), any substitu-

tion at either the amino or carboxyl terminus greatly attenuated

the ability of the glycine analog to activate the NMDA receptor

(Table 1). Removal or partial replacement of the carboxyl

terminus (ethanolamine, amino methylphosphonic acid, and

taurine) greatly compromised the effectiveness of the glycine

analog. Esterification of the carboxyl terminus (glycine methyl

and ethyl esters) also markedly attenuated analog activity.

Likewise, substitutions on the amino terminus (N-methyl-, N-

acetyl-, and N-phosphonomethylglycine and hippuric acid de-

rivatives) or elimination of the amino terminus (acetic acid)

were detrimental. Cyclization of the amino terminus (S-2-

amino azetidine carboxlic acid, pipecolic acid, picolinic acid,

and nicotinic acid) also greatly reduced the effectiveness of the

glycine analog. This would suggest that, for any activity at the

Structural Requirements of the Glycine Coagonist Site 559

O-Phospho-D-serine
O-Phospho-L-senne
L-Phenylglycine
D-Phenylglycine
L-Valine
D-Valine
L-Phenylalanine
D-Phenylalanine
D-3-Hydroxyphenyl-

glycine
2-Aminoisobutyric

acid
D-lsoleucine
L-lsoleucine
D-4-Hydroxyphenyl-

glycine
O-Methyl-D-serine

Miscellaneous substitutions
Glycylglutamate
D-Pipecolic acid
L-Pipecolic acid
(Glycyl)3glycine
S-2-Azetidine carbox-

ylic acid
Nicotinic acid
Glycyl-D-aspartate
Cystathionine
Picolinic acid

H
-COOCH3

-CONHOH

-CONH2
-CONH�(CH2OH on csC)
-CONHOH (CH2OH on aC)

A-C-C

H OH
-NHCH3
-NHCOCH3

-NHC6H5OH

-NHCOC6H5OH

-NHCOC6H5 (OH on aC)

A OH
-CH2OPO3

-CH2OPO3

-C6H5
-C6H5
-CH(CH3)2
-CH(CH3)2
-CH2C6H5
-CH2C6H5
-C6H4OH

-(CH3)�

-HCCH3C2H5
-HCCH3C2H5
-C6H4OH

-CH2OCH3

12
7.0 ± 1.1
5.8 ± 0.7
5.8 ± 0.4
4.3 ± 0.7

4.1 ± 1.6
2.4 ± 3.0
1.0 ± 1.3

6.4 ± 1.3
3.7 ± 0.9

2.5 ± 2.1

0.8 ± 0.5

0±0

0±0

0±0

11.0 ± 3.2

2.1 ± 2.5
7
2

3.2 ± 1.5
1.7 ± 1.3

2.6
7.0

5.0 ± 1.0

1.7 ± 1.3

0±0
0±0
0±0

0±0

9.1 ± 5.0
1.8
1.2

1.0 ± 1.3

1.0 ± 1.3

0.7 ± 0.9
0±0
0±0
0±0
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glycine site, both carboxyl and amino termini must be free to

interact with their appropriate ionic binding sites.

Cyclization of D-serine to D-4-amino-3-isoxazolidone[(R)-

(+)-cycloserine] sterically fixed the substituted oxygen of serine

while removing the carbonyl group of the carboxyl terminus

(Fig. 1A). Rather surprisingly, (R)-(+)-cycloserine at 3 pM had

27.0 ± 2.4% of the activity of glycine; (S)-(-)-cycloserine was

virtually inactive (1.7 ± 1.3%). It was considered possible that

the response to cycloserine was due in part to its partial

decomposition to yield D-serine. This was not supported, how-

ever, by the comparison of the pK values for both cycloserine

and serine, estimated by titration of both compounds with

hydrochloric acid. Titration of (R)-(+)-cycloserine with HC1

showed two pK5 values, one at �-7.5 (presumably the primary

amino terminal) and the second at ‘-4.5, which could reflect

ionization of the hydroxyl group. In comparison, the measured

pK values of serine were consistent with the reported values of

9.1 and 2.2. One initial cleavage product of cycloserine com-

prises a serine analog with an amide substitution on the car-

boxyl terminus (serinamide). This substitution was virtually

inactive (Table 1). Likewise, glycinamide, glycine hydroxymate,

and serinehydroxymate were all inactive analogs. These consid-

erations indicate that the activity of (R)-(+)-cycloserine is not

due to a breakdown product. The pK5 values of (R)-(+)-cyclo-
serine indicate that this compound will exist substantially as a

zwitterion at physiological pH and, thus, could interact ioni-

cally with the receptor.

Separation of the carboxyl and amino termini. The

distance separating the carboxyl and amino residues of the

glycine molecule would appear to be critical for activity at the

modulatory site. An increase in terminal separation by a single

carbon (0-alanine) reduced the analog activity by 96% (Fig. 3).

Likewise, a single carbon increase in the interterminal distance

of D-serine (DL-isoserine) and D-alanine (DL-3-aminoisobutyric

acid or DL-3-aminobutyric acid) resulted in a complete loss of

activity. Short chain di- and tripeptides (glycylglycine, glycyl-

glutamate, glycyl-D-aspartate, and glycylglycylglycylglycine)

were also without activity at this site (Table 1).

Small-bulk hydrophobic substitutions on the a-carbon.

Substitution at the glycine cs-carbon with a cyclopropane

moiety (ACC) yielded a compound with 73.2 ± 6.8% of the

activity of glycine (at 3 pM). ACC proved, however, to have

greater potency but slightly lower efficacy than glycine when

dose-response data were obtained (see below). D-Methylation

of the cs-carbon (D-alanine) resulted in a �-38% reduction in

activity; the L-isomer was 88% less effective than glycine. 2-

H2N- CH2 CH2- 000H H2N- OH - OH2- 000H

OH
f3-alanine (4%) isoserine ( I %)

H2N- OH - OH2- 000H H2N- OH2- OH- 000H

CH3

3-aminobutyric acid (2%) 3-aminoisobutyric acid (0%)

Fig. 3. An increase in the carboxyl-amino interterminal length of active
analogs by a single carbon markedly diminishes activity at the glycine
modulatory site. Addition of a single carbon into glycine (f3-alanine) or D-

alanine (3-aminobutyric acid or 3-aminoisobutync acid) or incorporation
of the fl-carbon of D-serine into the interterminal chain (isoserine) results
in <5% analog activity. The activity of each analog compared with that
of glycine was tested at 3 pM and is shown in parentheses.

Amino-isobutyric acid, an analog of alanine with a methyl

substitution at both the L- and D-positions, however, was

without activity. Larger hydrophobic, aliphatic, or aromatic

substitutions, e.g., an ethyl (D-2-aminobutyric acid), isopropyl

(D- or L-valine), butanyl (D- or L-isoleucine), phenyl (D- or L-

phenylglycine), methylphenyl (D- or L-phenylalanine), or hy-

droxyphenyl (D-3-hydroxyphenyl-, D-4-hydroxyphenylglycine)

also resulted in analogs with less than 10% effectiveness (Table

1). These results would suggest that steric hindrance around

the cs-carbon is an important determinent of agonist activity at

the glycine site.

Hydrogen bonding through a-carbon substituents.

Serine. As reported previously, hydroxymethyl substitution of

the cs-carbon (serine) permits activation of the NMDA/glycine

current (1, 12). The D-stereoisomer at 3 pM was 90.0 ± 5.9% (n
= 11) as effective as glycine, whereas the L-isomer had only 7.6

± 2.7% (n = 11) activity. We considered whether the activity

of serine could be due to the additional binding of the w-

terminal hydroxyl group to a receptor site usually not involved

in glycine binding. This was supported by the observation that

an isosteric substitution of the hydroxyl by a methyl group (D-

2-aminobutyric acid) eliminated activity (Fig. 4). The binding

of the w-terminal is, therefore, likely to occur through hydrogen

bonding, specifically either by proton donation or acceptance.

2,� � � ��incn�cr. .iT � ( . i� � .1 (O� � � :,L � H�Tc:eine � � � � : i�eon�ne

Fig. 4. w-Terminal substitution of the cs-carbon substituent of o-alanine
has varying effects on the ability to activate NMDA-induced inward
currents. Each analog was tested at 3 pM on at least three oocytes
(except D-threonine; n = 2) and compared with the activity of 3 pM

glycine. The stenc hindrance imposed by a-carbon substitution of glycine
(D-alanine) caused a 38% reduction in analog potency. Hydroxyl substi-
tution of alanine (o-serine) partially compensates for this reduced effec-
tiveness, possibly through participation of hydrogen bonding at the w-
terminus. Halogenated compounds (fl-fluoro-o-alanine and 0-chloro-D-
alanine) capable of hydrogen bond acceptance are active, whereas an
analog capable only of proton donation (2,3-diaminopropionic acid) was
virtually inactive. Likewise isosteric substitution of the hydroxyl group by
a methyl, which is incapable of hydrogen bonding (D-2-aminobutyric
acid), is inactive. The position and bulk of the u-terminal substituent are

also important in determining analog activity at the glycine modulatory
site. Homosenne and threonine, hydroxyl-bearing analogs, and D-cys-
teine, a thiol-containing analog, all capable of hydrogen bonding, are only

-5% as effective as o-serine. The mean (± SE) currents permitted by
each analog were (as a percentage of current at 3 pM glycine) D-alanine,
62 ± 3.8; L-alanine, 12 ± 4.3; D-serine, 90 ± 5.9; L-serine, 7.6 ± 2.7; fi-
fluoro-o-alanine, 46 ± 4.9; fl-fluoro-L-alanine, 0 ± 0; i3-chloro-D-alanine,
24 ± 2.1 ; fl-chloro-’--alanine, 0 ± 0; D-cysteine, 4 ± 2.2; o-2-aminobutyric
acid, 0 ± 0; 2,3-diaminopropionic acid, 0 ± 0; DL-homoserine, 5 ± 3.0;
and D-threonine, 6.
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Fig. 5. Concentration-response relationships for glycine and those active
analogs having >25% activity at 3 pM. Dose-response curves were
constructed as illustrated in Fig. 1 . Each point is the average response
expressed as the fraction of maximum current induced by 30 pM glycine
and 100 pM NMDA, determined in each oocyte. With the exception of
glycine, each curve was determined from three oocytes; three and seven
oocytes were used to construct the glycine curves in A and B, respec-
tively. The curves were drawn from the fit of the data to the logistic
equation. The vertical bars represent the standard error; data points
having no bars have their errors within the data point symbol. All analogs
were nearly full agonists, with the exception of (R)-(+)-cycloserine and

13-fluoro-D-alanine. The EC�, efficacy, and Hill coefficient for each analog
are shown in Table 2.
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In an attempt to clarify this issue, we investigated a series of

analogs having substitutions capable of performing only one of

the above interactions.

Proton donors and acceptors. An aminomethyl (2,3-diami-
nopropionic acid) substitution at the substituted to-terminus,

which if protonated is capable of only proton donation, showed

<5% activity relative to glycine (Fig. 4). Compounds containing

proton acceptor moieties (fl-chloro-D-alanine, fl-fluoro-D-ala-

nine) at the 0-carbon, however, continued to demonstrate ac-

tivity, albeit somewhat reduced compared with glycine. The L-

stereoisomers were completely inactive at 3 pM. Analog activity

was greatly diminished, however, by O-methylation and 0-

phosphonation of serine (0-methyl-DL-serine and 0-phospho-

D- or L-serine respectively), compounds also capable of only

proton acceptance (Table 1). Longer chain analogs containing

hydroxyl groups on the substituted residue of the cs-carbon (D-

threonine and DL-homoserine) and, thus, theoretically able to

proton donate or accept, were incapable of permitting NMDA-

activated currents (Fig. 4). Likewise, para- or ortho-hydroxy-

phenolic substitution of the cs-carbon (4-hydroxyphenylglycine

and 3-hydroxyphenylglycine, respectively) or thiol substitution

(D-cysteine) abolished analog activity. It can be tentatively

concluded that the activity conferred on the serine analog is

primarily through a proton-accepting action of the analog at a

distinct binding site that is located distal to those normally

occupied by glycine. Thus, only analogs containing proton-

accepting substitutions with minimal steric hindrance, prefer-

ably in the D-configuration (D-serine, fl-fluoro-D-alanine, and

fl-chloro-D-alanine), are capable of activating the glycine site.

Dose-Response Relationships

Full concentration-response curves were constructed for

those analogs that demonstrated >25% potency compared with

glycine, D-serine, D-alanine, ACC, (R)-(+)-cycloserine, and (3-

fluoro-D-alanine (Fig. 5). Dose-response curves using the L-

stereoisomers of both alanine and serine were also constructed.

The fit of the data to the logistic equation (see Materials and

Methods) in all cases was good (Fig. 5). ACC was the most

potent of all the analogs tested (EC50 = 0.3 pM compared with

0.58 pM for glycine), followed by D-serine, D-alanine, (3-fluoro-

D-alanine, and (R)-(+)-cycloserine (Table 2). The L-stereoiso-

mers of alanine and serine were approximately 20 and 30 times

less potent than the corresponding D-isomers. With the possible

exception of (R)-(+)-cycloserine and f3-fluoro-D-alanine, all

active analogs were capable of near maximum activation of the

current and had Hill coefficients not significantly different

from unity (Table 2).

Analogs Tested as Potential Antagonists

A number of glycine analogs were tested for their &bility to

antagonize the current activated by NMDA (100 pM) and

glycine (3 pM); /3-alanine, L-serine, L-alanine, taurine, D-ala-

nine, D-serine, N-methylglycine, and N-acetylglycine (all at

100 pM) and glycine methyl ester, aminomethyl phosphonic

acid, L-pipecolic acid, glycylglutamate, glycylglycine, glycyl-

ethyl ester, 0-phospho-D-serine, 0-phospho-L-serine, picolinic

acid, nicotinic acid, glycylglycylglycylglycine, ethanolamine,

and glycyl-D-aspartate (all at 3 �sM). At the single concentration

tested, all analogs were ineffective as antagonists at the glycine

site.

TABLE 2

Potency of glycine analogs
ECw and Hill coefficients were calculated from full dose-response curves shown in
Fig. 5, as described in Materials and Methods.

ECw Efficacy Hill coefficient n

�zM %

ACC 0.30 (0.21 -0.39) 89.0 ± 1 .80 1 .02 ± 0.05 3
Glycine 0.58 (0.46-0.73) 100 1.01 ± 0.06 10
D-Serine 0.93 (0.79-1 .22) 94.6 ± 0.88 1 .03 ± 0.1 5 3
D-Alanine 1 .70 (1 .1 8-2.69) 85.0 ± 0.42 1 .23 ± 0.05 3
(3-Fluoro-D-alanine 1 .68 (1 .56-i .81) 76.0 ± 3.01 1 .01 ± 0.1 3

(R)-(+)-Cycloserine 5.30 (4.53-6.34) 71 .4 ± 7.02 0.71 ± 0.05 3
L-Senne 29.1 (21 .9-38.6) 98.9 ± 0.74 1 .01 ± 0.46 3
L-Alanine 33.7 (21 .0-66.0) 1 01 .2 ± 0.41 0.83 ± 0.09 3

. Results are expressed as the percentage of maximum current compared with
that evoked by glycine.
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Molecular Modelling

In order to model and compare representative active and

inactive analogs of similar size possessing an acyclic cs-substit-

uent, glycine, D-serine, D-alanine, and fl-fluoro-D-alanine were

used as active analogs while D-cysteine, D-threonine, 0-methyl-

D-serine, 2-aminobutyric acid, and 2,3-diaminopropionic acid

were used as inactive analogs. The presence or absence of

activity among the different analogs tested and modelled can

be expected to depend upon the characteristics of the (3-carbon

substituent, because, for the modelled compounds, this repre-

sents the only difference in structure. The lowest energy con-

formation of pharmacophoric atoms in D-serine was nearly

identical to that found in (3-fluoro-D-alanine, D-alanine (the (3-

carbon substituent is taken to be H), 0-methyl-D-serine, and

D-cysteine (Fig. 6; Table 3). This is supported by the relatively

small RMS fit distances between the pharmacophoric groups

among these analogs when compared with D-serine (Table 3).

RMS fitting compares only the relative alignment of nuclei,

without describing the volume or steric contributions of the

analogs. The fit for the lowest energy conformation of the

pharmacophoric groups in D-threonine, D-2-aminobutyric acid,

and 2,3-diaminopropionic acid to D-serine was considerably

less favorable, indicating a lack of conformational similarity.

The greater energy required to force these inactive analogs

to conform to the geometry of D-serine suggests that these

analogs would present a lower percentage of the total possible

conformations in the required form as a time average, resulting

in less activity. The result of the multifit analysis shown in

Table 3 indicates that D-cysteine, D-threonine, and D-2-ami-

nobutyric acid required approximately 1.5 kcal/mol greater

energy input than the remaining analogs in order to align the

pharmacophoric groups favorably with the receptor. This is not

unexpected, because these same analogs differ significantly

from D-serine in their lowest energy conformations. 0-Methyl-

D-serine is an interesting case, because it was inactive phar-

macologically (Table 1) yet has a similar low energy confor-

mation to D-serine. The 0-methyl group, however, is much

larger than an hydroxyl and could sterically hinder binding.

Indeed, when analogs are forced to conform to the pharmaco-

phoric geometry of D-serine followed by molecular volume

calculations, it is obvious that the sulfur of D-cysteine, the /3-

methyl of D-threonine, the 0-methyl of 0-methyl-D-serine, and

the a- and (3-carbons of D-threonine, 2-aminobutyric acid, and

2,3-diaminopropionic acid present the regions of inactive space

presumably not accommodated by the receptor sterically (Fig.

6). The bulk volumes of glycine and ACC would not extend

into the inactive space (results not shown).

Discussion

Expression of the NMDA receptor complex in Xenopus oo-

cytes provides a suitable model whereby quantitative electro-

physiological structure-activity relationships can be deter-

Fig. 6. A, Multifit modelling of active and inactive analogs. All active and inactive analogs listed in table 3 were linked through their pharmacophoric
groups and subjected to energy minimization using maximin2. The resulting multifitted “supermolecule” is displayed (main panel) in which each

analog component was forced to conform to the most stable conformation of D-senne. The active analogs are colored red and inactive analogs are
yellow. The upper right small panel (red) shows the superimposition of active analogs D-serine, fl-fiuoro-o-alanine, and o-alanine; note the near
perfect alignment of the three analogs. The superimposition of the inactive and active analogs (main panel) demonstrates the close alignment of all
carboxyl (COO-) and amino (NH) termini and cs- and fl-carbons. The $-methyl (solid arrow) and 0-methyl (open arrow) groups of D-threonine and
O-methyl-D-serine, respectively, clearly contribute additional steric bulk. B, Construction of pseudoelectronic volume maps for those analogs depicted
in A. The upper right panel (red) demonstrates that volume occupied by D-serine, fl-fluoro-D-alanine, and D-alanine. This volume represents the
“active” space accommodated by the receptor and can be envisioned as a negative image of the active site of the receptor. “Subtraction” of the
active space from the supermolecule represents the inactive space (blue or blue-white) in the main panel, which impairs analog binding to the
modulatory site. The steric bulk contribution of the methyl groups in D-threonine and O-methyl-D-serine, the cs- and fl-carbons of D-threonine, 2-
aminobutyric acid, and 2,3-diaminopropionic acid, as well as the thiol group in D-cysteine, are seen to project well into this inactive space.
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Structural Requirements of the Glycine Coagonist Site 563

TABLE 3

Conformational requirements of glycine analogs

ACbVfty

Adaptation to
receptor

conformation”
RMS fit to

�se�neb

kc&/mol A

D-Serine
(3-Fluoro-D-alanine
D-Alanine
D-CySteine
D-ThreOnine

Agonist
Agonist
Agonist
Inactive
Inactive

+2.920
+2.889

+4.274
+4.551

0.0000
0.0411
0.0023
0.1304
0.7344

2,3-Diaminopropionic acid
D-2-Aminobutyric acid
O-Methyl-D-serine

Inactive
Inactive
Inactive

+2.842
+4.401
+2.950

0.7257
0.6688
0.0041

a The value represents that energy input required to force the minimum energy
conformation of each agonist into the stenc requirements of the receptor confor-
mation, based on the conformation of D-senne.

b RMS distances between pharmacophonc atoms in each analog and those in
D-Serine. The values are inversely related to the conformational similarity of each
analog to that of D-serine.

mined. In agreement with previous observations (12), NMDA,

glycine, and all structurally related analogs were unable to

evoke measurable currents when applied alone. All observed

currents are, therefore, concluded to require the presence of the

active glycine analog, i.e., as a coagonist, for the activation by

NMDA of the receptor complex. Glycine dose-dependently

increases the maximum current evoked by NMDA without

measurably affecting the potency of NMDA (Fig. 2). These

results support the conclusion from binding studies that the

potentiating action of glycine is not mediated by enhancing

agonist affinity at the NMDA recognition site (23, 24) and are

consistent with the original finding that glycine increases the

frequency of opening of NMDA channels (1).

The investigation highlights five structural properties impor-

tant for the activation of the glycine site. First, all active

analogs have a requirement that both carboxyl and amino

termini remain unhindered. The ionized hydroxyl group of the

carboxyl terminus would appear to be the active constituent,

because (R)-(+)-cycloserine (having only a free hydroxyl group)

was active and those compounds with only free carbonyl groups

(serinamide, glycinamide, and serine- and glycinehydroxamate)

were inactive. An hydroxyl group per se is insufficient, however,

because ethanolamine was inactive. Because both termini will

be ionized at neutral pH, it is likely that they bind to positively

and negatively charged domains within the receptor. Second,

the interterminal distance of these groups would also appear to

be critical for receptor activation, because lengthening the

chain by even one carbon (e.g., /3-alanine) drastically reduced

activity. Third, in this study all active analogs had a preference

for the D-configuration. Some analogs, however, with minimal

activity (i.e., <5%) at the single concentration tested (e.g.,

phenylglycine, valine, phenylalanine, and pipecolic acid), how-

ever, often showed a marginal preference for the L-stereoisomer

(Table 1) (cf. Ref. 15). Fourth, those analogs capable of substi-

tuting for glycine would appear to belong to one of two classes.

The first comprises compounds with a small hydrophobic sub-

stitution on the cs-carbon (e.g., glycine, alanine, and ACC).

These analogs, like glycine, will be zwitterions in neutral pH

and are likely to bind only through the ionized carboxyl and

amino terminal. ACC has been previously demonstrated to have

similar binding characteristics as glycine in inducing [3H]TCP-

binding in rat cortical membranes (16). Recently, ACC has

been reported to have a partial agonist profile in its ability to

promote [3H]MK-801 binding during a 2-hr incubation in rat

forebrain membranes (18). In the binding study, ACC was found

to have 40% the efficacy of glycine. In our study, we have found

ACC to possess a potency almost twice that of glycine but to

be nearly a full agonist (“-�90% efficacy) (Table 2). The meas-

ured response in oocytes was determined within 40 sec of the

addition of ACC, at the steady state component of the evoked

current (Fig. 1). The apparent reduction of efficacy in binding

studies may reflect desensitization kinetics at higher concen-

trations or longer incubation times and warrants further inves-

tigation. Whereas the cyclopropane derivative ACC has activity

at this agonist site, cycloleucine with its cyclopentane ring has

antagonist activity (25). The antagonist activity of cycloleucine

may be due to the steric effects imposed by its bulk substituent.

Finally, the second category contains those compounds that,

like serine, possibly owe their activity to the ability of the (3-

substituent to hydrogen bond at an additional site of the

receptor normally not occupied by glycine. The activity shown

by the analog is probably primarily due to hydrogen bond

acceptance rather than donation, because compounds possess-

ing /3-substituents of either similar bulk to serine but incapable

of hydrogen bonding (2-aminobutyric acid) or capable only of

hydrogen bond donation (e.g., 1,2-diaminopropionic acid) were

inactive.

Results from the molecular modelling suggest that for activity

each analog must be able to assume the proper orientation of

pharmacophoric functional groups within a reasonable energy

window. Assuming that the proper orientation is achievable,

the (3-carbon substituent must not be too large. The additional

capability of the (3-carbon substituent to accept an hydrogen

bond from the receptor partially compensates for the steric

effects of the cs-carbon substituent. D-Alanine and ACC do not

perturb inactive space and, therefore, the requirement for hy-

drogen bonding is eliminated. In comparing the active analogs,

D-serine meets all of the above requirements and can addition-

ally serve as a hydrogen bond donor, which could stabilize the

ligand-receptor complex to an even greater extent. Less potent

active analogs such as (3-fluoro-D-alanine and (3-chloro-D-ala-

nine meet all of the requirements but serve only as hydrogen

bond acceptors. Interestingly, halogenated substitutions of

large bicyclic compounds promote marked antagonist activity

at the glycine modulatory site (11, 13, 26). It is possible that

the strong electronegative influence of halogenated analogs will

be important in determining analog activity. When considering

the inactive analogs, breach of any one requirement abolishes

activity. For example, although D-cysteine and D-threonine can

adopt conformational similarity to D-serine (Table 3), the steric

size of the thiol and methyl group on the (3-carbon, respectively,

projects well into the inactive space (Fig. 6) and, therefore,

those analogs would not be expected to fit the receptor well.

The (3-carbon substituent of 2-aminobutyric acid can orient

with an extra energy input over that of D-serine of 1.48 kcal/

mol but is, however, incapable of participating in hydrogen

bonding and, therefore, demonstrates little affinity. Likewise,

0-methyl-D-serine can conform to the required pharmaco-

phoric geometry and can serve as an hydrogen bond acceptor

but the 0-methyl group extends well into the inactive space

and is sterically prohibited from binding. D-2,3-Diaminopro-

pionic acid can easily adopt the proper orientation and the (3-

amino group does not project into inactive space; however, this

analog shows no activity. One explanation for this result is
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564 McBain eta!.

that, because the (3-amino group is likely to be protonated at

pH 7.4, it would no longer serve as an hydrogen bond acceptor,

although it could donate an hydrogen bond.

Comparison with the NMDA and Strychnine-Sensitive
Glycine Receptors

It is pertinent to compare those structural features observed

in this study at the glycine recognition site with those of both

the NMDA recognition site and the strychnine-sensitive inhib-

itory glycine receptor.

NMDA receptors. A wealth of information exists concern-

ing those structural features important for activation of the

NMDA receptor (14, 27). NMDA receptor agonists share many

features observed for glycine analogs in this study. Most ago-

nists for the NMDA recognition site comprise a “glycine”-

backbone (cs-carboxyaminomethyl) plus an additional short

chain cs-to interacidic group. The binding of agonists to the

NMDA receptor is envisioned as having a three-point attach-

ment of the amino, carboxyl, and to-acidic termini, although it

has been suggested that the to-terminus of agonists and antag-

onists may bind to different portions of the NMDA receptor

(27). Like agonists at the glycine site, NMDA receptor agonists

have a requirement for free ionizable amino and acidic termini.

Short chain substitutions at the cs-carbon also permit agonist

activity at the NMDA receptor. Optimum activity at the

NMDA recognition site occurs in analogs bearing either a two-

component (“aspartate-length”) or three-component (“gluta-

mate-length”) chain cs-carbon substituent rather than a zero-

component (“glycine-length”) or one component (“alanine-

length”) chain. L-Glutamate and glutamate-length agonists

have a higher affinity than do aspartate-length agonists (27).

Compounds possessing either a carboxyl (COOH) or sulfinate-

(SO2H) group on the to-terminus of the cs-substituent are effec-

tive as agonists. An to-terminal phosphate is generally ineffec-

tive for agonist activity at both glycine and NMDA recognition

sites but typically confers antagonist activity at the NMDA

receptor. Analogs containing to-terminal sulfonate (SO3H)

groups are effective as NMDA agonists only in glutamate-

length cs-substitutions. In contrast to NMDA receptor analogs,

the presence of an ionizable to-terminus is not strictly required

for glycine analog activity. Stereospecificity of NMDA receptor

agonists is not critical for activity. Although both receptors

appear to be capable of similar binding interactions, steric

influences would appear to be more critical in conferring agonist

activity at the glycine site.

Although the actual sizes of the active sites of neither the

NMDA site nor the glycine binding site are known, the glycine

modulatory site appears to be smaller than the NMDA site.

Such a subtle difference in receptor active site volumes may

explain the closely related yet differing structural requirements
demonstrated by both and it is possible that the third attach-

ment site on the glycine site uncovered in this study is simply

not readily accessible to glutamate. Why glycine does not bind

to the NMDA recognition site is puzzling and suggests that the

attachment of the to-terminus of NMDA receptor agonist some-

how facilitates attachment to the other two binding sites.

Strychnine-sensitive glycine receptor. Relatively little

is known concerning structure-activity relationships at the

strychnine-sensitive glycine binding site. The actions of a va-

riety of amino acids, however, have been shown to act in a

strychnine-sensitive manner at both spinal neurones (28-30)

and central neurones (31). These amino acids include L-alanine,

(3-alanine, taurine, L-serine, D-serine, 2-aminoisobutyric acid,

and cystathionine. A number of tentative differences appear

from a comparison between this glycine site and the glycine

agonist site on NMDA receptors. The carboxyl terminus can

be substituted (e.g., taurine), the interterminal length can be

longer (/3-alanine), the (3-carbon substituent can be bulkier and

need not participate in hydrogen bonding (2-aminoisobutyric

acid and cystathionine), and stereoselectivity is not marked.

From this we can deduce that the active site of the strychnine-

sensitive glycine site is likely to be larger than that of the

glycine site of the NMDA receptor. It is unclear at present

whether the three points of attachment observed for both

agonists at the NMDA receptor are important for agonist

activity at the strychnine-sensitive site.

Glycine as a coagonist. Recent evidence suggests that the

family of excitatory and inhibitory amino acid receptors share

many structural similarities and are possibly derived from a

common ancestry (32). Complementary to both the nicotinic

acetylcholine and “y-aminobutyric acidA receptors, the NMDA

receptor complex has a requirement for the binding of at least

two agonist molecules for activation. It is likely, however, that

the NMDA receptor complex differs from these other receptors

in that two structurally related yet different agonist molecules

are required for receptor activation (i.e., glutamate and glycine).

Due to the many common recognition sites shared by agonists

of both receptors, we suggest that the glycine binding site was

originally derived from the NMDA recognition site or vice

versa. Based on reported Hill coefficients obtained from recep-

tor binding assays, it is at present unclear whether the NMDA

receptor binds one (33, 34) or more (35) molecules of glutamate.

In the latter study a Hill coefficient of 1.22 was found for

glutamate potentiation of [3H]MK-801 binding after a 24-hr

exposure to L-glutamate. Although these results are intriguing,

it is possible that such a lengthy exposure and/or the effects of

glutamate at “unprotected” non-NMDA receptors may compli-

cate the interpretation of the obtained Hill slope. At present,

we favor the hypothesis of a single glutamate binding site on

the NMDA receptor.

We envision, therefore, that the active site of the glycine

receptor, like the primary NMDA receptor, is a small pocket

containing both positively and negatively ionized groups capa-

ble of binding the carboxyl and amino termini of glycine and

an additional site capable of proton donation. Thus, only ana-

logs with the correct spatial configuration and binding proper-

ties will fit this site. Molecular modelling of these analogs

demonstrates a clear profile of structural determinants that

appear to be necessary for activity of ligands. The above treat-

ment should prove useful in predicting the relative activity of

other potential ligands acting at this site.

The glycine recognition site imparts great functional flexi-

bility to the NMDA receptor. Because neither glycine nor

NMDA acting alone can open ion channels, it is reasonable to

refer to them as “coagonists” of the NMDA receptor rather

than modulator and agonist. It has been difficult to demon-

strate the requirement for glycine in intact tissues, presumably

due to high levels of contaminating glycine. The competitive

glycine site antagonist 7-chlorokynurenic acid (11, 26), how-

ever, has been shown to abolish NMDA-induced excitotoxicity

in rat cortical cultures (36) and burst firing in rat hippocampal

slices (11). In addition, responses to NMDA are blocked by a

variety of antagonists with a less specific action at the glycine

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


Structural Requirements of the Glycine Coagonist Site 565

site (37-40). These data would suggest that glycine is required

in some neuronal preparations as well as in oocytes (12) and

dialyzed neurones (3, 13). A major unanswered question is

whether this agonist site is saturated with glycine under all

conditions, because the EC50 for glycine in oocytes, dialyzed

neurones, and isolated washed membrane preparations is 200-

500 nM (1-3, 7, 12, 13, 16) whereas the glycine concentration

in (human) cerebrospinal fluid is estimated to be 7 pM (41). On

the other hand, the EC50 for glycine potentiation of NMDA-

induced excitotoxicity is in the range of 20-30 pM (36), which

raises the possibility that the measured affinity of the recog-

nition site for glycine may be influenced by either metabolic or

uptake mechanisms (or both) in intact neurones.
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