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SUMMARY

Binding of the coagonist glycine to the N-methyl-p-aspartate
(NMDA) subtype of glutamate receptors is potently antagonized
by 2-carboxy-4-hydroxyquinolines. We show that closely re-
lated derivatives, 4-hydroxy-quinolines and 4-hydroxquinoline-
3-carboxylic acids, antagonize the agonist response of the
recombinant inhibitory glycine receptor (GlyR). In Xenopus lae-
vis oocytes expressing the GlyR a1 subunit, the chloride-sub-
stituted derivatives 5,7-dichloro-4-hydroxyquinoline-3-carbox-

ylic acid and 7-chloro-4-hydroxyquinoline inhibited glycine
currents in a mixed high affinity competitive and low-affinity
noncompetitive fashion, whereas the related compounds 7-tri-
fluoromethyl-4-hydroxyquinoline-3-carboxylic acid and 7-triflu-
oromethyl-4-hydroxyquinoline showed purely competitive an-
tagonism. Our data suggest a model of the pharmacophore of
the GlyR that displays significant similarity to that proposed for
the glycine binding site of the N-methyl-p-aspartate receptor.

The inhibitory GlyR is a ligand-gated anion channel pro-
tein that mediates postsynaptic inhibition in spinal cord,
brainstem, and other regions of the central nervous system
(1). It consists of homologous ligand-binding a (al-4) (2-5)
and structural B (6) subunits, which share an extended ami-
no-terminal extracellular domain and four membrane-span-
ning segments each. In the native hetero-oligomeric GlyR, a
and B subunits are assembled at a 3:2 stoichiometry (7).
However, expression of single a subunits in Xenopus laevis
oocytes (4, 8, 9) or mammalian cells (10) generates homo-
oligomeric glycine-gated channels, whose pharmacology
closely resembles that of the native GlyR. Thus, the major
determinants of agonist and antagonist binding seem to be
localized on the a subunits.

Although the GlyR constitutes a key regulator of both
motor and sensory pathways (11, 12), little is known about its
pharmacophore. In addition to the classic GlyR antagonist
strychnine, different unrelated compounds have been de-
scribed, all of which inhibit glycine responses (13). Most of
these, however, are also active at the y-aminobutyric acid
type A receptor (13) and therefore do not represent GlyR-
selective agents. The repertoire of GlyR agonists is rather
small; other than glycine, the amino acids B-alanine and
taurine are the only potent activators of ion flux. Mutational
analysis has been used to identify distinct amino acid side
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chains required for agonist and antagonist binding (9, 14—
21); a precise picture of the ligand binding pocket of the GlyR,
however, is only beginning to emerge from these studies.

The excitatory NMDAR requires glycine as a coagonist in
addition to glutamate for efficient gating (22). The pharma-
cology of its glycine binding site, however, is rather distinct
from that of the GlyR (23). Different glycine site agonists of
the NMDAR have been derived from the a-amino acid struc-
ture; these ligands display a marked stereoselectivity for
binding in their respective p-configuration (23). The agonist
binding site of the GlyR, in contrast, shows a high preference
for L-amino acids (24). Potent glycine antagonists of the
NMDAR have been prepared using 2-carboxy-4-hydroxyquin-
oline as a lead compound. The affinities of these ligands are
increased on lipophilic substitution, as found in 5,7-dichlo-
rokynurenic acid (25).

In this study, we show that hydroxyquinoline derivatives,
which contain a carboxylic acid substitution at the third ring
atom, potently inhibit the glycine response of the recombi-
nant al subunit GlyR. Importantly, these compounds are
GlyR selective and inactive at the NMDAR and therefore
define a novel class of GlyR antagonists.

Materials and Methods

The methods used for analysis of the pharmacology of recombinant
GlyR and NMDAR have been described previously (8, 26, 27).
Briefly, X. laevis oocytes were removed from frogs that had been

ABBREVIATIONS: GlyR, glycine receptor; Q3A, quinoline-3-carboxylic acid; Q4A, quinoline-4-carboxylic acid; 6CIQA, 6-chloro-4-hydroxyquin-
oline-3-carboxylic acid; 7TFQ, 7-trifluoromethyl-4-hydroxyquinoline; 7TFQA, 7-trifluoromethyl-4-hydroxyquinoline-3-carboxylic acid; 7CIQA,
7-chloro-4-hydroxyquinoline-3-carboxylic acid; 5,7CIQA, 5,7-chloro-4-hydroxyquinoline-3-carboxylic acid; NMDAR, N-methyl-p-aspartate recep-

tor; DMSO, dimethylsulfoxide.
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anesthetized with urethane (Sigma Chemical, Munich, Germany),
dissected after collagenase (Sigma) treatment, and injected with
cRNAs of the human GlyR al subunit (10-20 ng/oocyte) or the
NMDAR subunits NR1 from rat and NR2B from mouse (10-20 ng
each), synthesized through in vitro transcription (mCAP kit; InVitro-
gen, Leek, The Netherlands) as described previously (8, 27). Voltage-
clamp recording of whole-cell currents was performed 24—48 hr after
injection at a holding potential of —70 mV. Experimental values are
presented as the mean * standard error of peak current responses.
For the evaluation of half-maximal effective agonist concentrations
(ECy,) and Hill coefficients (k) from dose-response curves, data from
several oocytes were fitted using the least-squares equation (26).
Inhibition curves were obtained by coapplication of glycine at a
concentration corresponding to its ECy, value with increasing con-
centrations of antagonist. Wash-out times between each application
were 3—-5 min.

All drugs used in the present study were purchased from Aldrich
(Steinheim, Germany), with the exception of 5,7-dichloro-4-hy-
droxyquinoline-3-carboxylic acid, which was synthesized by Hartmut
Guchhalla (University of Mainz, Mainz, Germany). Quinoline car-
boxylic acids and quinolinols (Fig. 1) were dissolved in DMSO to
prepare 10 or 50 mM stock solutions, respectively, and freshly diluted
with frog Ringer’s solution to the desired final concentrations.

Quinoline-3-carboxylic acid  Quinoline-4-carboxylic acid

(Q3A) (Q4A)
OH OH
Cl
N\ 'i il _COOH '[ i. _COOH
& CF;
6-Chloro-4-hydroxyquinoline 7-Trifluoromethyl-4-hydroxy
3-carboxylic acid (6CIQA) quinoline-3-carboxylic acid
(7TFQA)
Cl OH OH
N
P P
(o] COOH
5,7-Dichloro-4-hydroxy Kynurenic acid
quinoline-3-carboxylic acid T TN}
(5,7CIQA)
OH OH
N
P
Cl CFy
7-Chloro-4-hydroxyquinoline 7-Trifluoromethyl-4-hydroxy
(7C1Q) quinoline (7TFQ)

Fig. 1. Structures of the quinolinic acid and quinolinole derivatives
used in the study. Parentheses, abbreviations.
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Results

Quinoline carboxylic acid compounds. As reported
previously (26), heterocyclic piperidine analogs exhibit an-
tagonist activities at the GlyR, when acidic and hydroxyl
group substitutions are positioned at the C3 and C4 ring
carbon atom, respectively. In contrast, piperidine analogs
with substitutions at the C2 atom are inactive. We therefore
analyzed the effects of Q3A and Q4A, respectively, on GlyR
function. Both derivatives elicited no current response on
superfusion up to a concentration of 100 uM (Fig. 2A). In the
presence of 180 uM glycine [i.e., a concentration that pro-
duced a half-maximal response (ECg,)], each compound re-
duced the agonist-evoked current by only 10-20% (Fig. 2A).
Higher concentrations of these ligands could not be used
because solutions containing >1% of the solvent DMSO pro-
duced an inhibition of glycine responses (data not shown).
Nevertheless, Fig. 2A demonstrates that Q4A was slightly
more potent in GlyR antagonism than Q3A.

Hydroxylated and halogen-substituted quinolinic
acids. Hydroxylated and halogen-substituted analogs of the
above-mentioned quinoline carboxylic acids behaved as more
potent antagonists at the GlyR. The current response pro-
duced by 180 uM glycine was reduced by 46 * 4.6% (seven
oocytes) in the presence of 100 uM 6CIQA and by 82 + 5%
(five oocytes) in the presence of 100 uM 7TFQA. To examine
whether multiple chloride substitutions at ring positions 5
and 7 of the quinolinic acid compounds increase high affinity
binding to the GlyR, as is known to occur for the NMDAR, in
which 5,7-dichlorokynurenic acid is a potent antagonist (25),

A
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Fig. 2. Inhibition of glycine (Gly})-induced currents by quinolinic acids
in a1 GlyR (A) and NMDAR (B) -expressing oocytes. Bars above traces,
duration of drug application. Note that preapplication of quinolinic
acids without glycine (A) or with glutamate (Glu) (B) failed to produce
current responses. All compounds were applied at a concentration of
100 pMm.



Fig. 3. GlyR antagonism by quin-
oline derivatives. Glycine (230 um)
was coapplied with increasing
concentrations of the indicated
quinolinic acid (A) and quinolinol
(B) compounds. Current values
were normalized to the glycine re-
sponse obtained in the absence of
antagonist and fitted by a single
sigmoidal curve (mean =* standard
error from three to seven oocytes).
Error bars often were smaller than
the symbols used and so were not

log Antagonist [mM]

5,7C1QA was also tested. Fig. 2A shows that a 100 uM con-
centration of the latter compound inhibited the glycine-
evoked current by 95 + 10% (five oocytes). In contrast, at the
NMDAR, 6CIQA, 7TTFQA, and 5,7C1QA (all 100 uM) had no
effect on the current response evoked by coapplication of
glutamate (10 uM) and glycine (0.8 uMm) (Fig. 2B). Kynurenic
acid (4-hydroxyquinoline-2-carboxylic acid), however, inhib-
ited the glycine response of the NMDAR but not that of the
GlyR (Fig. 2).

Fig. 3A shows concentration-effect curves of GlyR inhibi-
tion for all three quinolinic acid derivatives, which indicate
ICy, (concentration required for half-maximal inhibition) val-
ues of 194 * 5.1, 36.1 * 5.8, and 118.5 *= 11.8 um for
5,7CIQA, TTFQA, and 6CIQA, respectively, and Hill coeffi-
cients of =1.4 for all compounds (Table 1). Thus, halogen
substitutions at positions 5 and 7 of the quinolinic acid struc-
ture seem to be important for efficient GlyR antagonism. In
addition, the affinity of quinolinic acid derivatives is in-
creased by carboxyl and hydroxyl substitutions at positions 3
and 4, respectively. The noncarboxylated quinolinols 7TFQ
and 7CIQ exhibited IC;, values ~2-3-fold higher than their
acidic analogs (Fig. 3B and Table 1).

Analysis of GlyR antagonism. To evaluate the mechanism
of GlyR inhibition by the aforementioned quinoline derivatives,
we determined the concentration-effect curves of glycine in the
absence and presence of the different antagonists.

5,7CIQA, applied at a concentration corresponding to its
ICg, value (20 uM), shifted the concentration-response curve
of glycine to higher concentrations without altering its slope
or maximal amplitude (Fig. 4A); this behavior is typical for a
competitive antagonist. At higher antagonist concentrations
(50 um), however, the maximally evoked glycine response
decreased by =20%, which indicates additional noncompeti-
tive inhibition (Fig. 4A). Both competitive and noncompeti-
tive inhibition was also seen at holding potentials of —50 and
—90 mV (data not shown); this argues against a channel
block by this compound. Similar results were obtained with
7C1Q, which produced a significant reduction of the maximal
glycine response at high concentrations (Fig. 4B). We there-
fore classify 5,7CIQA and 7ClQ as mixed competitive/non-
competitive antagonists. In contrast, 7TFQA and 7TFQ
seemed to be purely competitive inhibitors because a full
recovery of maximal glycine currents could be obtained even
in the presence of 100 and 200 uM concentrations, respec-
tively, which is 3—4-fold higher than the respective ICg, val-
ues of these compounds (Fig. 4, C and D, and below).

2 -1
log Antagonist [mM]

indicated.

TABLE 1

GlyR pharmacology of quinoline derivatives

Inhibition of glycine currents by quinoline derivatives was analyzed in oocytes
injected with GlyR a1 cRNA. IC;, values and Hill coefficients (h) are from exper-
iments using glycine at a half-saturating concentration of 230 um.

Antagonist Cso h o’:‘;&t‘zfs Ke
M pu
5,7CIQA 194 = 5.13 1.44 + 0.13 5 30
7TFQA 36.1 = 5.77 1.65 = 0.07 10 48
7TFQ 51.2 +2.39 1.72 = 0.05 3 115
7CIQ 115.0 =+ 3.30 1.87 = 0.03 4 300
6CIQA 1185+ 118 1.33 = 0.21 7 N.D.2

* For the calculation of K; values, see the text.
® Not determined because of low affinity inhibition.

To more precisely examine the noncompetitive interaction
of 5,7CIQA and 7ClQ and to exclude a possible modulation of
ligand binding by DMSO, we coapplied increasing concentra-
tions of these antagonists with 0.14, 0.2, 0.3, 0.5, 0.7, and 1
mM glycine, respectively. The resulting inhibition curves for
5,7CIQA (Fig. 5A) and 7C1Q (data not shown) had the same
slope and were simply shifted to the right, even in the pres-
ence of high concentrations of glycine. The respective ICg,
values increased 5—6-fold from 11 *+ 4 to 63 = 19 uM and from
105 += 5 to 570 * 70 uM, respectively, whereas the Hill
coefficients remained unchanged (1.5-1.8; see Fig. 5A). In
contrast, the slopes of the dose-response curves for the flu-
oromethyl-substituted analogs, 7TFQ and 7TFQA, increased
significantly when the glycine concentration was increased,
as revealed by a respective change in Hill coefficient from 1.5
to 2.3 (Fig. 5B and data not shown). Simultaneously, the IC;,
values increased almost 10-fold, from 15 to 120 uM and from
55 to 500 uM, respectively. This corroborates that the mech-
anism of antagonism by chloro- and trifluoromethyl-substi-
tuted quinoline compounds is different and unaffected by the
solvent.

When plotting the measured IC,, values against glycine
concentration, nonlinear correlations emerged (Fig. 5, C-F).
Because the data could not be fitted by a simple Cheng-Prusoff
equation, we used the procedure proposed by Leff and Dougall
(28) for analysis of the binding of cooperative ligands:

IC —K(" i)h 1

This equation describes a hyperbolic curve, in which 4 is the
Hill coefficient, ECg, is the half-maximal response of the
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Fig. 4. Competitive inhibition of glycine re-
sponses by quinoline derivatives. A, Glycine
dose-response curve in the absence ((J) and
presence of 5,7CIQA at concentrations of 20

- 0
log Glycine (mM)

14

7TFQA 1 71FQ

0 T T 1 0

-1 0 1
log Glycine (mM)

#M () and 50 um (@). B, Same experiment as A
but in the presence of 7CIQ at concentrations
of 100 um (M) and 500 um (@). C, Same exper-
iment as A but in the presence of 100 um
7TFQA (@). D, Same experiment as A but in the
presence of 200 um 7TFQ (@). Note the differ-
ences in residual |, values between A and B
and between C and D when antagonists were
used at concentrations that were 3-5-fold
higher than their respective ICg, values.

(X )

-2 1 0 2 -

Iog- Glycine (mM)

-

agonist (A), and K; is the inhibition constant of the antago-
nist. By using the experimentally determined values, the
data were analyzed and fitted to the predicted IC;, values of
a fully competitive antagonist (28). Using an EC;, value of
230 uM and a Hill coefficient of 2.6 deduced from the glycine
dose-response curve, a fully competitive behavior of 7TFQA
and 7TFQ was confirmed, as indicated by a perfect fit of the
experimental and calculated IC,, values (Fig. 5, D-F). How-
ever, the chloride-substituted quinolines exhibited a mixed
behavior, with competitive inhibition at low concentrations of
glycine and noncompetitive inhibition at high concentrations
of glycine (Fig. 5, C-E). These results corroborate the conclu-
sions given above. Interestingly, the K; values of all antago-
nists calculated according to Eq. 1 were higher than the
experimentally determined IC;, values (Table 1). This con-
trasts with traditional Cheng-Prusoff calculations, which re-
sult in K; values that are lower than the measured ICg,
value. Consequently, the use of Cheng-Prusoff equations will
lead to an overestimation of antagonist affinity, a conclusion
already reached in the theoretical considerations of Leff and
Dougall (28).

Discussion

In the current study, we analyzed the effects of several
quinolinic acid derivatives on GlyR function and found a
strong inhibition of the glycine response by compounds con-
taining a carboxylic group at the third carbon atom of the
heterocyclic ring system. Furthermore, both purely competi-

0

-

log Glycine (mM)

tive and competitive/noncompetitive antagonisms were ob-
served on substitution of the aromatic ring by a trifluoro-
methyl or a chloride group, respectively.

Although both the GlyR and the NMDAR bind glycine as a
principal agonist, the pharmacology of their glycine binding
sites is very distinct. Notably, many heterocyclic compounds
containing a nitrogen atom and the carboxylic group in a
configuration that mimics glycine are active at the NMDAR
but inactive at the GlyR. As demonstrated previously by the
analysis of a-amino acids and piperidine carboxylic acid an-
alogs, small uncharged groups near the nitrogen atom seem
to be important for efficient GlyR binding (26). In addition, a
defined distance between the carboxylic group and the nitro-
gen is crucial for antagonist activity, as revealed by the
potencies of different piperidine 3-carboxylic acid derivatives
and B-amino acids (26). The latter molecules are partial
agonists that display both agonistic and antagonistic behav-
ior, with ECg, values being consistently higher than their
respective IC;, values. To account for these different activi-
ties, a binding model has been proposed for the GlyR in which
the activity of B-amino acids is determined by their molecular
conformation, with cis-conformers displaying agonistic and
trans-conformers displaying antagonistic potencies (26). A
B-amino acid trans-configuration is also found in nipecotic
acid and guavacine, both of which antagonize the GlyR re-
sponse (26). In addition, potent inhibition of glycine-evoked
currents was seen with isonipecotic acid and isoguavacine,
both of which contain a folded y-aminobutyric acid motif (26).
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Fig. 5. Analysis of GlyR current inhibition by quinoline derivatives. Glycine at concentrations of 140 um ((J), 200 um () 300 um (O), 500 um (@),
700 um (A), and 1 mm (A) was coapplied with increasing concentrations of 5,7CIQA (A) or 7TFQA (B). The ICg, values obtained from individual
inhibition curves shown in A and B were plotted against glycine concentration for 5,7CIQA (C), 7TFQA (D), 7CIQ (E), and 7TFQ (F). Data points,
fit as described in the text. Note that 5,7CIQA (C) and 7CIQ (E) show a competitive inhibition behavior at low concentrations of glycine; at higher
concentrations, inhibition becomes noncompetitive, as revealed by a deviation of the data points from the exponential fit. 7TFQA (D) and 7TFQ
(F), in contrast, behaved as fully competitive antagonists, even at high agonist concentration.

Here, we extended our analysis of carboxyl group position-
ing in GlyR active compounds by testing several 4-hydroxy-
quinoline-3-carboxylic acid derivatives. All compounds con-
taining an acidic residue at the third position of the
heterocyclic ring and a hydroxylic group at the fourth posi-
tion behaved as GlyR antagonists. In contrast, 4-hy-
droxyquinoline-2-carboxylic acids such as kynurenic acid
(Ref. 29 and this study) and 5,7-dichloro-kynurenic acid (29)
displayed no activity; this underlines the crucial role of the
B-amino acid ¢trans-configuration for antagonistic binding to
the GlyR. However, Q3A and Q4A, which carry only a car-
boxyl group, were rather poor antagonists. Thus, a hydroxyl
group at position 4 of the aromatic heterocycle is important
for high affinity binding. Also, the potency of the quinolinole
7TTFQ was lower than that of its acidic analog, 7TFQA, indi-
cating that the carboxyl and hydroxyl groups of the hetero-
cycle constitute synergistic determinants of antagonist bind-
ing.

Of all quinolinic acid compounds tested, 5,7CIQA (contain-
ing two chloride substituents) was the most potent antago-
nist. Apparently, lipophilic substituents at positions 5 and 7
are major determinants of high affinity binding, whereas a
single chloride substitution at position 6 is less effective.
Trifluoromethyl side chains also generated potent antago-
nists. Because the IC4, value of 7TFQ was 2-fold lower than
that of 7CIQ, trifluoromethyl groups may be the substituents
of choice for generating potent ligands of the GlyR.

Fully competitive antagonism was observed with 7TFQA
and 7TFQ, which suggests a common binding site for glycine
and these compounds. In contrast, the related chloride-sub-
stituted analogs 5,7C1QA and 7CI1Q displayed both high af-
finity competitive and low affinity noncompetitive antago-
nism. The origin of their mixed inhibition profiles is
presently unclear; however, because the reduction of the I .,
value was independent of membrane potential, binding of
5,7CIQA within the ion channel seems unlikely. A mixed
competitive and noncompetitive antagonism has also been
discussed for the classic GlyR antagonist strychnine, which
differs significantly in its molecular structure from 5,7C1IQA
(30, 31). Thus, a second low affinity binding site exists on the
GlyR, which causes allosteric inhibition.

The slopes of the inhibition curves of 7TFQA and 7TFQ,
but not of 5,7CIQA and 7CI1Q, were strongly dependent on the
concentration of coapplied glycine. This seems counterintui-
tive to the prediction of a parallel shift of concentration-effect
curves by competitive inhibitors according to Cheng-Prusoff
calculations (32). However, the strong cooperativity of GlyR
channel gating implies nonlinear interactions between ago-
nists and antagonists. Using the equation, we could demon-
strate that the high Hill coefficient value of glycine (~2.6)
results in a hyperbolic plot of ICgz, values versus agonist
concentrations. This finding has important practical implica-
tions: neglect of the influence of agonist cooperativity will
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Fig. 6. Model of the pharmacophore of the GlyR.
5,7CIQA is shown with subsites predicted to mediate
its binding into the ligand-binding pocket of the GlyR.
The halogen-substituted aromatic ring is suggested to
interact with a hydrophobic domain of the receptor,
whereas hydrogen and charge-charge bonds are pro-

Hydrophobic H interaction
interaction charge-charge
Ci ' interaction
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§

posed to mediate binding of the nitrogen atom and the
hydroxyl and carboxylic groups, respectively. Inset,
analogous model of the binding pocket of the NMDAR
(33).

give rise to false K; estimates and apparent antagonist coop-
erativity.

Based on the structural similarities between compounds
acting at the glycine sites of the GlyR and the NMDAR, we
suggest a similar design for the respective binding pockets. A
model of the pharmacophore of the GlyR that is analogous to
that postulated for the NMDAR (33) is shown in Fig. 6.
Because lipophilic ring substitutions increase the potency of
quinoline compounds, a hydrophobic receptor domain should
exist within the ligand-binding pocket of the GlyR. Addi-
tional hydrogen bonds interacting with the nitrogen moiety
and the hydroxyl group of the quinoline derivatives are pro-
posed to be localized at similar positions, as suggested for the
NMDAR (33). A significant difference, however, must exist in
the subsites that interact with the carboxylic group G.e.,
position 2 of NMDAR antagonists but position 3 of GlyR
active compounds) (Fig. 6). This difference may also contrib-
ute to the distinct agonist pharmacology of the glycine-bind-
ing sites of these receptors.

In conclusion, we have shown that carboxyl group substi-
tutions at the third ring atom of the quinolinic acids generate
selective GlyR antagonists. This finding is consistent with
results of our previous study on the inhibition of GlyR acti-
vation by piperidine carboxylic acids (26). Our prediction of
hydrophobic antagonist/receptor interactions is consistent
with mutational analysis of the ligand-binding site of the
GlyR (9, 15, 19, 34) and should help in the design of lead
compounds that are applicable to the control of motor and
sensory functions.
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