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A Structure-Activity Study on the Sucrose Taste Antagonist 
Methyl 4,6-dichloro=4,6=dideoxy=ar=D=Galactopyranoside 
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In order to assess the effect of the antagonist methyl 4,6-di- 
chloro-4,6-dideoxy-cu-D-galactopyranoside (MAD-diCl-Gal) upon 
the gerbil’s chorda tympani sucrose taste response, we tested 
several concentrations of this compound, as well as single con- 
centrations of closely related derivatives, and found that MAD- 
diCLGa1 was the most potent inhibitor tested. It appears that 
the inhibition mechanism is very specific. For example, we have 
found that 2 chlorine atoms at the C-4 and C-6 positions on the 
glycopyranoside ring are required for inhibition. In addition, 
with regard to the orientation of the chlorine atoms, the gala&o 
derivative seems to be more potent thau the gluco derivative. 
We have also found that the methyl glycoside is more potent 
than the free sugar. With regard to the orientation of the methyl 
group, MAD-diCl-Gal is more potent than its 8-anomer. (Be- 
cause of this discovery of the methyl group enhancement and 
orientation effect, we shall discontinue using the acronym diCl- 
Gal and replace it with the more specific MADdiCl-Gal.) Of 
particular significance is the fact that there appears to be a 
structure-activity relationship between the most active stimu- 
lants and inhibitors in that the requirement for an axial orien- 
tation at C-l and the enhancement by the methyl group at that 
position are the same in both cases. These results suggest that 
both the stimulator and the antagonist are acting at the same 
receptor site. 

The existence of a mechanism of competitive inhibition is 
borne out by our concentration experiments in which the antag- 
onist was surmounted by high concentrations of sucrose and 
each successive concentration of inhibitor depressed the sucrose 
response to a given degree and in a parallel fashion. 

Probably the most definitive piece of evidence for multiple spe- 
cific sweetener receptor sites was obtained by Zawalich (1973) 
using alloxan to inhibit the rat’s whole nerve electrophysiolog- 
ical taste response to sweeteners. He observed that alloxan in- 
hibited its neural responses to sugars but not to sodium sac- 
charin, glycine, or sodium cyclamate. The alloxan experiment 
is very important because most other chemical treatments of 
taste receptors will significantly decrease all sweet taste re- 
sponses (e.g., Borg et al., 1967; Diamant et al., 1965; Hagstrom, 
1957; Hiji and Ito, 1977; Yamamoto and Kawamura, 197 l), 
which leads to the conclusion that there is only a single sweetener 
receptor site. The rat alloxan inhibition may be a species-related 
effect because this compound does not inhibit the electrophys- 
iological responses of the gerbil to sucrose. 

The failure of alloxan as well as gymnemic acid (Jakinovich 
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and Oakley, 1975) to inhibit the gerbil’s sucrose taste response 
has encouraged us to search among the nonstimulating sweeten- 
er derivatives for possible antagonists (Jakinovich, 198 1, 1982). 
Recently (Jakinovich, 1983) we discovered such an antagonist 
of the gerbil’s sucrose taste response, methyl 4,6-dichloro-4,6- 
dideoxy-a-D-galactopyranoside (MAD-diCl-Gal), a compound 
that resembles part of the sweetener molecule chloro-sucrose 
(4,6-dichloro-4,6-dideoxy-a-D-galactopyranosyl-l’,6’-dichloro- 
1’,6’-dideoxy-@-D-fi-uctofuranoside). MAD-diCl-Gal is a specific 
antagonist of the gerbil’s sucrose taste response in that it does 
not suppress the taste responses to sodium chloride or hydro- 
chloric acid. Moreover, the sucrose antagonism of this com- 
pound is overcome by high concentrations of sucrose, suggesting 
that it is a competitive inhibitor. 

As a model compound to be used in further studies of sweet 
taste, MAD-diCl-Gal has some shortcomings. We have found 
that it is such a weak inhibitor that the very high concentrations 
(0.1 M) that must be used in the electrophysiology experiments 
may prove to be toxic to animals in behavioral experiments. In 
addition, the strong, bitter taste could cause interpretation prob- 
lems and add limits to the behavioral studies. 

Therefore, we have been synthesizing a number of other chlo- 
rinated monosaccharides but have discovered that MAD-diCl- 
Gal was still the most potent of these compounds. 

Materials and Methods 

Materials 
Animals. Mongolian gerbils, Meriones unguiculatuq were obtained from 
Tumblebrook Farm, West Brookfield, MA, and were less than 1 year 
old, weighing 50-70 gm. 

Compounds. The compounds listed below were synthesized in our 
laboratory by the methods of the authors cited. Methyl 4,6-O-benzyl- 
idene-oc-D-galactopyranoside was a gift from Dr. I. J. Goldstein, Uni- 
versity of Michigan; the rest of the compounds were purchased from 
Sigma Chemical Company, St. Louis, MO. 

4,6-Dichloro-4,6-&d&oxy-cr-D-galactose, mp = 183”C, [a],” = 
+ 129.7” CC = 1.2 in methanol) (Paulsen et al.. 1976). 

Methyl 4,6-0-benzylidene-&&glucopyran&ide, hp = 165-166”c, 
[a],” = + 109” (C = 1.1, chloroform) (Van Cleve, 1971). 

Methyl &hloro-4-deoxy-a-D-galactopyranoside, mp = 119-l 20°C, 
[&2s = +202O (C = 2.0, H,O), prepared by deacetylating methyl 
4-chloro-4-deoxy-2,3,6-tri-O-acetyl-a-D-noside (Aritaet al., 
1972). 

Methyl 6-chloro-6-deoxy-a-D-glucopyranoside, mp = 110-I 12”C, 
[a],” = + 136.7” (C = 1.0, H,O) (Evans and Pan&h, 1972). 

Methyl 3,6-dichloro-3,6-dixy-B-D-allopyranoside, mp = 165”c, 
lal,,” = -33.3” (C = 0.6. chloroform) (Dean et al.. 1974). 

Methyl 4,6-dichloro-4,&dideoxy-&galactopyraAosidei mp = 154”c, 
[LX],” = + 178” (C = 2.0, H,O) (Jennings and Jones, 1963). 

Methyl 4,6-dichloro-4,6-dideoxy-P-D-galactopyranoside, mp = 153”c, 
[c&25 = + 12.5” (C = 0.8, H,O) (Dean et al., 1974). 

Methyl 4,6-clichloro-4,6-dideoxy-ol-D-glucopyranoside, mp = 125”c, 
[OI]~~~ = + 122.4” (C = 1.25, H*O) (Jennings and Jones, 1965). 

Melting points were determined on a Fisher-Johns melting-point ap- 
paratus and are uncorrected. Optical rotations were done on a 0. C. 
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Rudolph and Sons polarimeter, Model 564, with a 10 cm cell and a 
sodium lamp. All evaporations were conducted in vucuo at 35-4O”c on 
a rotary evaporator. Purity of the glycosides was evaluated by thin-layer 
chromatography carried out on activated Silica Gel-G glass plates using 
various solvents. The sugars were visualized by spraying with 15% 
H,SO, (vol/vol, in ethanol) and heating for 5-10 min at 150°C on a 
large, hot plate. 

Recovery of MAD-diCkGal from used taste solutions. Because syn- 
thesis of large quantities of MAD-diCl-Gal is a long and tedious process, 
the compound was recovered when possible by chloroform extraction 
from used taste solutions. In these cases, pooled aqueous taste solutions 
were placed in a separatory funnel and MAD-diCl-Gal was extracted 
with hot chloroform (4-5 x). The chloroform solutions were concen- 
trated by rotary evaporation and the dried crystalline product collected. 
It was dissolved in a minimum amount of hot ethanol (absolute) and, 
when it cooled, petroleum ether (bp = 30-6K) at twice the alcohol 
volume was added. The resulting crystal’s melting points and optical 
rotations were found to be in agreement with the literature (Jennings 
and Jones, 1963). 

Taste solutions. All compounds were dissolved in deionized water 
and, when not used immediately, stored at 2°C for 7 d or frozen at 
- 10°C for later use,’ at which time they were brought to room temper- 
ature. 

Methods 
Efectrophysio/ogy. The method for exposing and recording from the 
intact chorda tympani nerve has been reported (Jakinovich and Oakley, 
1975). The recording was done by touching the nerve with a nichrome 
electrode (100 pm diameter) that was connected to a differential am- 
plifier (Grass P-5 11). The neural activity was displayed on an oscillo- 
scope and could be monitored by means of a loudspeaker. The integrated 
discharge of the nerve was used to characterize the gustatory system 
since it represents a summation of activity from many receptor cells 
(Kimura and Beidler, 1961). A response in this study was defined as 
the difference between the spontaneous activity and the greatest inte- 
grated potential elicited by a solution applied to the tongue. The inte- 
grator’s (Grass 73PA) time constant was set at 0.5 set, with full-wave 
rectification. The indifferent electrode was placed on a nearby piece of 
moist tissue within the auditory bulla. 

Stimtdution. Chemical stimulation of the tongue was effected by a 
gravity-flow funnel-tubing system through which deionized water flowed 
continuously (0.13-C). 17 ml/set). Test solutions (2-4 ml) were alternated 
with water without interruption of the flow. The temperatures of the 
water and the taste solutions were identical: 25 * 1°C. Each compound 
(and its mixture with sucrose, salt, or acid) was tested twice with a 
standard solution (0.03 M sucrose) in between each pair. Whenever the 
standard solution elicited responses differing by more than 15%, all 
interjacent responses were rejected. 

Results 
The gerbil’s taste nerve’s response to these sugars (Fig. 1) was 
variable. For example, at the concentration tested, 0.1 M, the 
nerve responded only to compounds I, II, III, IV and VI. Except 
for the response to compound I, the responses to the other 
compounds-II-IV and VI-have already been reported (Jakin- 
ovich, 1985; Jakinovich and Goldstein, 1976). Those latter 
compounds were used for comparative purposes. None of the 
other sugars stimulated the nerve to any significant degree. Only 
once, using a sample of MAD-diCl-Gal (XII) that contained 
some impurities, did we see significant responses. Often, we saw 
very little response or, as we have reported before, no response 
at all (Jakinovich, 1983). Sometimes we saw a small depression 
of the summated nerve response when these compounds were 
applied to the tongue, as shown in Figure 2A. 

Structuwactt’vity study 
In order to assess the inhibitory nature of MAD-diCl-Gal, these 
sugars were. tested in mixtures with 0.03 M sucrose. We observed 
the following: 

1. Of all compounds tested at 0.1 M, MAD-diCl-Gal (XII) 
was the most effective inhibitor, suppressing the 0.03 M sucrose 
response around 80% (Table 1). 

Ph 

Ph D 

H,O H 

Figure I. Compound structures from Table 1 used in the mixture 
experiment. (Roman numerals indicate compound structure.) A, CX-an- 
omers: I. R, = H, R, = Cl; R, = OH: II. R, = OH, R, = H; R3 = C1: 
III. R, = OH; R, = H; Rj = OH: IV. R, = H; R, = OH; R3 = OH: XI. 
R, = C1; R, = H; R, = Cl: XII. R, = H; R, = Cl; R, = Cl. B, /3-anomers: 
VI. R, = H; R, = OH; R, = H; R, = OH; R, = OH: VII. R, = C1; 
R, = OH; R, = OH; R, = H; R, = Cl: X. R, = H; R, = OH; R, = H; 
2 = C1; R, = Cl. C, Compound V, D, Compound VIII; E, Compound 

2. Our results do not support the notion that the reasons for 
the inhibitory nature of MAD-diCl-Gal are that it is poorly 
soluble and a poor stimulant. For example, MAD-Gal, which 
did not inhibit the sucrose response at 0.1 M (Fig. 2B), was a 
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Figure 2. The effect of MAD-diCI- 
Gal (A) and methyl o-o-galactopyran- 
oside (MAD-Gal) (B) on the gerbil’s 
sucrose response (s). Bars indicate 
when the solution is applied to the 
flow system. R is the measure of the 
response used in these experiments. 
S+ is the mixture of sucrose (0.03 M) 

and0.1 MAorB. 
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A S+ S 

A. MAD-D iCI-Ga I B. MAD-Ga I 

poor stimulant at that concentration but is known to stimulate 
well at higher concentrations (Jakinovich and Goldstein, 1976). 

3. Neither one of the mono-chloro sugars tested (I and II) 
inhibited the sucrose response. 

4. Merely possessing 2 chlorine atoms does not result in a 
compound that inhibits the sucrose response; for example, com- 
pound VII did not inhibit the sucrose response. 

5. The orientation of the substituent group at C- 1 appears to 
be important; the a anomer (XII) was more effective than the 
p anomer (X). 

6. The orientation of the chlorine atom group at C-4 is im- 
portant. The gluco derivative (XI) is less effective than the ga- 
lacto derivative (XII). 

7. It appears that the methyl group at C- 1 enhances inhibition. 
For example, if you remove this group from MAD-diCl-Gal, 
the resulting compound (IX) is a less effective inhibitor. 

8. Addition of the large hydrophobic benzylidene group, en- 
compassing C-4 and C-6 (compounds V and VIII), does not 
result in inhibition. 

Eflect of MAD-diCkGal concentration on the sucrose response 
As the concentration of MAD-diCl-Gal is varied, a uniform 
effect is observed on the entire sucrose response curve (Fig. 3). 
When increasing concentrations of MAD-diCl-Gal are mixed 
with 0.03 M sucrose, the first noticeable suppression of the su- 
crose response occurs at 0.01 M (Fig. 4). In addition, the con- 
centration of MAD-diCl-Gal that inhibited the 0.03 M sucrose 
response by 50% (the IC,,) was 0.048 M. The maximum solu- 
bility of MAD-diCl-Gal (0.1 M) prevented testing higher con- 
centrations. 

Previously (Jakinovich, 1983) we reported that MAD-diCl- 
Gal had an inhibition constant (K,) of 0.05 1 M and was acting 

Table 1. Gerbil’s chorda tympani nerve responses to various methyl glycopyranosides (0.1 M) and their effect in mixtures with 0.03 M sucrose, 
ranked according to the mixture response 

Compound 
Sucrose control 

I. Methyl 4-chloro-4-deoxy-ol-o-galactopyranoside 
II. Methyl 6-chloro-6-deoxy-oc-o-glucopyranoside 

III. Methyl a-o-ghicopyranoside 
IV. Methyl oc-o-galactopyranoside 
V. Methyl 4,6-0-benzylidene-cu-o-galactopyranoside* 

VI. Methyl P-D-galactopyranoside 
VII. Methyl 3,6-dichloro-3,6-dideoxy+-D-allopyranoside 

VIII. Methyl 4,6-0-benzylidene-Lu-o-glucopyranosidea 
IX. 4,6-dichloro-4,6-dideoxy-o-galactose 
X. Methyl 4,6-dichloro-4,6-dideoxy-P-n-galactopyranoside 

XI. Methyl 4,6-dichloro-4,6-dideoxy-cY-D-glucopyranoside 
XII. Methyl 4,6-dichloro-4,6-dideoxy-cu-D-galactopyranoside 

‘. 0.03 M. 
h Number of experiments. 

Mixture response Change 
Response t2 SE co4 Iv 

1 .oo 1 .oo - - 

0.48 IL 0.16 1.38 + 0.24 38 4 
0.46 k 0.22 1.38 -t 0.30 38 4 
0.75 It 0.13 1.34 It 0.17 34 6 
0.32 + 0.12 1.26 k 0.13 26 5 
0.02 * 0.04 1.25 k 0.34 25 5 
0.23 + 0.06 1.08 k 0.09 8 5 
0.04 + 0.06 0.90 * 0.07 -10 8 

0.015 + 0.07 0.87 k 0.12 -13 6 
0.13 + 0.10 0.68 f 0.29 -32 6 
0.05 + 0.15 0.56 + 0.12 -44 6 
0.13 + 0.09 0.54 f 0.11 -46 6 
0.05 + 0.04 0.20 k 0.06 -80 16 
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Figure 3. Effect of various concentrations of MAD-diCl-Gal on the 
sucrose response: 0, sucrose alone; A, sucrose plus 0.01 M MAD-diCl- 
Gal; n , sucrose plus 0.03 M MAD-diCl-Gal; +, sucrose plus 0.1 M MAD- 
diCl-Gal. n = 5 animals; bars, k2 SE. 

as a competitive inhibitor. Since the graphic representation, 
together with calculations for deriving the K,, were not published 
at that time, we have included these data now (Fig. 4B). The 
K, was derived from a modified Dixon and Webb (1964) formula 
for competitive inhibition, as follows: 

where i is the concentration of inhibitor; K, is the dissociation 
constant of the sucrose response curve in the absence of the 
inhibitor; and K, is the dissociation constant of the sucrose 
response curve in the presence of the inhibitor. Following Figure 
4B, the K,, = 0.027 M; the K, = 0.08 M; and i = 0.1 M. Therefore, 
K, = 0.05 1 M. 

Optical rotations of mixtures of sucrose with 
MAD-diCl-Gal 
To assess the possibility that the above inhibitors are reacting 
with sucrose, thereby reducing its effective concentration, we 
compared the optical rotations of the various mixtures and found 
that the rotations were simply additive, indicating that there 
were no interactions (Table 2). 

Other compounds screened as possible inhibitors 
The results with MAD-diCl-Gal have stimulated our interest 
in examining the possible inhibitory effects of other compounds 
on the gerbil’s sucrose taste response (Table 3). The criteria for 
compounds selected include (1) those reported to suppress the 
sweet or sugar responses in mammals, (2) those that inhibit 
metabolic processes involving sugars, and (3) sugar derivatives 
that do not stimulate the gerbil’s taste nerve. This latter group 
of compounds includes both bitter and tasteless compounds. 
Unlike the case with MAD-diCl-Gal or any of its derivatives, 
the gerbils’ taste response to sucrose was unaffected by these 
compounds. 

Discussion 
In a previous paper (Vlahopoulos and Jakinovich, 1984), we 
published some preliminary results indicating that MAD-diCl- 
Gal was a potentially useful inhibitor of the sucrose taste re- 
sponse in the gerbil. At that time, though, we were not sure 

C 
-iT 

0.8 - 

0.048M 
0 I 

1 1 

0.001 0.01 0.1 

MOLAR 

0:1 013 
-7 

1.0 
C 

Figure 4. A, Effect of various concentrations of MAD-diCl-Gal on the 
0.03 M sucrose response. The IC,, (the concentration of MAD-diCl-Gal 
which inhibited the sucrose response by 50%), was 0.048 M. n = 9 
animals; bars. i2 SE. B, Beidler plot (1954) of summated nerve re- 
sponses to sucrose (0) and mixtures of sucrose and 0.1 M MAD-diCl- 
Gal (m. n = 5. C, Concentration; R, response. 

whether MAD-diCl-Gal was a competitive, allosteric, or a non- 
competitive inhibitor. Kinetic plots, although useful tools, can 
be misleading (Lehninger, 1975). The most definitive evidence 
for competitive inhibition might have been achieved from bind- 
ing experiments using radioactive compounds. However, since 
Cagan (I 97 1) found that sugars bound weakly to gustatory tis- 
sues, we feel that binding experiments with MAD-diCl-Gal may 
not be feasible. 

In an attempt to better understand this inhibitory mechanism, 
we have examined and ruled out the following as possible rea- 
sons for suppression of the sucrose response: 

Table 2. Analysis of optical rotations of sucrose, MADdiCl-Gal, 
and mixturesa 

Solution (M) 

Sucrose (0.03) 
MAD-diCl-Gal (0.1) 
Mixture of sucrose and MAD-diCl-Gal 

Rotation [&*s 

+0.72 
+4.02 
+4.82 

en=5. 
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Table 3. Compounds screened as potential inhibitors of the 0.03 M sucrose response 

Compound 

1. Acarbose 

2. Alloxan 

3. Gluconic acid 

4. Glucuronic acid 

5. Gymnemic acid 
(purified 80% A,, 20% A& 

6. Sucrose octaacetate 

Concentration” 

40 mg/lOO ml 

0.3 M 

0.1 M 

0.1 M 

5 mg/ml 

0.001 M 

Application method 

Mixture 

Pretreatment, 3 min 

Mixture 

Mixture 

Pretreatment, 3 min 

Mixture 

Reason Source 

Sucrase inhibitor and sugar Dr. A. Scalafani, 
derivative (Schmidt et al., Brooklyn College, 
1982) NY 

Suppresses rat’s taste response Sigma Chemical Co. 
(Zawalich, 1973) 

Tasteless, nonstimulating sugar Sigma 
derivative 

Tasteless, nonstimulating sugar Sigma 
derivative 

Inhibits sweet response in humans Dr. van der Wel, 
(Diamant et al., 1965) Unilever Research, 

Netherlands 
Bitter, nonstimulating sugar Sigma 

derivative 

y The concentrations used were those recommended in the literature or very close to the maximum solubility. 

Inactivating Site 
1 / 

Activating/Sites 

Inactivating Site . / 

Membrane 
Protein 

Solution 

\ 

’ Membrane 
Activating/ Site Protein 

Figure 5. Proposed model of the sucrose site in the membrane of the 
gerbil’s gustatory cell. This model takes into account those inhibitory 
regions which interact with the chlorine atoms at C-4 and C-6. Top, 
The site is occupied by methyl a-D-glucopyranoside, and this activates 
the receptor cell. Bottom, The site is occupied with MAD-diCl-Gal, 
which does not activate the cell. 

1. pH Efict. One possible explanation of the depressed re- 
sponse to the mixture of MAD-diCl-Gal and sucrose is that 
MAD-diCl-Gal might be acting as an acid, or contain an acidic 
impurity, since it is known that low pH depresses the sugar taste 
response in humans (Stone et al., 1969), gerbils (Jakinovich, 
1982) hamsters (Hyman and Frank, 1980) and rats (Ogawa, 
1969a, b). However, our 0.1 M MAD-diCl-Gal, by itself, has a 
pH of 5.8, which is more or less the same as the 5.6 of the air- 
equilibrated deionized water that has been stored in plastic car- 
boys and in which the MAD-diCl-Gal has been dissolved. To 
check this further, we also conducted experiments using a pH 
buffer of 7.0 and found that MAD-diCl-Gal still inhibited the 
sucrose response, all of which tends to rule out any pH effects. 

2. Anesthetic efict. Our structure-activity study, together with 
the specificity of taste quality inhibition, i.e., the failure to sup- 
press the NaCl or HCl response, as well as the failure of pre- 
treatment to affect the sucrose response (Jakinovich, 1983) tend 
to rule out the possibility that MAD-diCl-Gal is behaving as a 
nonspecific anesthetic, as reported by Von Skramlik (1963). 

3. Compound interaction. To test the possibility that MAD- 
diCl-Gal was reacting with sucrose, thus reducing its effective 
concentration, we examined the mixture by polarimetry and 
found no evidence of reaction. However, it is still possible that 
the polarimeter may not be sufficiently sensitive to pick up small 
reactions. 

4. Bitter efict. One possibility for MAD-diCl-Gal’s suppres- 
sion of the sucrose response is its intense bitterness, since the 
behavioral suppression of sweet taste by a bitter substance is 
well known (Bartoshuck, 1975). This explanation does not seem 
to be supported because the addition of sucrose octacetate, an 
intensely bitter sugar, did not suppress the sucrose response. 
Furthermore, the gerbil’s sucrose response is not suppressed by 
potassium phosphate solutions, which are also bitter (Jakino- 
vich, 1982). 

On the other hand, we also believe that the following pieces 
of evidence support the idea of a specific receptor mechanism 
and explain the inhibition of the gerbil’s sucrose response by 
MAD-diCl-Gal: 

1. Surmountability. A crucial piece of evidence for compet- 
itive interaction (Ariens, 1964) is the fact that inhibition was 
surmounted by high concentrations of sucrose (see Fig. 3). 

2. Application methods. In addition, as was found previously 
(Jakinovich, 1983) MAD-diCl-Gal must be mixed in solution 
with sucrose to be inhibitory. Moreover, a 2 min pretreatment 
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of the gerbil’s tongue with 0.1 M MAD-diCl-Gal did not affect 
the response, also lending credibility to the competitive mech- 
anism. 

3. Parallel curves. Two additional important pieces of evi- 
dence for competitive inhibition are found in Figures 3 and 4B. 
Figure 3 demonstrates that each successive concentration of the 
inhibitor will depress the sucrose response to a given degree and 
in a parallel fashion. Figure 4B, using a different type of analysis 
(the Beidler plot; Beidler, 1954), with the highest concentrations 
of MAD-diCl-Gal (0.1 M), also demonstrates a parallel shift. 
Both treatments of the data lend support to the idea of the 
mechanism of competitive inhibition. 

4. Inhibition constants. The fact that measurements of the 2 
inhibition constants (K, = 0.05 1 M and IC,, = 0.048 M) resulted 
in nearly identical values suggests that we are possibly measuring 
common events. In one instance (Fig. 4B), we varied the con- 
centration of sucrose with a single concentration ofthe inhibitor, 
while in the other case (Fig. 4A), we used a single concentration 
of sucrose, adding varied concentrations of the inhibitor. Fur- 
ther supporting competitive inhibition, Figure 4B entails the 
theoretical representation of the data according to Beidler (1954), 
whereas the data in Figure 4A are not bound by any theoretical 
assumptions. It should also be pointed out that the parallel shift 
in Figure 4B is small, indicating that MAD-diCl-Gal is a weak 
inhibitor. 

5. Structure-activity of glycosides. Of all the glycopyranosides 
tested, the most potent inhibitor proved to be methyl 4,6-di- 
chloro-4,6-dideoxy-a-D-galactopyranoside, which was much 
more potent than its p- counterpart (see Table 1, compound X). 
In the same vein, methyl ar-D-ghtcopyranoside and methyl a-~- 

galactopyranoside were more potent stimuli than their @- coun- 
terparts (compounds III and IV, Table 1) (Jakinovich and Gold- 
stein, 1976). This would also support the idea that inhibitors 
and stimuli are binding at the same receptor but does not rule 
out an allosteric receptor site. 

6. Enhancement by methyl group. We have also discovered 
that the methyl group at the C-l position of the 4,6-dichloro- 
4,6-dideoxy-oc-galactose molecule enhances the inhibition there- 
of. In a similar manner, excitation is enhanced if there is a 
methyl group at the C- 1 position of a-D-glucopyranose (Jakino- 
vich and Goldstein, 1976). This suggests 3 possibilities: that 
there is a specific bonding site for that methyl group in the 
receptor; that the pyranoside ring is stabilized by the methyl 
group; or that the methyl group enhances the lipid solubility of 
the sugar molecule by favoring its entrance into the lipid layer 
of the membrane. Again, the fact that presence of a methyl group 
at C-l enhances both the inhibition and the stimulation seems 
to indicate that both compounds are interacting at the same 
receptor site. However, as was mentioned before, this similarity 
in action does not rule out an allosteric mechanism. 

In view of the above, and assuming that the MAD-diCl-Gal 
molecule is fitting into the sucrose receptor site, we feel that the 
mechanism of inhibition involves binding of the chlorine atoms 
to inhibitory regions in the vicinity of the C-4 and C-6 carbons 
of the glucopyranosyl portion of the sucrose site (Fig. 5). A clue 
to this mechanism was found in some structure-activity studies 
conducted in our lab with methyl glycopyranosides (Jakinovich, 
1985). We found that the CH,OH group at C-5 (which also 
contains the C-6 hydroxyl group) is not required for sugar stim- 
ulation. For example, methyl a-D-xylopyranoside and methyl 
6-deoxy-cr-p-glucopyranoside are as effective as a methyl a-~- 

glucopyranoside. However, we also found that substitution of 
a chlorine atom for the C-6 hydroxyl group dramatically reduced 
the effectiveness of the stimulus, as in the case of methyl 6-chloro- 
6-deoxy-a-p-glucopyranoside. At that time we thought that pos- 
sibly the large chlorine atom was causing steric hindrance. How- 
ever, we now feel that there must be specific inhibitory regions 
within the site, and that the mono-chloro sugar may be binding 

to both an activation region (involving hydrogen bonding of the 
OH groups at C-l, C-2, and C-4), as well as to inactivation 
regions of the site (at C-4 and C-6), the reduced response being 
due to a balance between the 2 interactions. The inactivation 
process may involve some undetermined weak forces or possibly 
hydrogen bonding with the chlorine atoms acting as proton 
acceptors. 

With regard to the type of bonding, Ogawa (1969a), using 
p-chloromercuric benzoate (PCMB), N-ethylmaleimide (NEM), 
and iodoacetic acid as inhibitors of the rat’s sucrose tast re- 
sponse, demonstrated that a 20 min pretreatment of the tongue 
was necessary to inactivate the response. Therefore, it is logical 
to assume that MAD-diCl-Gal, which is a fast-acting and re- 
versible inhibitor, is not inhibiting the sucrose response in a 
manner similar to that proposed by Ogawa. 

Our present experiments seem to reaffirm our model, in that 
methyl 4-chloro-4-deoxy-cY-D-galactopyranoside was as poor a 
stimulant as methyl 6-chloro-6-deoxy-a-D-glucopyranoside. 
Moreover, MAD-diCl-Gal was a better inhibitor than methyl 
4,6-dichloro-4,6-dideoxy-a-D-glucopyranoside, possibly be- 
cause the chlorine atoms of the galactose molecule are more 
suitably oriented to bind to the inhibitory region. It would 
appear from our work that the most potent inhibitors involve 
derivatives that are themselves poor stimulants. For example, 
methyl cr-D-galactopyranoside is a poorer stimulant than methyl 
cY-D-glucopyranoside and, likewise, MAD-diCl-Gal is a better 
inhibitor than methyl 4,6-dichloro-4,6-dideoxy-a-D-glucopy- 
ranoside. 

In view of the above-particularly since the inhibition by the 
solution of sucrose and MAD-diCl-Gal was overcome by high 
concentrations of sucrose-together with the many structural 
similarities between the agonists and antagonists (stimulants 
and inhibitors), we feel that we now have stronger evidence for 
the idea of a unique competitive inhibitor, MAD-diCl-Gal. 

Thus, mainly on the basis of the surmountability of the su- 
crose inhibition, which we feel is crucial to competitive inhi- 
bition, we scoured the literature in the field of inhibition of 
mammalian sweet taste and have concluded from the published 
findings that most of the inhibitors are not competitive. A few 
researchers, such as Hagstrom (1957), working with gymnemic 
acid effects on hamsters, claimed competitive inhibition. Faull 
et al. (1970; quoted by Meiselman and Halpem, 1970), also 
suggested competitive inhibition in human psychophysical re- 
sponses to gymnemic acid, basing their conclusions on kinetic 
plots of the data of Bartoshuk et al. (1969). Ogawa (1969a) 
claimed that PCMB and NEM both competitively inhibited the 
sucrose response in electrophysiological tests on rats, using only 
kinetic plots as evidence. Similarly, Yamamoto and Kawamura 
(197 1) reported that copper acted as a competitive inhibitor of 
sucrose in electrophysiological rat experiments, again using ki- 
netic plots only. However, since none of the above studies showed 
that the inhibition by gymnemic acid, as well as by these other 
inhibitors, was surmountable by high concentrations of sucrose, 
we can only conclude that the mechanism of competitive in- 
hibition was not strongly supported. Moreover, many of these 
investigators relied solely on kinetic plots, which we feel may 
be misleading. 

It would appear that a preponderance of our evidence points 
to a competitive and/or allosteric mechanism of inhibition. 
MAD-diCl-Gal has provided us with some useful information 
about the receptor mechanism. It also poses new questions, such 
as, How can chloro-sucrose, possessing 4 chlorine atoms (2 on 
the galactopyranosyl portion and 2 on the fiuctofuranosyl por- 
tion) be such a powerful stimulant? (Hough and Phadnis, 1976). 
However, MAD-diCl-Gal has its limitations, in that its maxi- 
mum solubility is 0.1 M, it is a weak inhibitor, it has a bitter 
taste, and, in high enough concentrations, it may prove toxic. 
Therefore, we are developing other, more suitable, inhibitors 
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on which preliminary work has been reported (Vlahopoulos and 
Jakinovich, 1984, 1986). 
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