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modeling system.

mapping approach in which the structures

of D-glucose, alloxan and their analogues
are analyzed by a computer for molecular
similarity. This study, which is the first
systematic analysis of these agents, dem-
onstrates structural similarities among the
active molecules, computes the volume re-

quired to accommodate them at a common
site, and proposes a model for their molec-

ular recognition at a glucoreceptor. This
receptor hypothesis leads to testable pre-

dictions for molecular recognition and in-
sulin release.

MATERIALS AND METHODS

Steric analysis. Crystallography results
were used to determine the conformation

of a compound. The structures of f3-D-glu-

cose (5), a-D-glucose (6), a-D-galactose (7),
and aJloxan monohydrate (8) were based on
single crystal analyses. $-D-galactose was
extracted from the average atomic coordi-
nates of the molecule as found in a-lactose
monohydrate (9) and 4-0-$-galactopyrano-

syl-L-rhamnitol (10). a-D-mannose was
based on coordinates averaged from methyl
a-D-mannopyranoside (11) and a-rham-
nose monohydrate (12). Built after a single
rotation about a carbon were, $-D-mannose
from a-D-mannose, and D-allose from /�-D-
glucose. Ninhydrin was built from anhy-
drous ninhydrin (13) and the gem-dihy-
droxy group of alloxan with the aid of ring-

closure program that predicted on the basis

of bond angles and lengths the pucker in
the ninhydrin five-member ring.

The comparison of molecules was made
with the aid of a molecular modeling system
(MMS-X)’ developed at Washington Uni-
versity that allowed for the translation, ro-
tation and display of each molecule. Mole-
cules were aligned with one another by the
aid of a program that computed the mini-
mal least-squares variance of individual at-
oms. The electron density of the molecules
was generated from the Gaussian atom den-

sity distribution and contoured to provide
a surface representative of the van der
Waals radii. Figures 3 and 4 were composed

of computer-generated molecules photo-
graphed directly from the cathode-ray tube.

‘The abbreviation used is: MMS-X, molecular

Medium and chemicals. All incubatio
were accomplished with a modified Krebs

Ringer bicarbonate medium (14), and
required, D-glucose (dextrose, National Bu
reau of Standards, Washington, D. C.), 1
deoxy-D-glucose, (Sigma Chemical Co., S
Louis, MO), D-lyxose, D-xylose (Pfanstie
Labs, Waukegan, IL), and 6-deoxy-D-glu
cose (KRB, Elk Grove, IL). The mediu
was equilibrated to 37#{176}and pH 7.4 with

humidified mixture of O2/CO2 (95%/5%).

Static incubation of islets. Insulin releas
was determined in a static incubation sys

tern described previously (14). Islets wer
isolated by the collagenase technique (15
and placed in a glass vial containing 200 �z
of medium. The glass vial was inserted mt
a scintillation vial equipped with rubbe
stopper, gassed with O2/C02 (95%/5%) an
shaken in a Dubnoff metabolic shaker (70

100 cycles/mm). The islets were preincu
bated for 20-25 mm in 200 p1 of 5.5 nmt D
glucose medium and then incubated wit
200 p1 of medium with either the test agen
plus 5.5 nmi D-glucose, 27.5 mM D-glucos
(control), or 5.5 nmi D-glucose (basal) fo

30 mm at 37#{176}.At the end of the stimulatio
period, the media were removed and froze
for subsequent insulin assay by the metho
of Wright et al. (16). The results were an
alyzed with the t-test for independent sam
pies.

RESULTS

Structure-activity relationships of al

loxan. Alloxan is a heterocyclic six-membe
ring which has been depicted at carbon fly

with either a ketone group (anhydrous al

loxan) or with a gem-dihydroxy group (a!
loxan monohydrate). Anhydrous alloxan�
an unstable compound that rapidly absorh�
water from the air to form the monohydrat�
(17). Crystallographic studies have showr�
that alloxan when recrystallized from wate�
exists as the monohydrate (8). The rnon&
hydrate structure is also supported by nu�
clear magnetic resonance (18) and infrared
spectrum studies (19). Based on these find�
ings, the most likely configuration for al�

loxan in solution is with a gem-dihydroxy
group at C(S) (Fig. 1).

The X-ray studies by Singh (8) demon-
strated that the alloxan molecule is puck-
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FIG. 1. Chemical formulas

drate and ninhydrin

ered, with the C(5) group projecting out of
the principle plane of the rest of the mole-
cule. Comparison of the bond lengths shows

that the C-OH, C-C, N-H and 0-H
distances are consistent with single-bond
lengths and the CO distance is consistent
with a double-bond length. The C-N value

of 1.37 A differed significantly from the
single or double-bond values and corre-
sponded to 23% double-bond character us-
ing Pauling’s equation (20). These findings

indicate that the correct description of al-

loxan is 2,4,6-triketo-S,S-dihydroxypyrimi-
dine with resonance occurring across the
C-N bonds. The existence of resonance
here is consistent with the presence of C(4),
N(3), C(2), N(1) and C(6) in a common
plane. The group that extends out of this
plane is the gem-dihydroxy group at C(5)
with one of its hydroxyls in essentially the

axial position [0(7)], and the other in the
equatorial position [0(5)].

To define that part of the alloxan mole-

cule that is recognized by the /3-cell, ana-
logues of alloxan have been studied. Nm-
hydrin, which shares with alloxan the gem-
dihydroxy group and the adjacent two car-
bonyls (Fig. 1), has been shown to both
stimulate insulin release (F. M. Matschin-
sky, personal communication) and to in-
hibit subsequent glucose-induced insulin
release (21). The inhibition of insulin re-
lease by ninhydrin could be prevented by

D-glucose in a manner similar to alloxan
inhibition. Analysis of the molecular struc-
ture of ninhydrin showed a close similarity

to alloxan in the conformation of the gem-
dihydroxy group and the two adjacent car-
bonyls. The similarity in conformation of
this moiety is consistent with studies show-
ing similarities in the chemical reactions of

ailoxan and ninhydrin (22). It seems likely
that their common effects on insulin release
involve this reactive moiety shared by a!-
loxan and ninhydrin. In addition to the
molecular similarity in the region of gem-
dihydroxy group, alloxan and ninhydrin
show a common feature at the opposite
ends of the molecules-an electron dense
group. Alloxan at C(2) has an attached

oxygen that aligns near the aromatic ring
of ninhydrin. Thus, there are two regions of

similarity: the common gem-dihydroxy
group, its adjacent carbonyls, and an elec-
tron dense region.

Structure-activity relationships of D-

glucose. D-glucose is a hexose which, both
in solution (23) and in the crystalline form
(5), exists primarily as a six-member ring in
the chair conformation with hydroxyls at
C(2), C(3) and C(4) in the equatorial posi-
tion (Fig. 2). The position of the hydroxyl

group at C(1) defines the anomer of D-
glucose. With the hydroxyl in the equatorial
position at C(1), the molecule is /3-D-glu-
cose, and with the hydroxyl in the axial
position the molecule is a-D-glucose. The
a anomer stimulates insulin release and
protects against alloxan and ninhydrin bet-

ter than the /3 anomer at low concentra-

D-AlIose D - Goloctose

FIG. 2. D-glucose and its anomers and epimers

The C(1) hydroxyl of the epimers has been deleted

for clarity.
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FIG. 4. The receptor-excluded volume in flat (left) or orthogonal projection fright)

This volume represents the union of the volume required for alloxan, ninhydrin, D-glucose, D-mannose and

their anomers. The darker internal lines represent their interatomic bonds. The outer lines represent the

molecular volume that was generated from the Gaussian atom density distribution and contoured to provide a

surface representative of the van der Waals radii.

glucoreceptor

The common properties for insulin release are: An

oxygen at position 1, either axial or equatorial; a

hydroxyl at position 2, either axial or equatorial; an

equatorial oxygen at position 3; and at position 5 an

electron-rich region. Structural analysis of inactive

hexoses suggests that the receptor has essential vol-

ume near position 6 and near axial substituents at

positions 3 and 4.

� � against alloxan nor initiated insulin release0 u e were analyzed and found to vary in their
stituE structure from the recognized agents. D-

Allose and D-galactose, epimers of D-glu-

cose, have axial hydroxyls at C(3) and C(4),

respectively, that would demand additional

space at the glucoreceptor. Analysis of the

structure of L-glucose provided suggestive
evidence for intolerance for a protruding

group at the ring oxygen of D-glucose. Al-
though the inactivity of these isomers may
be unrelated to their inability to interact
with the recognition site, the results are
suggestive of intolerance for a protruding
group at position six or axial hydroxyls at
positions three and four of the receptor.
This positional intolerance can be ex-
plained by proposing that the receptor has
essential volume at positions three, four
and six that prevents the accommodation
of the inactive hexoses.

In conclusion, biological and structural
studies suggest that there is a glucoreceptor

for insulin release with specific steric re-
quirements. D-glucose, D-mannose, alloxan
and ninhydrin share a common molecular

architecture that could account for their
recognition by the glucoreceptor to initiate
the first phase of insulin release.
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This volume represents the union of the volume required for alloxan, ninhydnn. D-glucose, D-mannose and

their anomers. The darker internal lines represent their interatomic bonds. The outer lines represent the

molecular volume that was generated from the Gaussian atom density distribution and contoured to provide a

surface representative of the van der Waals radii.

Fm. 5. The pharmacophore for recognition at a

glucoreceptor

The common properties for insulin release are: An

oxygen at position 1, either axial or equatorial; a

hydroxyl at position 2, either axial or equatorial; an

equatorial oxygen at position 3; and at position 5 an

electron-rich region. Structural analysis of inactive

hexoses suggests that the receptor has essential vol-

ume near position 6 and near axial substituents at

positions 3 and 4.

against alloxan nor initiated insulin release
were analyzed and found to vary in their
structure from the recognized agents. D-
Allose and D-galactose, epimers of D-glu-

cose, have axial hydroxyls at C(3) and C(4),

respectively, that would demand additional
space at the glucoreceptor. Analysis of the
structure of L-glucose provided suggestive

evidence for intolerance for a protruding
group at the ring oxygen of D-glucose. Al-
though the inactivity of these isomers may
be unrelated to their inability to interact
with the recognition site, the results are
suggestive of intolerance for a protruding
group at position six or axial hydroxyls at
positions three and four of the receptor.
This positional intolerance can be ex-
plained by proposing that the receptor has
essential volume at positions three, four
and six that prevents the accommodation

of the inactive hexoses.
In conclusion, biological and structural

studies suggest that there is a glucoreceptor
for insulin release with specific steric re-
quirements. D-glucose, D-mannose, alloxan
and ninhydrin share a common molecular
architecture that could account for their
recognition by the glucoreceptor to initiate

the first phase of insulin release.

ACKNOWLEDGMENTS

We wish to thank C. A. Bry, C. J. Fink and R. W.

Homer for their excellent technical assistance.



368 WEAVER ET AL.

14. Weaver, D. C., M. L. McDaniel & P. E. Lacy.

Mechanism of barbituric acid protection against

REFERENCES

1. Gerich, J. E., M. A. Charles & G. M. Grodsky.

Regulation of pancreatic insulin and glucagon

secretion. Ann. Rev. Physiol. 38: 353-388, 1976.

2. Tomita, T., P. E. Lacy, F. M. Matschinsky & M.

L. McDaniel. Effect of alloxan on insulin secre-

tion in isolated rat islets perifused in vitro. Di.

abetes 23: 517-524, 1974.

3. Weaver, D. C., M. L. McDaniel, S. P. Naber, C. D.

Barry & P. E. Lacy. Alloxan stimulation and

inhibition of insulin release from isolated rat

islets of Langerhans. Diabetes 27: 1205-1214,

1978.

4. Pagliara, A. S., S. N. Stihings, W. S. Zawalich, A.

D. Williams & F. M. Matschinsky. Glucose and

3-0-methyl-glucose protection against alloxan

poisoning of pancreatic alpha and beta cells.

Diabetes 26: 973-979, 1977.

5. Chu, S. S. C. & G. A. Jeffrey. The refinement of

the crystal structures of /3-D-glucose and cello-

biose. Acta Cryst. B24: 830-838, 1968.

6. Hough, E., S. Neidle, D. Rogers & P. G. H. Trough-

ton. The crystal structure of a-D-glucose mon-

ohydrate. Acta Cryst. B29: 365-367, 1973.

7. Cook, W. J. & C. E. Bugg. Calcium binding to

galactose: crystal structure of a hydrated a-ga-

lactose-calcium bromide complex. J.A.C.S. 95:

6442-6446, 1973.

8. Singh, C. The structure of the pyrimidines and

purines: VIII, the crystal structure of ailoxan,

C4H4N2O5. Acta Cryst. 19: 759-767, 1965.

9. Fries, D. C., S. T. Rao & M. Sundarahingam.

Structural chemistry of carbohydrates. III.

Crystal and molecular structure of 4-0-/1-D-ga-

lactopyranosyl-a-D-glucopyranose monohy-

drate (a-lactose monohydrate). Acta Cryst.

B27: 994-1005, 1971.

10. Takagi, S. & G. A. Jeffrey. The crystal structure

of 4-0-fI-D-galactopyranosyl-L-rhamnitol. Acta

Cryst. B33: 2377-2380, 1977.

11. Gatehouse, B. M. & B. J. Poppleton. Crystal struc-

ture of methyl a-D-mannopyranoside. Acta

Cryst. B26: 1761-1765, 1970.

12. Killean, R. C. G., J. L. Lawrence & V. C. Sharma.

The refinement of the crystal structure of a-

rhamnose monohydrate. Acta Cryst. B27: 1707-

1710, 1971.

13. Bolton, W. The crystal structure of triketoindane

(anhydrous ninhydrin): a structure showing

close C = 0 ... C interactions. Acta Cryst. 18:

5-10, 1965.

alloxan inhibition of glucose-induced insulin re-

lease. Diabetes 27: 71-77, 1978.

15. Lacy, P. E., M. M. Walker & C. J. Fink. Penfusion

of isolated rat islets in vitro: participation of the

microtubular system in the biphasic release of

insulin. Diabetes 21: 987-998, 1972.

16. Wright, P. H., D. K. Makalu, D. Vichick & K. E.

Sussman. Insulin immunoassay by back-titra-

tion; some characteristics of the technique and

the insulin precipitant action of alcohol. Diabe-

tes 20: 33-45, 1971.

17. Bolton, W. The crystal structure of alloxan. Acta

Cryst. 17: 147-152, 1964.

18. Glaseh, J. A. Protein magnetic resonance studies

of tautomerism in substituted pyrimidines. Org.

Mag. Reson. 1: 481-489, 1969.

19. Tipson, R. S. & L. H. Cretcher. Reinvestigation of

ahloxantin and dialuric acid. J. Org. Chem. 16:

1091-1099, 1952.

20. Pauling L. The Nature of the Chemical Bond.

Cornell University Press, Ithaca, 1960.

21. McDaniel, M. L., C. E. Roth, C. J. Fink, J. A.

Swanson & P. E. Lacy. Ninhydrin inhibition of

glucose-induced insulin release. Diabetologia

13: 603-606, 1977.

22. McCladin, D. J. The chemistry of ninydrin. Chent.

Rev. 60: 39-51, 1960.

23. Reeves, R. E. Chemistry of carbohydrates. Ann.

Rev. Biochem. 27: 15-34, 1958.

24. Grodsky, G. M., R. Fanska, L. West & M. Manning.

Anomeric specificity of glucose-stimulated in-

sulin release: evidence for a glucoreceptor? Sci-

ence 186: 536-537, 1974.

25. McDaniel, M. L., C. E. Roth, C. J. Fink & P. E.

Lacy. Effects of anomers of D-glucose on alloxan

inhibition of insulin release in isolated perifused

pancreatic islets. Endocrinol. 90: 535-540, 1976.

26. Grodsky, G. M., A. Batts, L. L. Bennett, C. Vcella,

N. B. McWilliams & D. F. Smith. Effects of

carbohydrate on secretion of insulin from iso-

lated rat pancreas. Am. J. Physiol. 205: 638-

644, 1963.

27. Zawalich, W. S., R. Rognstad, A. S. Paghiara & F.

M. Matschinsky. A comparison of the utilization

rates and hormone-releasing actions of glucose,

mannose, and fructose in isolated pancreatic

islets. J. Biol. Chem. 251: 8519-8523, 1977.

28. Ashcroft, S. J. H., J. M. Bassett & P. J. Randle.

Insulin secretion mechanisms and glucose me-

tabolism in isolated islets. Diabetes 21(Suppl.

2): 538-545, 1972.

29. Cirihlo, V. P. Relationship between sugar structure

and competition for the sugar transport system

in baker’s yeast. J. Bacteriol. 95: 603-611, 1968.



2-AMINOTETRALIN BINDING TO THE DOPAMINE RECEPTOR 371

a dopamine-receptor agonist. This has also

been confirmed by using the aporphine

� structure: (±)- 1 1-hydroxy-aporphine is

about one-fortieth the potency of (-)-apo-
‘ morphine (7). The likelihood that meta-ty-

ramine, a flexible monohydroxyl dopamine

analogue, can activate dopamine receptors
was established some time ago (8, 9). This
is confirmed in the present work and dem-

� onstrates that the para-hydroxyl group is
�, not needed for high-affinity binding. How-

ever, because meta-tyramine has a flexible
#{149}side-chain, we cannot know what position

is assumed at the receptor by its meta-
hydroxyl group relative to the alpha-carbon

� and the nitrogen of that side-chain.
As a dopamine receptor agonist, (-)-apo-

� morphine seems to be specific in at least
two ways. First, it is stereospecific since
(+)-apomorphine apparently does not ac-
tivate the receptor (10). Second, it is spe-
cific as an a-rotamer analogue of dopamine
(Fig. 1), since the fl-rotamer form, (-)-9,10-
dihydroxy-aporphine (isoapomorphine), is
much less active (11-13).

Since apomorphine is a fairly rigid a-ro-
tamer analogue of dopamine, we studied
whether [3H]-apomorphine and [3H]-dopa-
mine receptors would both show preferen-

tial affinity for a-rotamer analogues.

The enantiomers (-)-5-OH-AT and (+)-

5-OH-AT were therefore used as semi-rigid

analogues of dopamine in the a-rotamer
conformation to test for stereospecific bind-

ing of an agonist to both [3H]-apomorphine
and [3H]-dopamine receptors. We then
tested the compounds (±)-5-OH-AT, (±)-6-
OH-AT and (±)-7-OH-AT for relative affin-

ities to both types of receptors to determine
whether both receptors would show pref-
erential binding for one rotamer.

METHODS

#{149} Preparation of calf caudate crude homog-

enate was as described previously (14).
#{149}[3H]apomorphine (14.1 Ci/mmole) was

prepared by New England Nuclear Corpo-
ration. General catalytic exchange of tnt-
ium for hydrogen in R-(-)-apomorphine
HC1 was followed by purification. Purity
was determined as 96% or higher by thin-
layer chromatography on silica gel G plates

in an ethanol:acetic acid:water (6:3:1 V/V/
V) solvent system. The sample was dis-

solved at 0.35 m� concentration in ethanol

containing 15 m� ascorbic acid, shipped on
dry ice and stored at -20#{176}. Purity was
checked six months later by duplicate thin-
layer chromatography using the above sys-
tem with parallel nonradioactive apomor-
phine controls. Development by iodine va-
por gave identical Rf values of 0.59. Radio-

activity scanning of the plates indicated
that radiopurity was still greater than 96%.

[3H]dopamine (15 Ci/mmole; 68 ILM in
0.15N tartanic acid aqueous solution) and
[3H]spiropendol ([3H]-spiperone; 26.4 Ci!

mmole; 38 �tM in ethanol) were purchased
from New England Nuclear Corporation
(Boston, MA.) and used without further
chemical characterization. The [3H]-dopa-
mine stock was diluted 20-fold with 0.01%
ascorbic acid aqueous solution (previously
flushed with nitrogen gas) and stored in
aliquots at -20#{176}. [1HI-spiroperidol was
stored in undiluted aliquots at -20#{176}.Each
aliquot was diluted with buffer just prior to
its use in an assay.

Binding assays. All assays were per-

formed using buffer containing 15 mivi Tris
HC1, 5 m�i NA2EDTA, 1.1 m� ascorbic acid
and 12.5 �iM nialamide with the final pH

adjusted to 7.4 with HC1. Assay tubes were
Pyrex glass, 12 x 75 mm. Using Gilson
variable-volume automatic pipettes, 200 �il
of test ligand or control ligand (at specified
concentration) or buffer were dispensed
into each tube followed by 200 �il of the
[:IH]4igand and 200 �il of calf caudate crude
homogenate (immediately after final ho-

mogenization on a Polytron PlO). When
measuring stereospecific binding, each tube
contained 100 jzl of the (+) or (-)-enan-

tiomer (at the specified concentration), 100
� of test drug or buffer, 200 jd of the [3H]-
ligand and 200 �tl of the caudate homoge-
nate. Final tube concentrations were 0.5 nM

for [3H]-dopamine, 3.5 n� for [3H]-apomor-
phine and 0.03 n� for [1H]-spiperone.

These final assay concentrations for [�3H]-
apomorphine and [3HJ-dopamine had been
determined to be those giving the highest
signal-to-noise ratio for specific binding
while being adequately low to maintain
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specificity of binding (i.e., at or below their

respective scatchard KD values). For �
spiperone, priorities were reversed because

of concern for maintaining specificity of
binding to the dopamine/neuroleptic recep-
tor in relation especially to possible binding
to the serotonergic or noradrenergic recep-
tor (15). Thus, an exceptionally low final
concentration (0.03 nM) was chosen in order
to maximize specificity for the highest affin-
ity site (K1 = 0.10 ni�i; see ref. l6� while
maintaining an adequate signal-to-noise ra-

tio.

Membrane protein content varied be-
tween assays from 0.18 to 0.22 mg protein

per tube, as determined by the Lowry assay
(17). Within all assays, any control or test-

drug-concentration group contained 5 on 6

replicate tubes.
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a)

C-.

a)

a)

a)
C
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Incubation occurred at room tempera-
ture for 15 minutes ([1H]-dopamine) or 30
minutes ([3H]-apomorphine or [3H]-spipe-

none) after addition of the membrane with
vortexing. A 0.5 ml aliquot was then re-
moved from each tube and spread over the

central one-third of the area of a Whatman
GF/B glass-fiber filter (2.4 cm D) atop a
Millipore filter support under vacuum.
Each filter was then washed with 5 ml
([3H]-dopamine) on 10 ml ([3H]-apomor-
phine or [1H]-spiperone) of buffer at room

temperature in about 5 seconds. The filter
was transferred to a glass scintillation vial

and 8 ml of Aquasol scintillation cocktail
(New England Nuclear Corp.) were added.
The tritium radioactivity was measured
after 6 or more hours equilibration at 10#{176}.

Specific binding was defined as total




