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Acridine Araphanes: A New Class of

Probe Molecules for Biological Systems

Abstract. The bis-acridine ring system forms the basis for new biophysical probes
of novel stereochemistry. Spectral data indicate that certain alkylene bridged bis-9-
aminoacridines have a parallel plane conformation of predictable interplane dis-
tance. The parallel plane conformation is independent of solvent and thus is different
from nucleic acid systems. This stable conformation allows these compounds to be
used as sensitive “‘rulers’ for describing binding site geometry in cholinergic en-
zymes and in the delineation of the mechanism of allosteric control in acetyl-

cholinesterase.

As a part of a study of cholinergic neu-
ral systems, a series of alkylene bridged
bis-9-aminoacridines were prepared by
the method of Chen et al. (1), and were
found to exhibit major spectral anoma-
lies, which were related to bridge length
(n) (Fig. 1). They suggested a con-
formation change from an open (copla-
nar) conformation (n > 4) to a parallel
plane conformation when n = 2,3 (or 4).

Parallel plane conformations are
known to exist when aromatic molecules
form concentration dimers, stacks, or
excimers in concentrated solution, or in
oriented polymers such as DNA, base
pair systems, and in bridged bis-adenines
in water solution (2—4). In these cases,
the parallel plane conformation is either
concentration dependent or stable only
in the presence of water, and disappears
on dilution. DN A base pairs and bridged
bis-adenines are denatured or lose spec-
tral effects (hypochromatism), when dis-
solved in ethanol ).

Spectral data indicated that the paral-
lel plane conformation in alkylene
bridged bis-9-aminoacridines was inde-
pendent of the nature of the solvent or
dilution. Nuclear magnetic resonance
(NMR) spectra indicated a dynamic
rather than a rigid conformation. The
diversity and predictability of dynamic
conformations, independent of solvent,
suggest that this series of singly bridged
bis-acridines are new probes for biologi-
cal systems. We report data from four
spectral methods and uses of a parallel
plane, molecular probe in the study of
the active site stereochemistry of acetyl-
cholinesterase (E.C. 3.1.1.7).

The bis-acridine series have only a
single bridge; they have the potential for
a preferred parallel plane conformation.
They exist in that conformation in aque-
ous or organic solvents (107°M) only
when the total interplanar forces are suf-
ficient to constrain the movement of the
two rings in relation to each other. The
parallel plane conformation was identi-
fied as follows.

In water and methanol, molecules hav-
ing a parallel plane conformation mani-
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fest three distinct differences in their ul-
traviolet absorption spectra from the
spectra of their parent 9-alkylaminoacri-
dine. (i) The complex three-peak struc-
ture at 410 nm (n-7*) is lost to a broad
single peak in the related parallel plane
structure. (ii) The strongly absorbant -
¥ transition peak at 268 nm shows a
progressively increasing blue shift with
decreasing bridge length. (iii) The shift of
the m~m* absorption is accompanied by a
progressive decrease in extinction coeffi-
cient (Fig. 2). Similar progressive abnor-
malities are noted in the fluorescence
spectra of these compounds. (i) The
emission, which consists of a lone, broad
peak at 486 nm, is diminished and re-
placed by a series of two peaks at a
shorter wavelength in the bridged bis-
acridines, which exist in a parallel plane
conformation. A red shift occurs in the
emission maximum as solvent polarity
decreases. (ii) There is also a decrease in
quantum yield as the bridge length
shortens between the two rings, stem-
ming from the transannular electronic ef-
fects that occur when two aromatic
moieties are in close proximity and in
parallel planes.

Absorption and fluorescence spectra
of parallel plane molecules in highly po-
lar solvents correspond to the spectra of
simple 9-alkylaminoacridines in nonpo-
lar solvents. This effect indicates that
bis-acridines in which the rings are paral-
lel have a hydrophobic environment be-
tween the rings, in aqueous solution (5).

The spectral data described above are
consistent with a transition from a paral-
lel plane conformation when n = 2 or 3
to a coplanar conformation when n is 6
or greater, with a time resolved average
parallel conformation observed when
n = 4.

Proton NMR spectral data (deuterated
dimethylsulfoxide) were consistent with
conclusions derived from ultraviolet and
fluorescence data when the number of
bridge carbons is two. When n = 3, the
increased distance limited NMR-resolv-
able effects. However, the bis-acridines
identified as open (coplanar) conforma-
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Fig. 1. Structure of alkylene bridged bis-9-
aminoacridine.

tion molecules had a proton NMR
spectra which corresponded to that of 9-
alkylaminoacridines, whereas those
identified with a parallel plane conforma-
tion exhibited marked changes in the
aromatic region when the rings were
within an estimated interplanar distance
of 3.5 A. These changes take the form of
spin-spin splitting rearrangements that
are anomalous to the typical 9-amino-
acridine pattern. Such abnormalities are
seen as a series of multiplets which re-
place the familiar doublet (8.4 ppm),
doublet (7.9 ppm), triplet (7.5 ppm), trip-
let (7.3 ppm) sequence (6). In the parallel
conformation, the induced magnetic
lines of force that project perpendicular-
ly from the plane of the aromatic ring in-
terfere with one another. The trans-
annular magnetic field interactions exist
when the neighboring acridine rings are
parallel and in motion with respect to
each other. Carbon-13 NMR spectra
were obtained from identical solvent-ref-
erence systems as with the proton
spectra. Coupled spectra obtained in the
gated I mode indicate a tendency for the
quaternary 9, 11:12, and 13:14 carbons
to broaden, and indicate also a break-
down of splitting patterns of the methine
carbons in the acridine ring to occur be-
cause of the enhanced transannular mag-
netic interactions associated with paral-
lel conformation.

There has apparently been no prior
recognition that two aromatic rings
joined by a single bridge linked by four to
six atoms can exist in a preferred parallel
plane conformation, independent of any
stabilization by water, and that there is a
progressive, dynamic transition to a pre-
ferred coplanar conformation as the
bridge length increases. These new bis-
aromatic systems are stereochemically
related to the parallel plane con-
formational constraints in bis-aromatic
cyclophanes (7). Because of the similar-
ity between such bis-aromatic cyclo-
phanes and singly bridged bis-aromatic
molecules related to Fig. 1, we suggest
the term araphanes for this new class of
parallel plane molecules.
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The araphane ethylene-bis-9-amino-
acridine (Fig. 1, n = 2) acts as a stereo-
chemical probe for the topology and sub-
sites of acetylcholine esterase (AChE)
and as a probe of the mechanism of allo-
steric control in this enzyme. That mech-
anism and the existence of a separate al-
losteric subsite represents major con-
troversy (8-10). Use of the araphane
probe provides additional evidence for
the existence of a separate allosteric sub-
site in AChE, and a measure of the steric
constraints in the anionic subsite.

Biophysical probe data were obtained
in 0.113 ionic strength buffer at pH 7, by
kinetic and fluorescence measurements
as follows. (i) Kinetics obtained from
typical Lineweaver-Burk plots with the
Ellman (//) assay method for AChE ac-
tivity were constructed for the hydroly-
sis of ACh by AChE when inhibited by
araphane. Pure noncompetitive Kinetics
of inhibition showed that the araphane
did not bind at the anionic subsite and
exercised its rate-moderating function
from an ‘“‘exo’’ subsite (/2). Typical cat-
ionic inhibitors of AChE have a charac-
teristic kinetic mixture of competitive
and noncompetitive components (mixed
inhibition) (9). The competitive com-
ponent stems from binding of the inhib-
itor at the anionic subsite. The absence
of araphane binding at the anionic sub-
site suggests that the lateral dimensions
of the anionic cleft in AChE are less than
the lateral dimensions of the araphane (6
to 7 A) (/3). (i) Double inhibitor studies
involving fluorescence measurements
(12) showed that when the araphane was
added to a solution containing N-methyl-
acridinium reversibly complexed with
AChE, substantial N-methylacridinium
fluorescence was regained. As evidence
in (i) has shown, the araphane does not
compete at the anionic subsite, therefore
the release of bound N-methylacridinium
by the araphane stems from competition
at the secondary allosteric subsite whose
binding with N-methylacridinium has
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Fig. 2. Ultraviolet visible spectra of the paral-
lel plane 1,2-propylene-bis-9,9’-amino-acri-
dine (solid line) and the coplanar 1,6-n-hex-
ylene-bis-9-9’-aminoacridine (dotted line).
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Fig. 3. Second-order reaction equation for the
phosphorylation of AChE by Maretin. A is the
initial Maretin concentration in equivalents
(3.0 x 107%M) and B is the initial enzyme con-
centration (1.4 X 1078N). X indicates the
number of equivalents of phosphorylated
AChHE formed at a given time (from fluores-
cence assay). O—O, AChE phosphorylation
reaction (no inhibitor added); O—O, AChE
phosphorylation in the presence of an I, con-
centration (2.5 X 100'M) of N-methyl-
acridinium iodide. An I, concentration of the
parallel plane alkylene bridged bis-acridines
(2.0 X107"M) resulted in no significant change
from the uninhibited Maretin phosphorylation
rate.

been described (7). (iii) The fluorescent
0,0-diethylphosphate of N-hydroxy-
naphthalimide (Maretin) is strongly
bound at the anionic subsite of AChE
during phosphorylation of the enzyme
(7). Figure 3 shows the second-order ki-
netics of that reaction and that addition
of an inhibition concentration (I5,) of N-
methylacridinium inhibits the phospho-
rylation by competition at the anionic
subsite. Addition of araphane at its I,
concentration has no effect on the Mare-
tin-AChE kinetics (Fig. 3). This is addi-
tional evidence that the araphane com-
petes only at the allosteric subsite and
exerts its rate-moderating effect from
that “‘exo’’ (allosteric) subsite. The pre-
vailing viewpoint has been that the rate-
moderating step in AChE involves bind-
ing of inhibitor cation at the anionic sub-
site of the acylated enzyme (9).
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Changes in Carbon Fixation, Tuberization, and Growth
Induced by CO, Applications to the Root Zone of Potato Plants

Abstract. The root systems of potato plants (Solanum tuberosum L. var. Russet
Burbank) treated with CO, for 12 hours showed an increase in dry matter as early
as 2 days after the treatment. When treated plants were allowed to grow for 3 to 6
weeks there was a substantial increase in tuberization. In addition, there was an
increase in stolon length, number of tubers per stolon, and overall dry weight after
the enrichment of the root zone with CO,. Plants treated with CO, showed higher
concentrations of malic and citric acids and of the cations Mg** and Ca**. The effect
of COy was more dramatic when CO, was applied to the root zone than when it was

applied to the shoots.

Terrestrial plants have been credited
with fixing about 25 billion metric tons of
CO, per year (/). Atmospheric CO, con-
centrations appear to be limiting with re-
spect to photosynthesis, because most
C; plants (2) are capable of significantly
greater rates of CO, fixation in the pres-
ence of higher concentrations of CO,
than are present in ambient air. Carbon
dioxide enrichment of the air increases
yields of greenhouse-grown vegetable and
flower crops (3, 4), but CO, enrichment
of the air for field crops would not be
practical. We have investigated the feasi-
bility of increasing plant productivity by
applying CO, to underground plant parts.

The response of plants to high concen-
trations of CO, depends on the species.
The root growth of Pisum sativum, Vicia
faba, Phaseolus vulgaris, and He-

lianthus annua were completely inhib-
ited by high CO,, whereas Avena sativa
and Hordeum vulgare were unaffected
(5). Potato plants are particularly well
suited to CO, enrichment of the root
zone because of their ability to tolerate
high concentrations of CO, without the
roots being damaged.

Potato plants were propagated by tak-
ing 1-cm plugs from the ‘‘eye’’ area of
the tuber (Solanum tuberosum L. var.
Russet Burbank). The plugs were ar-
ranged in holes bored into Styrofoam
sheets and floated on water with continu-
ous aeration in the dark for 2 weeks.
When sprouts were 6 to 8 cm in length,
they were detached from the plug and
surface-sterilized in 10 percent sodium
hypochlorite solution. The sterilized
plants were transferred to 3-liter contain-

ers with full-strength Hoagland nutrient
solution (6) and kept in a growth cham-
ber under 16 hours of light (21.1°C) and 8

A. D. Broom, M. P. Schweizer, P. O. Ts’o, J. 11. G. L. Ell K. D. Court V. And R. !

Am. Chem. Soc. 89, 3612 (1967). M. Featherstone. Biochem. Pharmacol. 7. 88 hours of darkness (15.6°C). Containers
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- L. Stryer, Science 162, 526 (1968). 13. As measured by Dreiding stereo models (Buchi/ would inhibit tub,erlzatlon) from reaching
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were grown for 3 weeks with continu-
ous aeration. Nutrient solutions were
changed weekly. After the 3-week grow-
ing period, uniform plants were selected
for each treatment. The root zones of po-
tato plants were aerated for varying time
intervals with a gas stream that was 45
percent CO, with 21 percent O, and 34
percent N,. Plant roots were immersed
in aerated nutrient solution while stolons
and tubers were suspended above the so-
lution. Carbon dioxide enrichment was
restricted to the root zones by isolating
the roots in an airtight chamber with an
outlet attached to a 25 percent sodium
hydroxide trap for escaping CO,, and the
nutrient solution was maintained at a
constant pH (5.5). All CO, experiments
were conducted when the shoots were
exposed to the light unless otherwise
stated. We found that the 12-hour treat-
ment period showed the best results with
respect to dry matter increase and also
the tuberization response.

Plants that had CO, applied to the
roots showed a significant increase in
shoot dry weight as early as 2 to 6 days
after the treatment (Table 1). When
plants were allowed to grow for 3 to 6
weeks after the CO, treatment, there was
also a significant increase in the under-
ground biomass (Fig. 1 and Tables 2 and
3). Three weeks after the 12-hour CO,
treatment, stolons of the treated plants
were not only longer than untreated con-
trols, but also had multiple tubers as op-
posed to the single tubers per stolon typi-
cal of controls (Fig. 1 and Table 2).

Table 3 shows that root zone enrich-
ment with CO, enhanced shoot weight.
When potato shoots were treated with

Table 1. Effects of CO, enrichment of the root zone on dry matter content, organic acid, total chlorophyll, and mineral levels in nontuberizing
potato plants. The CO, (45 percent CO,, 21 percent O,, and 34 percent N,) was applied for 12 hours, at 2, 4, or 6 days before the plants were
harvested. Control plants received ambient air. All plants were the same age at the time they were harvested. All values are expressed on a dry
weight basis (+ standard error).

gfizrs Plant Malic acid (mg/g) Citric acid (mg/g) Minerals* (total) Total
Cco dry chloro-
Z  weight 2+ Mg+ Mnz* + cr- phyll
treat- Leaf Root Leaf Root Ca 8 n K
ment  (® e o0 . (mgg)  (mge)  (ugld) (mgle)  (ugle) (mg/e)
Con- 10.6 =23 92=*1.6 0.14 £ 0.005 43 = 1.7 0.05 = 0.003 43.7 = 4.1 15.4 =+ 0.25 2.5 = 0.02 64.2 = 1.6 928.4 = 30.0 9.0 + 0.46
trol
2 149+2111.9+0.631.4 =003 79=+23 0.29+0.11 63.3 =49 12.5=+0.222.0+0.0161.0=*1.5711.8=+26.5 9.7 +0.73
4 198 +4.5152+0.5429 +=0. 6 10.9 = 0.65 0.62 = 0.28 76.8 = 5.6 19.5 + 0.28 2.1 = 0.01 63.9 = 1.5 681.3 = 25.6 9.8 = 0.95
6 258*+18144+02939 +0.75 11.2+0381.1 +0.54 91.5+6.2 184 + 0.24 1.6 = 0.01 69.7 = 1.6 691.4 + 25.8 12.7 = 0.78

*Calcium, magnesium, and potassium ions were measured in milligrams, and manganese and chloride ions were measured in micrograms per gram of dry weight.
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