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SUMMARY

The cis and trans isomers of the photoisomerizable compound, 3,3’-bis-[a-(trimethylam-
monium)methyl]azobenzene (Bis-Q), were purified by high-performance liquid chroma-
tography using the ion-pair partitioning technique on a reverse-phase column. Solutions
of cis-Bis-Q are stable at —20°; at 25°, thermal isomerization proceeds at a rate of
0.65%/day. cis-Bis-Q is less than 1% as potent a nicotinic agonist as the trans configura-
tion. At concentrations of 1.5 uM or less, cis-Bis-Q exerts little or no blockade of the
conductances induced by agonists. In voltage-clamped Electrophorus electroplaques
exposed to cis-Bis-Q, laser flashes induce cis—¢rans photoisomerizations and increase
the agonist-induced current by a factor of 20 within a few milliseconds.

INTRODUCTION

The cis and trans isomers of the photoisomerizable
compound, Bis-Q,* differ markedly in their pharmacology
at the nicotinic acetylcholine receptors of Electrophorus
electricus (1, 2), several other fishes (3, 4), and cultured
muscle (5). The trans configuration is a potent agonist;
in most of the preparations mentioned, the concentration
for half-maximal receptor activation is about 200 nmM. On
the other hand, little agonism is displayed by solutions
containing predominantly the cis isomer. However, be-
cause samples of pure cis-Bis-Q have not been routinely
available, it has usually not been possible to determine
the magnitude of any contribution by the cis isomer to
the measured agonist activity.

In addition to providing spectral data on the cis isomer,
so that cis/trans isomer ratios could be measured accu-
rately, a convenient preparation of cis-Bis-Q is of interest
for two other reasons. First, this would allow more precise
measurements on the pharmacological differences be-
tween the two isomers. Second, flash-induced photoiso-
merizations provide a way to produce “concentration-
jumps” of trans-Bis-Q for kinetic and equilibrium meas-
urements on the agonist-induced conductance (2, 6-9). If
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it can be verified that cis-Bis-Q has essentially zero
agonist potency, such experiments could be started from
effectively zero agonist concentration. This would avoid
desensitization and would also eliminate conductance
transients associated with trans — cis photoisomeriza-
tions of Bis-Q molecules already bound to receptors (6,
10). -

Most synthetic routes lead to trans-Bis-Q. A chemical
synthesis of cis-Bis-Q has also been accomplished,” and
the product has been used in preliminary experiments (7,
11, 12). However, because the two isomers interconvert
when exposed to light, it would be more convenient
and less tedious to employ a chromatographic method
for obtaining pure cis-Bis-Q from mixtures of the two
isomers. HPLC has been combined with reverse-phase
chromatography to enable the separation of a wide range
of organic molecules, including structural isomers (13),
cis-trans isomers (14, 15), and stereoisomers (16). Be-
cause reverse-phase chromatography involves aqueous
solvents, it is particularly useful for many pharmacolog-
ical agents.

Quaternary ammonium compounds, like other ionic
compounds, pose a particular problem because they in-
teract only weakly with some column packings and ad-
here too strongly for removal from others. An important
advance in the separation and analysis of charged species
was the development of ion-pair partition liquid chro-
matography, in which the inert support is coated with a
hydrophilic liquid containing a counterion (17). In recent
modifications of this technique, solutions containing the

» N. H. Wassermann, personal communication.
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counterion have been used as eluents in straight-phase
and reverse-phase chromatography (18-20). This ap-
proach allows the separation of quaternary ammonium
compounds in sharp, symmetrical peaks with reasonable
retention times (21-24).

We have therefore exploited the ion-pair partitioning
technique to separate the cis and ¢rans isomers of Bis-Q
and related disubstituted quaternary ammonium com-
pounds by reverse-phase HPLC. A similar purification
has been developed independently by Cash and Hess.®
We have also characterized the action of cis-Bis-Q at
Electrophorus electroplaques. As expected from previous
work, the pure cis isomer shows very little agonist or
antagonist activity at concentrations below 1.5 uM.

MATERIALS AND METHODS

Chromatography. HPLC analyses were performed on
an Altex gradient liquid chromatography system coupled
to a single-beam spectrophotometer (Hitachi, Model 100-
10). The system employs a universal sample injector with
a 2-ml sample loop and two single-piston pumps (Altex,
Model 110A) fitted with pulse dampeners (maximal head
pressure, 6000 psi) controlled by a digital programmer
(Altex, Model 420). The stainless steel column is 15 cm
long with a 4.6-mm inner diameter, packed with Ultra-
sphere-CN-bonded reverse-phase material (Altex, 10-pm
particle size).

Small inorganic halides were expected to serve well as
counterions because they form stable ion pairs with a
variety of organic compounds. For analytical work (e.g.,
Fig. 1), perchlorate buffers were used. For preparative
work, however, chloride was preferred, despite the risk
of corrosion to the stainless-steel tubing of the HPLC
system (17, 24), because this arrangement allows samples
obtained from the HPLC to be diluted and used imme-
diately in Ringer’s solutions. Therefore, the mobile
phases were as follows: Solvent A, 0.1 M NaCl in 0.1%
HCl, pH 4; Solvent B, 60% CHsCN and 0.1 M NaCl in
0.1% HCL. A linear elution gradient was employed, 0-50%
Solvent B over a period of 60 min at 1 ml/min. To
prepare the sample, an aqueous solution of trans-Bis-Q
(10 mM, near the solubility limit) was irradiated with
ultraviolet light with a peak energy at 366 nm (B-100
lamp, Ultra-Violet Products Inc., San Gabriel, Calif.) for
at least 3 hr. Injection volumes were less than 100 pl for
analytical work and 1-2 ml for preparative separations.

Analytical spectroscopy was performed on a dual-beam
scanning spectrophotometer (Hitachi, Model 110).

Trans-Bis-Q was synthesized by Wassermann and Er-
langer as described (7). Acetonitrile (HPLC-grade) was
obtained from J. T. Baker Chemical Company (Phillips-
burg, N. J.). Water was redistilled from KMnO, solutions.
All other chemicals were Baker reagent-grade.

Electrophysiology. Agonist-induced currents were
measured on isolated, voltage-clamped electroplaques
from Electrophorus electricus (25, 26). Tetrodotoxin
(10~7 M) and barium (3 mM) were added to the bathing
solution in order to suppress noncholinergic, electrically
excitable currents (25). In some experiments, the meas-

¢ D. Cash and G. Hess, personal communication.
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urements were conducted while the preparation was ex-
posed to flashes from a pulsed dye laser tuned to 440 nm
(6, 10, 27).

RESULTS

Isolation and characterization of pure cis-Bis-Q. Un-
der standard analytical conditions (perchlorate buffers),
the cis isomer of Bis-Q elutes first in the gradient, at 18%
acetonitrile and ¢, = 30 min, and the ¢trans isomer elutes
at 25% acetonitrile and ¢, = 37 min (Fig. 1). Preparative
experiments (chloride buffers) were performed by in-
creasing the injection volume to 1-2 ml. The order of
elution was unchanged and, in fact, the cis isomer could
be eluted in the void volume following large injections.
In many experiments, the gradient was preceded by a 15-
to 30-min elution with pure Solvent A to assure that the
cis isomer was obtained free of CH3;CN. This result
simplified the procedures because the cis samples, con-
taining no acetonitrile, could be used directly in physio-
logical experiments.

The optical absorption spectra (Fig. 2) are typical of
azobenzene compounds and strongly resemble those pre-
viously published for Bis-Q (1, 6, 27). The spectra of the
two isomers show an isosbestic point at 266 nm. At 320
nm, the absorption peak for the trans isomer, the ab-
sorption coefficients differ by about a factor of 20: the
Aszx/Azs ratio is 0.26 and 4.9 for the cis and trans
isomers, respectively.
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F16. 1. Elution profile of cis- and trans-Bis-Q obtained under
standard analytical conditions: 0-100% Solvent B over a 60-min linear
gradient at 1 ml/min

Solvent A = 0.1 M NaClO, in 0.1% H;PO,; Solvent B = 60% CHsCN
and 0.1 M NaClOy in 0.1% HsPO..
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F1G. 2. Optical absorption spectra of cis- and trans-Bis-Q, purified
in a preparative run

In mixtures of the two isomers containing no other
absorbing species, the mole fraction of the cis isomer can
be calculated by linear interpolation between these two
values for Aszo/Azs (cf. refs. 8 and 10). Using this proce-
dure, we determined the thermal stability of the cis
isomer (Fig. 3). Over a period of 30 days, there was no
detectable thermal isomerization in solutions stored at
—25° or at —67°; but at 25°, isomerization proceeds at a
rate of about 0.65%/day, in agreement with the measure-
ments of Duchek and Huebner (28). At Bis-Q concentra-
tions below about 1 mMm, the isomerization rate does not
vary with concentration (Fig. 2). However, in preliminary
experiments we found that isomerization proceeded at an
accelerated rate in solutions of high ionic strength (more
than ~1 M). We routinely store samples of Bis-Q collected
from the HPLC at —25° or below for several months.

The 2,2’ analogue of Bis-Q also has properties of inter-
est at nicotinic receptors (27, 29, 30), and we have used
the technique described to separate the cis and trans
isomers of this compound as well.

Pharmacology of cis-Bis-Q. Voltage-jump relaxations
yield data on equilibrium and kinetic aspects of the
response to agonists (31-33). In such experiments on
Electrophorus electroplaques, trans-Bis-Q induces half-
maximal conductance at a concentration of about 200 nm
and a membrane potential of —150 mV (8). At the same
concentration, however, cis-Bis-Q induced little or no
detectable membrane conductance (Fig. 4). Pure cis- and
pure trans-Bis-Q were converted, by exposure to visible
light, to the same photostationary state, containing ap-
proximately 65% trans isomer. In experiments like those

of Figs. 4 and 5, the two solutions then induced voltage-
jump relaxations whose amplitudes and rate constants
agreed to within 5% (data not shown).

In order to detect any pharmacological effects of cis-
Bis-Q, experiments were conducted at higher concentra-
tions. At 1.6 uM, cis-Bis-Q exerted no detectable blockade
of the currents induced by agonists such as trans-Bis-Q
(Fig. 5). We did consistently observe small agonist-in-
duced currents in high concentrations (> 1 um) of cis-
Bis-Q (for instance, Episode 1 of Fig. 6). Such currents
were not artifactual, because (a) they appeared both
when the “divided pulse” procedure or straight subtrac-
tion was used to eliminate passive currents (25); (b) they
were accompanied by depolarizations of 5-10 mV; and
(c) they increased more than linearly with membrane
hyperpolarization, as expected of agonist-induced cur-
rents. Currents of these amplitudes could have been
induced by trans-Bis-Q concentrations of a few nano-
molar, representing a contamination of less than 1%. This
hypothesis is unlikely because the relaxation rate con-
stants were several-fold faster than those produced by
such a concentration of trans-Bis-Q (2, 6, 8) (although
the relaxations were too small for accurate analysis).
Therefore it appears that cis-Bis-Q is indeed a weak
agonist and that it induces a channel with an average
duration considerably shorter than that of trans-Bis-Q.

Direct values for the channel durations would come
from patch-clamp recordings of single channels. It has
been possible to obtain such records in several prepara-
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F16. 3. Thermal isomerization of cis-Bis-@ in 30 mm NaCl at 25°
(O, A), —25° (0, W), and —67° (O, @)

Kinetic experiments were performed at Bis-Q concentrations of 140
uM (filled symbols), 52 uM (open symbols), and 10 uM (data not shown),
and all gave consistent findings. The line represents the beginning of
an exponential approach to the pure trans isomer with a rate constant
of 6.5 X 10~% day™".
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F16. 4. Currents induced by cis- and trans-Bis-Q (200 nM) in a
voltage-jump relaxation experiment

The voltage was jumped from +50 mV to the indicated potential,
and currents were measured 20 msec after the jump. Passive currents
have been subtracted. Data are means + standard error of the mean.
The inset shows actual traces of agonist-induced currents associated
with the jumps from +50 mV to —175 mV. Temperature, 24°.

tions with ¢rans-Bis-Q but not with cis-Bis-Q (5); appar-
ently, for the cis configuration, the channel opening rate
is too low, the closing rate too fast, or both. One can
estimate the ratio of lifetimes less directly by the follow-
ing reasoning. In the experiment of Fig. 6, the large
differences in current allow the conclusion that the volt-
age-jump relaxation in Episode 1 is dominated by the
channel closing rate for cis-Bis-Q. As noted above, this
relaxation cannot be measured accurately, but its rate
constant is at least 3 msec™ . On the other hand, the rate
constant in Episode 3 (1 msec™) is dominated by the
opening rate constant for trans-Bis-Q; because the trans-
Bis-Q concentration is roughly 5 times the half-maximal
value, the closing rate is roughly 0.2 msec™'. Thus there
is at least a 15-fold difference between the channel du-
rations for the two isomers. Better temporal resolution is
obtained in experiments where channels close soon after
bound trans-Bis-Q molecules are photoisomerized to the
cis configuration; such data suggest that the channel
durations differ by at least 100-fold (6, 10).

We did not attempt to determine accurately the con-
centration of cis-Bis-Q required to induce half-maximal
conductance, because apparent open-channel block is
observed at higher concentrations. At 4 uM cis-Bis-Q, the
agonist-induced conductance is smaller than that at 1.5
uM; ie., the net effect was a slight blockade of current. At
4 pMm, cis-Bis-Q also blocks currents induced by other,

cis-BIS-Q: PURIFICATION AND PHARMACOLOGY 347

1.5

L0
-
msec
0.5
mV
- - -50 0
0 I5l0 I?O
-5
ma .
cm?
® 0.2um trons - Bis-Q
-5 0,2um ftrons -Bis-Q
+1.6um cis -Bis-Q
-20 L

F1G. 5. Effect of cis-Bis-Q (1.6 uM) on the response to trans-Bis-Q
(200 nM)

The lower panel shows agonist-induced current at the indicated
voltage; the upper panel shows rate constants for voltage-jump relax-
ations to the indicated membrane voltage. @, trans-Bis-Q alone; O,
trans-Bis-Q in the presence of cis-Bis-Q. Data are means + standard
error of the mean. Temperature, 24°.

more potent, agonists—particularly at high negative po-
tentials. For instance, in voltage-jump relaxation experi-
ments with trans-Bis-Q (200 nM), relaxation rate con-
stants were increased by about 20% and amplitudes were
decreased by about 10% in the presence of 4 um cis-Bis-
Q at —175 mV. These effects typify the actions of “open-
channel blockers” such as local anesthetics and suggest
that, like many other compounds with quaternary am-
monium groups and aromatic moieties, cis-Bis-Q can
block open acetylcholine receptor channels at a concen-
tration of several micromolar (34-37). Under the experi-
mental conditions (responses near half-maximal con-
ductance), a 25% blockade would imply that the cis-Bis-
Q concentration equals the dissociation constant for
binding to the open channel; the observed 10% blockade
at 4 uM cis-Bis-Q implies a dissociation constant of about
18 um at —175 mV (38).

Light-flash experiments were conducted on electro-
plaques exposed to cis-Bis-Q. In the experiment of Fig.
6, for instance, voltage-jump relaxations were recorded
before and after a laser flash (in Episode 2) produced a
concentration-jump of trans-Bis-Q. The light-flash relax-
ation itself produced more than a 20-fold increase in the
agonist-induced current. This increase was stable on a
time scale of milliseconds, but over the next second the
preparation desensitized so that the agonist-induced cur-
rent was decreased by 25% in Episode 3. As expected
from previous work, the concentration-jump relaxation
has a time course very similar to that of subsequent
voltage-jump relaxations (2, 8).
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Fi1G. 6. Voltage-jump and light-flash relaxations in a voltage-
clamped electroplaque exposed to Bis-Q (1.5 um)

The trial comprises three voltage-clamp episodes, taken at intervals
of 1 sec. Lower traces show agonist-induced currents; leakage and
capacitative currents have been subtracted. At the start of the trial,
the Bis-Q was in the pure cis form; 2.8 msec after the start of each
episode, the voltage was jumped from +50 to —130 mV. For the first
two episodes, there was only a small increase in current, showing that
cis-Bis-Q is a very poor agonist. Thirteen milliseconds after the start of
the second episode, a 440-nm laser flash occurred. The flash had a
photoisomerization potency of 1.5 flash™', so that the trans-Bis-Q
concentration was suddenly jumped to 757 nM (7, 10). As a result, the
agonist-induced conductance increased exponentially to a much higher
value; the rate constant was 1.07 msec™'. The third voltage-jump
relaxation occurred in the higher trans-Bis-Q concentration; the rate
constant was 0.90 msec™'. Temperature, 8°.

DISCUSSION

The photoisomerizable agonist Bis-Q has given useful
information about the kinetics of channel gating at cho-
linergic receptors (reviewed in ref. 9), but certain exper-
iments have until now been limited by the difficulties in
obtaining and working with pure cis-Bis-Q. The present
work shows that the compound can be obtained by a
simple HPLC method and that it has the expected prop-
erties, including (a) reasonable thermal stability and (b)
less than 1% the agonist potency of the trans isomer.
Therefore, concentration-jump experiments can be
started in the virtual absence of agonist. Such studies
may yield further information about kinetic aspects of
receptor activation. For instance, it might be possible to
resolve a slower initial phase of the relaxation, corre-
sponding to the time required for the binding of the
agonist molecules. Other experiments may be directed
toward the process of desensitization. For instance, sin-
gle-channel measurements suggest that at least two ki-
netic components underlie this process in frog muscle
(39). This suggestion leads to a prediction: after a con-
centration-jump of agonist, the agonist-induced current
should decrease with more than one exponential com-
ponent. These and related points are now being tested
4, 5).

As noted in the first investigations with Bis-Q (1), the
wide discrepancy in the pharmacological properties of
the two isomers is intriguing. The present data indicate

that, although the cis isomer is not a competitive antag-
onist in the concentration range studied, it displays weak
agonist and (at high negative voltages) channel-blocking
activity at concentrations above 1 uMm. This observation
suggests that the cis isomer binds only weakly to the
receptor (dissociation constant much greater than 1 um).
The trans isomer, on the other hand, binds very tightly,
and previous findings indicate that (as seems to be the
case for all other known agonists) the open state of the
channel is much more likely to be associated with the
presence of two bound trans-Bis-Q molecules than with
a single molecule (10). Because the azobenzene moiety is
conformationally rigid, Bis-Q and related molecules
should give information about the nature of the binding
site for agonists. It has been suggested that the receptor
site has an electronic structure complementary to that of
trans-Bis-Q (29). This hypothesis is amenable to inves-
tigation from the perspective of structure-activity rela-
tionships, because it is possible to alter the number and
disposition of quaternary ammonium groups on the azo-
benzene backbone. It is interesting to note that the
2,2’analogue of Bis-Q displays antagonism (and no ago-
nism) at Electrophorus electroplaques; furthermore, only
the cis isomer has measurable potency (11, 30). Particu-
larly because of the property of geometrical isomeriza-
tion, we expect that this class of molecules will be useful
in clarifying the electronic requirements for agonist, an-
tagonist, and channel-blocking activity.

The chromatographic system employed here for the
purification of cis-Bis-Q should be generally useful with
other molecules of this type. We have already exploited
this approach to purify the cis isomer of the 2,2’ analogue
of Bis-Q.” Further investigations should be enhanced by
the availability of both geometrical isomers in pure form.
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