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SUMMARY 

I. Trans-styrylpyridine analogues, which include the most potent known 
inhibitors of choline acetyltransferase (acetyl-CoA:choline 0-acetyltransferase, EC 
2.3.I.6), photoisomerize readily in solution to yield mainly the cis isomers. The ionized 
pyridinium forms are particularly photosensitive. 

2. Inhibition of choline acetyltransferase is maximal with the trans isomer of 
naphthylvinylpyridinium compounds and decreases markedly with progressive 
isomerization to the cis form. The trans isomer of N-methyl-4-(I-naphthylvinyl  )- 
pyridinium iodide shows an [150 ] of 0.65/zM, but an [150 ] of 2.7/~M is found if the 
inhibitor is exposed to indirect daylight for 15 rain. 

3- With acetylcholinesterase (acetylcholine hydrolase, EC 3.1.1.7) either isomer 
is inhibitory, the cis form being as potent as, or somewhat more potent than, the trans 
isomer. 

4. Relative light sensitivities of various analogues are consistent with a stabili- 
zation of cis isomers by formation of intramolecular charge-transfer complexes. 

INTRODUCTION 

Some styrylpyridine* analogues have been reported as potent inhibitors of 
choline acetyltransferase (acetyl-CoA:choline O-acetyltransferase, EC 2.3.1.6) 1-3. 
Most of these inhibitors are extremely light sensitive in solution, and certain pre- 
cautions are required to obtain reproducible results in biological systems 4. In this 
paper we describe the effects of photoisomerization on the inhibition of choline acetyl- 
transferase and on acetylcholinesterase (acetylcholine hydrolase, EC 3-I. 1.7). Structur- 
al characteristics of the inhibitors which influence light sensitivity are discussed. 

MATERIALS AND METHODS 

Synthesis of the styrylpyridine analogues has been previously described ~,3. All 

Optional nomenclature:  stilbazole, phenylvinylpyridine, phenylethenylpyridine. Styryl- 
pyridine analogues named without configurational notation are trans isomers. 
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work with the trans forms in solution was done either in darkness or in a room illumi- 
nated only by a 75-W General Electric pink tungsten bulb directed against a white 
ceiling. No isomerization was found to occur with this type of illumination. Stock 
solutions were prepared in ruby glass tubes or in foil-covered flasks. 

Absorption spectra were determined using either a Cary Model 14 or Cary 
Model 15 spectrophotometer. Relative light sensitivities were estimated by first 
recording the spectrum of an unexposed solution in a stoppered quartz cuvette and 
then exposing the cuvette to light for a given length of t ime measured with a stop- 
watch. The spectrum was immediately determined again. Successive timed exposures 
of the solution in the cuvette were correlated with absorbance changes at a wavelength 
maximum of the compound. For a relatively constant light source, a 275-W Westing- 
house sunlamp was used at a distance of 7 ° cm. 

Fluorescence spectra were determined using an Aminco-Bowman spectro- 
photofluorometer with a Varian X - Y  recorder. 

Choline acetyltransferase from the calf caudate nucleus was kindly supplied 
to us by Dr. F. F. Foldes of Montefiore Hospital and Medical Center (Bronx, N.Y.). 
The preparation was a 3 ° 4O~o (NH4)~SOa fractionation cut from a IOOOOO×g 
aqueous supernatant and had a specific act ivi ty in our laboratory of 0.002 units/mg 
protein (/zmoles/min per mg protein) at 37 °. After 4 months at --15 °, with frequent 
thawing at o ° and re-freezing, less than lO% loss of activity was detected. 

Aeetylcholinesterase from Electrophorous electricus was a chromatographically 
pure, lyophilized preparation from Worthington Biochemical Corp. with a specific 
activity of ilOO units/mg protein at 25 °. Bovine erythrocyte acetylcholinesterase, 
with activity of 20 ooo units per vial, was purchased from Nutritional Biochemicals 
Corp. 

[14ClAcetyl-CoA, 60 mC/mmole (radiochemical purity 95%) was purchased 
from New England Nuclear Corp; unlabeled acetyl-CoA (93 ~o purity), bovine albumin 
(electrophoretieally pure), and eserine sulfate from Mann Research Laboratories; 
choline chloride, reagent grade, from Merck and Co., Inc.; acetylcholine bromide 
from Sigma Chemical Co. Water  for all solutions was glass-distilled. 

Assay of choline acetyltransferase 
The enzymatic transfer of the acetyl moiety from I14CJacetyl-CoA to choline 

was followed. All manipulations before the incubation step were carried out in a 5 ° 
refrigerated room illuminated by  a pink light bulb. The stock solution of extract  was 
diluted in 0.07 M potassium phosphate buffer (pH 6.7) containing 0.05% bovine 
plasma albumin, to give an enzyme concentration which would yield 0.25 nM or less 
of acetylcholine after the incubation, so that  not more than IO% of the [14C]acetyl- 
CoA was consumed. Using Dispo capillary pipets (Scientific Products), 20 #1 of diluted 
extract  was added to either io #1 of potassium phosphate buffer or IO #1 of inhibitor 
dissolved in the buffer. Then 2o/,1 of substrate mix was added to give a total  volume of 
5 ° #1. The mixture was incubated in darkness at 37 ° for IO min. In a typical assay, 
components and concentrations were as follows : [laC]acetyl-CoA, 50 #M (4 mC/mmole) ; 
choline, 5 mM; bovine plasma albumin, 0.05%; NaCI, 0.30 M; eserine, 0.2 raM; 
potassium phosphate, 0.07 M; pH 6. 7. Optional components, which tend to stabilize 
enzymatic activity, were 40 #M dithiothreitol and 80/~M EDTA. The reaction was 
stopped by plunging the assay tubes into ice water, adding 20/~g unlabeled acetyl- 
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choline to each tube, and heating for i min in a boiling-water bath, as recommended 
by SCHRIER AND SHUSTER 5. 

Electrophoretic separation of E14Clacetylcholine was carried out by the method 
of POTTER AND MURPHY 6. The unlabeled carrier acetylcholine was located on the 
dried strips by holding them in iodine vapor to allow formation of a transient iodine 
complex. Scintillation counting was done in either a Nuclear Chicago Mark I or a 
Packard Tri-Carb scintillation spectrometer. In toluene scintillation fluid containing 
5.0 g/1 of 2,5-diphenyloxazole (Packard Instrument Co.), counting efficiency for 14C 
on the Whatman No. I paper electrophoresis strips was 540/0 . 

All assays were done in duplicate or triplicate, with precision of ± 5 %. Controls 
containing no enzyme were included in every set of experiments to provide a reagent 
blank, which usually involved a correction of about io counts/rain. 

Assay for acetylcholinesterase 
Acetic acid released during hydrolysis of acetylcholine was automatically 

titrated with 5 mM NaOH, using a Sargent pH stat. Concentration of acetylcholine 
was varied from o.I to I mM. NaC1, o.1 M, and MgC12, 0.02 M, were present in the assay 
medium. The reaction was started by adding 0.2 units of enzyme. The lyophilized 
eel enzyme was diluted to io units/ml in 0.02 M MgC12 containing 0.005% bovine 
plasma albumin. After overnight storage at 4 ° , this enzyme solution gave reproducible 
results and remained stable at 4 ° for at least a week. 

pKa determinations 
pKa determinations of amines were done by potentiometric titration at 25 °, 

using a Beckman Expandomatic pH meter. The relatively insoluble amines were 
dissolved in absolute ethanol, and water was added to yield a concentration ofo.I  mM 
with 3% ethanol. Portions of 50 ml were titrated with o.i M HC1 or NaOH, using a 
Hamilton microsyringe. 

RESULTS 

Evidence for trans to cis isomerization 
Absorption spectra of styrylpyridines are generally similar to those reported 

for stilbenes v,8 in that as wavelength is decreased, three distinct maxima are observed, 
referred to as A, B, and C bands. However, with styrylpyridines these bands are shifted 
to much longer wavelengths. For example, the A band of stilbene occurs at 294 nm, 
that of N-methyl-4-styrylpyridinium iodide at 342 nm, and that of N-methyl-4-(I- 
naphthylvinyl)pyridinium iodide at 377 nm. The Beer-Lambert law was obeyed at 
the concentrations studied (<  50 #M). The iodide anion did not appear to influence 
spectra, since solutions of hydrochloride salts of the free bases, for example 4-(1- 
naphthylvinyl)pyridine below its pKa value, exhibit spectra very similar to those of 
the corresponding methiodides. 

The spectral changes which occur on light exposure are illustrated in Figure I 
for N-methyl-4(I-naphthylvinyl)pyridinium iodide. Spectra were not affected by the 
Cary light source during assay. After IO min exposure to indirect sunlight in a quartz 
cuvette a photo-stable equilibrium was reached, after which further light exposure 
up to I h caused no spectral change. The A band was markedly reduced in intensity 
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Fig. I. Effect of light on N-methyl -4(naphthylv inyl )pyr id in ium iodide. The spec t rum of an 
aqueous solution at 23/~M (pH 6) was recorded with a Cary Model 14 spect rophotometer  before 
( ) and after ( - -  - -  - - )  exposure to indirect sunlight for io rain. 

Fig. 2. Comparison of spectra of c i s - 4 ( I - n a p h t h y l v i n y l ) p y r i d i n e  with the t rans  isomer, before and 
after  light exposure. - - -  - - ,  cis; - - ,  t rans ;  , t rans  after light exposure for 3 ° min. 
The cis  form did not  change with light exposure. Solutions were 2.8/~M (pH7) in I mM potass ium 
phosphate .  A Cary Model 14 spect rophotometer  was equipped with a o to o. i absorbance slidewire. 

and blue-shifted from 377 to 365 nm. Both the B and C (not shown) bands were more 
intense and slightly blue-shifted. These changes are qualitatively similar to spectral 
changes which occur when trans-stilbene is photoisomerized~-% but appear to take 
place more readily. Similar spectral changes on light exposure were found with all 
styrylpyridine analogues. Naphthyl derivatives were approx. 5 times as light sensitive 
as corresponding phenyl derivatives. 

Fig. 2 shows the spectra of both trans- and cis-4-(I-naphthylvinyl)pyridine at 
pH 7, where it exists in the essentially unionized form (pKa ~ 5.5). The third spectrum 
shows the trans form after light exposure for 30 minutes. It  appears that 80-90% of 
the trans isomer has been changed to the cis form in the light-exposed solution. This 
is in contrast to studies with stilbenes 9, which indicate that only 30 35 % conversion 
from trans to cis form occurs before a photo-stable equilibrium is reached. 

Further evidence for trans to cis photoisomerization of the styrylpyridines was 
obtained from fluorescence spectra. The trans form of N-methyl-4-(I-naphthylvinyl )- 
pyridinium iodide fluoresces strongly with an excitation maximum at 375 nm and 
emission at 518 nm. Both emission and excitation spectra decrease rapidly as a result 
of irradiation by the strong xenon light source in the instrument. At an exciting 
wavelength of 375 nm, intensity of emission at 520 nm was followed as a function of 
time. Intensity decreased initially in exponential fashion with a half-life of about 
30 sec. After several minutes an equilibrium state was reached, with the solution 
exhibiting about 20 % of the original fluorescence intensity. 

LEwis et al. 9 have reported that trans-stilbene is highly fluorescent, while cis- 
stilbene is not fluorescent. The fluorescence remaining in the light-exposed solutions 
of our stilbazole analogues probably is caused mainly by trans isomer which exists 
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in photostable equilibrium with the cis form. However, it is possible that  the cis 
forms of styrylpyridines may  possess some fluorescence of their own. 

An interesting point is that  excitation at the long wavelength absorption maxi- 
mum (A band) is responsible for fluorescence and is of sufficient energy to produce 
rapid isomerization. Other styrylpyridine analogues behaved in a similar manner. 
However when the inter-annular bond was acetylenic rather than ethylenic, the 
compound was not light sensitive and exhibited only weak fluorescence. 

Effect of  photoisomerization on enzyme inhibitions 
Figs. 3 and 4 illustrate the effect of trans to cis isomerization with two of the 

most potent inhibitors of choline acetyltransferase from calf caudate nucleus. Since 
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Fig. 3. Inhibition of choline acetyltransferase of calf caudate nucleus by N-methyl-4-(i-naph- 
thylvinyl)pyridinium iodide. C), trans; I ,  photo-stable inhibitor. 

Fig. 4- Inhibition of choline acetyltransferase of calf caudate nucleus by N-hydroxyethyl-¢(I- 
naphthylvinyl)pyridinium iodide. ©, trans; II, photo-stable inhibitor. 

[/5ol values obtained with the styrylpyridine analogues were essentially independent 
of the concentration of either substrate (non-competitive inhibition in which plots 
of reciprocal of initial velocity vs. reciprocal of variable substrate concentration inter- 
sect on the abscissa) 1°, these values may  provide a suitable indication of relative 
inhibitory potencies under the assay conditions used. N-Methyl-4-(I-naphthylvinyl )- 
pyridinium iodide (Fig. 3) represents a highly potent inhibitor; however, the N- 
(hydroxyethyl)-derivative shown in Fig. 4 also is of interest in that  it is considerably 
more water soluble, and therefore may be more appropriate for pharmacological 
studies. With both compounds isomerization to the cis isomer raises the [I501 value, 
from 0.65 to 2.7 /~M for N-methyl-4-(I-naphthylvinyl)pyridinium iodide and from 
1.2 to 6 #M for the N-(hydroxyethyl)-analogue. I t  was estimated spectrophotometri- 
cally that  the photo-stable equilibrium solutions may  still contain as much as 20% 
of the trans isomer. Therefore, choline acetyltransferase appears to be significantly 
inhibited only by the trans isomer. This is compatible with the inactivity reported 
for a pure cis isomer 2. 

With acetylcholinesterase the effect of isomerization is quite different. Both 
isomers were inhibitory, the cis being at least as potent as the trans, as judged from 
apparent  K,  values determined from slopes of reciprocal plots. The overall mechanism 
of inhibition was noncompetitive with both isomers, but reciprocal plots for the cis 
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T A B L E  I 

E F F E C T  O F  P H O T O I S O M E E I Z A T I O N  O N  E N Z Y M E  I N H I B I T I O N S  

Inh ib i to r  so lu t ions  a t  5-fold the  desired a s say  conen,  were prepared  f rom a single s tock solut ion in 
ruby-g la s s  tubes .  A por t ion  of  each was  exposed  to indi rec t  sun l igh t  for 15 min  before use  in the  
assays ,  as descr ibed in MATERIALS AND ~tETHODS. [150]values wi th  choline ace ty l t rans fe rase  were 
ob ta ined  f rom plots  s imilar  to Figs. 3 and  4. A p p a r e n t  K~ va lues  for ace ty lchol ines te rase  were 
ob ta ined  by  t he  c u s t o m a r y  LINBWEAVER--BuRK p lo t t ing  procedures  n,  as described in t he  tex t .  

Inhibitor A cetyltransferase Esterase * (eel) Esterase* 
( Iso) (l~M ) 1Q (itM ) (erythrocyte) 

Ki (~uM) 

dark light dark light dark light 

(I) ~CH=CM@N~_CH3 0.65 2.7 7.5 6.8 8. 3 3.3 

(2) ~CH=CH, _ _ ~ N @ _ ( C H 2 ) 2 0  H 1.2 6.0 I I  13  

1.7 1.7 7.5 7.5 
C=__C ~--CH 3 

l i7o 
CH= CH ~)--(CH2) 3 

2 

* These  resu l t s  show cons ide rab ly  g rea te r  es terase  inh ib i to ry  act iv i t ies  t h a n  prev ious ly  
repor ted  1-3 for inh ib i t ion  of  ace ty lcho l ines te rase  in c rude  ex t r ac t  of  r a t  brain.  

isomers intersected above, rather than on, the abscissa. Table I compares results 
obtained with choline acetyltransferase from calf caudate nucleus and acetylcholin- 
esterases from electric eel and bovine erythrocytes. An acetylenic analogue, which 
cannot photoisomerize, was included in the table as a control. 

The K, values in Table I are apparent K, values determined from the ratio of 
slopes of reciprocal plots in the presence and absence of inhibitor. 

slope ( +  I) EI] 
I + -  

slope ( - -  I) K~ 

Since the inhibitors may combine with more than one enzyme form, these 
apparent Ki values do not represent true enzyme-inhibitor dissociation constants, 
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but  are used to indicate relative effectiveness of  the inhibitors under  the assay con- 
ditions. 

Photoisomerization related to electronic structure 
The relative light sensitivities of s tyrylpyridine analogues appear to be related 

to the electron donor-acceptor  character of  the aryl and pyrido-ring moieties joined 
by  the double bond. 4-(I -Naphthylvinyl)pyr idine behaves in a manner  similar to 
the corresponding quaternary  derivative in the pH region below its pKa value of 5.5. 
The naphthyl  moiety  is an electron donor and the pro tonated  pyridine moiety  is an 
acceptor 12. However,  at pH  8, where the unionized pyridine moiety  acts as an electron 
donor, this compound exhibits only slight photosensitivity.  Fig. 5 illustrates this 
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Fig. 5. Effect of pH on photosensitivity. Aqueous solutions of the compound (pKa -- 4) at 5 #M 
at pH's 6. 7 and 3.5 were exposed to indirect sunlight for 2 rain. Spectra were determined with a 
Cary Model 15 spectrophotometer before ( ) and after ( . . . .  ) light exposure. The spectrum at 
pH 6. 7 did not change. 

same effect for another analogue, trans-4-(p-biphenylylvinyl)pyridine. The pKa of  
this compound is 4.0, and therefore the donor-aeceptor  form at pH  3-5 isomerized 
rapidly with light exposure, but  the donor -donor  form at pH  6. 7 appeared to be 
photo-stable under our conditions. The importance of a donor-acceptor  electronic 
structure for photosensi t ivi ty is further  substant ia ted by  the properties of Compounds 
3 and 4 in Table II .  In  these examples, the quinolinium system serves as electron 
acceptor and the pyridine moie ty  can act  as donor in the unionized state or as acceptor 
in the protonated condition at low pH. Here, as the hypothesis  would require, photo- 
sensitivity is increased in basic solution. 

The relative light sensitivities of a series of stilbazoles subst i tuted para on the 
phenyl ring are presented in Table I I I .  I t  is clear tha t  no relation exists between light 
sensitivity and the H a m m e t t  sigma parameter  la. These results do, however, correlate 
roughly with the est imated resonance effects of tile part icular  substi tuents on a 
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T A B L E  I I  

TRANS TO CIS P H O T O I S O M E R I Z A T I O N  R E L A T E D  TO D O N O R - - A C C E P T O R  S T R U C T U R E  

Absorbance  changes  were measured,  as described in MATERIALS AND M E T H O D S ,  at concentrat ions  
of  5 -5  ° #M.  Photosens i t i v i ty  indicates  response to a 3o-sec  exposure  of  the  so lut ion to a 2 5 o - W  
sun lamp : + ,  > IO % drop in absorbance  at  ;tmax shown for each species ; sl, < 2 % ; - - ,  no change 
observed, pKa values  of  c o m p o u n d s  were determined by  potent iometr ic  t i trat ion for the  first t w o  
c o m p o u n d s  and es t imated  from spectral  changes  for the  last  two.  

Compound pK, pit of ~,n.~ Photosen- 
experi- (rim) sitivity 
ment 

( i a )  / ( ~ \  3.5 37 ° + 
5.5 

( Ib)  / ~  S.o 33 ° sl 
Cl4 :=CH 

CH=CH 4 .o (2b) 
3.5 360 + 

6.7 290 --  

(3a) N~CH=CH "-'X ~. )~e-- CH3//'~' 2.0 325 --  

© 4 - 6  
(3b) 8.0 355 + 

(4 a ) N @  CH=CH-'-'~k,j]) .@-CH3'/'~" ' 2.0 320 --  

© 4 -5  
(4 b) 8.0 365 + 

conjugated system. The resonance values, which are derived from the Hammett  
parameters, are thought to express the contribution of electron withdrawing or releas- 
ing tendency by the substituent 14. Both C1 and Br are substituents which contribute 
electronegativity to an aromatic ring, while CN and NO~ tend to withdraw electrons 
from the ring. Consequently the first two substituents would strengthen electron 
donor properties of  the styrylpyridine donor aryl moiety,  but the latter two substi- 
tuents would tend to weaken them. 

DISCUSSION 

Intramolecular charge-transfer complexes consisting of an aromatic donor and 
an aromatic acceptor group joined by a -CH2CH 2- bridge have been studied by 
SCHIFRIN 15-17. The two planar moieties in such compounds are 3.4 A apart at their 
centers and deviate 39 ° from a parallel orientation. If a styrylpyridine analogue 
consists of  a pyridinium moiety  joined to an aromatic electron donor moiety through 
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TABLE I I I  

R E L A T I V E  L I G H T  S E N S I T I V I T I E S  

Change in absorbance at the long wavelength m a x i m u m  of each compound  was plotted vs. t ime 
of light exposure to a 25o-W sunlamp. Init ial  slopes were determined and are expressed relative 
to tha t  of the paren t  compound as Sx/S u. R is the resonance contr ibut ion of the subs t i tuent  as 
expressed by  TAFT la. 

--@N Sx/Sp H a m m e t t  13 
X C H = C H  ~--  CH 3 I-  ~ parameter  

X 

R 

(I) Br 1.6 0.23 --0.22 
(2) C1 I . I  o.23 --0.24 
(3) H I.O o o 
(4) CN 0.67 0.63 +0.07 
(5) NO2 0.62 0.78 +o.15  

an exocyclic double bond, the cis isomer may  be expected to be part ly stabilized by 
intramolecular charge-transfer. The distances between the two ring moieties and the 
angles of deviation from parallelism would be expected to vary with the intramolecular 
charge-transfer energy of specific derivatives. Analogy with bond angles in a planar 
five-atom ring would suggest the order of 3 6° deviation from parallelism of the bonds 
linking the donor and the acceptor rings to the exocyclic ethylenic carbon atoms in 
a cis configuration. The formation of such a stabilized cis complex would provide an 
explanation for the enhanced photosensitivity of trans-s tyrylpyridinium compounds 
in comparison with trans-stilbenes. 

A recent report is describes water addition to the double bond of 1,2-bis-(pyri- 
dinium)ethylenes exposed to light. A similar reaction proceeds in good yield with 
N-methyl-4-(I-naphthylvinyl)pyridinium iodide after a 2-h exposure to direct sun- 
light 3. Such addition products were not detected after the brief exposures necessary 
for photoisomerization. However, since definite isosbestic points were not obtained 
in spectra during isomerization, it is possible that  small amounts of addition products 
may have been formed. 

There appears to be no direct relation between ability of an inhibitor to isomerize 
and its inhibitory potency toward choline acetyltransferase. For example, Compound 
3 in Table I is a potent inhibitor, but cannot isomerize since it has a linear structure. 
In contrast Compound 3b in Table I I  isomerizes readily, but  is a relatively poor 
inhibitor (~I501 = 2- I0-4). However, the donor-acceptor character of the trans struc- 
tures may influence both isomerization and inhibitory properties. For strong inhibition 
of choline acetyltransferase, the compound must be coplanar, and the electron donor 
moiety must be an aromatic n-cloud donor such as naphthyl  or phenyl 2,3. A hetero- 
cyclic donor (cf. 3b and 4b in Table n) apparently allows a localization of charge 
which impairs inhibitory potency. For photoisomerization, either type of donor 
structure confers photosensitivity and coplanarity of the whole molecule is not a 
requirement (cf. 2a in Table II). 

The trans isomers inhibited both choline acetyltransferase and acetylcholin- 
esterase, but isomerization to cis forms produced different effects with the two enzyme 
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systems. Cis isomers were no longer able to inhibit the acetyltransferase, while they 
still inhibited the esterase, but with a modified mechanism. These observations indicate 
the necessity of taking precautions to control photoisomerization in all studies in 
which this class of inhibitors is used. 
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