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T he in fluence o f  steric factors on the activity o f  2-cyanoacrylic esters as inhibitors o f  the H ill 
reaction w as exam in ed . The spatial arrangem ent o f  the different groups in the inhibitor m olecule  
was found  to be an im portant factor in determ ining potency. The position ing o f the phenyl ring in 
aralkylam ino d erivatives and the steric properties o f  the ß-substituent are particularly significant 
in the interaction  o f  m olecu les w ith the hydrophobic dom ain o f  the receptor site. T he d ifference in 
activity ob served  with optically  active a-m ethylbenzy lam ino  derivatives confirm ed the im portance
o f  the orien tation  o f  the phenyl ring and indicated  
region.

Introduction

2-C yanoacrylates o f general form ula 1 are potent 
inhibitors o f photosynthetic electron transport [ 1  — 6 ] 
and appear to act at a receptor site com m on to the 
am ide-type o f photosystem  II (PS II) inhibitors. The 
H ill reaction in isolated pea chloroplast fragm ents 
has been used to establish the structural require­
m ents for activity in this group o f com pounds. The 
potency o f 2 -cyanoacrylates in blocking photosynthe­
tic electron flow  was found to be extrem ely sensitive  
to  minor structural variation so that these com ­
pounds have proved to be particularly suited to prob­
ing the topography o f the herbicide binding site on  
the Q b protein in the PS II com plex. The spatial ar­
rangem ent o f the different groups in the inhibitor 
m olecule is crucial in determ ining activity suggesting  
a very precise orientation o f the m ore potent in ­
hibitors on the binding site. W ith som e insight into 
the secondary and tertiary structure o f the herbicide 
binding protein Q B beginning to em erge [7] and the 
advent o f m odern com puter m odelling techniques, it 
should be possible to use the know ledge o f the 
stereochem ical requirem ents for binding o f the 
cyanoacrylate m olecu les now available to provide a 
three-dim ensional picture o f the binding dom ain o f  
these, and perhaps other, inhibitors o f electron  
transport.

A  know ledge o f the topography o f the binding  
niche should enable the design o f new , m ore e ffec­
tive inhibitors. In particular, the steric requirem ents 
o f the site might be expected  to  play an im portant
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an interaction with a specific hydrophobic

role in the high affinity binding o f particular in­
hibitors. This aspect o f inhibitor binding has proved  
difficult to define in previous studies o f  am ide-type 
inhibitors. A  recent survey o f the quantitative struc- 
ture-activity relationships (Q SA R ) o f PS II in­
hibitors [8 ] concluded that the m olecular require­
m ents for inhibitors are an active polarizable sp 2 

nitrogen atom  attached to a large lipophilic m oiety , 
with only minor contributions from steric effects. 
Steric factors were found to be im portant in a later 
study [9], but the Q S A R  could not define these re­
quirem ents adequately. In studies with cyanoacrylate 
inhibitors, it has becom e obvious that the steric prop­
erties o f particular m olecules play a key role in 
binding.

This paper will identify parts o f the m olecule  
where spatial orientation is important for high activi­
ty and exam ine the significance o f these observations 
in deducing the topography of the binding dom ain.

Materials and Methods

The synthesis and physical properties o f new  com ­
pounds discussed herein will be reported elsew here. 
A ll structures were confirm ed by PM R  spectra and 
gave satisfactory m icroanalyses.

A ll com pounds synthesized included an ether  
oxygen function (R 3 =  C H 2 CH 2 O C H 2 C H 3 or 
C H 2 C H 2 O C H 3) since this structural features was 
found to enhance the binding of 2 -cyanoacrylates to  
the receptor site [2 ].

C om pounds were assayed for inhibition o f the Hill 
reaction using chloroplast fragments iso lated  from  
the leaves o f 21 day-old plants o f Pisum  sativum  (c .v . 
V ictory F reezer), the electron acceptor being the 
indicator dye 2 ,3 ',6-trichlorophenolindophenol. The
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experim ental procedure was as described elsew here
[ 1 0 ], with the chlorophyll concentration routinely set 
at about 8  ^g/m l. The activity was expressed in terms 
o f p /50, i.e ., -log10/ 50, w here / 5 0  was the molar con ­
centration required to decrease the rate o f dye reduc­
tion under illum ination o f saturating intensity to 50%  
that obtained  in the absence o f the com pound. The 
p / 5 0  values given are for reactions perform ed under 
coupled  conditions and are the m ean o f at least three 
separate determ inations, with a variation betw een  
experim ents o f  less than ±  0 . 2  for each com pound.

Results and Discussion

N o discussion o f the steric requirem ents o f cyano­
acrylate binding would be com plete w ithout refer­
ence to the stereochem istry o f the m olecules about 
the double bond. The steric arrangement o f groups 
appears to be an im portant determ inant o f high 
activity, a cis configuration o f the amino and ester 
functions appearing to m ost closely conform  to the 
requirem ents o f the receptor site [4]. Certainly, com ­
pounds with a ß-alkyl substituent are unequivocally  
cis [4], w hile com pounds unsubstituted in the ß-posi- 
tion can exist as either geom etric isomer. In the latter 
com pounds, the low energy barrier to rotation pre­
sum ably enables them to adopt the preferred cis con ­
figuration on the receptor site.

The lipoph ilic  m oiety, R j

Earlier studies [1, 2] suggested that long-chain  
alkylam ino-2 -cyanoacrylates ( 1 , R[ =  C„H2 „+i) be-

R, - N H  COOR3

R2 CN

1

haved as though the alkyl group was interacting with 
a large, unconstrained lipophilic area in the thy- 
lakoid m em brane. The variation in p / 5 0  with carbon  
chain length o f  the alkyl group suggested that in­
hibitors o f this type partition into the m em brane as 
they w ould into octanol. This observation was 
consistent with results obtained with other amide- 
type PS II inhibitors [8 ]. H ow ever, studies with aryl- 
and aralkyl-am ino derivatives presented a som ewhat 
different picture [5], with the lipophilic interactions 
being m odified  by steric effects. The phenylam ino  
derivatives (2 , n =  0) are w eak Hill inhibitors, but

< O V ( C H 2) - N H  COOR,

M
r 2 c n

2

R3=CH2CH2 O CH2CH3

inclusion o f  a m ethylene group betw een  the phenyl 
and am ino functions (2 , n =  1 ) produces a large in­
crease in activity (Fig. 1). Further lengthening o f the 
carbon chain produces a step-w ise increase in poten ­
cy as the chain length increased. Fig. 1 illustrates this 
effect for three series o f  com pounds, in which the 
carbon chain length is extended  from 0 to 4. This 
step-w ise effect, com m on to each series, is rem inis­
cent o f crystal packing phenom ena, and may be ex ­
plained in term s o f a preferred orientation o f the aryl 
group for interaction with a specific region within the 
hydrophic matrix. The greater binding affinity ob ­
served w hen the phenyl ring is in the “correct” orien­
tation (2 , n =  1 and 3) may arise from interaction  
with the lipid groups associated with the m em brane- 
spanning helices o f the 32 kD a herbicide binding 
protein [5].

Substitution in the phenyl ring can profoundly  
affect H ill inhibition. In the benzyl series (2, n =  1)

OIT)
a

0  1 2  3  4

n
Fig. 1. Schem atic representation  o f  the p/50 values as a 
function  o f  the num ber (n) o f  carbon atom s betw een  the  
phenyl and am ino functions in general structure 2. Each  
series has a different ß-substituent: x  =  C H 3; ■  R^ =  
C2H 5; ▲ R 2 -  C ,H 7.
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particularly, the presence o f a 4-chloro substituent 
raises activity by 1 0 0 -fold , from p / 5 0  o f 6 . 2 0  to 8 . 2 0  

[5]. This com pound is one o f the m ost active in­
hibitors o f photosynthetic electron transport yet re­
ported, being greater than an order o f  m agnitude 
m ore active than D C M U  in the assay system  used.

The ß -substituent, R 2

In the alkyl-, aryl- and aralkyl-am ino series studied  
[4, 5], activity was increased by alkyl substitution at 
the ß-carbon, reaching a m aximum w hen a ß-ethyl 
substituent was present in the m olecule and declining  
as the chain length o f the group was further in­
creased. This effect is illustrated schem atically in 
Fig. 2 for benzylam ino-, 4-chlorobenzylam ino- and 
n-octylam ino-2 -cyanoacrylates ( 1 , Rj =  benzyl, 
4-chlorobenzyl, /t-octyl, respectively, R 3 =  ethoxy- 
ethyl). Fig. 2 em phasizes the parabolic nature o f the 
ß-alkyl effect, which is qualitatively similar in all 
series containing straight-chain ß-alkyl substituents 
so far studied. H ow ever, Fig. 2 also shows that, 
quantitatively, the effect can be quite different. The 
greater than 1 0 0 -fold increase in the transition from  
com pounds unsubstituted in the ß-alkyl position to 
the corresponding ß-ethyl derivatives in the benzyl-

NO. OF CARBON ATO M S IN 

ß - A LK YL G RO UP

Fig. 2. Schem atic representation  o f the p /^  values as a 
function o f  the carbon chain length o f  the ß-alkyl sub­
stituent (R 2) in the series R, =  benzyl □ ;  4-ch lorobenzyl ■ ;  
octyl x  in general form ula 1 (R 3 =  C H 2C H 2O C H 2C H 3).

C I ^ Q - C H 2 NH COO CH2CH2OCH3
/

• R 2

R2 :

pl50 : 6.25

P'50:

R2 : X  

P'so: 4  3 0

Fig. 3. p/50 data for a series o f straight- and branched-chain  
alkyl substituents.

and 4-chlorobenzyl-am ino series contrasts strongly  
with the 6 -fold increase in p / 5 0  observed for the sam e  
change in the octylam ino series. The sam e large 
activity enhancem ent (o f about 1 0 0 -fold) has been  
observed in all aryl- and aralkyl-amino series so far 
exam ined [5], irrespective o f the activity o f the ß- 
unsubstituted m olecule. It w ould appear, then , that 
the steric constraints o f the space surrounding the ß- 
position o f the cyanoacrylate m olecule must play a 
key role in the alignment o f the m olecule on the site. 
The much larger ß-alkyl effect in series containing a 
aryl ring indicates that a well-fit ß-alkyl group is par­
ticularly im portant in positioning the phenyl ring to 
m axim ize interaction with the specific binding region  
within the hydrophobic domain referred to above.

Further investigation o f the ß-alkyl effect has 
show n that the parabolic variation o f activity with  
alkyl chain length, indicating a specific size con ­
straint in this region o f the binding site, was an over­
sim plification. The p / 5 0  data for a series o f straight- 
and branched-chain alkyl substituents, a ß-phenyl 
and ß-benzyl substituent are show n in Fig. 3*. The

* In this series, lipophilic interaction was m axim ized  by 
inclusion o f  a 4-chlorobenzyl residue. H ow ever, to  com ­
pensate a m ethoxyethyl ester residue was used. T his has 
the effect o f  reducing activity by 10-fold com pared  with  
the corresponding ethoxyethyl esters, thus ensuring that 
the activity o f  all com pounds rem ained within the activity  
range (about 5 p/50 units) im posed  by the assay system
[5],
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m ost active com pounds is the ß-iso-propyl deriva­
tive, which has a p /50 value 1.7 units higher than 
the «-propyl isom er. The difference betw een the 
isom eric ß-butyl com pounds is also pronounced, the 
sec-butyl isom er being an exceptionally potent in­
hibitor, w hereas the isom eric iso-, tert- and n-butyl 
derivatives are only w eakly active. The sec-butyl 
function , therefore, conform s w ell to the steric re­
quirem ents o f this region o f the binding site. C om ­
pounds carrying the other butyl groups in the ß-posi- 
tion , on the other hand, are not well-fit and are only  
capable o f  low  affinity binding. The bulky phenyl 
and benzyl derivatives are also poor inhibitors.

W hile it does appear that a branch at the a-carbon  
o f a ß-alkyl substituent is a particularly favourable 
structural feature, the exact nature o f the steric re­
quirem ents o f  this region o f the binding dom ain are 
not altogether obvious. The picture which em erges 
from  Fig. 3 o f a highly constrained pocket which can 
accom m odate a m ethyl or ethyl group w ell may be a 
sim plistic o n e , since the ß-alkyl substituents are 
interacting hydrophobically w hile at the sam e time 
subject to steric constraint. It is difficult to reconcile 
these tw o binding param eters. N evertheless, it is 
hard to discount the v iew  that the position occupied  
by a m ethyl group at the a-carbon (in iso-propyl, 
sec-butyl, e tc .)  is critical for high affinity binding. 
The increase o f  alm ost 100-fold in the activity o f a- 
m ethylbutyl over the n-butyl derivative w ould seem  
to support this conclusion .

C hirality in the lipoph ilic  m oiety, R;

T he im portance o f the steric requirem ents o f the 
inhibitor binding site is highlighted by a com parison  
o f enantiom ers w ith a chiral centre in the group (R ^  
interacting with the lipophilic region o f the site. The 
S ( + )  isom er o f com pound 3 is 200-fold m ore active 
than the corresponding R ( - )  isom er. Com pounds in 
the urea [11] and triazine [12] class o f PS II inhibitors 
containing the sam e chiral centre also show differ­
ential activity in the H ill reaction. H ow ever, the level 
o f discrim ination was much less than observed with

( O V c h n h  CO O R 3

) = (  
c h 3 c h 2 cn

3

s ( + ) 7.1 

R ( ) 4 9

the optical isom ers o f com pound 3. That the level o f  
discrim ination was different for the different classes 
o f inhibitors having the sam e chiral centre may indi­
cate that the cyanoacrylates interact w ith a different 
region o f the hydrophobic matrix than do the ureas 
and triazines.

A  detailed  study o f enantiom ers related to com ­
pound 3 indicated that the activity o f the 5-isom er  
and the relative inactivity o f the Ä -isom er must in­
volve only the orientation o f the phenyl ring and its 
capacity to interact with the specific binding region  
within the hydrophobic matrix [6]. T he preferred  
orientation o f the phenyl ring above the plane o f the 
cyanoacrylate system  was established by the inspec­
tion o f space-filling m odels [6]. It is possible to im ­
agine the cyanoacrylate m olecu le fitting the binding 
niche in the recently proposed  m odel o f the 32 kD a  
polypeptide [7], with the cyanoacrylate m oiety  
binding close to the lipid-water interface and the 
lipophilic residues dipping down into the hydro- 
phobic matrix o f the m em brane. The phenyl ring o f  
the aralkylam ino derivatives w ould then be favour­
ably placed to interact with the hydrophobic amino 
acid residues within the m em brane, particularly 
w hen the phenyl ring was correctly oriented.

The studies outlined  above have established that 
high affinity binding is critically dependent on the 
steric arrangem ent o f  the groups attached to the 
cyanoacrylate m olecu le . A s the correct orientation  
for precise fit in different regions o f the site becom es 
better defined , a sharper picture o f the topography  
of the binding dom ain will ultim ately em erge to com ­
plem ent and im prove current m odels o f the architec­
ture o f the binding niche on the 32 kD a protein.
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