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From  the early beginnings of research in syn­
thetic drugs, researchers were interested to know 
the effects of chemical structure on the pharm aco­
logical effects. As the first systematic studies, the 
work of M eyer (1899) and O verton (1901) on the 
narcotic effects of a series of chemicals is re ­
garded, which resulted in their lipoid theory  (see: 
Lipnick, 1986, 1989). Am ong various procedures 
to calculate the relationship betw een chemical 
structure and biological activity, abbreviated as 
Q SA R , the 30 years old Hansch-Fujita approach 
has been most widely and effectively used up to 
now, in medicinal chem istry as well as in the field 
of agrochemicals. In the m eantim e, m any concep­
tual supplem entations and im provem ents as well 
as m athem atical refinem ents have been carried 
out, the most im portant one its extension to 
three dimensions.

The original form  of the H ansch-Fujita equation 
(Hansch and Fujita, 1964) read

1/logC -  a-Ji + b-Ji2 + c -o  + d

where it is the partition coefficient and o the H am ­
m ett constant. 1/logC stands for the biological ac­
tivity. The coefficients a, b, c, d  are calculated by 
the multiple linear regression m ethod. A  smaller 
num ber of com pounds from a congeneric series, 
that is with the same mode of action, with a rea­
sonable spread of their biological activitity is re­
quired. R ather early researchers from  industry be­
came in terested in the new m ethod. A t that time, 
30 years ago, the screening 1000 or 2000 com ­
pounds was sufficient to find a new commercial 
product. Today this num ber has increased by a

* Present address: In den Birken 81, D-42113 Wupper­
tal, Germany.

factor of ten. To cope with this, Q SA R  appeared 
promising. It soon became evident, that hydropho­
bic (ji) and electronic (o) param eters were not suf­
ficient to describe relationship betw een structure 
and activity. In addition, descriptors of the steric 
properties of the com pounds were required. Origi­
nally, Hansch had suggested to use the E s con­
stants by Taft for that purpose (H ansch,1969), but 
soon it turned that they were of lim ited use only. 
M oreover, they were not available for many sub­
stituents since they had to be determ ined experi­
mentally. A fter some o ther approaches to steric 
param eters from various authors, Dr. A rie Ver- 
loop and coworkers in 1976 developed a m ethod 
to calculate steric param eters from the Van-der- 
Waals descriptors of the respective substituents. 
H e called them  ST E R IM O L-param eters (A. Ver- 
loop et al., 1976). U p to 1993, num erous authors 
from industry as well as from universities and 
o ther institutions have applied them  successfully 
in drug design, agrochemical research and eco- 
toxicology.

A  symposium was organized in June 1994 by H. 
Timmerman at A m sterdam , to honour Verloop 
whose achievem ent had turned out to becom e 
very productive. Nine speakers (Schlatm ann, 
Zeelen, Fujita, D raber, Govers, Tollenaere, 
Tipker, van G eerestein, Seydel) presented talks on 
diverse aspects of drug design. O f these, one dealt 
with possible environm ental relevance (G overs) 
and one with photosynthesis inhibitors (D raber). 
Verloop’s approach played an im portant part in 
the whole symposium, but to varying degree. Es­
pecially valuable proved the Sterimol param eters 
in Q SA R  investigations of photosynthesis inhibi­
tors as is shown below. In addition to the studies 
which were reported at the Verloop symposium, 
some more recent results are presented here.
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Examples of QSAR for Photosynthesis Inhibitors

A large num ber of commercial herbicides in­
hibit photosynthesis, representing still about 30 % 
of the m arket, despite of an increasing num ber of 
com pounds with o ther modes of action. Finding a 
new herbicide, at first more or less a question of 
trial and error and of course of good luck, became 
an increasingly difficult job. Thus the Q SA R 
m ethod was used to study the relationship be­
tw een chemical structure and herbicidal activity.

Q SA R  helped to find new clues to useful com ­
pounds but it also played an im portant role in the 
elucidation of the mechanism of photosynthesis. 
The investigation of inhibitors played in im portant 
role in the detailed understanding of the target 
protein, now known as the D -l polypeptide su­
bunit of photosystem  II (PS II). Q uite early it was 
felt that the original Hansch-Fujita equation re­
quired supplem entation by steric param eters to 
describe the relationships betw een structure and 
activity of photosynthesis inhibitors. For this pur­
pose we found the Sterimol param eters (Verloop 
et al., 1976) very useful, superior to many other 
approaches to steric descriptors.

A  ra ther early exam ple of Q SA R  on photosyn­
thesis inhibitors dealt with the triazinones of Fig. 1 
(D raber et al., 1969). In the 13 com pounds on 
which the calculation was based, R 1 was SMe, 
OM e and NHM e, and R 2 were diverse alkyl 
groups.

rV ^ m ' n h 2T
Fig. 1. 4-Amino-l,2.4-triazin-5-ones.

A simple squared regression equation without 
steric and electronic param eters was sufficient to 
describe the inhibitory activity.

p /50 = 4.608 + 1.959 log/3 - 0.486(log/J)2 (1)
n = 13 r = 0.951 5 = 0.288 F = 47.4 logPopt = 2.0

This led to the discovery of the herbicide metamit- 
ron (R 1 = C H 3, R 2 = Ph). If this com pound is in­
cluded, the equation reads

p /50 -  4.615 + 1.997 log/5 - 0.504(logf’)2 (2)
n — 14 r — 0.949 5  = 0.281 F  = 50.2 logPopt = 2.0

In these equations, n is the num ber of com pounds 
and r (correlation coefficient), s (standard devia­
tion) and F  (Fisher's F-test) are statistical criteria 
of the correlation, log Popl is the calculated log 
P optim um .

A m ore com plicated example on the same class 
of com pounds, triazinones (R 1 = alkyl, R 2 = Ph) 
comprises Taft's Es and the Verloop's Sterimol 
param eter L  in the first to fourth pow er to account 
for an activity minimum at com pounds with three 
carbon atom s in linear arrangem ent (D raber and 
Fedtke, 1979).

p /50 = -54 .5  + 51.IL  -  15.3L 2 + 1.97L3 
-  0.09 L4 + 0.70 E s (3)
n = 11 r = 0.986 5 = 0.14 F  = 37.7 p  = 0.0007

As an in terpreta tion  of this regression equation as 
early as 1979 -  some time before Velthuys (Vel- 
thuys, 1981) stated  convincingly that inhibitors act 
by com peting with plastoquinone, PQ in Fig. 2, for 
the binding site -  we drew a two-dim ensional pic­
ture of the orientation of a triazinone inhibitor to 
an unknown target.

W hat we had term ed “subreceptors” are, as we 
see it nowadays, hydrophobic interactions and hy­
drogen bonding betw een the various parts of the 
triazinone m olecule and the amino acid residues 
of the D -l protein. A t that time we only had a 
rather vague idea of the binding site or, as we p re­
ferred to call it, the binding area. In 1981 (Pfister 
et al., 1981) the “herbicide binding p ro tein”, called 
the D -l protein, was later identified as one of the 
reaction center peptides of photosystem  II (PS II)- 
(Trebst and D raber, 1986). This assum ption could 
be supported by com puter modelling of the D -l 
protein with bound triazinones later on (D raber et 
al., 1991) shown in Fig. 3.

Only the parts of helices IV and V that form the 
binding niche are displayed here. It should be 
noted that in stereo view the Serine-O H  is indeed 
close to the triazinone carbonyl.

Fig. 4 shows a simplified reaction sequence of 
the photosynthetic electron flow together with 
some typical inhibitors that were useful in photo­
synthesis research.

In this figure, PQ symbolizes plastoquinone 
which is displaced by the herbicide DCM U (di- 
uron) and many o ther photosynthesis inhibitors.

A nother group of inhibitors of photosystem  II 
are the substituted phenols. Trebst (1987) had sug-
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Obligatory subreceptors 
Requirements uncertain 
(Charge densities? Hydrogen

Fig. 2. Two-dimensional model of 3-alkyl-1,2,4- 
triazinones displaying steric, hydrophobic, and 
hydrogen bond interaction with the binding 
niche.

Fig. 3. 3-Pentyl-4-amino-6-phenyltriazinone in the bind­
ing niche of the D -l protein.

gested a distinction between two inhibitor families 
that bind to the D -l protein by displacing plas- 
toquinone. He called them  the Serin264- and the 
Histidin2i5 -family. They are characterized by the 
amino acids of the binding protein  D -l with which 
they interact preferentially. Though this distinction 
appeared to be a little arbitrary, it has proved

helpful in further research. M oreover, m olecular 
modelling reveals that nitrophenols do not interact 
with Serin264. Instead, their position is closer to 
H istidin215 confirming Trebst’s statem ent.

Again, our Q SA R  work dates back to 1978 
when we presented a paper on the 4-nitrophenols 
(Trebst and D raber, 1979). Only Sterimol param e­
ters were needed to describe the inhibitory activity 
of the com pounds in Fig. 5a.

p /50 = -0 3 9  + 2.01B1_1 + 0.97B3_2 (4)
n = 33 F  = 217 r = 0.97 5 = 0.25 p < 0.0001

The substituents R 1 were hydrogen, alkyl from  Q  
to C6 and phenyl, brom ine and iodine, R 2 were 
hydrogen, the halogens and nitro. Two features of 
this equation are interesting. The first is that only 
Sterimol param eters were sufficient to result in an 
equation with exellent statistics, although we had 
tried many o ther kinds of m olecule param eters 
and other descriptors like pKa, R m and the elec­
tronic field param eters F  and R  by Swain and Lup- 
ton (1968). The second is that in spite of the rather 
electron-withdrawing groups R 1 and R 2 and a pKa 
range of 4.6 to 8.3, no electronic effects on p /50 
which ranged from 3.3 to 6.9, were required.

M ore recent work dealt with certain m utants of 
the green algae Chlam ydom onas reinhardtii ob­
tained by m utagenesis and screening under metri- 
buzin pressure. These m utants exhibited tolerance 
against m etribuzin by m utations in the psba  gene
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DCMU and DBMIB 

other herbicides DNP-INT Paraquat

i V a
Hz °  PS II —►  PQ —►  C y t .b6f —^  PC —^  p s  I —►  Fd — NADP+

1/2 02

Fig. 4. Abbreviated reaction sequence of electron flow in photosynthesis. DCMU,
3,4-dichlorophenyl N,N'-dimethylurea; PQ, plastoquinone; DBMIB, 2,5-dibromo- 
3-methyl-6-isopropyl-benzoquinone; DNP-INT, dinitrophenylether of iodonitrothy- 
mol; PC, plastocyanin; Fd. ferredoxin.

NO

(CH2)nH

R1 = H, Cl, Br, J 

n = 0, 1

(CH2)nH R4 = Cl, Br, Ct C12 alkyl, phenyl, benzyl

XT(CH2)nH
NO,

n = 0, 1

R4 = C rC i2 alkyl, phenyl Fig. 5. 4-Nitrophenols (a), 2,6-substi- 
tuted 4-nitrophenols (b), 6-substituted 
2,4-dinitrophenols (c).

that encodes for the D -l protein  (D raber et al.,
1994). The substitutions in the amino acid se­
quences were determ ined and five m utants were 
chosen with only one amino acid change. These 
were Val219Ala, Ala251Val, Phe255Tyr, Ser264- 
Ala, and Leu275Phe. The p /50 values of 27 2-halo- 
4-nitrophenols of Fig. 5b and 17 2,4-dinitrophenols 
of Fig. 5c were m easured on wild-type and the m u­
tants. Q SA R  analyses were carried out separately 
for the two groups and showed again the im por­
tance of the Sterim ol param eter L. A part from 
that, the partition coefficient and n were indispen- 
sible to obtain good statistics. Furtherm ore, our as­
sum ption was confirm ed that the two families ex­
hibited a very different inhibition pattern. 
W hereas the classical herbicides showed decreased 
activity in com parison with the Ser264Ala m utant 
as shown many times before, many nitrophenols 
became super-sensitive, the maximum of 1.9 p /50 
units found with 2-brom o-4-nitro-6-m ethylphenol.

In contrast, the values with the Val219Ile m utant 
were decreased, the minimum of 1.7 p /50 units 
found with 2-brom o-4-nitro-6-benzylphenol. An 
example how a nitrophenol (R 1 = Br, n = 0, R4 = 
benzyl) fits into the binding niche is shown in 
Fig. 6.

A next example w here Sterimol param eters 
have proved useful are the 2-trifluoromethyl-4-hy- 
droxyquinolines in Fig. 7a (D raber et al., 1989). 
The activity range of the com pounds is 4.1 to 7.9 
p/50 units.

So it should be quite inform ative to look for a 
QSAR. The best equation is

p/so = 3.81 + 1.12D3 + 0.38B56 + 0.67o6 (5)
n = 17 F  = 21.1 t2 = 0.85 5  = 0.37

The most recent studies dealt with quinones and 
acridones of the structures shown in Fig. 7b.

As with the halonitro- and dinitrophenols, PS II 
inhibition was determ ined in wild-type and the
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Fig. 6. 2-Bromo-4-nitro-6-benzylphenol in the binding 
niche of the D -l protein.

same five m utants of the green algae Chlamydo- 
monas reinhardtii (D raber et al., 1995). p l 5 0  values 
were available from  wild-type and the m utants of
12 benzoquinones, 15 naphthoquinones and 11 ac- 
ridones. The com pounds were substituted by halo­
gens, nitro, cyano, alkyl and alkoxy groups. Some 
typical equations are given below. Q SA R  equa­
tions for wild type and the Ser264Ala m utant were 
chosen, because especially this m utant shows a be­
haviour that strongly contrasts with the so-called 
classical inhibitors (Trebst, 1987) of the atrazine/ 
m etribuzin type: in m ost cases the inhibitory activ­

ity is enhanced instead of reduced in com parison 
to the wild-type.

The equations are shown below:

Benzoquinones
wild-type
p I50 = -  5.60 + 2.23B12 + 3.08B13 + 0.20B53  

+ 0.33B56  (6 )
n = 12 F  = 35.7 r2 = 0.95 5  = 0.23 
Ser264Ala
p / 5 0  = -  1.09 + 4.21B12  - 2.14B52 + 1.63B13 
+ 0.49B56  (7)
n = 12 F  = 18.7 r2 = 0.91 5 = 0.29 
Naphthoquinones 
wild-type
p / 5 0  = + 3.47 + 0.91 B l 3  + 0.17B53 (8 )
n = 15 F = 30.9 r2 = 0.84 5  = 0.24
Ser264Ala
p / 5 0  = + 0.48 + 1.73B12  + 1.49B13  (9)
n = 15 F  = 38.1 r2 = 0.86 5 = 0.36 
Acrid ones 
wild-type
p / 30 =  +1.00 +0.29L2 +0.62L4 -0.72L7 
+ 3.47B57  (10)
n -  11 F -  9.8 r2 = 0.87 5  -  0.29 
Ser264Ala
p / 5 0  = + 0.82 + 0.36B52 + 1.04L4 - 0.70B54 
+ 0.41B55+ 0.49L 7  (11)
n = 1 1  F =  57.4 r2 = 0.98 5  = 0.13

It is clear from these examples that Sterimol de­
scriptors lead to equations of good statistical qual­
ity, and it need alm ost not be em phasized that

:C<>: :c065 ^  S  3

0

Benzoquinones Naphthoquinones Acridones

Fig. 7. 2-Trifluoromethyl-4-hydroxy-quinolines 
(a), 1,4-benzoquinones, 1,4-naphthoquinones, 
and acridones (b).
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other param eters were inferior. W hat are the 
reasons for that preference, especially for the histi­
dine family inhibitors?

M any Q SA R  calculations by num erous authors 
of “classical’' inhibitors which belong to the serine 
family, have shown that lipophilic and electronic 
param eters are required  for a proper description 
of their structure-activity relationship, suitable 
substitution range provided. In special cases S teri­
mol descriptors were applied successfully, but this 
is restricted to sam ples in which only lipophilic 
groups are changed. Some of them  are m entioned 
here. In constrast to that, Q SA Rs of inhibitors of 
the histidine family Sterim ol and lipophilicity de­
scriptors are sufficient, although the com position 
of the sample contained electron attracting as well 
as neutral substituents (D raber, 1992) as is shown 
above in many exam ples of 4-nitrophenols, 4-hy- 
droxyquinolines, quinones and acridones. O f 
course, all these m olecules carry polar groups as 
well, hydroxy or carbonyl, and nitro, which are

necessary for the orientation in the D -l binding 
niche. But obviously the o ther substituents in­
teract only sterically and lipophilically with the 
amino acid side chains of the binding niche. Thus, 
the distinction between the two inhibitor families 
(Trebst, 1987), as provisional it might be, has 
proved very useful in m any respects.

A nother fact deserves brief mentioning. 
W hereas inhibitors of the serin family inhibit the 
normally occuring rapid turnover of the D -l p ro ­
tein (M attoo et al., 1981), histidine family inhibi­
tors do not. This could also explain the fact that 
no powerful herbicides were found am ong these 
compounds.

These examples show that Q SA R  has contrib­
uted much to the knowledge of the binding niche 
in the photosynthesis inhibitor binding D -l p ro ­
tein and provided hints to find new inhibitors. The 
Q SA R equations would have presented a poor in­
sight without the Sterimol param eters developed 
by Verloop.
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