Molecular Modelling of the Interaction of Cyanoacrylate Inhibitors
with Photosystem I1
Part 2. The Effect of Stereochemistry of Inhibitor Binding
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The 2-cyanoacrylate inhibitors are a potent class of herbicides which block electron transfer
in photosystem II. The spatial arrangement of different functional groups are an important
factor in determining activity and a number of derivatives have been used as stereospecific
probes of the secondary quinone binding site. More than one region of stereoselectivity in the
binding site has been identified which influences the interaction with specific groups of the in-
hibitor. We have studied the interaction of various stereoisomers of the cyanoacrylates with
the binding site in the D 1 protein (residues Leu 210 to Val 280) by determining the nonbonded
intermolecular energies between the modelled structures calculated by van der Waals and elec-
trostatic interactions after energy minimization of the combined structures to reduce inter and
intramolecular strain and have found that the results reflect the experimentally determined

data.

Introduction

The reaction centres of Rhodobacter sphaeroides
and Rhodopseudomonas viridis are mechanistically
analogues of photosystem II (PS II) in higher plant
chloroplasts [1]. In both PSII and the bacterial
reaction centres, a photon of light causes the oxi-
dation of a special reaction centre chlorophyll,
with the resultant transfer of an electron to a tight-
ly bound quinone (Q,) which is then oxidized by a
secondary quinone (Qp) to form a stable semiqui-
none Qg . A second photoreduction results in a
second electron transfer to Qg producing a fully re-
duced quinol which diffuses away from the reac-
tion centre. Photosynthetic electron transport
(PET) inhibitors such as the triazines, phenylureas
and cyanoacrylates are believed to block electron
transfer from Q4 to Qy in PS II by displacing the
secondary quinone from its binding site. Knowl-
edge of the herbicide and Qp binding site of the
PS II reaction centre is important for the design of
new herbicides and for the generation of herbicide
resistant plants by molecular biologists. In the ab-
sence of high resolution crystal structures for
PS II, molecular models have been constructed
based upon functional and partial sequence homo-
logies found between the L and M subunits of the
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photosynthetic bacteria and the PSII D1 and D2
proteins of higher plants [2—5]. In conjunction
with hydropathy considerations, this has led to the
proposal that the D 1 and D 2 proteins each consist
of five hydrophobic helical spans through the pho-
tosynthetic membrane in a similar manner to the L
and M subunits of the bacterial reaction centres
[6, 7]. Studies by Sayre et al. [8] using antibiotics to
map exposed segments add evidence to this pro-
posed structure. Significantly, the Qg and herbi-
cide binding domains of the L and D 1 proteins lo-
cated on and between the forth and fifth trans-
membrane helices, possess a number of conserved
residues and molecular models of this region are
structurally similar [2—5].

Previous attempts [9, 10] at modelling the inter-
action of herbicides with the Qy site in the D 1 pro-
tein have been concerned with positioning the her-
bicide within the site to agree with the binding pa-
rameters determined from the bacterial data and
mutation studies of the Qg binding domain which
affect the interaction [11—24]. Reliance simply on
visualization could lead to very unfavourable ster-
ic interactions which are not apparent without
quantification. Such studies also rely completely
on hydrogen bonding interactions to position the
herbicide in the site. Our studies suggest satisfac-
tion of hydrophobic steric requirements are the
more crucial. The interaction between PS II and
the PET inhibitors has been studied extensively in
terms of structure-activity relationships [25—28]
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and have highlighted the importance of hydropho-
bicity as a prime determinant of inhibitory activi-
ty. The spatial arrangement of the different groups
in the inhibitor molecule is crucial in determining
activity suggesting a very precise orientation of the
more potent inhibitors in the binding site. The
binding site is also sensitive to stereochemical in-
fluences in inhibitor design and studies of these in-
teractions would be useful for revealing the topog-
raphy of the receptor.

The incorporation of an optically active a-meth-
ylbenzyl moiety into triazine and phenylurea her-
bicides revealed that the PS II receptor was able to
discriminate between the enantiomers, with the
S-isomer being the more active [29—32]. The opti-
cally active 3-o-methylbenzylamino cyanoacry-
lates also have different levels of activity, the
S-isomer again being the more active enantiomer
[33—36]. However, this can be reversed when a
chiral centre is introduced elsewhere in the mole-
cule, for example in the ether substituent [29]. In
this instance, the R-isomer is the more active com-
pound. In an attempt to understand these differ-
ences in activity, we have evaluated the nonbond-
ed energy between the herbicide and the Qj site to
determine the optimum orientation in the PS II
D1 protein based on the enthalpy of binding. The
intermolecular energies between the herbicide and
individual amino acids have been calculated to
identify those residues involved in stereoselective
binding.

Methods

The source of the parameters used to calculate
nonbonded energies is the forcefield which is the
empirical fit to the potential energy surface of the
molecules involved. It defines the coordinates
used, the mathematical form of the equations in-
volving the coordinates and the parameters adjust-
ed in the empirical fit of the potential energy sur-
face [37, 38]. The forcefield employs a combination
of internal coordinates (bond distances, angles and
torsions) to describe the bonded part of the poten-
tial energy surface, and interatomic distances to
describe the van der Waals and electrostatic inter-
actions between atoms. For the purpose of calcu-
lating the intermolecular energies between the
atoms of two molecules, we are interested in the
expressions which determine the nonbonded inter-
action [39, 40].

The nonbonded van der Waals interaction are
represented by the first two terms in Eqn. (1)
where 4;; and B; are parameters with units of kcal
mol~! angstrom™'? and kcal mol~! angstrom™° re-
spectively and R;; is the distance between the atoms
iand j in angstroms. The second component of the
nonbonded intermolecular energy is the electro-
static energy, which is represented by the third ex-
pression in Eqn. (1) where ¢; and ¢; are the charges
on atoms i and j and D is the dielectric constant.
The intermolecular energy is computed by sum-
ming the energy contributions between atoms of
the two molecules. The contribution between
atoms interacting with atoms in the same molecule

is ignored.
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Enclosure analysis focuses on a smaller region
of a molecular system in order to generate inter-
molecular energies between a ligand and individu-
al amino acid residues within its binding site. In
doing so, Eqn. (1) is used to calculate the interac-
tion energy between the atoms of the ligand and
the atoms of the residues which fall into a defined
sphere of a given radius around that ligand. This
allows the identification of the main residue-ligand
nonbonded interactions which make up the inter-
molecular energy between the two molecules.

The model used was the D1 protein from the
PS II photosynthetic reaction centre of Pisum sati-
vum (coordinates supplied by J. H. A. Nugent,
University College London). The Qg binding do-
main was represented by residues Leu 210 to Val
280 and all other residues were deleted from the
model for simplification. All hydrogen atoms, po-
lar and non-polar were included. The model of the
cyanoacrylate (1) was built from the atomic coor-
dinates for the non-hydrogen atoms determined by
X-ray crystallography [41] using the crystal build-
ing facility in the CERIUS molecular graphics pro-
gram (Version 3.1, Molecular Simulations Ltd.,
Cambridge, U.K.). The hydrogen atoms were sub-
sequently added and minimized accordingly.
Atom partial charges and potentials for both pro-
tein and herbicide models were assigned according
to the parameters defined within the Consistent
Valence Force Field (CVFF) used by the Discover
(Version 2.8.0) molecular simulation program to
be used in conjunction with the Insight II (Version
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2.1.0) molecular graphics modelling program (Bio-
sym Technologies, San Diego, California). The
herbicide was modified according to the functional
group substitutions in compounds 2—5 and docked
into the protein according to the coordinates de-
termined for compound 1 and the B-substituent
rotated by —100° relative to the crystal structure.
Energy minimization of the combined structures
involved constraining all heavy atoms to relieve
unfavourable interactions between the protein and
herbicide hydrogen atoms whilst maintaining the
coordinates of the heavy atoms determined for the
interaction in the original paper [42]. Energy min-
imization was performed using steepest descents
and conjugate gradients algorithms successively
until the average first derivative was less than
0.005 kcal mol™! angstrom™'. The cancellation of
the nonbonded interactions between atoms after a
specified cutoff distance was not carried out du-
ring minimization in order to achieve a more accu-
rate final structure. A dielectric constant of one
was employed throughout the study. A sphere of 8
angstrom radius around each functional group of
the cyanoacrylate was used to calculate the non-
bonded interaction energy between the herbicide
and individual amino acid residues of the binding
site.

Results and Discussion

We have previously demonstrated that the
B-iso-propyl substituent of compound 1 required
rotation by —100° from the crystal structure in or-
der to minimize repulsion from the Ala 251 and
Asn 267 residues within the B-group binding pock-
et which in turn aided in the alignment of the
aralkyl group within its binding niche [42]. We
proposed that this was due to mutual repulsion be-
tween the hydrogens of the methylene group of the
aralkyl substituent and the a-methyl group of the
B-substituent. The repulsive energy generated by
this orientation was compensated by the substan-
tial improvement in binding energy between the
herbicide and the protein. The interaction between
stereoisomeric derivatives of the cyanoacrylates
and the binding site substantiates this theory. The
enantiomers possessing a chiral a-methylbenzyl
aralkyl moiety (2 and 3) have different inhibitory
activities [33—36], the S-isomer being the more
potent.

R2N< COOCH,CH,0CHR;CH, R,
/N
R, CN
Com- R R, R, R,
pound
1 CH;CHCH; (-)p-CIC(H,CH, H H
2 CH,CHCH; (S)p-CIC(H,CH(CH;) H H
3 CH;CHCH; (R)p-CICH,CH(CH;) H H
4 CH,;CHCH; (-)p-CIC(H,CH, (S§)CH; CH;
5 CH;CHCH; (-)p-CIC{H,CH, (R)CH; CH,4

In the S configuration, the methyl of the iso-
propyl B-substituent and the chiral a-methyl are
trans with respect to the enoate plane (Fig. 1) when
the B-substituent is in the rotated conformation.
This minimizes the mutual repulsion between the
methyl functions but a repulsive energy of
+11.2 kcal mol™! with the chiral hydrogen is still
evident. As with the non-chiral compound 1 this
ensures that the aralkyl substituent is orientated
within its hydrophobic binding niche and the
B-substituent is tightly bound within its highly re-
strained pocket formed by the Ala 251 and Asn
267 residues (Fig. 2). The net improvement in the
intermolecular binding energy (—57.5 kcal mol™!)
offsets the repulsive energy between the two func-
tional groups of the inhibitor. In an earlier study we
have found that the hydrophobic pocket enclosed
by the aromatic residues Phe 211, Phe 255, Tyr 262,
Tyr 265 and Phe 274 confers stereoselectivity on
the S-isomer of the a-methylbenzyl derivative of
atrazine [43]. It may be significant that this is the

B-iso—propyl B-iso—propyl

a-methyl—

5 > a—methyl

Fig. 1. The relative positioning of the B-substituent with
respect to the chiral methyl group. The S-conformation
shows a trans arrangement of the methyl and a-methyl
(of the B-iso-propyl group) and the R-conformation a cis
arrangement.
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Fig. 2. Stereo plot of the binding of cyanoacrylate derivative 2 to the D 1 protein model of Pisum sativum. The B-ethyl
substituent is rotated —100° compared to the crystal structure. The residue numbers of the D 1 protein are prefixed with
the number 1. For viewing stereo plots a reflecting stereoscope (available from Aldrich) permits three dimensional per-

ception.

same area of the receptor which binds the chiral
phenyl substituent of cyanoacrylate 2.

The chiral methyl group occupies a hydropho-
bic pocket within the receptor enclosed by the Ala
251, Leu 218 and Phe 255 residues. It has been re-
cognized that discrimination between the two en-
antiomers could be due to two possibilities. First-
ly, when the cyanoacrylate binds to the protein,
the a-methyl substituent could be repulsed by an
amino acid residue within the receptor when in the
R- but not the S-configuration. Alternatively, the
a-methyl group in both configurations could inter-
act with the same binding pocket but this, by dif-
ferentially affecting the spatial configuration of
other structural elements in the molecule relative
to the receptor, could lead to one enantiomer
being favoured over another. We propose that dis-
criminatory binding can be explained more easily
by the latter theory. Inversion of the chiral methyl
and hydrogen to produce the R-isomer 3 in the
same binding orientation with the receptor as 2
produces an intermolecular binding energy of
—52.1 kcal mol™!. There is a repulsive interaction
between the chiral methyl group and the Asn 266
residue (4.11 kcal mol™") but this is not significant-
ly greater than the repulsion with the Phe 255 resi-
due when in the S conformation (3.3 kcal mol™}).
However, there is a large intramolecular repulsive

energy between the chiral methyl group and the
methyl of the p-iso-propyl substituent of
353.4 kcal mol™! which makes this cis conforma-
tion with respect to the enoate plane (Fig. 1) an
unlikely possibility. Consequently, the B-substi-
tuent is rotated to reduce this repulsive force.
Binding energy is therefore a balance between the
inherent energy of the inhibitor’s own conforma-
tion and the interaction with the receptor. Fig. 3
demonstrates this relationship. The configuration
of the B-iso-propyl group according to the coordi-
nates from the crystal structure (represented by an
of angle 0°) has a minimum intramolecular repul-
sive energy of 5.6 kcal mol~! with the chiral methyl
group. The corresponding intermolecular energy
with the receptor is —18.0 kcal mol~! which deteri-
orates rapidly as the B substituent is rotated within
its highly restrained pocket and is repulsed by the
Ala 251 residue. The intermolecular energy im-
proves after a maximum at —40° but at this stage
the intramolecular repulsive energy begins to rise.
Overall, the minimum energy interactive structure
is achieved when the B-group adopts the crystal
conformation. The alternative reorientation of the
aralkyl moiety to minimize repulsions with the iso-
propyl group results in a structure which cannot be
accomodated within the binding site architecture
according to our model. We therefore conclude
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Fig. 3. Schematic representation of the relationship be-
tween the methyl—methyl repulsive energy within the in-
hibitor 3 and the intermolecular binding energy with the
protein.
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that the a-methyl group in both configurations
acts to differentially affect the spatial configura-
tion of the B-substituent in the molecule relative to
the receptor, which leads to the S-isomer being fa-
voured over the R-isomer.

We have also investigated a reported second
stereoselective region of the receptor which is in-
volved in binding the ethoxyether substituent of
the cyanoacrylates. Here, the discrimination is
against the S-isomeric form of a terminal sec-but-
oxy group 4. Although the hydrogen bond be-
tween the ether oxygen and the Ser 268 hydroxyl
side chain can be maintained, the chiral ethyl sub-
stituent is in direct conflict with the Glu 231
(33.8 kcal mol™") and the His 272 (6.2 kcal mol™')
residues when in the S-conformation producing a
relatively poor binding energy of —13.3 kcal mol ™.
In the R-conformation 5, the smaller methyl group
occupies the niche enclosed by the same two resi-
dues which improves the interaction energy with
each to —0.7 kcal mol™! producing a total intermo-
lecular energy of —52.0 kcal mol™' (Fig. 4). The

GLU " 1235

THR 1245

LU 1231

=

1215

Fig. 4. Stereo plot of the binding of cyanoacrylate derivative 5 to the D1 protein model of Pisum sativum. The ethyl
substituent is moved out of direct conflict with the Glu 231 and His 272 residues. The residue numbers of the D 1 pro-
tein are prefixed with the number 1.
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differential binding activity between isomers can
be explained in terms of a direct stereoselective in-
teraction between the protein and the groups
around the chiral carbon.

It appears therefore that stereoselective binding
is a complex process which can arise from confor-
mational changes to the inhibitor induced by the
topography of the receptor (at the B-group binding
pocket) as an indirect consequence of chirality, or
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