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Relationships between Molecular Properties and Biological Activities of
O-Phenyl Pyrrolidino- and Piperidinocarbamate Herbicides

Ujjana B. Nandihalli,! Mary V. Duke, and Stephen O. Duke”

Southern Weed Science Laboratory, Agricultural Research Service, U.S. Department of Agriculture,
P.O. Box 350, Stoneville, Mississippi 38776

The molecular properties of phenopylate (2,4-dichlorophenyl 1-pyrrolidinecarboxylate) and 13 of its
O-phenyl pyrrolidino- and piperidinocarbamate analogues were correlated with their capacity to inhibit
protoporphyrinogen oxidase (Protox), to cause accumulation of protoporphyrin IX, and to cause herbicidal
injury. All three biological properties correlated well with the van der Waals volume, electrophilic
superdelocalizability, and energy of the lowest unoccupied molecular orbital. The relationships between
biological activities and log P were curvilinear. The activity was mainly centered on the phenyl ring.
Highly active molecules carry atoms or groups on the phenyl ring that generate at least two negative
electrostatic potential fields located opposite each other. We suggest that these electrostatic fields are
involved in the initial recognition by the receptor as well as in the noncovalent interaction with the
enzyme binding site, possibly by hydrogen bonding. The substitutions on the phenyl ring may also be
essential for optimal steric fit into the receptor cleft. In competitive binding studies utilizing unlabeled
phenopylate and its analogues to compete [14Clacifluorfen off of etioplast membranes, the phenopylate
analogues were found to bind to the same sites on Protox as acifluorfen, a competitive inhibitor which

is suggested to mimic two adjacent pyrrole rings of protoporphyrinogen IX.

INTRODUCTION

Photobleaching herbicides from several different chem-
ical classes, including certain oxadiazoles, diphenyl ethers,
pyrazole phenyl ethers, and N-phenylimides, are potent
inhibitors of protoporphyrinogen oxidase (Protox) (Mat-
ringe et al., 1989a,b; Witkowski and Halling, 1989; Jacobs
et al., 1990, 1991; Sherman et al., 1991a,b; Camadro et al.,
1991) Protox is the last enzyme common to the synthesis
of both heme and chlorophyll. Inhibition of Protox leads
to accumulation of high concentrations of protoporphyrin
IX (Proto IX) (Matringe and Scalla, 1988a,b; Lydon and
Duke, 1988; Witkowski and Halling, 1988; Becerril and
Duke, 1989; Nicolaus et al., 1989; Matsumoto and Duke,
1990; Nandihalli et al., 1991). Apparently, when Protox
isinhibited, protoporphyrinogen (Protogen), its substrate,
leaves the chloroplast and is rapidly oxidized outside the
normal porphyrin pathway to Proto IX (Jacobset al., 1991;
Lehnen et al., 1990). Proto IX accumulates in or near the
plasmalemma and, in the presence of molecular oxygen
and light, generates highly destructive singlet oxygen
(Duke et al., 1990, 1991). The process is similar to the
accumulation and cellular damage in humans and yeast
with genetic defects in Protox (Deybach et al., 1981;
Camadro et al., 1982).

We have recently shown that phenopylate and 13 of its
analogues (O-phenyl pyrrolidino- and piperidinocarbam-
ates) (Table I) inhibit Protox, induce Proto IX accumu-
lation, and cause herbicidal damage in barley (Hordeum
vulgare L.) and cucumber (Cucumis sativus L.) Nandihalli
et al., 1992b). There was a close relationship between all
three of these parameters. Among 24 Protox-inhibiting
diphenyl ethers there was poor correlation among these
traits (Nandihalli et al., 1992a). However, certain mo-
lecular properties of diphenyl ethers did correlate with
each biological parameter. In this paper, we demonstrate

* Author to whom correspondence should be addressed.
t Permanent address: Hazelton Laboratories, 3301 Kins-
man Blvd., Madison, WI 53707.

0021-8561/92/1440-1993$03.00/0

that phenopylate and its analogues bind to the same site
as acifluorfen on etioplast membranes and we present
quantitative and qualitative relationships between semiem-
pirical molecular properties and biochemical and biological
activities of phenopylate and its analogues.

MATERIALS AND METHODS

Biochemical and Biological Activities. The data of Protox
inhibition, Proto IX accumulation, and herbicidal activity of the
14 analogues were taken from our previous work (Nandihalli et
al., 1992b). The Protox inhibition was represented by Iy, which
isthe concentration of the herbicide required to reduce the enzyme
activity by 50% and is expressed as log Iy in the regression
equation. Similarly, log Proto IX is that log of the amount of
protoporphyrin IX caused to accumulate by 100 uM herbicide.
Herbicidal activity (HA) was evaluated by measuring electrolyte
leakage from herbicide-treated tissue into the external medium.

Binding Studies. The procedures for growing barley plants
and isolating etioplasts have been described previously (Sherman
etal., 1991a,b). The procedure of Tischer and Strotmann (1977)
was used to determine binding of [4C]acifluorfen (AF) to barley
etioplasts in the presence or absence of selected phenopylate
analogues. Etioplasts (0.6 mg of protein) were suspended in a
reaction solution consisting of 0.33 M sorbitol, 0.1 M 2-[4-(2-
hydroxyethyl)piperazin-1-yl}ethanesulfonic acid (HEPES), 1 mM
ethylenediaminetetraacetic acid (EDTA), and 1 mM MgCl,, and
solution pH was maintained at 7.7 using HEPES buffer. Various
concentrations (2-100 nM) of 4C-labeled AF (specific activity of
18.03 mCi/mmol, uniformly ring labeled) plus 100 nM of each of
selected phenopylate analogues were added. The suspensions
were thoroughly mixed and incubated for 30 min on ice. The
samples were centrifuged for 6 min at 12000g at 4 °C. The
supernatant was transferred to vials and mixed with 12 mL of
premixed scintillation cocktail (Aquasol) for radioactivity mea-
surements. The inner walls of tubes were wiped dry with cotton
swabs without disturbing the pellets to remove any adhering 14C.
A 100-uL aliquot of tissue solubilizer (Protosol) was added to
pellets and heated in a water bath at 50 °C for 15 min. The
slurry was transferred to vials, and 10 mL of Aquasol was added
for radioactivity measurements. The amount of [“C]AF bound
was calculated from the radioactivity in pellets. The concen-
trations added were taken asfree AF. Specific binding constants
were estimated from double-reciprocal plots of bound AF vs free
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Table I, Structures and Protox Iy Values of Compounds Used in the Study

F“\ P

R,

no. compd 2 4 R: R, Isg, UM

1 RH-1908 H H H —(CH2)4— 4000

2 RH-1909 Cl H H —(CHy)4— 240

3 RH-1911 H Cl H —(CH)y— 11.5

4 RH-7160 Cl Cl OCH,C=CH C.H; C.H; 7.5

5 RH-9611 Cl Cl OH —(CHg)s— 4.7

6 phenopylate Cl Cl H —(CHy)y— 2.7

7 RH-1965 Cl Cl CO:CHj,3 —(CHg)s— 0.7

8 RH-1964 Cl Cl COqi-Pr —(CHg)y— 0.4

9 RH-6251 Cl Cl OCH,;C=CH —(CHg)s— 0.28
10 RH-0710 Cl —OCH;CO(CH,C=CH)N— —(CHp— 0.15
11 RH-4663 Cl Cl OCH.C=CH —(CHp)4— 0.12
12 RH-1224 Cl Cl —OCH,C=CH —(CH2):CF2(CHg)s— 0.045
13 RH-0978 Cl Cl —QCH;C=CH —(CHy);CF,CHy— 0.030
14 RH-1422 F Cl COqi-Pr —(CHg)4— 0.021

Table II. List of Semiempirical Molecular Descriptors
Used in QSAR Analysis

type descriptors

whole molecule properties

bulk descriptors van der Waals volume (VDWyjume)
van der Waals area (VDW ren)
shape descriptors maximum lengths of x, y, and 2 axes

dipole moment
molecular electrostatic potentials
+ and - volumes and area
(+MEPvulumev 'MEonlumea
+MEP s, and ~-MEP,s)
superdelocalizability (S)
Snomo, SLumo, electrophile S (Sg),
and nucleophile S (Sn)
energy of HOMO (enomo) and
LUMO (eLumo)

electronic descriptors

energy descriptors

lipophilicity descriptor log P
atom-centered electronic  partial charge, Sg, and S of six
properties carbon atoms of the phenyl ring

AF (Tischer and Strotmann, 1977). For example, extrapolation
of AF alone regression plot in Figure 2 to the x axis gave a value
of 0.02432 1/nM or 41.1 nM which is the specific binding
constant of AF (Figure 2).

Estimation of Partition Coefficients. Reversed-phase high-
performance liquid chromatography (RP-HPLC) was used for
estimating partition coefficients (P) of 14 nonionic herbicides
used in the study (Ellgehasen et al., 1981). This technique
involved determination of capacity factors (K’) for compounds
with a wide range of known partition coefficients and development
of astandard curve of log Pvs log K’. Using the same RP-HPLC
conditions as used in the standard curve, the capacity factors for
herbicides were determined. The log P of herbicides was
calculated using the linear regression equation of the form log
P=a+b (log K’). The HPLC system was composed of Waters
Associates components which included Model 510 pumps; a Model
712 autosampler, a Maxima 820 controller, and a Model 990
photodiode array detector. The column was a 250 X 4.6 mm (i.d)
Spherisorb 5-um ODS-1 reversed-phase column. The mobile
phase was methanol/water (75:25 v/v) at a flow rate of 1.4 mL/
min. The column temperature was maintained at 28 °C by a
Waters temperature control and column heater module. The
injection volume was 5 uL. The detector was set at 254 nm.

Molecular Properties. We used the Chem-X (Chemical
Design Limited, Oxford, U.K.) molecular modeling software for
computing various molecular properties (Table IT) of phenopylate
analogues.

Selection of Model Structure. Since there were no 3D crystal
structures available for any of the analogues in the study, we
selected an analogue which showed the highest intrinsic inhibitory
activity at the enzyme site as a template upon which the molecular

CL9

Figure 1. Optimized structure of RH-1422. Hydrogen atoms
are not labeled.

properties of other analogues could be based. RH-1422 had the
highest Protox-inhibiting activity with relatively greater Proto
IX inducing and herbicidal capacities. The 3D structure of RH-
1422 was built using the standard atoms and fragments available
in the molecular mechanics parameter file of the Chem-X
software. Empirical parameters were used for setting bond
lengths and angles during structure building,

Conformational Analysis and Geometry Optimization. Since
RH-1422 is a flexible molecule, a conformational search for
locating the minimum energy conformer(s) was undertaken. We
used four rotatable bonds (N15-C13,C13-012,012-C1,and C5—
C10) in the structure (Figure 1) as search varaibles and rotated
over 360° in 30° increments. These four bonds were selected
because these were the only common rotatable bonds to most of
the analogues in the set. The lowest energy conformer was then
subjected to full geometry optimization via MOPAC (Quantum
Chemistry Exchange Program 560, version 6.0, Department of
Chemistry, Indiana University, Bloomington, IN) using modified
neglect of diatomic overlap (MNDOQ) parameterization. Ground
electronic states were obtained as closed-shell molecular orbital
wave functions in the restricted Hartree-Fock framework.

The structures of other analogues in the study were built on
the optimized structure of RH-1422 (Figure 1). These structures
were also optimized for geometry as above. Each analogue was
fitted to optimized structure of RH-1422 before its molecular
properties were calculated.

Calculation of 3D Maps. The van der Waals (VDW) volume
maps were calculated using Chem-X, which displays the surface
of the molecule at the VDW radius. To map VDW volume
(VDWoiume) Using contour, Chem-X uses a continuous function,
instead of a step function, for describing the transition across
the molecular surface. The volume enclosed by a contour level
of 1 was computed by multiplying the total number of grid points
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Figure 2. Binding of labeled acifluorfen (AF) in the presence
of 100 nM unlabeled phenopylate and its analogues.

inthe displaylattice which lie inside the contour by the separation
between the grid points along each axis of the lattice.

The molecular electrostatic potential (MEP) is the interaction
energy of a point positive unit charge with the atoms of the
structure. Chem-X treats the charge on each atom in a molecule
as a point charge positioned at the center of the atom. For
calculating MEP, positive unit charge equivalent to that of a
proton is placed at each grid point, and the electrostatic
interaction between the atoms of the structure and the unit change
is then calculated. When calculations are completed, a map
showing positive and negative isopotential contourlines is drawn.
The number of grid points chosen were 15 per molecule. The
levels of potential energy as defined by contour levels were +10
and —10 kcal/mol for positive and negative energy potentials,
respectively.

Superdelocalizability. The superdelocalizability (S) of an
atom is a measure of its available electron density. It is the ratio
of orbital density to orbital energy summed over all orbitals. S
is calculated from the expression (Brown and Simas, 1982;
Chem-X Reference Guide, 1991, Volume II, pp 14-26)

S=3"n) (/o)
i

where n; is the number of electrons in molecular orbital j, Cjn
is the eigenvector of atomic orbital m in molecular orbital j, and
¢ is the eigenvalue (energy) of molecular orbital j.

The S of highest occupied molecular orbital (Suomo) and lowest
unoccupied molecular orbital (SLumo) and electrophilic S (Sg)
and nucleophilic S (Sn) based on occupied and unoccupied
orbitals, respectively, were computed for inclusion in the QSAR
analysis. The orbital energy of HOMO (enyomo) and LUMO
(eLuMo) were also included in the QSAR analysis.

RESULTS

Competitive Inhibition. In competitive binding stud-
ies, we examined whether the selected phenopylate an-
alogues competed for binding with [4C]AF for the same
binding sites on Protox-containing etioplast membranes.
Figure 2 shows that all five analogues tested reduced the
amount of labeled AF bound to barley etioplasts by varying
degrees. Also, the specific binding constants of AF in the
presence of these analogues were directly related to their
Protox-inhibitory abilities (T'able III). In another exper-
iment, we looked at the abilities of RH-0978 (second most
inhibitory analogue in the set) and unlabeled AF to
compete with [1C]AF to determine the relative binding
affinities of AF and RH-0978 toward Protox. We found
that RH-0978 competed with [14C]AF more effectively
than did unlabeled AF (Figure 3), which agreed with their
Iso values of 0.03 and 4 uM for RH-0978 and AF,
respectively.
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Table ITI. Protox Is Values and Specific Binding
Constants of Selected Compounds

binding constants, nM
compd Iso, uM expt 1 expt 2

[1C)acifluorfen (AF) 41,1 28.4
[4C]AF + unlabeled AF 50.6
[M4C]AF + RH-1908 4000 45.1
[M4C]AF + RH-1909 240 49.3
[4C]AF + phenopylate 2.7 56.9
[UCIAF + RH-6251 0.28 92.5
[4C]AF + RH-0978 0.03 123.3 76.0
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Figure 3. Binding of [“Clacifluorfen (AF) in the presence of
100 nM unlabeled AF and RH-0978.
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Figure 4. Plots of observed vs predicted values of log I's, from
eqs 9 (A) and 10 (B) and of log Proto IX from egs 11 (C) and 12
(D). Numbers correspond to compounds in Table I.

QSAR Analysis. The RSQUARE method of SAS (SAS
Institute Inc., Cary, NC) was used to choose the variables
for building regression models. There were 35 molecular
properties (Table II) representing bulk, steric, electronic,
and lipophilicity parameters considered as independent
variables and three biological activities considered as
dependent variables. For each biological property, this
procedure identified three independent variables which
singly contributed to the variation (R2 = 0.66-0.79) in the



1996 J. Agric. Food Chem., Vol. 40, No. 10, 1992 Nandihalli et al.
Table IV. Compounds and Their Biological and Molecular Properties Used in the Regression Equations 1-12
compd Is0,° uM Proto IX®b HA¢e< VD W .olume, A3 Sg, eV eLUMO, eV log P
RH-1908 4000 0.04 -6 151.3 -3.06 -0.08 2.73
RH-1909 240 0.10 8 161.6 -3.39 -0.43 3.13
RH-1911 11.5 0.32 40 172.8 -3.36 -0.53 3.38
RH-7160 7.5 0.24 2 225.8 —4.57 -0.91 3.95
RH-9611 4.7 0.26 -4 195.2 -3.93 —0.87 2.98
phenopylate 2.7 0.99 49 180.8 -3.68 —0.84 3.94
RH-1965 0.7 7.45 439 225.8 -4.52 -1.25 3.95
RH-1964 0.4 8.00 604 250.4 -4,92 -1.22 4.67
RH-6251 0.28 4.86 344 239.8 ~4.76 -0.92 4.25
RH-0710 0.15 10.09 492 248.3 -5.07 -0.69 2.93
RH-4663 0.12 9.37 582 228.4 —4.56 -0.93 3.82
RH-1224 0.045 18.14 949 249.1 -5.26 -1.08 3.57
RH-0978 0.030 11.81 769 238.9 -5.06 -1.09 3.42
RH-1422 0.021 7.03 678 238.4 —4.85 -1.24 4.20

¢ Values are from Nandihalli et al. (1992b). ® Protoporphyrin IX content caused to accumulate by 100 uM herbicide expressed as nmol/g
of fresh weight. ¢ Herbicidal activity as indicated by electrolyte leakage from tissue into the external medium expressed as umho em™ (g of
fresh weight)l. Negative values indicate leakage below the levels found in untreated control treatments.

Figure 5. Three-dimensional van der Waals volume maps of least active (A, RH-1908; B, RH-1909; and C, RH-1911), most active
(D, RH-1224; E, RH-0978; and F, RH-1422), and receptor-allowed maps (G) of phenopylate analogues.

dependent variables. Furthermore, the correlation coef-
ficients (r) between the three descriptors ranged from 0.79
t00.99. These parameters are provided in Table IV. None
of the other molecular properties produced significant
statistics when included in models 1-8.

logI,,=8.18+185(Sg) n=14 R*=0.79 (1)

log I, = 8.35- 0.04 (VDW,,,,) n =14 R*=0.77 (2)

log Iy, = 3.40 + 3.80 (eLume) 7 =14 R*=0.71 (3)
log Proto IX = -4.51-1.09(Sg) n=14 R*=0.79 (4)

log Proto IX = -4.64 + 0.02 (VDW;....)
n=14 R*=0.79 (5)

n=14 R*=0.79
6)

log Proto IX = -1.56 — 2.10 (eyypmo)

HA =-1331.3-386.9(Sp) n=14 R*=0.71 (7)

HA =-1302.1 + 7.7 (VDW, o) n =14 R?=0.66 (8)

In eqs 1, 2, 4, and 5, the analogue RH-7160 (Table I)
appeared consistently as an outlier in the regression
analyses. Since this compound had a major structural
difference (acyclic nitrogen) from the rest of the com-
pounds, we performed regression analyses by omitting this
compound. This resulted in the appearance of log P in
the models with a significant improvement in R? values.

log I, = 26.29 + 1.67 (S) — 10.19 (log P) + 1.33 (log P)*
n=13 R*=0.93 (9

log I, = 28.92 - 0.037 (VDW,;,,...) — 11.56 (log P) +
1.55 (log P)2  n =13 R®=0.94 (10)

log Proto IX = -11.54 - 1.01 (Sp) + 3.92 (log P) -
0.50 log P2 n=13 R*=0.96 (11)

log Proto IX =-13.13 + 0.02 (VDW;....) +
474 log P)-0.63 (log P)* n=13 R*=0.97 (12)

Figure 4 shows a graph of observed vs predicted values
of Ispand Proto IX as derived from eqs 9-12. The predicted
Io values of RH-1908 and RH-1909 deviated greatly from
the observed values, because of their highest observed I5,
in the set. The equations comprising VDW o1ume (€qs 10



O-Phenyl Pyrrolidino- and Piperidinocarbamate Herbicides

J. Agric. Food Chem., Vol. 40, No. 10, 1992

Figure 6. Electrostatic potential maps, derived from atomic point changes, of (A) RH-1908, (B) RH-1909, (C) phenopylate, (D)
RH-1422, (E) RH-4663, and (F) RH-0978 showing distribution of negative (blue) and positive (red) electrostatic isopotential contours
at an energy level of 10 kcal/mol for positive potential and —10 kcal/mol for negative potential. Color coding for atoms: carbon, large
white; hydrogen, small white; nitrogen, blue; oxygen, orange; chlorine, green; fluorine, light green.

and 12) predicted 5 and Proto IX values better than the
equations with Sg, even though these equations had similar
R? values.

From theregression models above and Tables IV, clearly
the VDW,,ume Of herbicides positively correlated with their
capacity to inhibit Protox, induce Proto IX accumulation,

and cause herbicidal injury. Furthermore, the herbicides
that showed greatest effects on the biological activities
had VDW yo1ume greater than 225 A3 (Table IV). Figure 5
shows the 3D graphical presentation of VDWoume of the
three least active (A-C) and the three most active (D-F)
compounds. Clearly, the active and inactive molecules
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Figure 7. Three-dimensional optimized structures of (A) Protogen and (B) acifluorfen. Hydrogen atoms are not labeled.

differed in their shapes primarily around the phenyl ring.
It is well-known that all active molecules must fit the
receptor, and therefore, any volume occupied by an active
molecule must fit into an empty space in the receptor.
Figure 5G is the combined VDW,ume map of the afore-
mentioned three most active analogues. In this figure,
the VDWume maps of individual structures are over-
layered corresponding to their common fitted structures.
Assuming that these conformers represent the actual
conformers at the active site, the map in Figure 5G
represents a likely receptor-allowed shape.

The relationships between the two electronic param-
eters, Sg and e,umo, and the biological activities were also
linear, with more negative values associated with higher
activities (Table IV). Equations 9-12 indicated that the
relationships between the lipophilicity parameter, log P,
and biological activities were curvilinear.

Comparative Analysis of Molecular Electrostatic
Potentials. Qualitative analysis of negative and positive
potentials as to their distribution around the structures
clearly revealed definite trends between MEP distribution
patterns and enzyme inhibitory activity (I50). For example,
in RH-1908 (the least active compound in the set) the
negative MEP (-MEP) is located on one side of the
molecule as a single field (Figure 6A). Although RH-1909
(the next least active compound) had slightly stronger
-MEP (281.8 A3%) than the most active compound RH-
1422 (233.8 A3), its -MEP distribution pattern is similar
to that of RH-1908 (Figure 6B). The phenopylate com-
pound which was about 1480-fold more active than the
least active compound has a distinct, but much smaller,
second~MEP field (Figure 6C). In RH-1422 the -MEP is
at two locations, opposite each other, one associated with
the F/COO-N region and the other surrounding the Cl/
COO region of the molecule (Figure 6D). In RH-1908,
RH-1909, and phenopylate the positive MEP (+MEP) is
present mainly as one large area, but in RH-1422 it is
present as three fields. RH-0978 having Fs substitution
on the pyrrolidine ring showed a third ~-MEP field as
compared to RH-4663, which was 4 times less active than
RH-0978 (Figure 6E,F). The electrostatic fields were not
significantly altered by substituting a piperidine ring for
a pyrrolidine ring (maps not shown).

The-MEP regions actually extend over the phenyl rings
in RH-1908 and RH-1909 molecules (Figure 6A,B). This
is a characteristic feature of aromatic rings that is
attributed to the 7 electrons of thering. This-MEP region

is weakened or eliminated upon the introduction of one
or more electron-withdrawing groups such as Cl, F, and
CO4R as shown in Figure 6C-F. These electron-with-
drawing groups have characteristic negative regions as-
sociated with them, even when substituted on the five-
membered alicyclic ring (Figure 6F).

DISCUSSION

In the competitive type of enzyme inhibition, the
inhibitor resembles the substrate closely and binds to the
active site of the enzyme. It has been shown that AF
competitively binds to Protox with respect to its substrate
Protogen (Matringe et al., 1989a). Furthermore, three
other structurally unrelated compounds reduced the
specific finding constant of AF, suggesting that these
structures share common sites on the enzyme (Varsano et
al., 1990). In the present study, we have shown that five
phenopylate analogues competed with the [M4C]AF for sites
on Protox-containing barley etioplast membrane prepa-
rations. The extent of competition was affected by
structural variations and was directly related to their
enzyme-inhibitory activity. In our earlier modeling study
(Nandihalli et al., 1992a), we showed that, sterically, AF
represented half the fraction of Protogen molecule (Figure
7). A close steric resemblance exists between AF and the
10 most active phenopylate analogues used in this study.
The van der Waals volume of AF and the average volume
of the 10 most active phenopylate analogues were 226 and
229 A3, respectively. Furthermore, the negative electro-
static potential volumes of AF and the average potentials
of the same 10 phenopylate analogues were 213.6 and 219.7
A3, respectively. There were also qualitative similarities
between AF and these active analogues with respect to
negative electrostatic potential distribution patterns.

Varsano et al. (1990) reported a specific binding constant
(K) of 13.6 = 4.1 nM for [*H]AF using corn etioplast
membranes. The K was much lower than the inhibition
constant of 120 nM for AF (Camadro et al., 1991). These
values are usually close to each other. In our study with
barley etioplast membranes, the K for [1YC]AF ranged
from 28.4t0 41.1nM (Table ITI). This discrepancy between
our K values and that of Varsano et al. (1990) may be due
to differences in plant species and plastid isolation methods
used. Furthermore, the variation in the K of AF between
experiments 1 and 2 was probably due to the very low
specific activity of [“C]AF used and the use of two
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different etioplast preparations from plants grown at
different times. However, the trends in K values remained
the same (compare K values of RH-0978 in experiments
1 and 2 with that of AF only in Table III).

To be effective, a bioactive substance must reach the
active site and have high binding affinity toward the
enzyme. Log P, an indicator of a molecule’s lipophilicity,
has been used in QSAR studies to represent a transport
parameter of bioactive substances. Log P indicates the
ability of a chemical to move through the biomembranes
to reach the active site. The fact that the lipophilicity
was one of the factors that appeared in regression models,
relating Protox Iso to molecular properties, suggests that
the active site of Protox enzyme is embedded in the cell
membranes. Furthermore, the relationships between log
Pand biological activities were curvilinear. In general, the
rate of barrier crossing increases with the value of log P
up to the point that molecules become so large that their
diffusion coefficients start to decrease because of their
increased interaction with membrane lipids (Leo et al.,
1971). Thus, it is common to expect a parabolic depen-
dence of biological properties on log P as presented in eqs
9-12 of this work.

The electrophilic superdelocalizability (Sg) and energy
of LUMO of phenopylate analogues negatively correlated
with their biological activities (Table IV). Shas beenfound
to be a predictor in the regression models of the inhibitors
of the porphyrin pathway (Nandihalli and Rebeiz, 1991),
Protox inhibitors (Nandihalli et al., 1992a), and plant
growth regulators (Fukui et al., 1958). Fukui et al. (1958)
found a positive correlation between the Spumo of the
o-carbon of the benzene ring and plant growth activity of
a number of benzoic acid derivatives.

MEP is a molecular property which is used in the study
of biological recognition processs and molecular reactivity.
An understanding of the MEP distribution patterns of
active analogues provides insights into the nature of
interaction of inhibitors with the receptor (Murray et al.,
1986). In the present study, a comparative analysis of
MEP patterns of analogues indicated that for high
biological activity the analogues should have at least two
-MEP fields located approximately opposite to each other
(Figure 6D). Furthermore, we suggest that these negative
potentials appear to be the major regions through which
the herbicide molecules interact with the binding sites of
the enzyme. The negative potentials tend to attract an
approaching electrophile including a proton donor in a
hydrogen bond (Murray et al., 1991). Therefore, in highly
active analogues with two carbonyl groups or a carbonyl
and a propargyl ether group, located opposite each other,
it is likely that hydrogen bonding with the active site is
involved.

On the basis of the research and from our earlier QSAR
study of diphenyl ether analogues (Nandihalli et al., 1992a),
we suggest that the Protox inhibitors must contain at least
two aromatic or alicyclic rings, mainly to satisfy the
geometric requirement of a half portion of the Protogen
molecule (two adjacent pyrrole rings, Figure 7). Second,
one of the rings (phenyl ring in both classes) must have
substitutions such that they expand molecular bulk as
well as create at least two negative electrostatic potential
fieldsaround thisphenylring. Todate,atleast 10 different
chemical classes have been known to inhibit Protox activity
and all are bicyclic. Our future research will attempt to
determine the molecular commonalities between these
different chemical classes of Protox inhibitors.
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