fects of age structure (2, 3, 9) and of time
delays in the population’s regulatory
processes (18, 19). We think that the
simple qualitative insights provided by
Tr(Y) will continue to be a reliable guide
in these more complicated situations, in
which the exact analysis will necessarily
be numerical.

The main points that emerge from this
analysis are:

1) For a population harvested for sus-
tained yield in a randomly fluctuating en-
vironment, the relative variability in the
population magnitude, and thence in the
yield, increases systematically as the
harvesting effort increases. That is, the
predictability of the catch tends to de-
crease as the catching effort increases,
particularly when overexploitation has
resulted in the population’s being kept
below the MSY level. This appears to be
a feature of many fisheries over the past
30 years (20) and of some whaling indus-
tries (21).

2) These effects are relatively more
pronounced under a harvesting strategy
that seeks to keep the yield constant (a
strategy of constant quotas), than under
a strategy of constant effort (for ex-
ample, a fixed total number of fishing
hours). Although this conclusion is
based on oversimplified models, it is
likely to remain true in more sophisti-
cated and realistic studies. If so, it holds
implications for the laws regulating fish-
eries and other harvested populations.

3) We have assumed that the policy
aim is to maximize Y. As Clark ¢, 5; see
also 22) has emphasized, in practice the
aim will often rather be to maximize the
present value (PV) of discounted net
economic revenue. Unless there is a
combination of high harvesting costs and
a low discount rate, the sustained popu-
lation value will be below the MSY
point. It follows that, in a simple analy-
sis, the characteristic return time will
typically be longer, and the population
fluctuations relatively more severe, if PV
rather than Y is maximized. However, a
more realistic accounting of the econom-
ic costs of harvesting is likely to in-
troduce feedback mechanisms which
help to stabilize the system (, 5, 19, 22).

4) In general, given the environmental
unpredictabilities of the real world, sta-
bility considerations suggest that it is
usually undesirable to use nonfeedback
control policies (such as MSY) to man-
age natural resources.

J. R. BEDDINGTON
Biology Department, University of
York, York, YOI 5DD England
ROBERT M. MaY
Biology Department, Princeton
University, Princeton, New Jersey 08540
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Pesticide Uptake into Membranes Measured by

Fluorescence Quenching

Abstract. Pesticides that contain chlorine have been shown to quench the fluores-
cence of carbazole-labeled phospholipids. Incorporation of these carbazole-labeled
phospholipids into model membranes provides a system that allows the rapid deter-
mination of the uptake rates of chlorinated hydrocarbons into model membranes.
This technique can be used in the determination of diffusion rates and partition
coefficients of chlorine-containing organic compounds in model membrane systems,
and hence may provide a method by which the bioaccumulation potential of synthet-
ic chlorine-containing compounds can be estimated.

Chlorinated hydrocarbons have
played a valuable role in the control of
insect-born diseases, and in increasing
agricultural production through the con-
trol of crop-damaging insects (/). As a
result, these molecules have been widely
dispersed in the biosphere. Unfortunate-
ly, chlorinated hydrocarbons such as

DDT and the PCB’s (2) are persistent in
the environment and accumulate in the
food chain. Bioaccumulation of chlori-
nated hydrocarbons necessarily involves
transport into and across cell mem-
branes. Since many chlorinated hydro-
carbons have very low water solubilities
they are associated with particulate mat-
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ter in the hydrosphere. Therefore, the bi-
ological uptake of chlorinated hydro-
carbons by cell membranes probably in-
volves the exchange of chlorinated
hydrocarbons from the particulates to
which they are adsorbed.

We have found that the fluorescence
of carbazole-labeled phospholipids is

quenched efficiently by a number of
chlorinated hydrocarbons which have
markedly different chemical structures.
Using carbazole-labeled model mem-
brane systems and the fluorescence
quenching technique, we have been able
to determine both diffusion rates and
partition coefficients for chlorinated hy-
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Fig. 1 (top left). Quenching of N-ethyl carba-
zole by mirex as observed by both fluores-
cence lifetimes and yields. The solvent used
was cyclohexane. See Table 1 for more de-
tails. Fig. 2 (top right). Fluorescence emis-
sion spectra of CPA-PE labeled DML ves-
icles containing gardona. Phospholipid ves-
icles were prepared by mixing chloroform
solutions of DML and CPA-PE (mole ratio
100 to 1), drying them under a nitrogen flow,
suspending the lipids in buffer, subjecting
them to sonication for about 15 minutes at
37°C, and then centrifuging at 20,000¢ for 90
minutes. The molar ratio of gardona to DML,
prior to sonication, is indicated along with the
fluorescence lifetime of each preparation. The
buffer was 0.01M tris, 0.05M KCI, pH = 7.5; o o
the concentration of DML was 1 mg/ml; 5°C; <,
excitation wavelength, 333 nm; excitation and . ~-
emission band-passes 8 and 2 nm, respective- AL AL A Add pesticide as
ly. N-(9-Carbazopropionyl)-phosphatidyl eth- I S s E e —
anolamine, dipalmitoyl (CPA-PE) was synthe- 0 2 4 0 2
sized from 9-carbazole propionyl chloride and
dipalmitoyl-L-a-phosphatidyl ethanolamine in
dry benzene (6). The acyl chloride of 9-carbazole propionic acid was prepared by re-
fluxing this material in dry benzene containing an equivalent amount (on a molar basis)
of thionyl chloride. The final product, CPA-PE, was purified by preparative thin-layer chro-
matography on silica, with ethyl ether, benzene, ethanol, acetic acid, and water (40:40:20:
8 : 4 by volume) being used as the solvent system. The isolated material migrated as a single
spot, as observed by phosphate staining, charring with dichromate in H,SO,, and silica plates
with a fluorescent indicator, in both the solvent system used for purification and in chloroform,
methanol, and water (65 : 25 : 4 by volume). The structure of this phosphate and carbazole-
containing product was confirmed as CPA-PE by proton NMR at 270 Mhz. The NMR spectrum
was taken in hexadeuterobenzene and showed aromatic multiplets at § = 8.02, 8.05, and 7.49
parts per million (ppm) relative to tetramethyl silane. These are similar to N-ethyl carbazole
resonances at § = 8.11, 8.08, and 7.46 ppm. In addition, resonances at § = 0.91 (terminal meth-
yl resonance), and 8§ = 1.55 (methylene resonances) were found, which are similar to the reso-
nances found in DML (§ = 0.94 and 1.51 ppm, respectively). Fig. 3 (bottom right). Pesticide
uptake by lipid bilayers as observed by quenching of CPA-PE. Dipalmitoyl-1-a-lecithin (DPL)
vesicles were labeled with CPA-PE by sonication (see Fig. 2). At the indicated time, pesticide
was added as either a concentrated ethanol solution or as a dry coating on porous glass beads
(300 m%g). The amounts of pesticide per gram of porous glass were 84, 50, and 40 mg for
lindane, gardona, and DDE, respectively. A quantity of coated beads (about 10 mg) adequate to
yield a final molar ratio of DPL to pesticide of 10 to 1 was added to 10 ml of the DPL vesicles,
1.0 mg of DPL per milliliter of buffer. The fluorescence intensity was recorded at 350 nm while
the solution was continually stirred. An approximate 10 percent decrease in fluorescence in-
tensity is observed at the time uncoated porous glass beads are added. This effect is due to the
light scattered by the beads.
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drocarbons (3, 4). Such measurements
are critical if we are to understand why
these chlorine-containing organic com-
pounds accumulate in living tissue.

The fluorescence quantum yield and
the fluorescence lifetime of N-ethyl car-
bazole in the presence of mirex (an in-
secticide used to Kkill fire ants) is present-
ed in Fig. 1. Similar quenching data were
obtained when lindane, gardona, or DDE
(2) (see Table 1), or carbon tetrachloride,
endrin, methoxychlor (3), or methylmer-
curic chloride (5) were used to quench
the fluorescence of N-ethyl carbazole.
The fluorescence emission spectrum of
N-ethyl carbazole is unaltered during
quenching. This fact, in addition to the
equivalent fractional decrease in both
fluorescence lifetime and yields, in-
dicates that the observed quenching is
due to collisional encounters between
the carbazole moiety and the quencher,
and that complex formation is not signifi-
cant (see Table 1). Thus, this quenching
method provides information on the dif-
fusional rates and the local concentra-
tions of the chlorinated hydrocarbons.

Carbazole-labeled phospholipid was
synthesized by covalently attaching 9-
carbazole propionic acid to phosphatidyl
ethanolamine through an amide linkage
(6). This synthesis was accomplished by
reacting 9-carbazole propionyl chloride
with the phospholipid (see legend to Fig.
2), with preparative thin-layer chroma-
tography being used for purification. The
product  N-(9-carbazopropionyl)-phos-
phatidyl  ethanolamine, dipalmitoyl
(CPA-PE), migrated as a single spot in
two different chromatographic solvents,
and the structure was confirmed by pro-
ton nuclear magnetic resonance (NMR)
at 270 Mhz.

Phospholipid vesicles which contained
1 percent CPA-PE were prepared as out-
lined in Fig. 2. Addition of chlorinated
hydrocarbon to these labeled phospho-
lipid vesicles decreases the quantum
yield for the CPA-PE labeled vesicles
without changing the fluorescence emis-
sion spectrum. Also, Fig. 2 shows the
fluorescence lifetimes of the CPA-PE la-
beled vesicles. At high gardona concen-
trations the decrease in yield is larger
than the decrease in lifetime, indicating
an apparent static component in the
quenching. This component is probably
a result of the high concentration of gar-
dona in the vicinity of the fluorophore.
Similar results are seen in homogeneous
solution when the concentration of
quencher is sufficiently high that the
fluorophore is likely to be adjacent to a
quencher at the moment of excitation (7).
Thus the fluorescent properties of carba-
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zole-labeled phospholipid provide a sen-
sitive probe that reports on the presence
of chlorinated hydrocarbons in mem-
branes.

Since pesticide uptake often occurs on
particulate materials, we chose pesti-
cide-coated porous glass, with a surface
area ratio of 300 m%g, as our experimen-
tal system for studying particle-mediated
transport. These glass beads were coated
with pesticide by immersing the beads in
a solution of pesticide with ethanol as the
solvent. Evaporation of ethanol results
in the glass beads becoming coated with
pesticide. The amounts of pesticide were
adequate to coat approximately 25 per-
cent of the surface area with a monolayer
of pesticide (see legend to Fig. 3).

Pesticide-coated beads also quenched
the fluorescence of CPA-PE labeled ves-
icles. Figure 3 shows the decrease in
quantum yield observed when CPA-PE
labeled vesicles are mixed with glass
beads coated with DDE, lindane, or gar-
dona. In each case the total amount of
quenching agrees with the amount ob-
served when an equivalent amount of
pesticide is added by way of a concen-
trated ethanol solution. These data in-
dicate that the uptake of lindane, gar-
dona, and DDE are complete in about 3,
20, and 60 minutes, respectively.

To determine whether the porous glass
particulates disrupt lipid bilayers, we as-
sayed the integrity of the phospholipid
vesicles by two methods, and found no
disruptive effects due to porous glass.
The first assay measured the release of
trapped umbelliferyl phosphate (UP) (8).
Release of UP is measured by hydrolysis
to the highly fluorescent product umbel-
liferone. The hydrolysis is carried out
with alkaline phosphatase in the external
volume. This assay indicated that no dis-
ruption of the vesicles was caused by
contact with the porous glass. The sec-
ond assay utilized splitting of the choline
resonances by the shift reagent Eu®t as
measured by proton NMR at 270 Mhz.
When the ratio of dimyristoyl-L-a-leci-
thin (DML) to Eu®* is 1.7 to 1 (5 mg of
DML per milliliter of D,0O), an approxi-
mate 25-hertz upfield shift of the outer
choline resonance is observed. Contact
of these model membranes did not
change this splitting between the inner
and outer choline resonances. Such
splitting is eliminated on disruption of
the vesicles (9). These experiments show
that the glass beads do not change the
structure or integrity of phospholipid
vesicles, but the pesticides do quench
the fluorescence of the CPA-PE label.
Using this technique we are able to
measure accurately the uptake rates and
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Table 1. Quenching of N-ethyl carbazole by
chlorinated hydrocarbons. Quenching of fluo-
rescence is possible by a variety of mecha-
nisms (/0). Dynamic quenching provides in-
formation on the collisional frequency of the
fluorophore with the quencher. This fre-
quency is a function of the diffusional rate of
the quencher and its local concentration
around the fluorophore. Collisional or dynam-
ic quenching is described by the Stern-Volmer
equation (/1),

FoF =1 + kr,[Q] Q)

where F, and F are the fluorescence yields in
the absence and presence of the quencher, re-
spectively, [Q] is the quencher concentration,
7, is the lifetime of the excited state in the ab-
sence of the quencher, and k is the bimolecu-
lar quenching constant. This constant is given
by the Smoluchowski equation (/2),

k = ydmw o, N(D, + D,)/1000 )

where o, is the sum of the molecular radii of
the probe and quencher, D, and D, are the
diffusion coefficients of the probe and quench-
er, respectively, N is the Avogadro number,
and y is the quenching efficiency, or the
fraction of collisions between probe and
quencher that are effective in quenching.
Quenching of fluorescence is also possible by
nondiffusional processes in which the fluoro-
phore and quencher form a nonfluorescent
complex prior to excitation, thereby prevent-
ing a fraction of the fluorophores from being
observed fluorometrically. The uncomplexed
fluorophores are unperturbed: hence their life-
time is equal to 7, Collisional quenching,
being a rate process which depopulates the
excited state, reduces the observed lifetime in
proportion to the reduction in yield. There-
fore, experimental proof of dynamic quench-
ing lies in the verification of

Fy/F = 1o/7 ©)]

where 7 is the lifetime in the presence of the
quencher (/3). The bimolecular quenching
constants were determined from fluorescence
lifetime measurements of solutions of equiva-
lent fluorophore concentration but varying
quencher concentration. Lifetimes were
measured using the phase shift technique
(/4) with a modulation frequency of 10 Mhz
[25°C; excitation wavelength, 333; emission
filter, 0—~52 (Corning)]. All fluorescence mea-
surements were made with either an SLM In-
struments spectrofluorometer or their cross-
correlation, phase-modulation lifetime instru-
ment. Absolute ethanol and cyclohexane
were used as solvents; 7, = 13.8 = 0.4 nsec
in absolute ethanol, 14.4 = 0.2 nsec in cyclo-
hexane. Quenching efficiences were calculated
according to Eq. 2 and the Stokes-Einstein
equation for evaluation of the diffusion co-
efficients of the probe and quencher.

k v Effi-
Solvent (10°M~"sec™) ciency
Mirex
Ethanol 8.8 1.42
Cyclohexane 11.2 1.46
Lindane
Ethanol 1.2 0.20
Cyclohexane 1.6 0.21
DDE
Ethanol 2.6 0.43
Cyclohexane 1.1 0.14
Gardona
Ethanol 5.4 0.88
Cyclohexane 6.1 0.81

concentrations of chlorinated hydro-
carbons in phospholipid vesicles. Pre-
sumably, similar measurements will be
possible in cell membranes.

The method described herein, which
can be used to measure both transport
rates and partition coefficients (¢) in
phospholipid systems, demonstrates that
fluorescence methods can be used to fol-
low particle-mediated transport of toxic
materials into phospholipid vesicles.
This method has promise for determining
dose-response criteria for particle-medi-
ated transport of carcinogenic hydro-
carbons as well as chlorinated hydro-
carbons.

GENEVA OMANN
JosepH R. LAkowiICcZ
Freshwater Biological Institute, College
of Biological Science, University of
Minnesota, Navarre 55392
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