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Endogenous inhibitors of insect microsomal oxidases are a serious
problem in in-vitro studies of insecticide metabolism.

Their number,

chemical nature, modes of action, and their effectiveness as inhibitors
are unknown.

In the case of house flies, there may be as many as

four inhibitors.

The most important of these is known to be heat

stable and to be found mainly in the head of the fly.

This inhibitor

was investigated to determine its identity and mode of action.
The inhibitor
epoxidation.

as assayed by its effect on microsomal aldrin

Fly heads were homogenized with distilled water, heated,

filtered and used as inhibitor preparations.

Gas-liquid chromatography

was used to analyze for dieldrin, the product of the enzyme reaction.
The activities of microsomal NAOPH:cytochrome C oxidorediictase and

NADPH:neotetrazolium oxidoreductase were measured spectrophotnmetrical-

ly using cytochrome C, 2,6-dichlorophenolindophenol (DUTT), and neotetrazolium as substrates.. The house flies used in these experiments

differed genetically in respect to their level and type of insecticide
resistance, their microsomal nxidase level, and their eye color.
The head inhibitor did not affect the stability of the epoxidase
enzyme since the percent inhibition was constant at various times of
incubation.

Double reciprocal plots of reaction velocity versus

substrate concentration showed that the inhibitor is not a competitor
with aldrin for the same active site on the enzyme.

According to

these methods, the inhibitor does not compete with NADPfl for the site

of reaction, but it does reduce the activity of the microsomal electron
transport system.

The amount of head inhibitor was not dependent on the age, sex,
nature of insecticide resistance, or microsomal oxidase activity of
the fly.

However, the inhibitor was absent in house fly strains with

the white and ocra eye color mutations and was present at a reduced
level in the flies with carmine colored eyes.

These results showed

that the pigment required for wild type eye coloration is directly
involved with the inhibitor.

This pigment, xanthommatin, a product of

tryptophane metabolism, is absent in strains with genetic blocks at
the third and fifth chromosomes.

Xanthommatin was obtained by synthesis and by isolation from fly
heads.

When included at 5 x 10

6

M and 5 x 10

M in microsome

incubations, xanthommatin inhibited the activity of the epoxidase
enzyme 72.5% and 17.5%, respectively.

The precursor of xanthommatin,

3-hydroxykynurenine, was not inhibitory.

Xanthommatin increased the rate of oxidation of RADPH by the
microsomes, as did cytochrome C, 1)CP1P, and neotetrazolium. Because

dihydroxanthommatin is rapidly air-oxidized, the reduction of xanthommatin by NADPU and microsomes could be detected only under anaerobic
conditions,

it was concluded that xanthommatin serves as an Plectron

acceptor for the microsomal electron transport system, limiting the
supply of electrons to the epoxidase system.

The inhibitory effect

of xanthommatin is enhanced by the auto-oxidation of dihydroxanthommatin which provides additional electron acceptor.
A double-reciprocal plot of enzyme reaction velocity versus
substrate concentration showed that xanthommatin inhibits neotetrazolium
reduction non-competitively,

The data indicate that the inhibitor

limits the flow of reducing potential to the non-heme iron protein,
Similar experiments with NADPH:cytochrome C oxidoreductase showed a
"mixed" inhibition,

Xanthommatin appeared to increase the rate of

cytochrome C reduction, but this increase was found to be non-enzymic.
It is suggested that the site of action of xanthommatin is NADPil:

cytochrome C oxidoreductase,
When tested in epoxidase incubations which contained the inhibitor,

bovine serum albumin (BSA) did not affect the percent inhibition,

The

effect of xanthommatin on the electron transport components was not
altered by the presence of BSA.

However, BSA decreased the reduction

of DCPIP approximately 30% when used at a level of 1 to 2 mg/fly
equivalent of microsomes.

This same concentration of BSA was found to

be optimum for maximum enhancement of microsomal aldrin epoxidation.
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BIOCHEMICAL PROP igt TT RS OF AN ENDOG MOUS INF,

'[

R

OF 1101ISE FLY (Musca domes-I:Ica Es. ) MIGROSOMAL OXIDATIONS
INTRODUCTION

The use of insect microsomes for the in-vitro study of insecticide metabolism has been a rewarding area of research during the past
decade.

The suggestion that "high levels" of microsomal oxidases

were involved in insecticide resistance (29) prompted an increase in
the study of these systems in many species of insects.

The house fly

(Musca domestica L.) has been the favored species in these studies
because its chromosomal complement is known, and the genetics of its
insecticide resistance is well understood (25) .

The microsomal oxidations which are known to occur in house fly
microsomes include epoxidation, sulfoxidation, aromatic hydroxylation,

side chain oxidation, and 0- and N-dealkylation

They have been

characterized by their requirement for reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and molecular oxygen (12,31),

Epoxi-

dation is thought to be the initial process in the aromatic hydroxylation reactions (13).

A serious problem in the use of insect microsomes is the presence
of endogenous inhibitors which reduce or prevent the action of the
oxidase enzymes.

These inhibitors are more common in studies with

insects than in those with vertebrates from which a specific organ
can be obtained by dissection.

In most caseq the investigator of

insect metabolism must begin with the whole animal, or at best, one
of its body segments.

For example, house fly homogenates contain
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cellular components from a variety of tissues and organs including
the central nervous system, fat body, digestive tract, muscle, and
the ehitinous exo skeleton.

Thus, it is not surprising that these

homogenates contain biologically active compounds which interfere in
studies of the microsomal enzymes.

When such inhibitors are present in the system being examined,
they may be especially troublesome in the interpretation of comparative studies.

For example, in measuring the activities of the micro-

somal oxidases at different ages of the house fly, it cannot be
certain that the effects of the inhibitors are constant throughout
the ages studied.

Also, the differences in oxidase activities be-

tween strains of house flies may be caused by endogenous inhibitors.
That is, a strain which assays low in microsomal activity may in
reality contain a high level of inhibitory material.
Bovine serum albumin (BSA), when included in either the homogenizing medium or the incubation mixture, is known to enhance the
activity of the house fly microsomal. oxidases.

BSA will sometimes

"reactivate" house fly microsomes which have lost their activity
during storage.

It has been suggested that BSA binds the inhibitory

materials released by maceration and storage, although aged microsomes have not been found to be inhibitory of active microsomes.
The mechanism of action of BSA is not known and may not be
associated with the action of these inhibitors.

If this is the case,

the stimulation of the oxidase activity by BSA may not be desirable,
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especially in comparative stWies.

Nevertheless, the use of IISA is

routine in most laboratories where house fly microsomos are studied,
Our understanding of the endogenous inhibitors in house flies is
poor, and there are many questions which need to he answered,
example:

For

do they vary with the age, sex, or strain of the fly and

thus cause the differences found in comparative studies; do they vary

with the method of microsome preparation; are they involved in insecticide resistance; are they localized in a certain body segment of the
fly or are some inhibitors ubiquitous throughout the tissues; can
their effects be counteracted by chemical or procedural methods; does
BSA actually counteract their effects; what are their modes of action;
and what are their chemical structures?
Further advances in the study of house fly microsomal enzymes
will be hampered until these questions are answered.

Therefore, it

is necessary that a serious effort be made to gain a better understanding of the nature and the effect of these endogenous inhibitors.
The objective of this research was to isolate and identify the inhibitor considered most important in house fly microsome studies and,
if possible, to determine its mode of action,
This problem was approached in two ways:

by a chemical study

with the objective of isolating and identifying the inhibitor; and
by a biological study of its source, amount, mode of action, and
counteraction by BSA.

Experiments were conducted using the epoxida-

tion of the insecticide, aldrin, as the measure of the activity of

4

the house fly microsomal oxidases and the effect of the inhibitor on
these enzymes.
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II.

HISTORICAL REVIEW

Early investigators of insecticide metabolism in-vitro often
encountered enzyme systems of low activity in uncentrifuged homogenates of insects.

However, successful experiments with insect micro-

some preparations were reported (1,2,9,10).

Cockroach fat body

homogenates were less active than the sum of the activity of the
separated centrifugal fractions (22).
(800 x g,

The cell debris pellet

5 minutes) caused a lowered enzyme activity when added to

an assay of isolated microsomes.

Although no data were given, this

observation indicated the presence of an inhibitor in the low speed
pellet.

In 1966, Matthews and Hodgson (20) reported that house fly postmitochondrial supernatants(10 minutes at 15,000 x g) were inactive
toward p-nitrophenyl N, N dimethyl carbamate (D NC) until after
dialysis.

Both the post-mitochondrial supernatant and the dialysate

inhibited the metabolism of D NC by mouse liver microsomes.

The in-

hibitor was reported to be heat stable, water soluble, insoluble in
most organic solvents, and present in either uncentrifuged homogenates
or 15,000 x g supernatant.

The problems due to endogenous inhibitors of insect microsomal
enzymes were mentioned by several reports in 1967 (6,26,32,33).

Two

inhibitory factors in the 10,000 x g sediment from homogenates of
cockroach and locust fat body, mustard beetles, cabbage caterpillars,
and house flies were described by Chakraborty, Sissons, and Smith (6).
One inhibitor was heat stable, and when mixed with rabbit liver
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microsomes, left a residual inhibition after recentrifugation.

The

other material was heat labile, and was inhibitory only when added
directly to the microsomal enzyme assay.

The removal of a cofactor

was suggested as the mechanism of action far the latter inhibitor.
The authors did not give their methods for heat treatment or separation of the two materials.

The same authors showed that house fly heads and thoraces contained high levels of an inhibitor, and recommended discarding these
body segments before homogenizing the insect.

The remaining body

segment, the abdomen, was considered the "probable source" of oxidizing
enzyme because it contained the fat body, and such homogenates therefore had "a more favorable ratio of enzyme to inhibitor,"

The enzyme

level of abdomen homogenates was not given, but the data showed that
the inhibitor level of the abdomen did not differ greatly from that
of the head or thorax.

The data were vague and difficult to inter-

pret, however it was obvious that the five species of insects contained at least two endogenous inhibitors.

Non-centrifuged homogenates of house fly abdomens were used in
the study of methylcarbamate metabolism by Tsukamoto and Casida (33).
An inhibitor of the system was found in fly heads and thoraces, but
the presence of inhibitory materials in the abdomen homogenates was
not investigated.

The substance was concentrated mainly in the

800 x g sediment, was at the highest level in the head, and was heat
stable.

These authors recommended the use of abdomen homogenates

instead of microsome preparations so as to avoid the inhibitor, but
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no quantitative data was given comparing the enzyme activities or the
inhibitor levels of the three body segments.

One stated purpose of

the recommendation to use non-centrifuged homogenates was to eliminate
"extens ive fractionation and purification,"

1.t was reported by Ray (27) that bovine serum albumin (BSA) in-

creased the house fly microsomal epoxidation of aldrin by 25%,
Tsukamoto and Casida (32) also found that: BSA enhanced tie activity

of enzymes oxidizing carbamates in homogenates of fly body segments,
and in all of the centrifugal fractions from the abdomens,

However,

a large increase was obtained only with the abdomen fractions,
The rapid loss of enzyme activity in insect tissue preparations
(1,22,30) was stopped by adding BSA (32),

Five hours at 20° C

normally resulted in total inactivation, but full activity was retained when BSA was added to a post-mitochondrial supernatant of house
fly abdomen homogenates,

There was evidence that the decay in enzyme

activity was not due to inhibitory levels of fatty acids released by
phospholipase during "aging,"

It was suggested that BSA stabilized

the enzyme by binding inhibitory materials, but BSA had no effect on
the inhibition of microsomal oxidases in abdomen preparations by house
fly head or thorax cell debris fractions,

Also, the greatest effect

of BSA did not occur in fractions with the highest inhibitor content,
BSA was more likely affecting a less active inhibitor from the house
fly abdomen (6),

These beneficial but unexplained effects of BSA

have led to its use in most studies of insect microsomal oxidations,
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A search for optimum conditions for preparing house fly detoxication enzymes resulted in the description of four endogenous
inhibitors (15).

The most potent inactivator was released from fly

heads, was heat stable, and its inhibitory action was irreversible.

A second inhibitor was released from house fly abdomens by grinding
for longer times or with higher concentrations of tissue.

These

"rough" homogenates rapidly lost their microsomal oxidase activity,
and were inhibitory toward "gentle" preparations.
heat labile and was partially counteracted by BSA.

This inhibitor was
'Liao other factors

were also found in house fly abdomen homogenates, one lowering the
initial velocity of the enzyme, and the other limiting the time of
reaction.

A recent report from the same laboratory described only two
inhibitors from the abdomen, a "linearity factor" and a "decay factor"
(14).

The "linearity factor" limited the period of constant enzyme

velocity, and the "decay factor" resulted in a nearly complete loss
of activity in 20 to 30 minutes.

The heat labile "decay factor",

was equated with the material released by rough homogenization.
Inactive "rough" preparations were reactivated by the addition of
KCN or BSA, whereas neither compound affected "gentle" enzyme prepartions.

'However, "rough" homogenates were also enhanced when incu-

bated in the presence of BSA immediately after grinding.

Thus, the

rate of enzyme inactivation may have been the same with or without
BSA, indicating an increased enzyme velocity rather than the removal
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of an inhibitor.

The data were insufficient to rule out limitations

caused by deficiencies of substrate or cofactors.
A proteolytic enzyme from the gut contents of the Southern
Armyworm (Prodenia eridania) was found to inhibit microsomal oxidations (i8).

The soluble proteinase was partially purified, its

mechanism demonstrated by caseinolytic assays, and its molecular
weight estimated at 26,000 by Sephadex gel chromatography.

Prior to

purification, the extracted inhibitor was stable when heated at
100° C for 15 minutes, but the partially purified enzyme was inactivated in 1 minute.
BSA decreased the effect of

this inhibitor by acting as an alter-

nate substrate for the proteinase,

However, BSA also enhanced the

uninhibited controls, and the data did not show whether the inhibition
could be completely reversed.

These properties are similar to those

for the "decay factor" of Jordan and Smith (14),

Descriptions of the cellular particles and organelles present in
microsomal preparations from insects can be found in the reports by
Brindley and Dahm (3), and Cassidy et al. (5).
The heat stable material from fly heads has not been examined
thoroughly, even though it has been the most effective inhibitor.
The methods used to circumvent its effect have exposed other inhibitors.

BSA may counteract these endogenous inhibitors, but its mode

of action is still unknown,
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III.

MATERIALS AND METHODS

Chemicals

Aldrin (1,2,3,4,10,10-hexachloro-1,4,4a,5,8,8a-hexhydro-1,4endo - exo - 5,8 - dimethanonaphthalene) and dietdrin (1,2,3,4,10,10hexach1oro-6,7 -epoxy- 1,4,4a,5,6,7,8,8a-octahydro-1,4-endo - exo - 5,
8-dimethanonaphthalene) were supplied by the Shell Chemical Company.
All other cofactors, dyes, and enzymes were purchased from the Sigma
Chemical Company.

The following abbreviations were used:

nicotina-

mide adenine dinucleotide phosphate, monosodium salt (NADP); dihydronicotinamide adenine dinucleotide phosphate, tetrasodium salt (NADPH);
D-glucose-6-phosphate, disodium salt (G-6-P); 2,6-dichlorophenolindophenol, sodium salt (DCPIP); flavin adenine dinucleotide, disodium
salt (FAD) ;

neotetrazolium chloride (NT); brilliant cresyl blue (BGB);

methylene blue (MB); 0-dipheno1:02 oxidoreductase (tyosinase); 3,4dihydroxy-phenylalanine (DOPA); cytochrome C (type III from horse
heart)

(CC);

3-hydroxy-DL-kynurenine (2-011K): and bovine albumin

fraction V powder (BSA).

Description of House Flies and Handling Methods

The house fly strains used in these experiments varied genotypically in morphology, insecticide resistance, and microsomal oxidative enzyme activity.

These strains have been described in detail

(24;27,28), but several characteristics pertinent to this research
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are listed in Table ITT.

Virgin flies were collected within 12 hours

of emergence when genetic crosses were required.
The flies were placed in pint jars, held in a deep freeze for
approximately 1 hour, and the heads broken off by vigorous shaking.
The heads were screened from the body segments with a Tyler standard
sieve No. 9 (U.S. equivalent series No. 10), and either stored in the
deep freeze or used immediately for inhibitor preparation.

With more

severe freezing, all three body segments could be separated, but the
male abdomens passed through the No. 9 sieve.
Ten to 14-day old females of the Orlando-DDT strain were used in
the preparation of microsomes for the standard assays.

Microsome Preparation

Decapitated flies were homogenized for about 30 seconds in a
motor-driven Potter-Elvehjem tissue grinder with 20 ml. of 0.1 M
phosphate buffer, p11 7.8.

The homogenate and a 5 ml. rinse of the

tissue grinder were filtered through cheesecloth into a screw cap
polyethylene centrifuge tube.

There is a linear relationship between

the microsomal protein recovered and the number of flies macerated
if the number of flies does not exceed 100 to 150 flies in each
batch (30) .

Microsomal protein averaged 0.5 mg/fly by the biuret

method.

A post-mitochondrial supernatant was obtained by centrifugation
at 13,000 RPM (19,600 x g max.) for 15 minutes using the number 30
rotor in a model L preparative Spinco centrifuge.

This supernatant

was strained through glass wool into a fresh centrifuge tube, and
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the microsomes sedimented at 25,000 RPM (73,500 x g max.) for 60
minutes.

The final pellet: was rinsed with distilled water, drained,

and resuspended in a small tissue grinder in 0.125 M phosphate buffer,
pH 7,5.

The mirrosome suspension was diluted to ten fly equivalents

per. ml. (5 mg protein/m1.).

Preparation of Head Inhibitor

The method of Matthews and Hodgson (20) was modified for the
preparation of inhibitor solutions.

The heads were homogenized in

the tissue grinder using 2.5 heads per ml. of distilled water.

The

homogenates were held at room temperature for approximately 3 hours,
heated in a boiling water bath for 10 minutes, cooled, filtered, and
made to volume.

Inhibitor preparations were frequently stored in a

refrigerator for several days, however significant losses were found
on storage for more than a week.

These head homogenates were very dilute (0.5%, w/v) compared to
the 20% brei used previously (20).

Preliminary experiments showed

that large losses of inhibitor occurred during heating and filtering
of whole fly homogenates.

The inhibitor was undoubtedly absorbed or

entrapped by the mass of coagulated tissue which was removed by filtration.

The poor recovery of inhibitor from whole fly preparations

masked an eye pigment effect in early experiments.

Also, as much as

50% more inhibitor was recovered when a 3-hour holding period was
used prior to heating.

For large scale inhibitor preparations, 15,000 to 20,000 fly
heads were ground with water in a large mortar and pestle, the volume
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made to 500 ml., and the mixture stirred for 1 hour.
tion, the process was repeated with tie residue.
filtrates were held in
and filtered.

After filtra-

The combined

a boiling water bath for 1.5 minutes, cooled,

Several large batch preparations were concentrated to

100 head equivalents per ml. in a Rinco evaporator at 55° C.

Preparation of Xanthommatin

The methods of Umebachi and Uchida (34), and Iliraga (11) were

used for the isolation of xanthommatin from house fly heads

A mortar

and pestle was used to homogenize 3,000 to 5,000 heads in several
hundred ml s. of methanol.

After centrifugation at 2,000 RPM for 10

minutes, the supernatant was discarded, and the residue resuspended
in fresh methanol.

The resuspension was repeated six to eight times

with methanol, two times with ethyl ether, and the residue was airdried.

The residue was suspended for 10 minutes in 100 ml. 2% HC1 in
methanol (2 ml. of concentrated 11C1 and 98 ml, of methanol), and

centrifuged as before.

The extraction was repeated until the super-

natant was no longer dark orange (6 to 8 times).

The methanol was

evaporated from the combined extracts, and the product was dissolved
by repeated stirring in 0.05 M phosphate buffer, pH 7.0.

Each washing

lasted for several hours to permit maximum solution of the product,
and to insure its air oxidation.

The xanthommatin solution was adjusted to pH 3.0 by the dropwise
addition of concentrated HC1, and placed in the refrigerator overnight.

The cold solution was centrifuged, and the precipitated product

dried in a vacuum desstentor over P205,

Recoveries of xanthommatin

were about 0.1% of the weight of the fly heads.

Further purification,

or recovery of partially deteriorated samples, was accomplished by
dissolving in buffer, acidification, and precipitation.
Xanthommatin was also prepared from 3-hydroxykynurenine and
K3Fe(CN)6 according to Butenandt and Schafer (4).

This conversion

required eight oxidizing equivalents for the condensation of two
molecules of 3 -011K into one of xanthommatin.

fold excess of K 3 Fe(CN)

6

A solution with a two-

was mixed with a solution of 3-01IK in a 0,05

M phosphate buffer, pH 7.0, and stirred for two hours.

The product

was recovered by the save acidification, precipitation, and centrifugation steps as for the isolation from fly heads.

Enzyme Assays

The mixture for the standard assay for

Microsomal Epoxidase.

aldrin epoxidase had the following composition in a total volume of
5

3.5 x 10

3

M glucose-6-phosphate; 3.5 x 10

of glucose-6-phosphate:

-4

M NADP; 0.5 units

NADP-oxidoreductase; 0.1 M phosphate buffer,
-5

pH 7,5; ten fly equivalents of microsomes (1 mg protein/m1.); 5 x 10

M aldrin (added on 0.1 ml, of double-distilled methyl cello-solve);
and water,

Unless specified otherwise, two head equivalents were

aged for inhibitor assays.
0

Incubations were at 34
glass tubes.

C for 15 minutes in 35 ml, screw cap

The NADPU generating system was mixed separately, and

after 15 minutes at room temperature, an aliquot was pipetted into
each sample tube,

The reaction was initiated by addition of substrate
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(aldrin).

The mixture was then shaken moderately during incubation

and terminated by shaking with 15 ml, of 3:2 hexane:isopropanol.
The samples were shaken for 15 minutes and then centrifuged for
5 minutes at 1500 RPM in a table model clinical centrifuge,

The

aqueous phase was withdrawn into a 10 ml. syringe, the organic phase
transferred to a 50 ml, volumetric flask, and the syringe contents
The procedure was repeated three

returned to the incubation tube,

more times, each with 10 ml, of haxane,

The combined extracts were

diluted to 50 ml, with hexane,mixed well, and a 5 ml, aliquot diluted
with two to five volumes of hexane,
The samples were analyzed for dieldrin on a Varian Aerograph
model 204B gas chromatograph with an electron capture detector,
volume injected was 2 microliters.

The

The dieldrin reference standard

was injected at least once in every four injections of the sample.
The GLC operating conditions were:
detector, 220

o

injector, 205° C; oven 190° C;

C; and carrier gas flow rate, 50 ml, N

2

per minute.

The column was of aluminum, 1/8 by 72 inches, packed with 5% Dow
Corning 11 on 100 to 120 mesh Chromosorb G.

NADPH:02 Oxidoreductase.
following composition:

1 x 10

A 5 ml, solution was prepared with the
-3

M NaCN; 0,06 M phosphate buffer,

pll 7.8; water; and five fly equivalents of microsomes (0,5 mg protein/
ml,).

Aliquots of 2 ml, each were placed in the cuvettes of a Beckman

model DB (double beam) spectrophotometer, and 0.1 umole of NADPII was

mixed into the sample cuvette.

The rate of change in percent trans-

mission at 340 nm was recorded for 5 minutes as a measure of the
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microsomal enzyme activity.

The rate of NADPH oxidation under these

conditions was linear, and dependent upon the tissue concentration.
Microsomes equivalent to ten or more flies were generally unsatisfactory because of extensive light scattering by the samples, especially
in the presence of dyes.

Either cytochrome C or DCPIP

NADPH:Cytochrome C Oxidoreductase.

served as electron acceptor in the assay of this

flavoprotein, with

absorbance maxima of the reduced forms at 550 nm and 600 nm, respectively.

A 5 ml. solution was mixed with the following composition:

-3
1

x 10

M NaCN; 0.06 M phosphate buffer, pH 7.8; water; 5 x 10

-5

M

electron acceptor; and five fly equivalents of microsomes (0.5 mg
protein/m1.).

The spectrophotometer was balanced with respect to

2 ml, of the solution in each cuvette; 0.1 umole NADPH mixed into the
sample cuvette, and the change in percent transmission recorded for
about 5 minutes at room temperature (25° C).

In the case of DCPIP,

the NADPH was added to the reference cuvette.

The enzyme activity was linear in respect to tissue up to ten
fly equivalents of microsomes (1.0 mg protein/m1.).

A line drawn

tangent to the curve was wed to estimate the initial velocity of the
reaction and was considered proportional to the enzyme concentration.

NADPH:Neotetrazolium Oxidoreductase.

This assay was identical

to the others except that neotetrazolium chloride was used and the
rate of change was recorded at 555 nm.

Without NADPII, the mixture

occasionally showed a slow rate of neotetrazolium reduction, but the

'7

dual beam spectrophotometer provided a measure of only the exogenous
NADPB dependent activity.

The assay method of Williams and Kamin (36) was unsatisfactory
because of low precision and a narrow range of tissue concentration.
The procedure includes an extraction of the reduced dye into acetone
from an aqueous phase containing high concentrations of NaC1.

However,

the pellet of coagulated protein was deeply colored from either
absorbed or insoluble dye.

This result may have been due to non-

specific tissues in house fly microsomes.

Butanol quantitatively ex-

tracted the reduced dye, and doubled its intensity of absorption with
full scale linearity.

Therefore, 3 ml. of butanol were added to the

incubate and the mixture shaken momentarily to stop the reaction.
The tubes were then shaken vigorously for 1 minute, and centrifuged
for 2 minutes in a hematological centrifuge.

The optical density of

the butanol phase was compared to that of water saturated butanol
at 555 nm.

This method was sensitive at 1 to 2 uM for the reduced

dye in the butanol.

The butanol extract lost color slightly after

15 minutes, and caution was required to prevent condensation of water
droplets,

18

IV.

RESULTS AND DISCUSSION

Chemical Nature of the Inhibition

The microsomal particle is an intimate and orderly arrangement
of diverse functional and structural molecules, including the complete
system for the NADPH dependent oxidation of xenobiotic compounds.
The particle may be visualized as a large multi-substrate enzyme with
receptor sites for NADPH, 02, and the compound to be oxidized.

Due

to its particulate and multi-enzymic nature, the microsome is not
ideal for in-depth kinetic studies, but useful generalizations may
be drawn from similar investigations of its reactions.

Effect of the Head Inhibitor on the Rate of Epoxidation

Krieger and Wilkinson (18) found that the gut of the Southern
Armyworm contained a digestive enzyme which inhibited microsomal
epoxidation by means of a proteolytic degradation.

The principal

characteristic of this inhibitor was a progressive increase of effect
with time of incubation.

Tests were made to determine if the house

fly head inhibitor had a similar characteristic.
Incubations for microsomal epoxidation were conducted with two
head equivalents of inhibitor, and assayed at 5-minute intervals.
The rates of enzyme activity were not linear (Figure 1) but the percent inhibition was constant (42% to 45%) regardless of the time of
incubation.

It was concluded that the he ad inhibitor did not degrade
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Figure 1,

Rate of aldrin epoxidation by house fly microsomes with two head equivalents of inhibitor.
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the microsomal enzymes, and that there was no change in the effectiveness of the inhibitor.

In a complementary experiment, the stability of the microsomal

enzymes WAS te S Led by preincubation with and without the.
After the desired

tin

iiihibitor.

of preincubation, substrate was added to the

flask, and the incubation was continued for 15 minutes.

The percent

inhibition was found to be constant regardless of tp length of preincubation (Table I).

This confirmed the conclusion from Figure 1

that the inhibitor did not degrade the enzyme.

TABLE I.

LOSS OF EPDXIDASE ACTIVITY AFTER PREINCUBATING HOUSE FLY
MICROSOMES WITH TWO HEAD EQUIVALENTS OF INHIBITOR,
1/

Preincubation,minutes

1/

-

Nanomoles dieldrin/incubate
Inhibited
Control

Percent
inhibition

0

12,6

4.4

65,1

5

11.5

4,0

65,3

10

10.5

3,7

64.8

15

9,5

3.4

64.2

20

8.5

3.0

64,7

25

7,4

2,8

62.2

All components for incubation were included except substrate.

The control and inhibited assays lost activity at the same rate
(Table I).

The decrease in activity of approximately 25 percent after

15 minutes of preincubation agreed with the deviation from linearity
seen in the rate curves (Figure 1).

This loss of activity was not
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caused by the added head inhibitor, but might be due to the presence
of a second inhibitor similar to the "decay factor" (14) or to instability of the microsomal enzymes under the conditions of incubation.

The Head Inhibitor as an Alternate Substrate

The identity of the natural substrates for the microsomal oxidase
system is still incomplete.

Therefore, the inhibitor may be such a

substrate, and in this case, would inhibit competitively.

Figure 2

presents data gathered to determine if the inhibitor was competing
directly with the aldrin as a substrate.

Graphically, the inhibition

resembled the "mixed type" as described by Dixon and Webb (8).

Other

compounds which are substrates for the microsomal oxidases have been
shown to give data representing competitive inhibition when tested
in this system (17,23).

These facts led to the conclusion that the

inhibitor was not an alternate substrate for the enzyme.
Another method of graphing reaction velocity versus substrate
concentration (Figure 3) showed a constant amount of inhibition regardless of substrate level, indicating a non-competitive action.

Also,

graphs of V versus V/S and S/V versus S (not shown) indicated mixed
and non-competitive inhibition, respectively.

According to the inter-

pretations described in Dixon and Webb (8), these results suggest that
an EIS complex is formed, and that the inhibitor affects the rate of
breakdown of the complex.

However, the data also suggest that the

inhibitor affects the interaction of the enzyme and the aldrin.
Dixon and Webb (8, p. 331) state:

"TWo further types of inhibi-

tion arise by competition, but when the inhibitor competes not with
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Figure 2.

Inhibition of aldrin epoxidation by two head equivalents of inhibitor.
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Effect of substrate concentration and inhibitor
(two head equivalents) on aldrin epoxidation by
house fly microsomes,
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the substrate but with a coenzyme or metal activator."
with:

They continue

"Although these are competitive as far as the cofactor is

concerned,

they are non-competitive in the usual sense, since

.

the inhibition will be independent of the substrate concentration."
This helps explain the preceding data because the microsome requires
for enzyme activity, and because it consists of a

both NADPH and 0
2

multi-enzyme system.

A competition between the inhibitor and the

epoxidation enzyme for the reducing equivalents of NADPH would inhibit
the enzyme in a non-competitive manner.

Thus, it was tentatively

assumed that the inhibitor affected either the supply of NADPH or the
activity of the microsomal electron transport system.

Effect of the Head Inhibitor on NADPH Generating System

During epoxidation experiments, the microsomes are incubated with
an excess of NADPH through the activity of D-glucose-6-phosphate:
NADP-oxidoreductase.

To determine if the inhibitor interfered with

this source of NADPH, simulated incubations were made without microsomes and substrate, and the activity of the oxidoreductase measured
periodically.

A solution was prepared with the same concentrations of

buffer, glucose-6-phosphate, the oxidoreductase enzyme, and inhibitor
as in epoxidation incubations.

The flask was held at room temperature

for 15 minutes and then placed in a shaking water bath at 34° C for
the remainder of the experiment. At 5 minute intervals, 3 ml. aliquots
were pipetted into each of two cuvettes, one for a reference and the
other containing a normal complement of NADP,

The rate of change in
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percent transmission due to NADPH formation was measured at 340 rim for
about 3 minutes.

The oxidoreductase was slightly unstable when the mixture did not
include the inhibitor (Figure 4, control). However, in the presence
of inhi bi tor ,

the enzyme activity increased abrupLl y at the incubation

temperature (Figure 4)

This result indica ted that the reduction of

epoxidation by the inhibitor was not due to a limitation in the supply
of NADPII.

The increased absorbance could be explained if the inhibitor

solution contained a reducible component which also absorbed at 340 nm.
However, an absorbance other than that of NADPH could not be detected
in difference spectra of samples with and without inhibitor.

Effect of the Bead Inhibitor on the NADPH Requirement for Epoxidation

An experiment was performed to test the hypothesis that the inhibitor interfered competitively with the interaction of NADPII and

the microsomal enzymes.

The rate of epoxidation was measured at

limiting levels of NADPH which were obtained by using reduced quantities of glucose-6-phosphate:NADP oxidoreductase.
of all other reactants were kept constant.

The concentrations

The results (Figure 5)

again indicated mixed rather than competitive inhibition, suggesting
that the NADPH and the inhibitor were not competing for the same site.
Considering the fact that these studies involved a particulate,
multi-enzyme system, the results obtained could not be considered
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oxidoreductase activity,

90

80

70

60

50

control
40

30

20

10

0
70

60

50

40

30

20

10

0

10

20

30

40

50

60

70

80

90

1/S (units of G-6-P:NADP oxidoreductase
Figure 5.

The effect of two head equivalents of inhibitor on the NADPII requirement of house
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conclusive.

They indicated only that the inhibitor interfered with

the electron transport system at some point between the formation of
NADPB and the oxidation of substrate.

Biological Nature of the Head Inhibitor

Effect of Age, Sex, and Strain

The oxidase activities in house fly microsomes have been shown
to vary with the age, sex, and strain of the fly (29) .

These varia-

tions may result from different amounts of endogenous inhibitors in
the fly, rather than differences in enzyme levels.

Therefore, experi-

ments were performed to determine if the amount of inhibitor in house
fly heads also varied with age, sex, and strain.

The SRS, Orlando-DDT, and Isolan strains have low, medium and
high microsomal oxidase activities, respectively (28), and these
activities are known to increase with age.

The heads of these three

strains were assayed for inhibitor content at 3-day intervals for
18 days.

The percent inhibition did not change with the age of the

fly, and there was no difference between the three strains (Table II).
These results indicated that differences in microsomal oxidase
activities did not result from varied levels of

the head inhibitor,
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TABLE II.

EFFECT OF ACE ON THE AMOUNT OF HEAD INHI BITOR FROM
THREE STRAINS OF HOUSE FLI ES
/

Percent Inhibition
3/

2/
Age, days-

SRS

1

54.3

...

2

-._

56,1

60,3

4

58,2

5

--

60,3

64.0

9

60,3

--

--

10

--

53,4

52,9

13

56,1

MI, OM

SIM ORM

14

--

53.4

56,6

17

55,6

OM OMB

18

--

58,2

1/

2/
3/

Orlando-DDT

Isolan

.I1.

47,1

House fly microsomal epoxidation; two head equivalents of
inhibitor,
Age of adult fly at which heads were collected and frozen,
World Health Organization Standard Reference Strain,

To determine if the level of head inhibitor was constant in all
house flies, a number of genotypically varied strains were examined,
Table III presents a listing of inhibitor data from both sexes of
house fly strains with various resistance levels and microsomal
activities.

It was concluded that the amount of head inhibitor was

the same in all house flies with the wild type eye color, and that it
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WAS independent of the resistance level, oxidase activity, or sex of
the fly,

Effect of Eye Color

The data in Table III show that the head inhibitor was not present
in housefly strains with the white and ocra eye color mutations,

Also,

a carmine eye color mutant (cm) had about one-half the wild type level
of inhibitor.

After this work was done, it was reported that a fly

strain with yellow eyes did not possess the head inhibitor (14),
To determine whether eye color was the only genetic factor
governing the presence of this inhibitor, two strains of flies were
separated from a single population.

mutation, W
Dld:cyw,

5
;

One strain had the white eye

Dld:cyw, and the other was of the wild type eye color

Therefore, these two strains had a common genetic ancestry,

except for their eye color.

The data in Table III show that the

5

white eye mutant (W ;Dld:cyw) did not possess the head inhibitor.
It was concluded from these experiments that the pigment in house fly
eyes was directly involved in the inhibition of the microsomal
oxidases,

Genetics of House Fly Eye Color

Eye color mutations in the house fly are caused by genetic blocks
of the biosynthetic pathway from tryptophane to the ommachrome pigments (11),

The ommachromes are the principal coloring agents for

insects, and are localized in the wings, the integument, and the

TABLE III.

THE INHIBITION OF HOUSE FLY MICROSOMAL EPDXIDASE BY THE HEAD INHIBITOR FROM GENOTYPICALLY
VARIED FLY STRAINS.

Inhibitor source,
strain

kdr -O:w5

Resistance
type

DDT

1

/

Microsomal
oxidase

color

medium

white

3,00

+2,53

Eye

Inhibition
Male
Female

stw;Dld;ocra

dieldrin

low

ocra

7,32

7,16

w 5 ;Dld:cyw

dieldrin

low

white

4,76

+10,10

Dld:cyw

dieldrin

low

wild type

45,41

42,13

Orlando DDT

DDT

medium

wild type

60,34

62,83

Orlando-Reg,

susceptible

low

wild type

60,66

65,78

wild type

64,44

64,44

malathion

Grothe

medium

Isolan-V
5

carmine

31,48

56,50

X ocra)

susceptible

-

wild type

F2(w5 X ocra)

susceptible

-

wild type

X ocra)

susceptible

-

white

F2(w5 X ocra)

susceptible

F 1 (14

F (w

5

-

47,60
2,15

2

1/

ocra

Plus values indicate increased epoxidase activity; two head equivalents of inhibitor,

+1,00
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ommatidia of the eyes.

However, the only ommachrome found in house

flies is the eye color pi gment, xanthommatin (4) .

A scheme of xanthommatin biosynthests is shown in Figure 6, which
includes the sites of the genetic blocks for several eye color mutations.

The ocra and white mutants result from the failure to synthe-

size 3-hydroxykynurenine and xanthommatin, respectively, but a

restricted production of xanthommatin gives the carmine condition (11).
Flies with the carmine eye color were reported to have levels of 3hydroxykynurenine equal to the wild type, but much less xanthommatin
(4)

.

This agreed with the lower level of inhibitor from the carmine

mutant shown in Table III.

Also, a strain of flies with both the ocra

and carmine genotypes was of the ocra phenotype, demonstrating the
epistatic nature of ocra to carmine.

That is, a complete genetic

block of the synthesis of 3-hydroxykynurenine prohibited the formation of xanthommatin by the carmine restriction.
Therefore, xanthommatin is assumed to be the inhibitor which is
found in house fly heads, and which is the major inactivator of house
fly microsomal oxidases.

This assumption was supported by a report

at the recent meeting of the Entomological Society of America,
December 1970 (21).

Xanthommatin

Xanthommatin (mol. wt. 243) is an acidic phenoxazone dye, and
has a negative charge of one at p11 values near neutrality.

The red

dihydroxanthommatin is the native form in the insect, and is readily
auto-oxidized (4),

In fact, house fly head homogenates rapidly

oc ra

C H2

- CH- COOH
NH2

Tryptophane

CCH2- CH - COO H

aNH2

NH2

Kynurenine

carmine

0

3-hydroxykynurenine

Figure 6.

COON

Xanthommat in

Scheme of xanthommatin biosynthesis showing sites of genetic control.
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changed from dark red to yellow brown.

These color changes are the

basis for the detection and identification of xanthommatin on paper
chromatograms (34) .

Xanthommatin has a low solubility in aqueous

solutions except for dilute buffers near pH 6.8.

in distilled water

it formed a fine colloidal suspension which was frequently lost by
sedimentation or filtration.

Xanthommatin as an Inhibitor

Synthetic and isolated xanthommatin were very effective inhibitors
of epoxidation (Table IV).

Substrate concentrations of xanthommatin

(50 uM) completely blocked dieldrin formation, and an effect was
achieved with concentrations as low as 0.5 uM.

Solutions of xanthom-

matin in 0.05 M phosphate buffer, pH 7.0, were unstable giving only
75% to 80% inhibition at the 50 uM level after several weeks of
refrigeration.

Considering the amount of xanthommatin in house fly eyes, and its
effectiveness as an inhibitor, it is surprising that epoxidation is
detectable in homogenates of whole flies or even in the microsomes.
A major portion of the xanthommatin must be lost as a result of its
insolubility and instability under the conditions of microsome preparation.

The dark red color of dihydroxanthommatin can be seen in the

macerated eye tissue sedimented at 10,000 x g from whole fly homogenates.

Because a portion of the xanthommatin dissolves during micro-

some preparation and remains in the supernatant as a soluble inhibitor
may account for the reports that there are several inhibitors in house
fly homogenates,
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Chemical synthesis was the easiest source of xanthommatin, and
the product gave one spot with positive color reactions on paper
chromatograms.

Preparations of xanthommatin from fly heads were usual-

ly mixtures of the oxidized and reduced forms and frequently contained
impurities which were detected as either minor spots near the origins
of chromatograms, or as insoluble residues.

Molecular Sieve Chromatography

Prior to the discovery that the head inhibitor was xanthommatin,
characterization was attempted by chromatography on Sephadex gels with
distilled water as the eluant.

This technique proved unsatisfactory.

It was learned later that xanthommatin was unstable in water on
Sephadex columns, and that the colloidal material eluted with the void
volume from gels with small pore size.

However, the inhibitor was

shown to have a net negative charge by its behavior on CM-25 and
DEAE-25 ion exchange gels.

Also, the inhibitor was retarded in its

elution from Sephadex G-10, indicating a molecular weight less than
700.

Both of these properties proved later to agree with those of

xanthommatin.

Visible Spectra

Absolute spectra of head inhibitor preparations were unsatisfactory due to absorbance by impurities and to light scattering at the
lower wave lengths.

However, difference spectra between wild type and

mutant eye color preparations (Figure 7) gave a curve similar to that
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Figure 7.

Difference spectra of head inhibitor preparations from house flies with wild type
and mutant eye colors.
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of xanthommatin (Figure 9).

These difference spectra confirmed the

conclusion that xanthommatin was not present in the mutant eyes.

Figures 8 and 9 show the spectra of xanthommatin and dihydroxanthommatin from Butenandt and Schafer (4), and those obtained experimentally.

Both the synthetic and the isolated material gave spectra

for xanthommatin, verifying the identity of the preparations.

The

spectra were inaccurate when mixtures of the oxidized and reduced
forms were used because the areas of maximum absorbance were obscured.
The auto-oxidation of dihydroxanthommatin, and the presence of both
forms, hindered the spectrophotometric examination of eluates from
Sephadex columns.

The spectrum of xanthommatin is almost identical

to that of FAD, the coenzyme of microsomal NADPH:cytochrome C oxidoreductase.

Related Compounds and Reactions

The white and carmine mutant strains contain sufficient 3-hydroxykynurenine to be inhibitory if converted to xanthommatin.

This

conversion will occur chemically with either atmospheric oxygen,
K3Fe(CN)6 (34), or quinones formed by 0-dipheno1:02 oxidoreductase
(tyrosinase) (4)

.

High levels of this enzyme are present in all

fractions from house fly homogenates.

Therefore, the possibility of

xanthommatin formation during tissue preparation was investigated.
A fresh solution of 3-hydroxykynurenine did not inhibit aldrin
epoxidation, but became quite effective if exposed to atmospheric
oxygen for several days (Table IV).

These "aged" solutions were proven

by paper chromatography to be mixtures of xanthommatin and the
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hydroxykynurenine, and they responded to ascorbic acid to give the red
color of dihydroxanthommatin.

A mixture of K3Fe(CN)6 and 3-hydroxy-

kynurenine inhibited aidrin epoxidation completely, whereas a ten-fold
There-

excess of K3Fe(CN)6 alone gave only 28% inhibition (Table IV).

filre, the hydroxykynurenine itself was not inhibitory, but it must be

considered as a potential source of the inhibitor,

TABLE IV.

TUE INHIBITION OF HOUSE FLY MICROSOMAL EPDXIDAT1ON BY
XANTHOMMAT1N AND ASSOCIATED COMPOUNDS.

1/
Inhibitor and concentrationuM

2/
Treatment ofinhibitor

Percent
Inhibition

Xa, 0.5

synthetic

17.5

Xa, 5.0

synthetic

72,5

Xa, 50.0

synthetic

100,0

3 -OHK, 44.4

fresh solution

0

3-0HK, 44.4

"aged" 2 days

46,6

3 -OHK, 44.4

"aged" 7 days

81,9

3-011K, 44.4 + K3Fe(CN)6

used directly

100,0

K Fe(CN)

used directly

28.4

3

6

DOPA, 274

as inhibitor prep.

+ tyr.

3,6

DOPA, 100 + 3 -OHK, 248

as inhibitor prep.

+

tyr.

56,4

DOPA, 100
1/

2/

used directly

23.0

K3Fe(CN)66 at 444 uM; Xa, = xanthommatin; 3 -OHK, = 3-hydroxykynurenine; 510PA, = dihydroxyphenylalanine; tyr., = 0-dipheno1:02
oxidoreductase.

Tyrosinase at 1100 units.
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Mixtures of dihydroxyphenylalanine (DOPA) and tyrosinase were
prepared with and without 3-hydroxykynurenine and treated the same
as inhibitor preparations from house fly heads.

When assayed for

inhibitor content, the mixture of all three components gave 56.4%
inhibition, as compared to only 3.6% by the preparation without the
hydroxykynurenine (Table IV).

These data suggested that xanthommatin

may be synthesized by house fly tissue during microsome or inhibitor
preparation.

Free DOPA was apparently destroyed by the preparation method
because the mixture without 3-hydroxykynurenine gave only 3.6% inhibition compared to 23% inhibition by one-third as much DOPA when used
directly.

Cyanide ion at 10

3

M does not interfere with the microsomal

epoxidation of aldrin, but this concentration will stop the action of
cytochrome C:02 oxidoreductase and tyrosinase.
3

parations made with 10

M CN

lower inhibition (Table V).

Head inhibitor pre-

instead of distilled water gave a much
This suggested that cyanide inhibited the

formation of xanthommatin by endogenous oxidative enzymes during the
processing of the heads, verifying the data in Table IV.

However,

these oxidoreductase enzymes also oxidize dihydroxanthommatin, and the
presence of CN

would help maintain the inhibitor in the reduced form.

In this form the inhibitor is easily lost by filtration, resulting in
a lower recovery.

It is not known which of these two influences of

cyanide is the greater.
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TABLE V.

ThE EFFECT OF CYANIDE ON THE PREPARATION AN) IN-VITRO
SYNTHESIS OF THE HEAD INHIBITOR.

Inhibitor source,
eye color

1/,2/

Additions to

Percent inhibition2/
of epoxidation

normal preparation

wild type

65.7

none

wild type

10

-3

20.5

MCIT

white

none

6.6

white

tyr.

+0.6

white

1.11 mM 3-0HK

20.5

white

1.11 mM 3-01IK; tyr.

24.5

white

1.11 mM 3-011K; 10-3MCN-,tyr.

13.3

white

1.11 mM 3-0HK; 10

-31

+4.4

1CN

1/

Abbreviations the same as Table IV.
2/

3/

Final concentration of 3-011K in the microsome incubation was
178 uM; 1100 units tyr. added to inhibitor preparation.

Plus values indicate increased epoxidase activity.

Head inhibitor preparations from white eye flies were fortified
at homogenization with cyanide, 3-hydroxykynurenine, or tyrosinase,
either singly or in combination (Table V).

The 3-hydroxykynurenine

caused inhibition, showing the formation of xanthommatin without added
tyrosinase.

The endogenous level of this enzyme in the homogenized

tissue was apparently sufficient to convert the added 3-hydroxykynurenine to xanthommatin.

Cyanide ion blocked the formation of in-

hibitor when only endogenous tyrosinase was present.

It was less

effective with preparations containing added tyrosinase, probably
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because its concentration was too low to overcome both added and
endogenous enzyme.

Microsomes from whole flies, prepared in the

presence of CN, are not spared the effect of the head inhibitor.
Unusually high concentrations of 3-hydroxykynurenine were required
to obtain even low levels of inhibition, suggesting an inefficient
conversion to xanthommatin.

Therefore, it was concluded that the

xanthommatin formed during tissue preparation is negligible compared
to that existing in the fly at the time of homogenization.

Microsomal Electron Transport

The relationship between the microsomal electron transport system
and the enzymes which oxidatively degrade xenobiotics has been established by Dallner et al. (7) .

Currently this system is thought to

include at least three oxidation-reduction components in addition to
the detoxication enzyme.

Figure 10 is a representation of the system,

showing the sites of action of several artificial dyes used to measure
the activity of the components.

The flavoprotein enzyme NADPII:

cytochrome C oxidoreductase has been well characterized (2,12,36).
The non-heme iron protein is an NADPU:neotetrazolium oxidoreductase
but little else is known of its properties (31).

Although depicted

as a separate entity in Figure 10, cytochrome P450 is usually referred
to as the detoxication enzyme.

The preceding data have suggested that xanthommatin may interfere
with the flow of electrons along these transfer components.

It is

known that the artificial dyes such as dichlorophenolindophenol (DCPIP)
and neotetragolium (NT) inhibit aldrin epoxidation by withdrawing

cytochrome C
and

substrate

neotetrazolium

DCPIP

CO-BINDING

NON -H1E IRON
NADPH

> FLAVO-PROTEIN

PROTEIN

PIGMENT

DETOXICATION
ze"

ENZYME

(cytochrome

(NADPH:

cytochrome C

----0T"

P450)

oxidoreductase)
oxidized

substrate

Figure 10.

Schematic diagram of the microsomal electron transport system,
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electrons from the components prior to the detoxication enzyme.

The

possibility was considered that xanthommatin acted similarly, as an
"electron sink," diverting the flow of reducing equivalents.

Experi-

ments were performed to determine the validity of this hypothesis, and
if possible, the electron transfer component involved.

Effect of Electron Acceptor Dyes on Epoxidation

The inhibition of aldrin epoxidation by several known electron
acceptors is shown in Table VI.

All of the compounds were very

effective at the same concentration as the substrate (50 uM), except
the FAD.
dyes.

Also, neotetrazolium was less inhibitory than the other

Traces of dieldrin were detected in incubations with xanthom-

matin, cytochrome C, and brilliant cresyl blue, indicating that the
epoxidation reaction was not completely stopped.

The electron trans-

fer component(s) reacting with methylene blue and brilliant cresyl
blue are unknown, however the efficient inhibition by these dyes
suggests an action similar to that of cytochrome C, DCPIP, or
xanthommatin.

All the inhibitory materials were probably acting as

"electron sinks," removing the reducing equivalents necessary for
epoxidation.

The data for FAD are included because of its role as a coenzyme
in the microsomal system, and it's because oxidation-reduction
structures are similar to those of xanthommatin.

Methylene blue and

brilliant cresyl blue are both rapidly auto-oxidized as is xanthommatin.

The cresyl blue has a molecular structure similar to the inhibitor.

Cytochrome C is the only single electron acceptor.

The mode

TABLE VI.

Compound

THE EFFECT OF ELECTRON ACCEPTORS ON THE ACTIVITY OF
HOUSE FLY MICROSOMAEJ EPDXIDASE.

1/

Percent
2/
inhibition

Structure

COON

xanthommatin

cytochrome C

100

100

CI

dichlorophenolindophenol

0=

N,C,H3

CI

81,3

neotetrazolium

100

methylene blue

brilliant cresyl

100

-CH3

100

CH3 -N4.

blue

flavin adenine
dinuc leotide

CH3

+7,1

CH3

0

1/

2/

Concentration equivalent to substrate, 50 pi.
Plus values indicate increased epoxidase activity.
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of action of FAD as a coenzyme is unique in that it cycles between
FAD1T2 and the partially reduced seniquinone form, FADH (36).

NADPH:0 2 Oxidoreductase

The rate of oxidation of NADPH by microsomal tissue is a function
of the overall efficiency of the electron transfer system when a
substrate for the oxidase enzyme is present.

An electron acceptor

for a component of the system will result in a rate of NADPH oxidation
consistent with the efficiency of the partial system.

Any compound

providing an alternate route of electron flow would be expected to

cause an increased rate of oxidation of NADPH compared to the system
without a substrate.

Table VII shows the results of experiments testing the effect

of xanthommatin and several electron acceptors on microsomal NADPH
oxidation.

It can be seen that all of the compounds, except FAD,

accelerated the oxidation of NADPH.

FAD had no effect on the rate

of oxidation, agreeing with its failure to inhibit aldrin epoxidation
(Table VI).

This behavior of FAD points out its positive role as

a member component of the electron transfer system.

The effects of

cytochrome C and neotetrazolium were difficult to measure due to their
absorbance at 340 nm and to frequent light scattering at this wave
length.

This was sometimes the case with xanthommatin as well.

The

oxidoreductase activity was linear with respect to the

NADPH:0
2

concentration of xanthommatin.

Without microsomes, there was no

detectable interaction between NADPH and xanthommatin at 340 nm.

It
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was concluded from these results that the inhibition of epoxidation by
xanthommatin was caused by a diversion of the reducing equivalents
from their usual pathway.

TABLE VII.

ACTIVITY OF
THE EFFECT OF ELECTRON ACCEPTORS ON
SE.
I
HOUSE FLY MICROSOMAL NADP11:0 2 OXIX)REDUCTA

Electron
acceptor

1/

Concentration-

7 0 Transmission

/min/fly, 340 nm

uM

-__

0.10

FAD

50

0.10

methylene blue

50

0.78

brilliant cresyl blue

50

0.93

DCPIP

50

0.60

cytochrome C

50

0.20

neotetrazolium

20

0.20

xanthommatin

50

0.43

xanthommatin

20

0.24

none

1/

Microsomes equivalent to
NADPH added to cuvette.

5

flies (0.5 mg protein/mi.), 0.1 umole

oxidoreductase varied among

The control activity of NADPH:0
2

preparations of microsomes, ranging from 0.08 to 0.15 p %
transmission/minute/fly with an average of 0.105.

This activity was

independent of the concentration of either NADPH or microsomes, and
suggested the microsomal presence of either a natural substrate or
electron acceptor.

49

Effect of Cyanide, BSA, and Ascorbic Acid.

Cyanide ion is fre-

quently used in studies of microsomal oxidases and electron transfer
systems to inhibit interferring oxidative enzymes such as peroxidases
-3

and cytochrome C oxidase.

A CN

concentration of 10

M, which was

sufficient for that purpose, had no effect on either microsomal
epoxidation or NADPH oxidation (Table VIII).
of CN

However, the same level

produced a small but consistent decrease (2070-25%) in the

xanthommatin dependent NADPH oxidation.

Since the enzymes inhibited

by cyanide are known to oxidize dihydroxanthommatin (4), their
This,

inhibition would result in less recycling of dihyroxanthommatin.

in turn, would result in a decrease in the rate of NADPH oxidation.
Therefore, auto-oxidation remains the best explanation for the fact
that xanthommatin dependent NADPH oxidation was only partially inhibited by 10

3

M CN, and that in the presence of cyanide, aldrin

epoxidation was not spared from the effects of the inhibitor.
Table VIII also shows that BSA failed to influence either the
control or the xanthommatin dependent rates of NADP11 oxidation.

These

data suggest that the mechanism by which BSA enhances the microsomal
oxidases involves neither the head inhibitor nor transfer of electrons.
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TABLE VIII.

Electron
acceptor

THE EFFECT OF CYANTDE, BSA, AND ASCORBIC ACID ON THE
XANMOMMATIN DEPENDENT ACTIVITY OF HOUSE FLY MICROSOMAL
NADPH:0 2 OXIDOREDUCTASE.
1/ 2/

461 % Transmission- '-

Concentration,
uM

-3

none

OM Oa* MS

xanthommatin

20

xanthommatin

20

none

xanthommatin

20

xanthommatin

20

none

MII NMI NM

xanthommatin

20

/min/fly, 340 nm

Additive

10

0.10

MCN

0.38
10-3M CN

0.30

10 mg BSA

0,13

0,36

10 mg BSA

0,36

1 mg ascorbic acid

0,15

1 mg ascorbic acid

0,34

1/

Control values without CN averaged 0.105, ranging from 0.081 to
0,150 for different microsome preparations.
2/

Data for BSA and ascorbic acid resulted from a microsome preparation with a higher control activity. Microsomes equivalent to
5 flies (0.05 mg protein/m1.); 0.1 umole NADPH added to cuvette.

A high level of ascorbic acid was expected to maintain xanthommatin in the reduced state and thus block its effect on NADPH oxidation.

The data in Table VIII show that this was not the case.

In

the absence of oxygen however, 1 mg of ascorbic acid did stop the
xanthommatin dependent oxidation of NADPH (data not shown).

Using

anaerobic conditions, it was possible to show that dihydroxanthommatin
is the product of the microsomal reaction.

The rapid reoxidations of
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dihydroxanthommatin may be the explanation for the failure of ascorbic
acid to counteract the effect of the inhibitor in aerobic conditions.

Auto-oxidation of Dihydroxanthommatin

The rate of auto-oxidation of dihydroxanthommatin was estimated
by measuring the time required for a solution of xanthommatin to
oxidize a known excess of ascorbic acid.

The red color of dihydro-

xanthommatin had been observed to form immediately with the addition
of ascorbic acid, and to fade gradually as the reductant was oxidized.
The spectrophotometer was balanced at 450 nm with a solution of
xanthommatin in both cuvettes, and then ascorbic acid was added to
the sample cuvette.

The difference in absorbance between the two

solutions was recorded until the spectrophotometer returned to its
original balance point.

Since the reduction of xanthommatin was in-

stantaneous, the lapsed time was considered a measure of the rate of
auto-oxidation of dihydroxanthommatin.

Maximum reduction of xanthommatin lasted for a brief period
which depended on the amount of ascorbic acid present (Table IX).
The highest level of ascorbic acid did not increase the amount of
dihydroxanthommatin, confirming that an excess of the reductant was
present.

The same level of reduction could not be obtained with NADPH.

The average rate of auto-oxidation estimated from Table IX was 1.34
u moles/minute at a xanthommatin concentration of 50 uM.

This rate

is nearly 2,000 times that of aldrin epoxidation in microsome incubations, and demonstrates the high potential of xanthommatin as an
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inhibitor.

At best, this result is an estimation because the end-

point of the time interval is a subjective measurement.

ESTIMATED RATE OF AUTO-OXIDATION OF DIHYDROXANTHOMMATIN.

TABLE IX.

Time at
maximum
reduction

Time for
complete
oxidation

5.57

30 sec.

5 min.

1.11

11.14

60 sec.

8 min.

1.39

16.71

90 sec.

11 min.

1.52

1/

u moles

Ascorbic acid

1/

u moles
Oxidized/minute

0.1 u mole xanthommatin in each; total volume 2.0 ml.

The mechanism of oxidation and reduction in these experiments
is unknown, but it may be similar to that described for the FAD of
NAI)PH :cytochrome C oxidoreductase (16) .

That Ls, the fully reduced

form of xanthommatin may cycle through the oxidation-reduction process
with the partially reduced semi-quinone form.

These two forms may

have different rates of auto-oxidation, which would have a bearing on
their effectiveness as inhibitors.

NADPH:Cytochrome C Oxidoreductase

The first component in the microsomal electron transport system

is a flavoprotein enzyme with FAD as the coenzyme.

This enzyme,

which has been described as an NADPH:cytochrome C oxidoreductase, will
also reduce DCPIP, a two electron acceptor (12,36).
also accepts electrons from this flavoprotein,

If xanthommatin

it should have a
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pronounced effect on the microsomal reduction of cytochrome C or
DCPTP by NADPH.

A decrease in the rate of reduction of the dye

would be expected as a result of the simultaneous action of both
acceptors.

The activity of microsomal NADPH:cytochrome C oxidoreductase in
the presence of several electron acceptors is shown in Table X.

Xanthommatin caused an increased activity in the presence of micro -

comes, and appeared to mediate a non-enzymic reduction.

The increase

was about 50% for cytochrome C and 25%-30% for DCPIP, and was dependent on the concentration of xanthommatin.

Low concentrations of

NADPH and high tissue levels were found to limit the effect of

xanthommatin, but the results in Table X were obtained at near optimum
concentrations.

Xanthommatin also caused the gradual reoxidation of

cytochrome C and DCPIP.

This is difficult to explain in view of the

increased rate of reduction of these dyes.

An example of the rate

curve for cytochrome C is shown in Figure 11.
The non-enzymic reduction of cytochrome C or DCPIP by xanthom-

matin and NADPH was also "reversible" in that the dyes were slowly
reoxidized.

This suggests a mechanism in which NADPH reduces xanthom-

matin, and the dihydroxanthommatin reduces the dye.

At the same time,

the auto-oxidation of dihydroxanthommatin also consumes NADPH.

When

the supply of reductant is exhausted, the flow of electrons reverses
from the reduced dyes to the xanthommatin.

The oxidation state of

xanthommatin, fully oxidized or semi-quinone, which cycles with
dihydroxanthommatin is unknown.

The reduced state of oxygen resulting
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from the air-oxidation of dihydroxanthommatin is not known. This

hypothesis requires a redox potential for xanthommatin which allows

the free exchange of electrons between dye and inhibitor. The process
may be visualized as in the following diagram:
dye

Xa

reduced

reduced
NADPH

(enz. & chem?..'

Xa

eversible

dye

+

Xa

oxygen

(enz.)

dye

reduced
oxygen (unknown)

//At
reduced
dye

'Xa

Other data in Table X showed that methylene blue and brilliant
cresyl blue also increased the rate of DCPIP reduction, but FAD did
not.

The result for FAD was in agreement with its failure to inhibit

aldrin epoxidation or NADPH:02 oxidoreductase.

Methylene blue and

brilliant cresyl blue gave results which suggested that their inhibition of aldrin epoxidation was due to interference with the microsomal

electron transport system.

Their site of interaction with the system

has not been determined, but these observations suggested that it may
be the flavoprotein enzyme.

If so, methylene blue may be useful in

measuring the anaerobic capability of the flavoprotein enzyme.
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TABLE X.

THE EFFECT OF ELECTRON ACCEPTORS ON THE ACTIVITY OF HOUSE
FLY MICROSOMAL NADPH:CYTOCUROME C OXIDOREDUCTASE,

1/

Dye

Acceptor

Microsomes,
fly equivalents

A%
/min

Transmission2/
/min/fly

cytochrome C

none

2,5

7,0

2,80

cytochrome C

xanthommatin

2,5

10,5

4,20

cytochrome C

xanthommatin

none

1,2

DCPIP

none

2,5

5,4

2,16

DCPIP

xanthommatin

2,5

7,0

2.80

DCPIP

xanthommatin

none

1,5

DCPIP

FAD

5,0

10,4

2,08

DCPIP

methylene blue

5,0

13,5

2.70

DCPIP

brilliant
cresyl blue

5,0

13,8

2,76

1/

Concentrations of dyes, acceptors, and NADPH were all 50 uM.
2/

Cytochrome C at 550 nm; DCPIP at 600 nm.

NADPH:Neotetrazolium Oxidoreductase

In accordance with the schematic in Figure 10, neotetrazolium
will accept electrons from the non -heme iron protein of the electron
transfer system.

The reduction of neotetrazolium was inhibited 45%-

50% by xanthommatin without the anomalies observed with cytochrome C
or DCPIP (Table XI).

The addition of FAD had no effect on neotetra-

zolium reduction, and there was no measurable interaction between
NADPH, neotetrazolium and xanthommatin in the absence of microsomes.

25.
30

40
0

cytochrome C
tr,

50i

=
O

cytochroe C with xanthommatin
60 .

0
70
4-)

cytochrome C with xanthommatin
(without micr:s=es)

o 80 .

90

100
0

1

2

3

4

5

6

7

8

time, minutes

Figure 11.

The effect of xanthommatin on the reduction of cytochrome C by NA:31-1 with and without
house fly microsomes.
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BSA did not enhance the rate of neotetrazolium reduction as it did in
the assays of aldrin epoxidation.

The activity of this enzyme was

more variable and it was more sensitive to "aging" than the NADPH:
cytochrome C oxidonaductase.

This instability may explain the losses

in epoxidase activity we have observed with stored microsomes.

TABLE XI.

THE EFFECT OF XANTHOMMATIN, FAD, AND BSA ON THE ACTIVITY
OF HOUSE FLY MICROSOMAL NADPH:NEOTETRAZOLIUM
OXIDOREDUCTASE.
3/

1/

Additive

Concentration
of NADPH, uM

Microsome 2/

preparation

Li% Transmission
/min

none

100

none

0

100 uM Xa

100

none

0

/min/fly

mg.

meg

none

50

A

15,48

1,55

50 uM Xa

50

A

8.63

0,86

none

50

B

11,5

1,15

50

B

10.0

1,00

50

B

11.8

1,18

100 uM FAD
10 mg BSA
1/

All assays contained 50 uM neotetrazolium hydrochloride,
2/

Ten fly equivalents of microsomes used (1 mg protein/m1.),
3/
555 nm.

The inhibition by xanthommatin appeared to place a more severe
limitation on the quantity of neotetrazolium reduced than on the
initial rate of reduction (Figure 12).

In the absence of oxygen, the

rate curves for neotetrazolium reduction were identical to those in
Figure 12 (data not shown).

Therefore, the inhibition is due to an

30

e".s.

.

40

0
111

ttl

50

neotetrazolium

60 ,

70

lor

4)

80
a)

N

90

100
0

1

2

3

J

neotetrazolium with xanthommatin

4

5

6

time, minutes

Figure 12.

The effect of xanthommatin on the reduction of neotetrazolium by NADPH
in the presence of house fly microsomes.
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effect of xanthommatin on neotetrazolium reduction and not a reaction
between the reduced dye, xanthommatin, and oxygen.

These activity

curves suggested that xanthommatin removes the supply of reducing
equivalents which are normally provided to the NHI-protein by the
flavoprotein.

Suggested Mechanism of Inhibition

The preceding experiments provided evidence from which the site
and mechanism of action of the inhibitor could be deduced.
mation suggested several conclusions.

The infor-

Xanthommatin was found to be

a major inhibitor of microsomal oxidations by disrupting the flow of
reducing equivalents between the electron transfer components.

Its

action is that of an "electron sink," i.e., it rapidly withdraws
electrons from one of the transfer agents.

Its effectiveness is

enhanced by rapid auto-oxidation so that a plentiful supply of electron
acceptor is always present.

The inhibition could result from the action of xanthommatin at
either the flavoprotein or the non-heme iron protein.

A direct inter-

action of xanthommatin with NADPH was ruled out because its rate was
significant only in the presence of microsomes.

The hypotheses were

established that xanthommatin interferes competitively with the transfer of electrons to either DCPIP by the flavoprotein or to neotetrazolium by the NHI protein.

Whichever reaction is inhibited

competitively would indicate which of these hypotheses is correct.

As

a test therefore, data for double reciprocal plots were gathered from
these two reactions, and were graphed as Figures 13 and 14.
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Figure 13,

The effect of xanthommatin on the activity of house fly microsomal NADPH:cytochrome C
oxidoreductase,
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Figure 14,

Inhibition of house fly microsomal NADPH:
neotetrazolium oxidoreductase by xanthommatin,
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Unfortunately, neither hypothesis was supported by these experi-

ments since competitive inhibition was not indicated for either
re tic Lion.

Thus, neither component: was eliminated f r cm cons idera L on

The pattern of inhibition shown in Figure 13 was of the mixed type,
which was the same as that found for al drin and for NADP11 in epoxida-

tion incubations (Figures 2 and 5). The inhibition of neotetrazolium
reduction (Figure 14) , appeared to be nal-competitive. This indicates

that the interaction cf neotetrazolium with the protein was not
affected, but the reaction velocity was greatly reduced. This suggests
that xanthommatin interferes with the function of the preceding step,

the flavoprotein, and that the non-competitive inhibition at the nonheme iron moiety results from a restriction in the supply of reducing
equivalents.

It must be recalled that these components exist with intimate
proximity to one another in the microsomal particle.

This fact may

weaken the validity of double reciprocal graphical methods, so final

conclusions must await the isolation of these activities from the
microsome.

Although the effect of xanthommatin on the activity of

the flavoprotein was to cause an increase in product rather than an
inhibition, the use of the double-reciprocal Lineweaver-Burk plot was
assumed valid for comparative purposes.

The similarity in action between xanthommatin and methylene blue,

a known acceptor for flavoprotein electrons (35), also argues in favor

of the first transfer component. However, the data do not permit

decisive conclusions, and the possibility exists that both of the
components are involved in inhibition by xanthommatin.
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Bovine Serum Albumin

The results of several experiments with BSA are mentioned in

the preceding sections, but they require further discussion.

The

experiments were prompted by reports that BSA enhanced the activity

of microsomal oxidases (15,26,32), and that it protected the microsomes from the action of inhibitors during preparation and/or storage
(6,32). It has also been suggested that the inhibitory materials in
house fly homogenates are inactivated by binding to BSA (32).

Since

xanthommatin is the major endogenous inhibitor of house fly microsomal

oxidases, experiments were designed to study its inhibitory effect in
the presence of BSA.

Additional experiments were conducted to study

the effect of BSA on microsomal epoxidation.
BSA and the Microsomal Electron Transport System

BSA did not alter the effect of xanthommatin on NADPH oxidation,

neotetrazolium reduction, or aldrin epoxidation (Tables VIII, XI, XII).

The head inhibitor reduced the rate of dieldrin formation about the
same extent in microsome incubations which were supplemented with BSA

as in the controls (Table XII). Also, the increased rate of epoxidation in the presence of BSA was not accompanied by a corresponding

increase in the activity of NADPH:02 oxidoreductase.
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TABLE XII.

THE EFFFCT OF BSA ON HOUSE FLY MICROSOMAL EPDXIDATION.

4/

10 mg
BSA

Microsome 1/

Inhibitor
added

conditions

% Reduction
in epoxidation

2 head equivalent

fresh

55

2 head equivalent

fresh

41

10 uM xanthommatin

fresh

72

10 uM xanthommatin

fresh

72

none

2 day pellet

38

none

2 day pellet

0

none

2 day suspension

62

none

2 day suspension

38

1/

Each incubation contained microsomes equivalent to 10 flies
(1 mg protein/m1.).

As seen in Table XIII, BSA caused a decrease in the rate of
reduction of DCPIP.

The increased rate of axidoreductase activity

due to xanthommatin was returned to approximately its control level
by BSA.

The added protein decreased the rate of non-enzymic reduction

of DCPIP by xanthommatin and NADPH.

Initially, these data indicated

that BSA counteracted the inhibitor even though this conclusion was
not valid in the case of the other enzymes.
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TABLE XIII.

ALE EFFECT OF BSA ON THE ACTIVITY OF HOUSE FLY MICROSOMAL
NADPH:CYTOCHROME C OXIDOREDIJCTA SE.
1/

Concentration of
uM

Xa,

BSA, mg/ml.

2/

Microsomes

A% Transmission
/min (600 nm)

...0111
0

0

5 fly eq.

9.9

0

1

5 fly eq.

8.3

20

0

5 fly eq.

14.6

20

1

5 fly eq.

9.7

50

0

none

0.9

50

1

none

0.4

50

2

none

0.3

1/

Concentrations of DCPIP and NADPII were 50 uM in all samples.
2/

0.5 mg protein/m1.; total volume = 5 ml.

The interaction of BSA, xanthommatin, and NADPH:cytochrome C
oxidoreductase was examined in greater detail.

Increasing concentra-

tions of BSA affected the enzyme activity in a similar manner with or
without xanthommatin and did not eliminate the xanthommatin effect
(Figure 15).

Since BSA does not decrease the rate of epoxidation, it

is clear that the effect of BSA on the reductase does not hamper the
efficiency of the electron transport system.

However, enhancement of

epoxidation by BSA is less at higher amounts of the protein.
The mechansim by which BSA interferes with the activity of the
flavoprotein enzyme is unknown, but the curves in Figure 15 indicate
the occurrence of a distinct effect between the concentrations of
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20

with xanthommatin, 50 pM

15

10

0

0

5

0

A

0

5

15

10

20

mg. BSA

Figure 15,

The effect of BSA on the activity of house fly
microsomal NADPH:cytochrome C oxidoreductase

25
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5-10 mg

BSA/ml. (1-2 mg/fly eq. of microsomes).

It is interesting

that this range of BSA is the same as that which is optimum for the
maximum enhancement of epoxidation.

An examination of Figure 15 shows that BSA does not absorb
xanthommatin or the DCPIP.

Otherwise, the curves would not be separate,

and the rate of DCPIP reduction would continue to decline on increasing
BSA.

The decrease in enzyme activities between 5 and 10 mg of BSA is

best explained as due to a configurational change of the enzyme and/or
the microsomal particle.
BSA and House Fly Microsomal Epoxidation

From the literature it is apparent that the effect of BSA on
microsomal oxidases varies considerably.

In their work with the

Southern Armyworm, Krieger and Wilkinson reported a 1.5-fold increase

in epoxidase activity in control incubations supplemented with BSA,

and a seven-fold increase in incubations containing inhibitors (18).
Jordan and Smith showed five-fold increases in microsomal oxidase

activities due to BSA (14).

For the past several years, our laboratory has observed a variable
effect of BSA, depending on the conditions of incubation. In early
work under non-optimum conditions of incubation five- to ten-fold
enhancements by BSA were common.

Under our present, more optimum

conditions of preparation and use, BSA gives a maximum increase in

aldrin epoxidation of 20% to 25%.

In

a further investigation of the

BSA effect on epoxidation, incubation conditions were varied with
respect to buffers, rates of enzyme action, and amount of BSA added.
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Phosphate and Tris-HC1 buffers have both been used in the study
of insect microsomal oxidations.
from 0.01 M to 0.20 M (12).

Their concentrations have ranged

Figure 16 shows that incubations which

included phosphate buffer at concentrations greater than 0.05 M gave
the maximum activity of house fly microsomal epoxidase.

Prior to this

study, the incubations for epoxidase activity were made in Tris-HC1
buffer at concentrations below 0.05 M.

When the incubation procedure

was changed to include the optimum buffer, the effect of BSA on the
epoxidase activity was diminished.

The pH optimum for aldrin epoxidation in house fly microsomes
was found to be 7.5.

The percent enhancement of the enzyme activity

was lowest at this pH, and increased as the pH of incubations with
BSA was varied from the optimum.

Therefore, the pH of microsome

incubations influences the effectiveness of BSA.

Figure 17 shows the effect of BSA on the rate of aldrin epoxidation by house fly microsomes.

With BSA, the enzyme activity was

increased approximately three-fold, and the linear portion of the
curve was extended through 15 minutes of incubation.

These results

were obtained from microsome incubations with 0.04 M Tris HC1 buffer
at pH 8.2.

They show that the high percent enhancement by BSA in-

creased as the time of incubation increased.

Figures 18 and 19 pertain to the relationship between the amount
of microsomal tissue and the concentration of BSA used in incubations.
Both figures show that there is an optimum level of BSA to be used
for maximum enhancement of the epoxidase activity.

The optimum was

1 to 2 mg of BSA for each house fly equivalent of microsomes and was
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Figure 16,

The effect of buffers on the activity of
house fly microsomal epoxidase,
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0
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minutes of incubation

Figure 17,

The effect of BSA on the rate of house
fly microsomal epoxidation,
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20 .

without heads
18

0
(426%)

(448%)

(438%)

16

(378%)
14

12

(278%)
10

with heads

8

O
(622%)
6

(611%)

(621%)

(544%)

4

(366%)

0

0

10

20
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40

50

mg, BSA in incubation

Figure 18,

The effect of BSA concentration on the activity of
house fly microsomal epoxidase.
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25

without heads, with BSA (30 mg)
0
(514%)

O
(500%)

O

20

(4414%)

0
(336%)

0/ (274%)

with heads, with BSA (30 mg)
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(691%)
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/
I

without he ads

/(471%)
O
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I//
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0
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fly equivalents of microsomes

Figures 19, The effect of BSA concentration and tissue level on
the activity of house fly microsomal epoxidase.
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the same as the level of BSA which depressed the reduction of DCPIP by
NADPH:cytochrome C oxidoreductase (Figure 15).

This observation

suggests that both the increase of epoxidase activity and the decrease
of oxidoreductase activity are the result of the same effect.
Figures 18 and 19 also show the effect of the head inhibitor.
Microsomes prepared from flies without heads were two to five times
more active than those from the whole fly.

The amount of BSA required

to give maximum stimulation of epoxidase activity was the same for
either source of microsome.

If the BSA were counteracting the head

inhibitor, the microsomes from the whole fly would have required more
BSA for maximum enhancement of the enzyme activity.

BSA caused a

greater stimulation of epoxidase activity in microsomes which did not
contain materials from the fly head.

If an inhibitor which affects

the detoxication enzyme is present, its action must be secondary to
that of the head inhibitor.

That is, the total effect of BSA on the

detoxication enzyme may not be measured when xanthommatin is inhibiting
the activity of the electron transport system.
The data for these two figures also were obtained from incubations

which were not buffered at the optimum pH or molarity, and the epoxidase activities were enhanced as much as ten-fold by BSA.

The fact

that the effect of BSA depends on the conditions of incubation suggests
a role for BSA in maintaining and/or regaining the configurational
integrity of the microsome.

The microsomal particle, suspended in

buffer or an incubation mixture, is far removed from structural and
environmental conditions of the intact cell.

Therefore, a
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configurational change may occur, and may be reversed by the creation
of a more suitable micro-environment by BSA.

A fact which can be cited as evidence in support of this suggestion is that microsome suspensions which have lost their epoxidase
activity during storage are sometimes "reactivated" by the addition
of BSA (Table XII) (14,19).

A recent report (19) has confirmed our

observations that "aged" microsome suspensions did not lose their
activities because of an accumulation of an inhibitor.

Therefore, the

epoxidase enzyme must be present, but in an inactive form which BSA
is able to reactivate.

Additional evidence for this suggestion was presented during the
discussion of the depressed activity of NADPH:cytochrome C oxidoreductase (Figure 15) and the concentration of BSA required for maximum
enhancement of epoxidase activity.

These studies of the effect of BSA on the microsomal electron
transport system and on aldrin epoxidation lead to the following
conclusions:

BSA does not counteract the house fly head inhibitor;

BSA does not affect the efficiency of the electron transport system;
and the BSA enhancement of the microsomal oxidases must involve a ratelimiting process associated with the detoxication enzyme.
Therefore, it is concluded that BSA has at least two beneficial
mechanisms:

1) a protection of the microsome against proteolytic

enzymes (18); and 2) a stabilization of the configuration of the
microsomal particle.
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