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A BSTRA CT

A survey o f  the  tissue and  subcellu lar d is trib u tio n  o f  som e enzym e activ ities o f m ixed- 
fu n c tio n  oxygenase (M FO ) and benzo  [a ] py rene  (BP) m etabo lism  in M ytilu s  edulis  has 
been carried o u t. S ubcellu lar frac tio n s w ere characterized  by  m arker enzym es (pyruvate  
kinase, ß-A '-acetylglucoseam inidase, succin ic  dehydrogenase and g lucose-6-phosphatase) 
and  elec tron  m icroscopy . T he tissues exam ined  in m ale and  fem ale m ussels w ere th e  
digestive g land, gills, m an tle , p o s te rio r a d d u c to r m uscle, fo o t, ‘re s t’ fra c tio n  and  b lood  
cells. Evidence was o b ta ined  th a t  in th e  fem ale digestive gland in  particu la r a significant 
frac tio n  o f  th e  m icrosom es co -sed im en ted  w ith  th e  m ito ch o n d ria  a t 12 0 0 0  X g  and som e 
so lubilization  o f  th e  endop lasm ic  re ticu lu m  also occurred  during hom ogen ization  and 
ex trac tio n . M FO activ ities and cy to ch ro m es w ere localized  in th e  m icrosom es. 
C y toch rom e P-450 was p resen t only  in  th e  digestive gland and th e  P -450-associated 
activ ities w ere highest in th is  tissue. In  co n tras t cy toch rom e b 5 was also p resen t in th e  
gills and  m antle . T he activ ities w ere h igher in th e  digestive gland m icrosom es o f fem ale 
m ussels th an  o f  m ales and  w ere in  fem ales ( m e a n s i  SEM, n =  4): 7 .5  i  0.7 (glucose-6- 
p h ospha te  dehydrogenase), 93 0 .2  ± 54 .6  (N A D H -ferricyan ide  reductase), 156 .5  ± 9.5 
(N A D H -cytochrom e c red u c tase) and  18 .4  ± 4 .6  (N A D PH -cytochrom e c reductase l 
(all in n m o lm in -1 m g-1 p ro te in  a t 25°C ); 31 .0  ± 3.9 (BP hyd roxy lase , p m o lm in -1 mg 
p ro te in  a t 25°C).; 75 .7  ± 11.7  (b5) and  134  ± 64  (P-450) (in p m o lm g -1 p ro te in  and b o th  
th e  poo led  m ateria l o f  b o th  sexes, n =  4). D igestive gland m icrosom al BP hydroxy lase  
activ ity  was partia lly  in h ib ited  b y  carb o n  m onox ide , SK F-525A  and a-naph tho flavone . 
Based on  th is evidence and  an  observed  re la tionsh ip  betw een  m icrosom al BP hyd roxy lase  
and N A D PH -cytochrom e c reduc tase  activ ities, i t  is concluded  th a t a cy to ch ro m e  P-450 
m ed ia ted  M FO system  is p re sen t in mussels.

IN TRO D U C TIO N

Despite early reports to  the  contrary, benzo [a] pyrene (BP) hydroxylase 
activities have recently been detected in bivalve molluscs although the  levels

*A n ab strac t o f  th is w ork  has been  pub lished  in th e  P roceedings o f th e  2nd  In te rn a tio n a l 
Sym posium  o n  th e  R esponses o f  M arine O rganism s to  P o llu tan ts , W oods H ole O cean­
ographic In s titu tio n , W oods H ole, MA 02 5 4 3 , 27—2 9 th  A pril, 1983 (M ar. Environ. R es., 
in  press).
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were considerably lower than in vertebrates or in invertebrates such as 
crustaceans (see Neff, 1979; Lee, 1981; Stegeman, 1981a). In the m ost 
recent study, on the bivalve M ytilus galloprovincialis, significantly higher 
BP hydroxylase specific activities have been recorded (Ade e t al., 1982). 
The implied existence of a m ixed-function oxygenase system in bivalves is of 
interest both from the comparative viewpoint, and in particular in the con­
te x t of the m onitoring of biological effects where the possibility exists tha t 
changes in the enzyme activities or com ponents of the system, in response 
to  organic pollutants, could be used as a specific indicator of biological 
im pact of this group of chemicals (Bayne e t al., 1979; Lee e t al., 1980). Such 
an index of stress would have im m ediate application in programmes of 
environmental impact assessment (Cairns and Van der Schalie, 1980). In 
the  absence of any detailed inform ation on the  tissue and sub-cellular 
distribution of these enzyme activities in bivalves a baseline study has 
been carried out on the comm on mussel M ytilus edulis. Emphasis in 
the study has been placed on a characterization of the subcellular fractions 
and on an examination of the reliability and sensitivity of the assays used; 
low enzyme activities being anticipated.

Subcellular fractions were characterized in term s of electron microscopy 
and m arker enzymes (pyruvate kinase (PK) (E.C.2.7.1.40), ß-AT-acetylglucose- 
aminidase (NAGASE) (E.C.3 .2.1.30), succinic dehydrogenase (SDH) 
(E.C.1.3.99.1) and glucose-6-phosphatase (G6PASE) (E.C.3.1.3.9)); a ratio 
of enzyme activity at pH 5.5 to  6.5 was used to  distinguish between 
microsomal G6PASE and other non-specific phosphatases (see Results). 
Preliminary studies were carried o u t on the digestive gland (hepatopancreas) 
and the  m ethodology then  applied to  the  other tissues in the tissue survey. 
In  the survey, the following enzyme activity or concentration measurements 
were made in the m itochondrial, m icrosomal and cytosolic fractions of the 
m ajor tissues (digestive gland, m antle, gills, posterior adductor muscle, foo t 
and ‘rest’) and also in whole blood cells of male and female mussels, viz. 
glucose-6-phosphate dehydrogenase (G6PDH) (E.C.1.1.1.49), NADH and 
NADPH-dependent cytochrom e c reductase (NAD(P)H-CYTCRED), NADH 
and NADPH-dependent ferricyanide reductase (NAD(P)H-FERRIRED), 
cytochrom es b5 and P-450 and BP hydroxylase. In the case of the digestive 
gland microsomes, a more detailed study was carried ou t including inhibition 
(by SKF-525A, a-naphthoflavone and carbon m onoxide) studies of the  BP 
hydroxylase activity in order to  investigate w hether the reaction was 
cytochrom e P-450-mediated or not. The results are discussed in relation to  
the  other inform ation available for bivalves and to fundam ental aspects of 
m ixed-function oxygenase systems in vertebrates and invertebrates.

M A T ER IA L S AND M ETHODS 

Chemicals
Dithiothreitol (DTT), phenylm ethylsulphonyl fluoride (PMSF), a-1- 

antitrypsin, phosphoenolpyruvate (trisodium  salt), adenosine 5'-diphosphate
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(sodium salt), ß-nicotinamide adenine dinucleotide, reduced form, rabbit 
muscle L-lactic dehydrogenase, p-iodonitrotetraxolium  violet (INT), grade 
I glutaraldehyde, D-glucose-6-phosphate (disodium salt), p-nitrophenyl- 
N-acetyl-ß-D-glucosaminide, p-nitrophenol, ß-nicotinamide adenine dinucleo­
tide phosphate, oxidised form and reduced form  (NADPH), horse heart 
cytochrom e c and a-naphthoflavone (7,8-benzoflavone) were obtained 
from  the Sigma Chemical Co. Ltd. (London); benzo [a] pyrene from  the 
Aldrich Chemical Co. L td. (U.K.) and [G-3H ] -benzo[a] pyrene (24 Ci 
m m ol-1) from  Amersham International PLC (Amersham, U.K.). Osmium 
tetroxide, Taab resin and uranyl acetate were obtained from  Taab 
Laboratories (Reading, England) and SKF-525A (2-diethylaminoethyl-2,2- 
diphenylvalerate) was a kind gift from  S. O ’Hara, Marine Biological 
Association, Plymouth, England. All o ther chemicals were obtained from 
BDH Ltd. (Poole, U.K.).

Mussels and sample preparation
Periodically mussels (4.2—5 cm in length) were collected at low tide from  

Whitsand Bay, Cornwall, near Plym outh and kept in a system of am bient 
recirculating seawater w ithou t food for 2—3 days to  clear gut contents. 
Animals for the tissue survey and the blood analysis were brought in on, 
respectively, the 12th November and 31st December 1982. The sex of the 
animals was determined by examining a smear of the m antle tissue under a 
light microscope for the presence of sperm or ooctyes. In the preliminary 
and other studies, the digestive gland was dissected out, damp-dried, the 
crystalline style removed and the tissue either weighed and used immediately 
or frozen in liquid-nitrogen and stored at — 70°C before use. In the tissue 
survey, the gills, m antle, posterior adductor muscle, foo t and the rest fraction 
were also dissected ou t and all the tissues were frozen in liquid-nitrogen and 
stored at — 70°C. The dissections were all perform ed on the same day; the 
tissues from twelve mussels were pooled to  give each sample (in the case of 
the foo t extra mussels were used to  give sufficient material for analysis) and 
four samples were taken for each sex (in the case of the foo t and adductor 
muscle, only two samples were taken per sex). Blood was obtained from the 
posterior adductor muscle sinus by hypoderm ic syringe, the m aterial from
4—6 mussels was pooled to  give each sample and four samples were taken 
per sex; the material was kept on ice until sex-determination was complete 
and then  used immediately.

The homogenization procedure routinely used for the  preparation of 
digestive gland microsomes was as follows. Fresh or frozen tissue was weighed 
and all subsequent procedures were carried ou t a t 4° C. The tissue was 
homogenized in a 1 :4  w/v ratio (tissue weight : buff er volume) in 20 mM  
Tris—HC1 pH 7.6 containing 0.5M  sucrose, 0.15MKC1, 1 mM EDTA 
(ethylenediam inetetraacetic acid), 1 mM DTT and 100 pM  of the  protease 
inhibitor PMSF (added to  the buffer from  a stock solution in isopropanol 
just before hom ogenization to  prevent its aqueous inactivation; James, 1978) 
using a Potter—Elvehjem teflon homogenizer; the homogenizer was
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electrically-driven and sufficient passes were m ade to  remove any visible 
particulate tissue material. The hom ogenate was centrifuged in an M.S.E. Hi- 
spin 21 centrifuge a t 500 x g  for 1 h and th e  resulting supernatant at 
12 000 x g  for 45m in. The 12 000 x g  pellet was resuspended in a reduced 
volume of homogenization buffer and recentrifuged at 12 000 x g  for 45 min. 
The combined 12 000 x g  supernatants were th en  centrifuged in an M.S.E. 
Prepspin 50 ultracentrifuge at 100 000 x g  fo r 90 min and the  resulting 
microsomal pellet resuspended in 20 m M Tris—HCl pH 7.6 containing 20% 
w/v glycerol, 1 mM EDTA and 1 mM  DTT to  give a protein concentration 
of about 4—8 mg per ml. The resuspended microsomes were either used 
imm ediately or stored at — 20 or — 70° C.

In the tissue survey the samples were processed in random  batches of six. 
The hom ogenization was as described for the preparation of digestive gland 
microsomes except tha t u-1-antitrypsin was included in the  homogenization 
buffer (final concentration of 0.1 mg per ml buffer) and the homogenization 
w :v  ratio varied for the different tissues, viz. 1 :3  (digestive gland, gills, 
m antle), 1 :2  (rest), 1 :6  (foot) and 1 :5  (posterior adductor muscle). The 
tissues were homogenized while frozen and the  500—12 000 x g  pellet after 
the second 12 000 x g  spin (=  washed ‘m itochondrial’ fraction) was retained 
and resuspended in the same buffer volume as fo r the microsomal fraction. 
The 100 000 x g  supernatant was also retained (— cytosolic fraction) and 
after the preparation procedure was com pleted, the m itochondrial, m icro­
somal and cytosolic fractions were subdivided into a num ber of aliquots 
which were either used immediately or frozen overnight a t - 20°C before 
analysis. The freshly prepared aliquots were used for the determ ination of 
cytochrom es b5 and P-450 and m ost of the BP hydroxylase assays, and the 
frozen aliquots for the m easurem ent of the activities of the m arker enzymes, 
G6PDH and the reductases and the concentration of protein. An exception 
was cytosolic PK and G6PDH which were determ ined on cytosolic fractions 
kept overnight a t 4°C.

In the blood analysis study all procedures were similarly carried o u t at 
about 4°C. The pooled blood samples were centrifuged at 1000 x g  for 10 
min and the resulting pellet of blood cells resuspended in the same volume 
of filtered sterilised seawater. A fter a second spin, the blood cells were 
suspended in a reduced volume of the microsom al buffer (see before), to  
give a protein concentration of abou t 1 mg per ml, and dispersed by 
minimum sonication. The freshly prepared samples were used immediately 
fo r all the assays except protein determ ination which was carried out later 
on frozen material.

M easurement o f  enzym e activities and concentrations and protein con­
centration

All enzyme assays were carried o u t at 25° C and all preliminary studies 
referred to  were on digestive gland microsomes. Spectrophotom etric and 
colorimetric measurements were carried ou t on a Pye—Unicam SP8-200 
double-beam scanning spectrophotom eter. In the  tissue survey all enzyme



213

reaction rates were linear with the exception of NADPH-FERRIRED activity 
and some of the cytosolic reductase activities which showed curvilinearity. 
In the digestive gland microsomes, linearity was observed between sample 
size and activity over a five fold volume range of the form er, for all enzyme 
activities except NADPH-FERRIRED.

PK, NAGASE and G6PASE were assayed respectively, by the m ethods 
described in Livingstone and Bayne (1974), Barrett and Heath (1977) 
and Baginski et al. (1974); the buffer routinely used for the G6PASE assay 
was 50 m M sodium cacodylate—HC1 pH 5.5 or 6.5. SDH was assayed by a 
m odification of the m ethod of Kmetec (1966) and the increase in absorbance 
of INT a t 540 nm was followed. Contained in a final volume of 1.0 ml were 
50 mM Tris—HC1 pH 7.6, 1 mM KCN, 0.06% w/v INT and 20 mM sodium 
succinate. The reaction was run against a reference cuvette containing 
everything except succinate and initiated by the simultaneous addition of 
sample to both cuvettes. Total protein was determ ined by the m ethod of 
Lowry et al. (1951).

G6PDH was assayed as described by Livingstone (1981); small sample 
volumes were used to  minimize endogenous inhibition effects. Ferricyanide 
reductase activities were determ ined by measuring the decrease in absorbance 
at 420 nm in a reaction m ixture containing in a final volume of 1.0 ml, 
50 mM Tris—HC1 pH 7.6, 1 mM KCN, 0.2 mM potassium ferricyanide and 
0.26 mM NAD(P)H. The sample was added to the preincubated reaction 
m ixture lacking NAD(P)H and the rate of reaction between sample and 
ferricyanide recorded; this rate was relatively low and linear except in 
some cytosolic samples. The NADH or NADPH was then  added and the 
reaction proper recorded. From  this net rate was subtracted the  previously 
determ ined rate of reduction of ferricyanide by NAD(P)H in the  absence 
of enzyme sample and the activity was calculated using an extinction 
coefficient of 1 .02m M _ 1 cm _1 (Ichikawa et al., 1969). Cytochrom e c 
reductase activities were determ ined by measuring the increase in absorbance 
a t 550 nm  in a reaction m ixture containing in a final volume of 1.0 ml, 
50 mM Tris—HCl pH 7.6, 1 mM KCN, 30 pM cytochrom e c and 0.26 mM 
NAD(P)H. Following addition of sample to  the preincubated reaction 
m ixture lacking NAD(P)H, a rapid reaction was observed between sample 
and cytochrom e c which quickly plateaued-off and which varied greatly 
between samples. The reaction proper was then started by the  addition of 
NADH or NADPH and, after subtraction of the non-enzymic rate between 
cytochrom e c and NAD(P)H, the activity calculated using an extinction 
coefficient of 19.6 mM-1 cm -1 (Shim akata e t al., 1972). The effect of the 
reaction between cytochrom e c and sample was minimised by the use of 
small sample volumes; such reactions have been observed elsewhere and 
concluded to  be non-enzym atic (Pohl and Wiermann, 1981).

BP hydroxylase was assayed by the  sensitive radiom etric m ethod of Van 
C antfort e t al. (1977) using a m odification of the technique described by 
Binder and Stegeman (1980). The sample was incubated in a reaction m ixture 
containing in a final volume of 1.0 ml, 50 mM Tris—HCl pH 7.6, 0.4 mM
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NADPH, 2 mg bovine serum albumen, 0.06 mM  of [G-3H] benzo[ö] pyrene 
(about 300 ¿¿Ci per ¿¿mol) and, depending upon the sample, about 0.5— 
2 mg of microsomal or other protein. The reaction was initiated by the 
addition of BP in acetone and aliquots of the assay m ixture were removed 
after 1 and 15 min of incubation and the reactions stopped by transfer to 
tubes containing 1 .0m l of 0.15M  KOH in 85% v/v DMSO (dimethyl- 
sulphoxide). The stopped reaction m ixture was extracted twice with 7.5 ml 
hexane and the aqueous phase counted after addition of 700 ¿¿10.35A HC1; 
counting efficiencies were determined by use o f internal standards. Time 1 
m inute polar counts were kept to  a minimum by routine purification of the 
[3H]-BP substrate (stored frozen at — 20°C) (DePierre e t al., 1975) and in 
the m ost active assays a doubling of polar counts was observed over the 
15 min period. The BP hydroxylase activity of digestive gland microsomes 
was linear with a sample size assay concentration of 0.28—1.4 mg procein per 
ml, the rate was linear over the first 15 min of the assay and the minimum 
rate th a t could be determined accurately by the  assay procedure was less 
than l.O pm ol per min. No variation due to  carrying out the reaction in the 
absence or presence of light could be determ ined and no reaction in the 
absence of sample could be detected (Van C antfort et al., 1977). The rates 
of reaction using heat-denatured samples varied between 0—30% of the 
native rate bu t the results were n o t reproducible; such rates are likely to  be 
due to  non-enzym atic hydroxylations (Yip, 1964; Trelstad e t al., 1981) and, 
given th a t they were no t reproducible and the  conditions producing them  
m ight have resulted from the dénaturation process, they have no t been 
subtracted from  the native rates in calculating the  BP hydroxylase activities.

Cytochrom e P-450 was quantified in the  tissue survey study from  the 
carbon m onoxide difference spectrum  of sodium  dithionite treated samples 
determ ined according to  the m ethod of Omura and Sato (1964). The buffer 
was 50 m M Tris—HCl pH 7.6, dithionite was added before bubbling with CO 
and the P-450 was quantified using an extinction coefficient of 91 mM-1 
cm -1 (450—490 nm) (Estabrook and Werringloer, 1978) or 52 mM-1 cm -1 
(460—490 nm) (Estabrook et al., 1972). In later experiments on digestive 
gland microsomes, a m odification of this procedure was used to  eliminate 
spectral interference resulting from  an interaction between CO and the 
‘oxidised’ sample (see results): CO was bubbled through the  sample beam 
cuvette before addition of dithionite and any spectral changes removed by 
autom atic baseline-correction. In both  procedures, scans were repeated over
5—10 min until maximum peak sizes were observed. Excess dithionite was 
avoided as it resulted in the form ation of a  white ‘precipitate’, which 
presum ably was colloidal sulphur (Estabrook e t al., 1972), and a continually 
changing baseline. Cytochrom e b5 was similarly determined by differenee- 
spectrum, the  sample being placed in 50 mM Tris—HCl pH 7.6 in both beams 
of the  spectrophotom eter and the sample-beam cuvette being reduced by the 
addition of NADH in water (final concentration: 600 ¿¿M). The cytochrom e 
b5 was quantified using an extinction coefficient of 185 mM-1 cm-1 (426— 
409 nm; a correction was applied for the absorbance of NADH at 409 nm)
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(Estabrook and Werringloer, 1978) or 112 mM 1 cm 1 (425—490 nm) (Raw 
and Mahler, 1959).

In the tissue survey, and other work, unwashed microsomes were generally 
used in order to minimize centrifugation time and because washing resulted 
in a more compacted pellet th a t was difficult to  resuspend w ithout significant 
agitation. Enzyme specific activities and concentrations o f the m itochondrial 
and microsomal fractions have therefore been corrected for cytosolic con­
tam ination using the percentage presence of PK (cytosolic marker) and a pre­
determ ined factor which represented the am ount of PK that could be 
washed out of the subcellular fraction (=  cytosolic contam ination) and the 
am ount tha t was non-specifically bound to  the pellet.

Inhibition studies
Inhibition studies were carried o u t on digestive gland microsomes. Carbon 

m onoxide treatm ent was effected in two ways: (1) it was bubbled slowly 
for varying periods of time through the reaction m ixture containing 
microsomes, on ice, and the reaction initiated a t 25°C by the addition of 
[3H] -BP; controls in which air was bubbled instead of CO were also run. (2) 
CO was bubbled vigorously through the reaction m ixture, microsomes were 
then added and the  atm osphere above the m ixture on ice perfused with CO 
for several minutes with occasional gentle agitation before carrying o u t the 
reaction at 25°C by the addition of [3H]-BP. a-Naphthoflavone and SKF- 
525A studies were carried ou t by adding them  mixed in with the [3H]-BP 
substrate to  give a final inhibitor concentration of 0.1 mM.

Electron microscopy
M itochondral and microsomal pellets were prepared from  the digestive 

gland as described previously and fixed for 1 h in 3% glutaraldehyde solution 
in 0.1M  sodium phosphate buffer pH 7.2 containing 2.5%NaCl. They were 
then  rinsed in three changes of the  0.1 M phosphate buffer for 15 min each, 
cu t into 1m m  cubes and post-fixed in 1% osmium tetroxide in 0.1 M phos­
phate buffer pH 7.2 for 1 h. Following three more rinses of 15 min each in 
the 0.1 M phosphate buffer, the pellets were dehydrated through a graded 
ethanol series, embedded in Taab resin and ultrathin sections cut on a 
Reichert OMU2 ultram icrotom e. Sections were stained with aqueous 
saturated solution of uranyl acetate (10 min) and lead citrate (Reynolds, 
1963) for 10 min and examined in a Philips 200 electron microscope.

Statistical analysis
Mean values are expressed as ± standard error (SEM). Groups of values 

were compared by one-way analysis of variance. The correlation between 
tw o sets of data was examined by determ ining the  Pearson product m om ent 
correlation coefficient (Croxton, 1953). In the statistical analyses a level 
of significance of <  0.05 was accepted as significant.
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R ESU LTS

Subcellular characterization
The m arker enzymes were chosen to  represent the following subcellular 

com ponents: cytosol (PK), m itochondria (SDH), lysosomes (NAGASE) 
(Barrett and Heath, 1977) and endoplasmic reticulum  (G6PASE) (Nordlie, 
1974), although in no case was the localization expected to  be exclusive; 
e.g. SDH is also found in the yellow pigm ent granules, known as cytosomes, 
in molluscs (Zs.-Nagy, 1977). The preliminary characterization studies 
were all carried out on digestive gland with no regard to  the  sex of the 
individual and the results obtained (no t shown) were interm ediate between 
those fo r the  separate sexes in the  tissue survey (see Table 1). PK was almost 
entirely cytosolic (100 000 x g  supernatant) and NAGASE had a similar 
distribution indicating th a t the  lysosomes were being broken up by the 
hom ogenization procedure and th a t contam ination of the 500—12 000 x g  
(hereafter term ed the ‘m itochondrial fraction’) and 12 000—100 000 x g  
(hereafter term ed the ‘microsomal fraction’) pellets by whole lysosomes was 
likely to  be small. SDH was observed to  sedim ent as ‘early’ as 2500g- and 
about 80% or more was usually found in the m itochondrial pellet, con­
firming its identity.

G6PASE was present in all fractions and in highest activity in the cytosol. 
The cytosolic activity was indicated by the pH-characteristics of the  cytosolic 
and microsomal fractions (Fig. 1A) to  be due to  ‘non-specific’ phosphatases 
released from  broken lysosomes, and n o t to  unsedim ented microsomes. 
These pH-profiles appeared to  reflect the  pH-optima differences of the two 
types of enzyme (G6PASE is classically pH 6 (Nordlie, 1974) compared w ith 
the lower pH 3—5 for m ost lysosomal hydrolases (Barrett and Heath, 1977)). 
The microsomal fraction showed little or no increase in activity from  pH 6.5 
to  5.5 compared with a sm oothly increasing activity in the cytosol up to  an 
optim um  of pH 4.5; the increase in activity in the microsomes from  pH 5.5 
to  4.5 presum ably represents lysosomal or cytosolic contam ination. A ratio 
of the G6PASE activity at pH 5.5 and pH 6.5 was therefore used in the 
survey to  indicate the source of the  phosphatase activity; a value of <  1 
being expected for the microsomal G6PASE and considerably greater than 
this for the  lysosomal phosphatase.

The pH ratios obtained for the m itochondrial fractions were generally 
lower than those for the  cytosolic fractions indicating th a t some m icro­
somes (endoplasmic reticulum) were co-sedimenting with the m itochondria 
at 12 000 x g, e.g. see Table 1. A second im portant result, indicated from 
the pH activity ratio data, was th a t during the hom ogenization and extraction 
procedure there was a loss of m aterial from  the endoplasmic reticulum  into 
the cytosol. The values for the microsomal and cytosolic ratios varied in 
different studies and showed a relationship w ith the percentage of the to ta l 
G6PASE activity tha t was present in the  microsomal fraction (Fig. IB). 
Whereas the declining microsomal ratio is explainable on the basis of a 
decreased likelihood of cytosolic contam ination, the cytosolic ratio should
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30

X10 C ytosol C y toso l

25 ▲

A

m
S 10

LU
CO

i M icrosom es ▲ M icrosom esA

0-5

4-5 6-5 7-5 25 50
pH m icrosom al ac tiv ity  a s  % of

to ta l m icrosom al a n d  cy to so lic  
ac tiv ity

Fig. 1. G 6PA SE ac tiv ity  o f th e  m icrosom al and  cy to so lic  frac tions o f  digestive gland. 
(A ) ac tiv ity  vs. pH , m eans and  range show n (n =  2); 50  m M  bu ffer, (■) trie th an o lam in e— 
HC1; (n ) sod ium  cacody la te—HC1; (A) sod ium  citra te—citric  acid. (B) ra tio  o f ac tiv ity  
a t pH 5.5 to  6.5 vs. m icrosom al activ ity  as a percen tage  o f  m icrosom al p lu s cytoso lic  
ac tiv ity  in w hole tissue; co rre la tion  coeffic ien t o f  line (r) =  0 .863  (cy to so lic  pH  ra tio ) 
and  0 .8 3 3  (m icrosom al pH  ra tio ) (n  =  11 for b o th  data  sets).

be unaffected by changes in microsomal com position and the similar decline 
suggests a release o f  G6PASE from the endoplasmic reticulum  into the 
cytosol affecting the enzyme activity m easurem ents; this general conclusion 
was supported by the  detection in the tissue survey of cytochrom es b5 and 
P-450 in the  cytosol of certain tissues (see nex t section).

The results of the  electron microscopy were in agreement w ith the  marker 
enzyme study. The 500—12 000 x g pellet contained mainly m itochondria 
bu t with the  presence of vesicles of rough endoplasmic reticulum  and an 
occasional large vesicle of sm ooth endoplasmic reticulum  (Fig. 2A and B). 
In contrast, m itochondria and rough endoplasmic reticulum  were absent 
from  the 12 000—100 000 x g  pellet which was characterized by many



Fig. 2. E lec tro n  m icrographs o f  subcellu lar frac tio n s o f digestive gland. (A and  B) 5 0 0 — 
12 000  X  g  p e lle t show ing m ito ch o n d ria  (a) and  vesicles o f  rough  endoplasm ic re ticu lum  
(b). (C and  D) 12 000—100 000  X  g pelle t show ing vesicles o f  sm o o th  endoplasm ic 
re ticu lu m  (c) and p articu la te  m aterial. M agnifica tion : X  32 000 ; scale b a r: 0 .3 /um.

vesicles of sm ooth endoplasmic reticulum  and various particulate material 
which presumably is mainly free ribosomes and glycogen particles (Fig. 2C 
and D). The sedimenting of the rough endoplasmic reticulum  before the 
sm ooth has been observed for other sources, e.g. rat liver (Dallner, 1963). 
The diam eter of the sm ooth vesicles varied between about 90 and 500 nm 
with the mean around 200—250 nm com pared with 50—100 nm for rat 
liver (Dallner, 1963) and 100—250 nm for rat lung (Johannesen e t al., 
1977); the diam eter for the rough vesicles was about 300 nm compared 
with 100—300 nm for rat liver (Dallner, 1963). Lysosomal vesicles in 
M ytilus  are usually considerably larger than  those of the endoplasmic 
reticulum  (Moore, 1982, personal com m unication) and were only occasionally 
observed in the electron micrographs.
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Tissue survey and inhibition studies
The subcellular distributions of the m arker and other enzyme activities in 

some of the tissues are given in Table 1. The distributions of PK, NAGASE 
and SDH o f all the tissues were similar to  those already described for the 
digestive gland with the  exception of SDH in th e  male m antle which was 
located primarily in the microsomal fraction; SDH differences were also 
found for the  foo t and adductor muscle bu t th e  to ta l activities were low 
and the  variability high (data n o t shown). A m ajor sex difference was seen 
in the distribution of G6PASE in the digestive gland, the  activity being 
greater in the m itochondrial fraction of females and the pH ratio  con­
firming its microsomal nature. The co-sedimenting of microsom al material 
with the  m itochondrial fraction was also clearly indicated for the  rest fraction 
of bo th  sexes but less so or no t at all for the other tissues. The specific 
activity of G6PDH was high in m ost tissues b u t the enzyme was primarily 
cytosolic. NAD(P)H-FERRIRED and NAD(P)H-CYTCRED activities were 
present in all subcellular fractions as might be expected as, in addition to 
flavoprotein com ponents of the mixed function oxygenase (MFO) system, 
the  same assay reactions are catalysed by parts of the  m itochondrial electron 
transport chain, by soluble enzymes such as xanthine oxidase (E.C. 1.2.3.2.) 
and by the so-called diaphorases (Lind and Ernster, 1974); non-enzymatic 
cytosolic reductase activities are also known (Johannesen et al., 1977). BP 
hydroxylase was generally indicated to  be absent from  the cytosol, and in 
the digestive gland was present in both the m itochondrial and microsomal 
fractions; the  same was generally found for the  other tissues although the 
variability was high. The G6PASE activities indicate tha t a large part o f the 
m itochondrial BP hydroxylase in the female digestive gland is due to  micro­
somal contam ination.

The specific activities of the MFO-associated enzyme activities are given 
in Table 2. After correction for cytosolic contam ination a microsomal 
G6PDH activity was detectable in some tissues b u t the values were low and 
showed no consistent variation w ith tissue-type or sex; a low microsomal 
NADPH-FERRIRED activity was also detectable in m ost tissues. The 
NADH-FERRIRED and NADH-CYTCRED activities were generally highest 
in the microsom al fractions with no obvious differences between the major 
tissues. In contrast, the BP hydroxylase and NADPH-CYTCRED activities 
were highest in the microsomes of the digestive gland and higher in those 
of female than  of male mussels. BP hydroxylase was also present in all the 
other major tissues bu t generally no t in the foo t or adductor muscle. Con­
sidering all the microsom al data of the major tissues (digestive gland, gills, 
m antle, rest) together (n = 28), a positive correlation was observed between 
BP hydroxylase and NADPH-CYTCRED activities (correlation coefficient 
r =  0.89) b u t n o t between the form er and NADH-CYTCRED (r =  0.32) 
or NADH-FERRIRED (r -  0.17) activities.

The results for the  cytochrom e determ inations are given in Fig. 3 and 
Table 3. Cytochrom e b5 type spectra were found in digestive gland, gills 
and m antle and in bo th  the microsomal and cytosolic fractions. In contrast,
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Fig. 3. C y to ch ro m e  b5 (N AD H  difference  spec trum ) an d  P-450 (C O -d ith io n ite /d ith io n ite  
d ifference  spec trum ) spec tra  o f  digestive gland m icrosom al (poo led  sex) and cytoso lic  
(fem ale m ussels on ly ) frac tions, (a) sam ple and bu ffe r on ly  in b o th  cuvettes; (b) 
su b sequen t ad d itio n  o f  CO to  sam ple in sam ple cu v e tte ; (c) su b seq u en t ad d itio n  (a fte r 
baseline co rrec tio n ) o f  d ith io n ite  to  b o th  cuvettes.

cytochrom e P-450 was found only in the  digestive gland, mainly in the 
microsomal fraction bu t also in the cytosol of female mussels. Maximum 
values for P-450 were obtained only when CO was added before the 
dithionite, and the  baseline shift then compensated for (Fig. 3. traces a—c). 
A second major CO-binding reduced-molecule absorbance peak was observed 
around 413—417 nm and was present in both the microsomal and cytosolic 
fractions of a num ber of tissues; the ‘concentration’ of^the peak was highest 
in the  digestive gland cytosol (Table 3). The presence of bo th  cytochrom e b5 
and P-450 in the cytosol of the digestive gland, together with the  previously 
discussed results for G6PASE (Fig. IB), indicate th a t some m aterial from the 
endoplasmic reticulum  is being solubilized during the tissue extraction 
process.

Calculating the microsomal yields of protein, enzyme activities and 
cytochrom es clearly indentifies the digestive gland as the main site of the 
MFO system in M. edulis, particularly if the m itochondrial and cytosolic BP 
hydroxylase and cytochrom es are assumed to be microsomal in origin (Table 
4); the levels of the various com ponents are 2—10 times higher than in the 
microsomes of the other tissues and m ost significantly, P-450 was detectable 
only in the digestive gland. The sex difference in the digestive gland is
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marked with respect to  BP hydroxylase and cytochrom e P-450 bu t n o t with 
respect to  NADPH-CYTCRED. Cytochrom e b5 is clearly present in highest 
concentration in the digestive gland bu t also in reasonable concentration in 
the gills and mantle.

The various enzyme activities were detected in blood cells bu t no con­
sistent sex differences were seen (Table 5); no cytochrom e P-450 or b5 was 
detectable. The BP hydroxylase activity of digestive gland microsomes was 
inhibited by three classical inhibitors of cytochrom e P-450 but in no case 
was the inhibition complete (Table 6).

TABLE 6
IN H IBITIO N  STU D IES OF T H E  BP H Y D R O X Y LA SE A CTIV ITY  O F D IG ESTIV E 
G LA ND  M ICROSOM ES O F M. edulisa

Inh ib ito r A ctiv ity  in presence o f  in h ib ito r expressed 
percen tage  o f  th e  c o n tro l activity

as a

0 .1 m M  SK F-525A
0.1 m M  7 ,8-benzoflavone
COb
(a) perfusion
(b) bubbling T im e:

56.4  ± 9.2 
40 .9  ± 23.9

62.8  ± 4.2 (range) 
0 5 15 (m in)

A ir: 100 76.3 53.4
CO: 100 71.4 26.9

aValues are m eans ± SEM (n  =  4) o r m eans and range w here n =  2 and are  the poo led  
data fo r a n um ber o f  experim en ts; co n tro l activities used in th e  experim en ts varied 
betw een  6.8 and 1 7 .2 p m o lm in  1 m l 1 assay m ix tu re.
bCO was e ither bubbled  fo r varying p eriods o f  tim e o r th e  assay m ix tu re  first perfused  
w ith  CO before th e  in itia tio n  o f  th e  reaction  (see M ateria ls and M ethods fo r fu r th e r 
details).

DISCUSSION

Despite early reports of the absence of aryl hydrocarbon hydroxylase and 
other activities of the MFO system in bivalve molluscs including M. edulis 
(see Lee, 1981; Stegeman, 1981a), in recent years a num ber of such activities 
have been detected in vitro bu t a t low levels compared with vertebrates or 
even invertebrates of o ther phyla, viz. BP hydroxylase in M. edulis 
(Stegeman, 1980, 1981a, b; Mix e t al., 1981; Payne et al., 1983) and 
Crassostrea virginica (Anderson, 1978a, b), biphenyl hydroxylation in M. 
edulis (Willis and Addison, 1974), aldrin epoxidation in M. edulis (Moore 
e t al., 1980), A nodonta  sp. (Khan e t al., 1972) and M. californianus (Krieger 
et al., 1979, 1981) antipyrine hydroxylation in M. californianus (Krieger 
et al., 1979) and p-nitroanisole O-demethylation in M. californianus 
(Trautman e t al., 1979). Studies on m utagenicity (Parry e t al., 1981; Dixon 
et al., 1983), in vivo transform ation (Krieger e t al., 1979) and the apparent 
inducibility of the MFO-associated NADPH-neotetrazolium reductase
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activity (Moore e t al., 1980) have also indicated the existence of a bivalve 
MFO system. The results of this study confirm th e  earlier observations and, 
with the work of Ade e t al. (1982), clearly establish th a t a cytochrom e 
P-450-mediated MFO system is present in M ytilus  in activities comparable 
to  those of other marine invertebrates (Table 7). Furtherm ore, this MFO 
system is primarily or to tally  m em brane-bound in the endoplasmic 
reticulum, as was concluded by Stegeman (1981b), and is localised predom i­
nantly in the digestive gland, which is in agreem ent with the indications of 
earlier enzyme studies (Anderson, 1978a; Moore et al., 1980) and the 
observation tha t this tissue is an im portant site in th e  uptake of hydrocarbons 
(Lee e t al., 1972; Palmork and Solbakken, 1981; Riley et al., 1981; Widdows 
e t al., 1983).

In a num ber of respects the mussel MFO system is indicated to  be similar 
to  th a t typically described for mammals (see Sato and Omura, 1978) i.e. 
from  the presence of the cytochrom es and enzyme activities, the  relationship 
between NADPH-cytochrome c reductase and BP hydroxylase activities, and 
the inhibition studies. In o ther respects differences are seen: the inhibitory 
effect of o:-naphthoflavone is more akin to  th a t seen for other marine 
invertebrates (see below) and some fish (Stegeman e t al., 1979) and the 
NADH-reductases activities are relatively higher than in mammals (Table 
7 — compare microsomal com ponents of ra t and M. edulis); it  has been 
suggested tha t reductive enzymes may be of a m ore primitive nature than 
oxidative enzymes in drug metabolism (see Carlson, 1972).

An endogenous function for the system is possibly suggested by the 
differences between male and female mussels; sex differences in MFO 
activities and com ponents are well known in o ther organisms, e.g. in rat 
(Kremers et al., 1981), fish (Stegeman, 1981a) and crabs (Lee e t al., 1977; 
O’Hara et al., 1982). The prim ary localisation of the MFO system in one or 
several tissue-types is well-established for vertebrates (the liver) and is also 
the case for the o ther marine invertebrates so far studied (see Lee, 1981; 
Stegeman and Kaplan, 1981; O ’Hara e t al., 1982). Similarly, the wider tissue 
distribution of cytochrom e b5 is often observed (e.g. Benedetto e t al., 
1981). The inhibition effects (see Table 6) were similar to  those observed 
for other marine invertebrates, viz. percentage inhibitions were, 100 ¡iM 
SKF-525A: 35% (the crab Carcinus maenas; O ’Hara et al., 1982) to  48% 
(the crab Callinectes sapidus; Singer et al., 1980); lOO/iM n-naphthoflavone 
21% (the ragworm Nereis virens; Lee and Singer, 1980) to  84% (C.sapidus) 
and CO (various bubbling tim es): 55% (N . virens), 70% (the barnacle Balanus 
eburneus; Stegeman and Kaplan, 1981) and 100% (C. maenas); the reaction 
was also inhibited by CO in the digestive gland of the oyster Crassostrea 
virginica (Anderson, 1978a). The significance o f the incom plete inhibition 
by CO is unknow n bu t may indicate tha t some o f the BP polar m etabolites 
are produced by enzyme systems n o t involving P-450 (e.g. see Reed and 
M arnett, 1982). I t  is possible to  calculate P-450 turnover numbers for BP 
hydroxylase activity, bu t these can only be approxim ate for M. edulis, as 
they are determ ined in term s of to ta l m etabolites. However, the values are
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similar to  those for o ther marine invertebrates, viz. in nm ol product m in-1 
nm ol-1 P-450 (calculated from  Table 7), M. edulis, 0 .23 ; C. sapidus, 0.23; 
B. eburneus, 0 .3 9 ;TV. virens, 0.22.

Comparing the data with tha t available for the o th e r  bivalves, M. gallo­
provincialis (Ade e t al., 1982) and M. californianus (Krieger et al., 1979), 
both similarities and differences are seen. The difference absorbance 
maximum of cytochrom e b5 was lower than tha t for M. galloprovincialis 
(425 nm c.f. 428 nm) and microsomal b5 levels were similar to  those 
recorded for M. californianus bu t somewhat less than  those for M. gallo­
provincialis. Cytochrom e P-450 levels were higher th an  those recorded for 
M. galloprovincialis. The drop in baseline on addition o f  carbon m onoxide 
to the ‘oxidised’ sample (see Fig. 3, traces a—c) may be due to  cytochrom e 
oxidase (E.C.1.9.3.1) (Ade et al., 1982) bu t if this is so then  the enzyme 
m ust be already partially reduced and presumably also som ew hat denatured 
as no difference absorbance maximum was observed a t 430 nm (Vanneste, 
1965). The other m ajor CO-binding reduced-molecule absorbance peak 
occurred at a lower wavelength than for M  galloprovincialis (413—417 nm 
c.f. 424 nm) and was accompanied by distinct a- (568.3 ± 1.7 nm, n = 3) 
and ß- (534.5 ± 0.9 nm, n = 6) bands indicating the haem oprotein nature 
of the molecule; the  molecule may be a breakdown product of cytochrom e 
P-450 but given its wide distribution is more likely to  be some other 
haem oprotein such as a cytochrom e or a peroxidase (e.g. Lindenmeyer and 
Smith, 1964; Appleby, 1969). The blood cell BP hydroxylase activities 
were somewhat greater than previously recorded aldrin expoxidation 
activities (Moore e t al., 1980) and the failure to detect cytochrom e P-450 
leaves the nature of these reactions a m atter for future study.

The MFO activities of bivalves are often regarded as being low but this is 
in comparison to  the activities for vertebrates. In relation to  their own 
metabolism, the activities are those to  be expected. This po in t is illustrated 
in Table 7 where a verte brate/in verte brate comparison is made between 
microsomal MFO activities and cytochromes and the specific activities of 
some regulatory enzymes of intermediary metabolism which represent 
the maximum potential fluxes through various im portan t pathways 
(Newsholme and Start, 1973), viz. phosphofructokinase (glycolysis), phos- 
phorylase (glycogenolysis) and hexokinase (glucose utilization). Comparing 
rat and M. edulis it can be seen th a t the activities of the regulatory enzymes 
of intermediary metabolism are an order of m agnitude less in the bivalve and 
similarly, w ith the exception of the  NADH-reductases, the same relationship 
is observed for the microsomal enzyme activities and com ponents.

The BP hydroxylase activities in this study and in the study of Ade et al. 
(1982) were higher than  those of previous studies i.e. 20—30 pm ol product 
m in-1 mg-1 protein compared with about 1—5. Furtherm ore, from  the 
tissue survey data and the percentage tissue com position of the mussels, 
whole animal BP hydroxylase activités of 18.8 (male) and 39.7 (female) 
pmol m in-1 g-1 w et weight can be calculated. This poses the  question as to  
why in vivo oxidative transform ations have been difficult to  detect in mussels
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and other bivalves (e.g. Lee e t al., 1972; Widdows et al., 1983). Contributary 
factors to low in vitro activity may have included assay technique difficulties, 
the possible presence of endogenous inhibitors (Lee, 1981), and activity loss 
brought about by early sedim entation of microsomes with the m itochondrial 
fraction, solubilization of the endoplasmic reticulum  and high protease 
activity. In relation to  both in vitro and in vivo activities, three factors are 
seasonality, conjugation reactions and animal condition. Seasonal variations 
in general enzyme activities are well known for M. edulis (Livingstone and 
Clarke, 1983) and have been indicated for MFO activities (Parry e t al., 1981; 
Stegeman, 1981b). In our own studies the digestive gland BP hydroxylase 
activities measured in the tissue survey were the  highest we have recorded 
and a t other times of the year activities have been very low and microsomal 
preparations visibly of poorer quality. Conjugation reactions have been 
suggested as a major fate for polar m etabolites in M. edulis (Ernst, 1979; 
Brown e t al., 1983) and it is possible th a t they could function to  efficiently 
remove the products of the MFO reaction. Finally, the activities of drug- 
m etabolizing enzymes are influenced by nutritional status (Fielding and 
Hughes, 1976) and presum ably animal health; in M. edulis, declines in 
general enzyme activities can be observed even in apparently well-maintained 
laboratory animals (Livingstone and Bayne, 1974) and it is possible th a t the 
MFO system may be susceptible to  general stress effects.

In conclusion, although m uch m ore work is required on the  character­
ization of the MFO system in M. edulis, particularly in relation to  in vivo 
metabolism, the cytochemical NADPH-neotetrazolium reductase enzyme 
activity and the indications of inducibility of the system (Anderson 1978b; 
Moore et al., 1980; Dixon e t al., 1983; Guillaume e t al., 1983; Payne et al., 
1983), the debate as to  its existence can no longer be considered necessary. 
The likelihood is tha t in m any respects it will be similar to  the mammalian 
MFO system, bu t equally, differences may exist as indicated by the unusual 
BP m etabolite profile of C. virginica (Anderson, 1978b). The potential for 
its development as a specific index of organic pollution and biological impact 
therefore exists and future research can now be directed to  this aim.
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