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purified enzyme and crude mitochondrial
preparations from several tissues (9, 10).

In spite of extensive research, the molec-

ular basis of differences between the A and
B types of MAO activity is stifi not clear
(11). Some workers have suggested that
both types of activity are due to a single
enzyme species with different active sites
(12) or with varying allotopic properties

conferred by the membrane environment
(13, 14). Others have postulated two dis-

tinct enzyme species (15-17). Because
MAO is tightly bound to the membrane, its
solubiization and purification bring consid-
erable loss of activity and alter its kinetic

roperties (14, 18). Earlier studies on the

electrophoretic characterization of partially
lubiized MAO revealed several large mo-

ecular weight protein bands (>100,000 dal-

tons) which retained enzymatic activity
19-21). Subsequently, with the use of the
dequate solubiization procedures it has

een shown that highly purified prepara-
ions of catalytically active enzyme contain

1 mole of flavin per 120,000 g protein (2,

13). The minimal molecular weight esti-
ates for completely solubiized MAO

ange from 55,000 to 63,000, as determined
y gel filtration, analytical centrifugation
nd SDS-polyacrylamide electrophoresis

(10, 17). However, the kinetic properties of
his purified enzyme are different from
hose of the source tissue and suggest that
he purified enzyme activity is solely of the

type.
We have reported previously that cul-

ured rat hepatoma cells of line MH1C,
ave both types of MAO activity, about
0% type A and 30% type B, as judged by
he dose-dependent inhibition of deamina-
ion of A and B substrates by clorgyline
nd deprenyl (22, 23). The types of MAO
ctivity present in crude mitochondrial
reparations of these cells are similar to

hose in living cells (23). In the present

tudy [3H]pargyline has been used as a
adioactive probe to characterize A and B

ypes of MAO in crude mitochondrial prep-
ations of MH,C, cells by SDS polyacryl-

�de gel electrophoresis.

MATERIALS AND METHODS

Cell culture and harvesting. Rat hepa-

toma line MH,C, was obtained from the
American Type Culture Collection (Cat

#CCL144). Cells were grown as monolayers
on plastic tissue culture dishes (Falcon plas-
tics) in Dulbecco’s modified Eagle’s me-

dium (DMEM, #H21, Grand Island Biolog-
icals) supplemented with 10% fetal calf se-
rum (Flow) without antibiotics. Cultures

were maintained at 37#{176}in a humidified
atmosphere of 5% CO2 and 95% air. Cells
were fed every 3-4 days and subcultured (1:

5 ratio) at confluency following treatment
with 1X pancreatin (Grand Island Biologi-

cals) for 3 mm at 37#{176}and resuspension with
gentle trituration, as described (22).

Cultures were harvested at confluency.

Monolayers were rinsed 3 times with iso-
tonic phosphate buffered saline and
scraped off the dish with a teflon-coated
straight edge into a small volume of this

buffer (5-10 mg protein/mi), as described
(22). Cell suspensions were frozen immedi-

ately on dry ice and stored in the vapor
phase of liquid nitrogen (-70#{176}).

Isolation of crude mitochondrial prepa-

ration. Frozen cell suspensions were
thawed and maintained at 0-4#{176}throughout

the isolation procedure. Cells were collected
by centrifugation at 1,160 x g for 5 mm and
resuspended in 10 mi of swelling buffer (1.5

mM calcium chloride, 10 nmi sodium chlo-
ride and 10 mM Tris-HC1, pH 7.5) per g wet
weight of cells. The suspension was held for

30 mm and then homogenized using a Pot-
tem-Elvehjem glass homogenizer (15-20

strokes). Next the tonicity of the suspension
was increased by adding one seventh vol-

ume of 7x Tris-EDTA-Sucrose (TES)
buffer (2 M sucrose, 35 mimi EDTA, 50 mM
Tris-HC1, pH 7.5). Unbroken cells and nu-
clei were collected by centrifugation at
1,160 x g for 5 mm. The pellet was resus-
pended in lx TES buffer and the centrifu-
gation repeated. The two supernatants
were pooled and centrifuged at 8,100 x g

for 15 mm. The pellet containing the crude
mitochondrial preparation was resus-

pend3d in 50 mM Tris-HC1, pH 7.5 (2-3 mg
protein/mi).

Binding and electrophoretic character-

ization of mitochondrial proteins using
[3H]pargyline. Freshly prepared crude mi-

tochondrial preparations (0.4 mg protein/
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mi, final concentration) were incubated for

60 mm at 37#{176}with varying concentrations
of [benzylmethylene 3H]-pargyline (6.86

Ci/mmole, NEN) in 50 nmi Tris-HC1, pH
7.5, as previously described (9). When un-
labeled inhibitors, clorgyline (Dr. Sabit Ga-
bay, V.A. Hospital, Boston, MA) and de-
prenyl (Prof. J. Knoll, Sammeiweis Univer-
sity of Medicine, Budapest, Hungary) were

used, mitochondrial preparations were
preincubated with them for 30 mm at 37#{176}
prior to addition of [3H]pargyline. At the

end of the binding incubation the samples
were centrifuged at 100,000 x g for 60 mm
at 4 #{176}; the pellets were washed by resus-

pending in 1 mi 50 mM Tris-HC1, pH 7.5
and the centrifugation was repeated. The
pellet was resuspended in 50 jil of a solution
containing 3% SDS, 0.15 M sucrose, 1% fi

mercaptoethanol, 0.05% bromophenol blue

and 0.03 M Tris-HC1 pH 7.5, and proteins
were solubiized by boiling for 3 mm, as

described (24).
Polyacrylamide slab gel electrophoresis

was performed in 7.5% acrylamide (7.3%
acrylamide, 0.2% methylene bis acrylam-
ide) and 0.1% SDS using a modification (24)
of the procedure of Maizel (25). Gels were
stained for protein with a solution contain-
ing 0.1% Coomassie blue R, 25% 2-propanol
and 10% acetic acid; destained in a solution
containing 10% 2-propanol and 10% acetic

acid; and held for several days in 10% acetic
acid, as described (26). Gels were then

treated for fluorography (27), dried and ex-
posed to preflashed Kodak X-Omatic R

film for 1-3 weeks at _700. Quantitative
distribution of the radioactivity in the gels
was determined using a modification of the
method of Horvitz (28), as recommended
by New England Nuclear. The area of the
gel to be analyzed was located by superim-
position of the autoradiogram. Individual

lanes were sliced into 2-3 mm lengths, each
slice was placed in a glass scintillation vial
and allowed to swell in 100 �il of distilled

water for 1 hr at room temperature. Then
10 ml of a solution containing 3% Protosol

(NEN) and 7.5% Liquifluor (NEN) in tolu-
ene was added, and samples were incubated
overnight at 37#{176}.

The following protein standards were
used for molecular weight determinations:

phosphorylase, bovine albumin, glutamic
acid dehydrogenase, ovalbumin, trypsin
(Sigma) and catalase (Calbiochem.). Stand-
ards were run in separate lanes concomi-
tantly with samples.

Assays. Monoamine oxidase activity was
measured in crude mitochondrial prepara-
tions containing 0.4 mg protein/mi, aftei
preincubation with various concentrations

of [3H]pargyline for 60 mm at 37#{176}. Activity
was measured against 5-hydroxy [side

chain 2- ‘4C]tmyptamine creatinine sulfate

(52 mCi/mmole, Amersham/Searle),
$[ethyl-2’4C]phenylethylamine HC1 (48.2f
mCi/mmole, NEN) and [2-’4C]tryptamin
bisuccinate (49.6 mCi/mmole, NEN) usin�
a modification of the method of Gmoshon�
et al. (29). Reaction mixtures (100 �.tl tots
volume) contained 50 mM potassium phos
phate buffer, pH 7.4 and 100 /iM [‘4C]5

hydroxytryptamine (10.4 �tCi4tmole), 4
.LM [‘4C]phenylethylamine (20.7 �iCi4tmole)
or 50 /.LM [‘4C]tryptamine (10 �iCi/�imole)

Incubations were carried out at 37#{176}for 1
mm and reactions were terminated by ad
dition of 200 �tl 2N HC1. Deaminated prod
ucts were extracted into 1 mi of ethylace
tate:benzene (1: 1) for 5-hydroxytryptamine
toluene for phenylethylamine, or ether fo
tryptamine.

Activity against [1-’4C]tyramine HC
(56.2 mCi/mmole, NEN) was measured b�

the method of Wurtman and Axeirod (30)
The reaction mixture (100 jil total volume

contained 100 mM potassium phosphat.
buffer, pH 7.4, and 37.8 /�M [14C]tyramin,
(26.5 j�Ci/jimole). Incubations were carriei
out and reactions terminated as above
Deaminated products were extracted jut
4 ml of toluene:liquifluor (25:1). Assay
were linear with respect to time and protei
for all substrates. Substrates were not a
saturating concentrations.

Protein concentrations were determine
by a modification of the method of Lowr,
et al. (31) using bovine serum albumin a

standard. Radioactivity was measured b,
liquid scintillation spectrometry.

RESULTS

Crude mitochondrial preparations o
MH1C, cells were incubated with increasin
amounts of [3H]pargyline and washed t
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remove unbound label. The proteins were
then solubiized and subjected to SDS-poly-
acrylamide slab gel electrophoresis. The
thstribution of proteins and radioactivity

are shown in Fig. 1. When the concentration
Df [3H]pargyline in the incubation mixture
was between 0.375 and 1.275 nmoles/mg

rnitochondrial protein (0.15-0.51 �tM), only
a single labeled band was detected by au-

boradiography. This band coincided with a
�Iistinct band darkly stained by Coomassie

lue. It had a molecular weight of 57,000
altons, as estimated in linear 7.5% acryl-

ide gels by the migration of known mo-
ecular weight proteins. At concentrations
bove 3.75 nmoles [3H]pargyline/mg pro-
em, several other labeled bands appeared
hroughout the gels, these bands increased
n density proportionally with increasing

oncentrations of drug. The degree of bind-
g of [3H]pargyline to both mitochondria

d the 57,000 dalton protein band was
ghest at concentrations less than 0.5

oles/mg protein (Fig. 2A and B). With

creasing concentrations of [3H]pargyline
he binding to this protein band approached

turation at 2-4 nmoles/mg protein. How-

Origin

A.

ever, the total amount of label bound to
mitochondrial preparations continued to

increase up to the highest concentration
tested, i.e., 7.3 nmoles/mg protein.

The specificity of labeling of the 57,000

dalton protein with [3H]pargyline was

tested by preincubating mitochondrial
preparations with varying concentrations

of clorgyline and deprenyl. These drugs also
bind irreversibly to MAO (12), apparently

to the same site as pargyline (8, 13).
[3HjPargyline labeling of the 57,000 dalton

protein was blocked in a dose-dependent
manner with both inhibitors (Fig. 3). Block-

age of binding with clorgyline appeared to
be biphasic, with about 70% inhibition at 10
nM and 90% at 0.1 nmi. Blockage of binding
with deprenyl was monophasic with 80%
inhibition at 0.1 mi�i. (A monophasic pat-
tern of deprenyl inhibition was also seen

against enzyme activity in homogenates [in
vitro], mitochondrial preparations and liv-
ing MH,C, cells [22, 23].) The labeling of

the other protein bands was not affected by
0.1 mM clorgyline or 1 nmi deprenyl, but
was slightly decreased by 1 mM clorgyline

(data not shown).

B.

- Origin

- 57,000

v� � Ih. P �) W)�-. ,._ 1#{176}) (%J t.. �-
#{149}0 N 0 I’)

nmoles 3H-pargyline/mg protein

FIG. 1. SDS-polyacrylamide slab gel electrophoresis of [3H]pargyline bound to crude mitochondrial

reparations

Suspensions of crude mitochondria were incubated with increasing amounts of [H]pargyline (0.375-12.75

moles/mg protein, 0. 15-5. 1 jzM) for 60 min at 37#{176}and then washed. Proteins were solubiized and electrophoresis

ias carried out as described in MATERIALS AND METHODS. A. Coomassie blue banding pattern. B. Autoradiogram.

1el was treated for fluorography and exposed to pre-flashed X-Omatic R film for 10 days at -70#{176}.
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FIG. 2. Binding of[3H]pargyline to mitochondrialpreparations and the 57,000 dalton protein

Suspensions of crude mitochondria (0.4 mg protein/mi in 50 mM Tris-HCI, pH 7.5) were incubated with

increasing amounts of [Hjpargyline (0.02-2.92 �M) and the samples prepared for SDS-polyacrylamide gel

electrophoresis as described in the legend to Fig. 1. A. Radioactivity was measured in aliquots of solubiized

mitochondria. B. Electrophoresis of the remaining solubiized mitochondria was carried out on SDS-polyacryl-

amide gels. The gels were then treated for fluorography, dried and exposed to X-Omatic R film for 12 days at

-70#{176}.The specific labeled band was located, sliced, solubiized and counted. 1) (O-O) cpm in the gel slice

corresponding to the specifically labeled band; 2) (Lx- - -Li) cpm in a gel slice that did not produce an image on

the X-ray film (used as background), located 8 mm ahead ofthe specifically labeled band; 3) (A-A) differenc

between cpm in (1) and (2). Pretreatment of mitochondria with 0.1 mr�i clorgyline blocked 93% of binding o

[H]pargyline to the specifically labeled band (7.3 nmoles/mg protein). Results shown are from one of tw

similar experiments.
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Specific [3H]pargyline binding was also
correlated with the loss of both types of
activity in crude mitochondrial prepara-
tions of MH,C, cells (Fig. 4). Four nmoles

of [3H]pargyline/mg protein (saturating for
57,000 dalton protein) blocked 92% of activ-
ity against phenylethylamine, 80% against
tyramine and 45% against both 5-hydroxy-

tryptamine and tryptamine. [‘H]Pargyline
at 22 nmoles/mg protein inhibited 80% of
5-hydroxytryptamine deamination.

DISCUSSION

These studies show that in crude mito-
chondrial preparations from rat hepatoma
cells inhibition of A and B types of MAO
activity correlates with binding of [�H]par-
gyline to a 57,000 dalton protein species, as
identified by SDS-polyacrylamide gel elec-

trophoresis. Using outer mitochondrial
membranes from rat liver, McCauley (9)
also found that [‘4C]pargyline bound to a

single protein species with a molecular
weight of around 60,000. In our studies
[3Hjpargyline binding to both forms of the
enzyme was established by using selective

substrates and inhibitors. Concentration
of [3H]pagyline which saturated binding t

the 57,000 dalton protein also inhibite
deamination of 5-hydroxytryptamine
phenylethylamine, tryptamine and tyra

mine in crude mitochondrial preparations
Partial inhibition of semotomn and trypt

amine deamination by [3H]pargyline a
these concentrations suggests that, undei
our binding conditions, only a fraction o
the total A sites may be labeled. Howeve
this may constitute a significant portion o
the total labeled enzyme, due to the pre

dominance of the A type of activity in this

preparation. Further, binding to the 57,0(X
dalton protein was blocked selectively b�

both A and B inhibitors. The dose-depend
ent inhibition by clorgyline and depreny
closely resembled that seen for inhibition
of tryptamine deamination in living MH1C�
cells (22) and in mitochondrial preparatio
(23).

As reported by others (10, 17), whenevei
$-mercaptoethanol was omitted during sol�

ubiization and electrophoresis, two labeled
bands appeared near each other with ap.
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parent molecular weights of 54,000 and
58,000 daltons (data not shown). Labeling
of both bands was blocked to the same
extent by clorgyline and deprenyl at two

concentrations tested, 10 n� and 0.1 mi�vi,
failing to support any correlation between
these bands and the distinction between A
and B types of MAO activity.

In the presence of high concentrations of
[3H]pargyline (above 3.75 nmoles 3H-par-

gyline/mg protein), several other protein

bands were also labeled. This labeling was

only partially inhibited by 1 m�i clorgyline,
suggesting it was not specific for MAO. It
may be that pargyline, which is unstable in

aqueous solutions, complexes with other
membrane components. McCauley (9), us-

ing even higher concentrations of [‘4C]par-
gyline, found a large amount of label mi-
grating at the gel front. In our studies even
with the lowest concentration of [3H]par-

gyline tested (0.05 nmoles/mg protein),

B. Deprenyl

M, Drug concentration

FIG. 3. Inhibition of[3H]pargyline binding to the 57,OiYJ1 dalton protein by clorgyline and deprenyl

Following pre-incubation with varying concentrations of clorgyline or deprenyl for 30 mm at 37#{176},crude

mitochondrial preparations were incubated with [‘Hjpargyline (3.75 nmoles/mg protein, 1.5 �.LM). Samples were

solubiized and electrophoresis was carried out on SDS-polyacrylamide slab gels. Gels were exposed to pre-

flashed X-Omatic R film for 12 days at -70#{176}.Autoradiograms of the dose-dependent inhibition of [H]pargyline

binding by clorgyline and deprenyl, are shown in A and B, respectively. The radioactive content of the 57,000

dalton protein band was determined as described in legend to Fig. 2. C shows quantitation of inhibition from the

gel in A; at 100% binding (no clorgyline) the 57,000 dalton protein band contained 5.7 x 10� cpm, i.e., 0.73

pmoles of[’Hlpargyline. D shows quantitation of inhibition from the gel in B; at 100% binding (no deprenyl) the

57,000 dalton protein band contained 5.2 x 10 cpm, i.e., 0.65 pmoles [‘Hipargyline. Results shown are from one

of two similar experiments.
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FIG. 4. Inhibition ofA and 13 (ype� o[MAO actiLity by [3H/pargyline

Suspensions of crude mitochondrial preparations were incubated with varying concentration of { H]pargyline

(0.02-9.13 �iMl under the same conditions as in binding experiments. see legend to Fig. 1. Immediately after this

incubation, MAO activity was assayed as described in MATERIAI.S AND METHODS using the following substrates:

4 #{149})tryptamine; (O��G) 5-hydroxytryptamine, (L1-D) phenylethylamine. (L�-L�) tyramine. l00�

Activity represents 1 . 7 nmoles/min/mg protein for tryptamine, 2.5 for 5-hydroxytryptaniine, 1 .2 for phenyleth-

ylamine and 0.5 for tyramine. Results shown are from one of two similar experiments.

which is well below saturation for specific
bin�ing to the 57,000 dalton protein, only
about 15% of the added label was bound to
the mitochondria and only about 1% to the
57,000 protein band. These results contrast
with 100% efficiency of binding of [�4CJpar-

gyline to highly purified preparations of

MAO (8).
In conclusion, [3H]pargyline can be used

to specifically identify MAO from crude
mitochondrial preparations on SDS-poly-
acrylamide gels. The 57,000 dalton protein
labeled with [3H]pargyline contains both A
and B sites for MAO activity. This suggests
the involvement in A and B activity of
either a single protein species or different

protein species with similar molecular

weights.
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SUMMARY

SAMUNI, AMRAM AND NATHAN CITRI: How specific is the effect of penidillins on th�

conformation of penicfflinase? An experimental model. Mol. Pharmacol. 16, 250-255

(1979).

The specificity of enzymes may ultimately depend on the conformational adaptability o�

the active site. Evidence supporting this view is provided by unusually sensitive test’
based on the hysteretic kinetics of the penicillinase reaction. Parameters derived fron

such kinetics show that a unique conformation is induced in the enzyme by each oi

several closely related substrates. Similar differences in conformation can be deduced
from rates of inactivation of penicfflinase at saturating levels of such substrates.

INTRODUCTION

Substrate-induced changes in the confor-
mation of an enzyme (1) have been amply
documented in numerous systems (2, 3).
Yet the role of such changes in the function

of enzymes remains to be clarified. We
know that the altered conformation is not
merely incidental to the binding of the sub-
strate: it certainly does modify the param-
eters of the enzyme-substrate interaction
(1-4). But does the conformational change

contribute to the specificity of the catalytic
reaction? The answer depends on a better
delineation of the specificity of the confor-

mational response than has been hitherto
available. We must know whether the re-
sponse is specific enough to account for

differences in, say, the rates of reaction
observed with closely related substrates.
The difficulty in comparing the catalytic
specificity of an enzyme and the specificity
of the conformational response of that en-
zyme to a series of substrates is obvious.

The assay of a catalytic reaction usually
can be carried out with the precision needed
for measuring the effect of subtle modifi-
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cations in the substrate on the catalytic
parameters. By contrast, the available
methodology provides no direct tools which

are likely to even detect corresponding dif-
ferences in the conformation of the active
site. In this report we describe an approach
which makes use of catalytic data for the
derivation of parameters reflecting confor-
mational transitions induced by closely re-
lated substrates. We also show that such
parameters are as distinctive as the corre-
sponding catalytic constants and conclude
that the unique characteristics of an en-
zymic reaction may be traced to the effect
of the substrate on the conformation of the

enzyme.
The experimental work described here is

based on our previous observations on the
interaction of penicilhinase ($-lactamase I,
E.C. 3.5.2.6, from Bacillus cereus strain
569/H) with one class of substrates, namely
A-type penicfflins. Members of that class,
like all other (S-type) penicilhins, are N-acyl
derivatives of 6-aminopenidillanic acid (6-
APA). But, unlike those of the S class, A-

type penicillins are more resistant to en-
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