and Wolfe (5) showed that [**C]methyl
coenzyme M is formed from ["“C}meth-
anol, indicating a common methyl trans-
fer route. A comparative study of the
mechanisms of the nonenzymatic reac-
tion and that of this B;; enzyme can now
be formulated (scheme 1). This reaction
mechanism explains how methyl coen-
zyme M is synthesized. Each of the
proposed intermediates ‘in the catalytic
cycle occurs at the slower rate of the
nonenzymatic reaction (4). During the
last 10 years of research on the mecha-
nism of methane biosynthesis, a role for
a By, cofactor has been sought, without
much success. This research shows that
a By,-dependent methyltransferase is im-
portant in the biosynthesis of methane
by Methanosarcina barkeri, although no
similar By, protein can be found in ex-
tracts of Methanobacterium thermoau-
totrophicum (6). Our results indicate that
Bi,-dependent pathways are operative in
the biological formation of methane in
addition to other pathways that are B,-
independent.
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Interaction of Brain Synaptic Vesicles Induced by

Endogenous Ca**-Dependent Phospholipase A,

Abstract. Endogenous phospholipase A, activity of brain synaptic vesicles was
Ca**-dependent and was increased by prostaglandin Fa., calmodulin, adenosine
3".5'-monophosphate, and adenosine triphosphate, whereas the activity was inhibit-
ed by prostaglandin E in the absence or presence of calmodulin. Light-scattering
measurements demonstrated that stimulation of the enzyme’s activity correlated
with the induction of vesicle-vesicle aggregation. The effects of these compounds on
endogenous synaptic vesicle phospholipase A, activity may imply a common
end point of their purported neuromodulatory actions, and indicate that synap-
tic vesicle phospholipase A, may play a central role in presynaptic neurotransmis-

sion.

According to the vesicle hypothesis
(1), an influx of Ca®" into the presynap-
tic axon terminal leads to exocytosis of
neurotransmitter from synaptlc vesicles
into the synaptic cleft. The mechanism
of this Ca?*-induced event is unre-
solved. Calcium is postulated to mediate
this process. directly by cross-bridging
membranes (2), neutralizing membranal
surface charges (3), or inducing mem-
brane phase transitions (4). Other hy-
potheses of Ca’*-mediated exocytosis
invoke activation of brain actomyosin (5)
or membrane protein phosphorylation
).

In this study we assayed purified syn-
aptic vesicles from bovine brain (6, 7) for
phosphohpase A, (PLA,) (E.C. 3.1.1.4)
activity using [2-"“Clarachidonyl phos-
phatidylcholine as substrate (8). When
synaptic vesicles were incubated with
2.8 nmole of substrate in the presence of
1 mM EGTA and increasing concentra-
tions of CaCL;, (10™7M to 10~ M) at pH 9,
PLA; activity increased with increasing

Table 1. Effects of various conditions on the
Vmax Of synaptic vesicle PLA,. Reaction mix-
tures were incubated at 37°C for 60 minutes
with 100 pg of synaptic vesicle protein in
increasing substrate concentrations (0.2 to 4.0
nmole), brought to a final volume of 200 wl
with tris buffer, pH 9.0, in the presence of 2
mM CaCl,. )

Conditions and ( Vmal" y Percent-
concentration nmole age
mg-hour) change*
Cyclic AMP 3.0 50 (+)
(1 mM)
ATP (1 mm) 1.0 50 (—-)
Cyclic AMP 6.0 200 (+)
(1 mM) plus
ATP (1 mM)
Calmodulin 9.0 350 (+)
(1 pmole)
PGE, (4.0 nmole) 0.6 70 (—)
PGE; (4.0 nmole) 1.0 50 (=)
plus calmodulin
(1 wmole)
PGF,, (4.0 nmole) 16.0 700 (+)

*Plus signs indicate stimulation and minus signs
indicate inhibition.

Ca?' concentration reaching maximum
activity at 10 uM CaCl,. In the presence
of EGTA, the amount of arachidonic
acid released was 0.07 = 0.009 nmole/
mg-hour. Calcium (2 mM) increased the
activity approximately sixfold, the amount
of arachidonic acid released reachmg
0. 40 = 0.13 nmole/mg-hour.

When synaptic vesicles were incubat-
ed at 37°C with increasing substrate con-
centrations (0.2 to 4.0 nmole) in the
presence of 2 mM CaCl,, pH 9.0, for 60
minutes (9), analysis of the substrate
concentration curve by transformation
into a Lineweaver-Burk plot revealed
the Michaelis constant (K,,) to be 60 wM
and the maximum velocity (Vipa,), 2.0
nmole/mg-hour. Further experiments
were performed under the same condi-
tions in the presence of a variety of
compounds known to be present in neu-
rons and to modulate neurotransmission
(Table 1). In no case was there a signifi-
cant effect on the K. Calmodulin, a
multifunctional Ca’*-binding protein
(10) reported to stimulate the release of
neurotransmitter (6), caused about a
fivefold increase in the enyzme’s Vi.y.
Prostaglandm Fa4 (PGF,), which is syn-
thesized in the brain (71) and stlmulates
autonomic  neurotransmission  (12),
caused an eightfold increase in PLA,
activity. Prostaglandin E, (PGE,), which
is synthesized in the brain (I1), inhibits
autonomic neurotransmission (72) -and
acts as a sedative (/3), not only inhibited
PLA, activity in the presence of Ca?*
alone, but also inhibited the calmodulin
stimulating effect.

Individually, adenosine triphosphate
(ATP) inhibited by 50 percent and adeno-
sine 3’,5'-monophosphate (cyclic AMP),
a nucleotide reported to stimulate PLA,
activity (/4), activated by 50 percent the
synaptic vesicle PLA,. However, cyclic
AMP in conjunction with ATP activated
PLA; by 200 percent. The difference in
individual versus combined effects of
these compounds on PLA, activity led
us to speculate that the mechanism of the
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combined cyclic AMP and ATP potentia-
tion of PLA, may involve a protein ki-
nase.

We also conducted phosphorylation
experiments with synaptic vesicles, us-
ing 1.6 pM [y-PJATP and standard
conditions of incubation, sodium dode-
cyl sulfate gel electrophoresis, and auto-
radiography (15). We found that 100 pM
cyclic AMP stimulated phosphorylation
of a protein with a molecular weight of
40,000 (40K), as well as proteins of mo-
lecular weights 175K, 100K, 80K, 57K,
5SK, 53K, and 30K (Fig. 1), confirming
the presence of an endogenous synaptic
vesicle cyclic AMP-dependent protein
kinase. Hirata (/6) reported that lipo-
modulin, a 40K protein found in neutro-
phils and synaptic plasma membrane
(17), inhibits PLA,. Upon phosphoryl-
ation by Ca?* or cyclic AMP, however,
lipomodulin’s inhibitory effect is sup-
pressed. It is possible that the phospho-
rylated 40K protein in our synaptic vesi-
cle preparation is lipomodulin and that
the stimulation induced by cyclic AMP
and ATP on synaptic vesicle PLA, is
affected by way of phosphorylation of
this protein. Although Ca?* inhibits cy-
clic AMP-dependent protein kinases
(18), it is possible that this protein kinase
is dependent on both cyclic AMP and
Ca?*, as appears to be the implication in
another brain protein kinase system (/9).

To correlate the modulation of synap-
tic vesicle PLA, with function we as-
sayed synaptic vesicle aggregation with a
Behring laser nephelometer which mea-

Cyclic
N AMP

o - 175k

woninn < 100k
“ - 5«

e

per—

e e

- .o

Fig. 1. Autoradiograms of synaptic vesicles
incubated with (N) no reagents added, or with
MgCl, and 100 pM cyclic AMP in the pres-
ence of [y->>P]ATP and resolved by electro-
phoresis, on 5 to 15 percent sodium dodecyl
sulfate polyacrylamide gel.
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sured the amount of light scattered by
synaptic vesicles. When synaptic vesi-
cles were incubated with 2 mM CaCl,,
only a 40 percent increase in light scat-
tering was observed (Table 2). However,
when vesicles were incubated with PLA,
(Vipera russelli) or lysolecithin in the
presence of CaCl,, within 10 seconds the
increase in light scattering was 250 and
220 percent, respectively. Phase-con-
trast and electron microscopy of PLA,-
treated synaptic vesicles confirmed that
the increase in light scattering was asso-
ciated with aggregation, lysis, and fusion
of synaptic vesicles (data not shown).
The similar effects of these two com-
pounds implied that exogenous PLA,
hydrolyzed synaptic vesicle phospho-
glycerides with subsequent production
of lysolecithin which in turn induced

‘aggregation and fusion of synaptic vesi-

cles. Lysolecithin induces fusion in a
variety of membranes (20) and has been
implicated in the secretion of adrenal
chromaffin granules (27).

Calmodulin induced a 250 percent in-
crease in light scattering within 10 sec-
onds of being added to the vesicles. This
effect was attributed to the stimulation of
endogenous synaptic vesicle PLA,,
since preincubation of the vesicles with
either 80 mM mepacrine or 80 mM para-
bromophenacylbromide, both inhibitors
of PLA, (22, 23), diminished this effect
(Table 2). Calmodulin stimulation was
diminished 150 percent by 4.0 nmole of
PGE,. In contrast, PGF,, (4.0 nmole)
enhanced the effect of Ca®* by 275 per-
cent and the effect of calmodulin by 50
percent.

Adenosine triphosphate and cyclic
AMP individually induced 30 and 50 per-
cent increases in light scattering, respec-
tively. The addition of both compounds
led to a 150 percent increase in light
scattering. The effects of these com-
pounds on synaptic vesicle behavior
were attributed to their interaction with
endogenous synaptic vesicle PLA,,
since preincubation of the synaptic vesi-
cles with parabromophenacylbromide di-
minished these effects.

Thus compounds that stimulated or
inhibited synaptic vesicle PLA, also
stimulated or inhibited, respectively,
synaptic vesicle light scattering, and
these effects in turn were correlated with
vesicle-vesicle aggregation and possible
fusion (24, 25).

The addition of exogenous PLA, to
brain slices causes depletion in the num-
ber of synaptic vesicles (26). Moreover,
application of B-bungarotoxin, a compo-
nent of which is a Ca’*-dependent
PLA,, causes an initial enhancement of
neurotransmitter release from axon ter-

minals (27). It is of interest, therefore, to
find an endogenous PLA, in synaptic
vesicles that is Ca?*-dependent. On the
basis of these data we postulate that

Table 2. Effects of various conditions on
synaptic vesicle light scattering. Baseline
nephelometer recordings of synaptic vesicles
(30 pg/ml) prior to the addition of the ion or
compounds was 0.9 to 1.10. The nephelome-
ter units are directly proportional to the inten-
sity of scattered light detected by a photodi-
ode-generated signal. All incubations took
place at 25°C in a total volume of 300 to 600
pl, pH 6.5. When more than one compound
was added, they were added in 1-minute se-
quences. The presence of quinacrine or para-
bromophenylacylbromide (pBPB) indicates
that the synaptic vesicles were incubated with
these compounds for 60 minutes before other
compounds were added. The percentage
change in nephelometry units indicates the
change that occurred from baseline to the
peak of light scattering prior to synaptic vesi-
cle sedimentation. Values shown represent
the average of three to five separate determi-
nations.

Percentage
increase in

Conditions and light scattering

concentration

(nephelometer
units)

CaCl, (2 mM) 40

Ca** (2 mM) and PLA, 250
(Vipera russelli) (25 pg)

Ca®* (2 mM) and lysoleci- 220
thin (egg yolk) (20 png)

CaCl, (2 mM) and calmo- 250
dulin (1.0 pmole)

CaCl, (2 mM), cailmodulin 10
(1.0 pmole), and quina-
crine (80 mM)

CaCl, (2 mM), calmodulin 50
(1.0 pmole), and pBPB
(80 mM)

CaCl, (2 mM), calmodulin 100
(1.0 pmole), and PGE,
(4.0 nmole)

CaCl, (2 mM) and PGF,, 150
(4.0 nmole)

CaCl, (2 mM), PGF,, (4.0 50
nmole), and pBPB (80
mM)

CaCl, 2 mM), PGF,, (4.0 350
nmole), and calmodulin
(1 pmole)

CaCl, (2 mM), PGF,, (4.0 50
nmole), calmodulin (1
pmole), and pBPB (80
mM)

CaCl, (2 mM) and ATP (1 30
mM)

CaCl, (2 mM), MgCl, (10 9
mM), and cyclic AMP (1
mM)

CaCl, 2 mM), MgCl, (10 30
mM), cyclic AMP (1
mM), and pBPB (80
mM)

CaCl, (2 mM), MgCl, (10 150

mM), cyclic AMP (1
mM), and ATP (1 mM)
CaCl, (2 mM), MgCl, (10 50
mM), cyclic AMP (1
mM), ATP (1 mM), and
pBPB (80 mM)
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activation of synaptic vesicle PLA, may
be one of the mechanisms involved in
Ca®*-mediated - stimulus-secretion cou-
pling in axon terminals. The fact that this
enzyme can be modulated by a variety of
compounds present in the brain and
known to modify neuronal activity sug-
gests that it may have an important role
in presynaptic neuronal events.
NATHAN MOSKOWITZ
WILLIAM SCHOOK
SAuL PuszkiN
Division of Molecular Pathology,
Department of Pathology,
Mount Sinai School of Medicine of
the City University of New York,
New York 10029
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X-ray Induction of Persistent Hypersensitivity to Mutation

Abstract. The progeny of x-irradiated V79 cells are hypersensitive to PUVA-(8-
methoxypsoralen plus longwave ultraviolet light) induced mutation at the locus for
hypoxanthine-guanine phosphoribosyl transferase. This hypersensitivity is most
evident at low doses of PUVA that do not induce mutation in non-x-irradiated cells.
The hypersensitivity is evoked by x-irradiation delivered as a single dose or as
multiple fractions over a long period and persists for at least 108 days of exponential
growth. This radiation-induced hypersensitivity to subsequent mutation is a new
phenomenon that may be relevant to multistage carcinogenesis.

The reaction of a human population to
various agents may depend in part on the
population’s previous exposure to radia-
tion and chemicals. For example, psori-
atic patients show an increased risk for
cutaneous carcinoma after PUVA thera-
py (8-methoxypsoralen plus longwave
ultraviolet light) if they have previously
been treated with ionizing radiation (/).
The incidence of cutaneous carcinoma in
psoriatic patients is 15 times higher than
expected for an age, sex, and geographi-
cally matched population (2). The pres-
ent investigation was designed to deter-
mine whether the progeny of cells treat-
ed in vitro with x-radiation display a
subsequent hypersensitivity to the muta-
genic effects of PUVA.

Preliminary -studies indicated that
progeny of V79 cells irradiated with a
single, high dose of x-radiation (600 to
900 rads) were sensitive to mutation in-
duced by low doses of PUVA. These
studies also indicated that the dose-re-
sponse pattern of the induced hypersen-
sitive state could best be studied by
selecting from the progeny of x-irradiat-
ed cells a number of cells (10% that
would make the probability of including
x-ray-induced mutants in the population
rather small. The maximum number of
mutants observed after x-irradiation in
these cells was 25 x 107, From each of
ten populations of x-irradiated cells we
cultured 10* survivors; the progeny of
these survivors exhibited background
levels of mutation that were similar to
those of non-x-irradiated cells (13.4 =
1.0 x 107® mutants per survivor). All
ten populations, however, exhibited in-
creased sensitivity to PUVA-induced
mutation at the hypoxanthine-guanine

phosphoribosyl transferase (HGPRT) lo-
cus when compared to non—x-irradiated
cells. Although increased sensitivity to
PUVA-induced mutation was always ob-
served when larger numbers of cells
were selected from the x-irradiated pop-
ulations, the increased number of x-ray-
induced mutants partially obscured the
pattern of increased mutation induced by
low doses of PUVA.

From four populations of x-irradiated
V79 cells we cultured 10* survivors.
Twelve days later we exposed the proge-
ny of these cells, and of control (non-x-
irradiated) cells, to PUVA, and exam-
ined their cytotoxic and mutational re-
sponses. The survival pattern, which
was characteristic of cells exposed to
PUVA (3, 4), was essentially the same
for the x-irradiated and coentrol popula-
tions (Fig. 1A). In contrast, the rate of
mutation at the HGPRT locus (indicated
by 6-thioguanine resistance) was signifi-
cantly greater in the Xx-irradiated cells
than the control populations. The fre-
quency of PUVA-induced mutation in
the progeny of x-irradiated cells is the
difference between the frequency after
PUVA treatment and the background
frequency in replicate cultures of x-irra-
diated cells not exposed to PUVA. Simi-
larly, the frequency of PUVA-induced
mutations in non-x-irradiated control
cells is the difference between the fre-
quency in non-x-irradiated cells treated
with PUV A and the background frequen-
¢y in replicate cultures exposed neither
to x-rays nor PUVA. Historical or labo-
ratory control levels are not used for any
calculation; each data point in Fig. 1B
has its individual non-PUVA-treated
control.
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