
The mapping of the immunoglobulin 
genes to the precise bands involved in 
these translocations opens the way for 
further experimental tests. 
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Role of Vitamin B12 in Methyl Transfer for Methane 
Biosynthesis by Methanosarcina barkeri 

Abstract. When Methanosarcina barkeri is grown on methanol as the sole carbon 
source, a B12-containing protein is synthesized by this organism. This BIZ protein 
contains bound aquocobalamin, and when this cofactor is reduced and methyla ted 
with [14C]methyl iodide, the resqltant [14~]methyl  B12 protein is extremely active in 
the biosynthesis of 14c-labeled methane. These findings indicate that a B12- 
dependent system is operative in the biological formation of methane in addition to 
other systems that are BIZ-independent. 

Methanosarcina barkeri is one of the 
most metabolically diverse methane pro- 
ducers. In addition to producing meth- 
ane from hydrogen and carbon dioxide, 
this organism will grow heterotrophically 
on methanol, methylamine, or acetate as 
the carbon source (I). The methanol 
metabolic pathway is 

shown to have a molecular weight of 
approximately 200,000; in the presence 
of crude extracts, it was methylated by 
the growth substrate methanol (2). The 
B12 chromophore was characteristic of 
bound aquocobalamin, with a maximum 
absorption at 352 nm. 

We purified the BIZ protein from cell 
extracts of methanol-grown Methano- 
sarcina barkeri bv elution from DEAE- 

In 1968, Blaylock (2) showed that a B12- 52 cellulose with 0 . 2 5 ~  sodium chloride, 
containing protein was an essential com- followed by chromatography on a sec- 
ponent in the formation of methane from ond DEAE-52 cellulose column with 1M 
methanol. This BIZ protein, which was tris buffer (pH 7.2) as the eluting salt. 
partially purified from extracts of metha- After concentration by pressure dialysis, 
nol-grown Methanosarcina barkeri, was the protein was purified to homogeneity 
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nated to the cobalt when the coenzyme 

Fig. 1 .  (A) Ultraviolet-visible spectra of (-) native BIZ protein, (-----) reduced BIZ protein 
[cobalt(II)], and (.....) methyl B,, protein. (B) Ultraviolet-visible spectra of (-) native aquo- 
factor 111, (-----) cyano-factor 111, and (. . ... ) methyl-factor 111. 

on Sephadex G-150. With the use of 
several protein standards, the molecular 
weight of this B12 protein was estab- 
lished at approximately 200,000. Elec- 
trophoresis on sodium dodecyl sulfate- 
polyacrylamide gels caused the protein 
to dissociate into dimers (molecular 
weight, approximately 84,000) and mono- 
mers (molecular weight, approximately 
44,000). Therefore, this BIZ protein is 
similar in structure to the BIZ-containing 
transmethylase that participates in the 
synthesis of acetic acid from methylco- 
balamin and pyruvate in Clostridium 
thermoaceticum (3). The chromophore is 
characteristic of bound aquocobalamin 
and can be reduced with mercaptoeth- 

S-CH2CH2S0Z 

~ H s - c H 2 c H 2 s o z  Coenzyme M z? 0 H +  

Bz' Bz 

Native Blaprotein I 

\14CH3-S-CH2-CH2soZ * H2 - 
( ~ e t h y ~  coenzyme M)  

Scheme 1 

an01 or coenzyme M (ethanethiolsulfonic 
acid) to give a bound cobalt(11) enzyme 
(B12r protein). The B12 protein can also 
be reduced with sodium borohydride and 
methylated with methyl iodide to give 
quantitative formation of a methyl BI2 
protein. One unusual property of the 
aquocobalamin-protein complex is the 
failure of charged ions, such as CN-, to 
displace the water molecule in the sixth 
coordination site in 24 hours. This sug- 
gests that the water molecule is bound in 
an inaccessible hydrophobic environment 
in the protein. 

When the BIZ cofactor is removed 
from the protein by denaturation with 
ethanol, the water molecule in the sixth 
coordination site is rapidly displaced 
with CN- to give a characteristic cyano- 
cobalamin complex (Fig. 1B). The free 
coenzyme was reduced and methylated 
with methyl iodide, and a 'H nuclear 
magnetic resonance (NMR) spectrum of 
this methyl corrinoid was recorded on 
a 300-MHz NMR spectrophotometer 
(Bruker). Four resonances were re- 
solved in the aromatic region of the 
spectrum instead of the three protons 
found when 5,6-dimethylbenzimidazole 
is the axial base at the fifth coordination 
site. This suggests that the benzimid- 
azole base is probably (5-0H)benzimid- 
mole (factor 111). When the methyl BIZ 
protein was photolyzed under anaerobic 
conditions, a stable, low-spin cobalt(I1) 
complex was resolved by electron para- 
magnetic resonance spectroscopy at 77 
K. Triplets were observed from the ni- 
trogen-hyperfine interactions of the co- 
ordinate benzimidazole base, an indica- 
tion that the nucleotide base is coordi- 

binds to the protein. 
A [14C]methyl B12 protein was pre- 

pared by reacting ['4C]methyl iodide (53 
pCiimmole) with reduced BIZ protein. 
The reaction rate for the formation of 
14C-labeled methane from this [14C]- 
methyl BI2 protein is at least two orders 
of magnitude faster than that determined 
for the nonenzymatic reaction between 
methylcobalamin and coenzyme M (4) 
(Fig. 2). Rate constants were determined 
for methane formation from the methyl 
BIZ protein (k = 370 M-' sec-'), for free 
methylcobalamin (k - 10.6 M-' sec-'), 
and for the reaction between methylco- 
balamin and coenzyme M (k = 1.1 x 

M-' sec-I) at pH 7.2 at 37OC. 
In view of this large kinetic effect, it 

appears that the BIZ protein functions as 
a methyltransferase leading to methane 
synthesis in methanol-grown Methano- 
sarcina barkeri. 

Frick et al. (4) reported the nonenzy- 
matic transfer of a methyl group from 
methylcobalamin to coenzyme M. For 
this reaction to proceed, catalytic 
amounts of aquocobalamin were re- 
quired to produce an active coenzyme M 
radical intermediate. The reaction rate 
was zero-order in aquocobalamin, show- 
ing the catalytic role of this molecule as 
an acceptor of a single electron from 
coenzyme M. The products of the reac- 
tion were shown to be B12r [cobalt(II) 
BIZ] and methyl coenzyme M. Shapiro 

5 15 25 

Time (minutes) 

Fig. 2. Formation of '4C-labeled methane 
from I4C-labeled methyl BI2 protein. The re- 
action mixture contained 5 mg of [14C]methyl 
BIZ protein (1617 cpmlrng), 1.5 rnl of crude 
extracts from methanol-grown Metha- 
nosarcina barkeri (16.2 mglml), and 10 )*mole 
of adenosine triphosphate in 0.1M KHZP04 
buffer at pH 7.2. The mixture was incubated 
at 37°C under Hz, and the reaction was 
stopped with the addition of 0.2 ml of 12 
percent trichloroacetic acid. Duplicate reac- 
tions were performed at 2, 10, and 20 minutes. 
Methane was analyzed as described in (7). 
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and Wolfe (5) showed that [14C]methyl 
coenzyme M is formed from [14C]meth- 
anol, indicating a common methyl trans- 
fer route. A comparative study of the 
mechanisms of the nonenzymatic reac- 
tion and that of this B12 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 B12 cofactor has been sought, without 
much success. This research shows that 
a B12-dependent methyltransferase is im- 
portant in the biosynthesis of methane 
by Methanosarcinq barkeri, although no 
similar B12 protein can be found in ex- 
tracts of Methanobacterium thermoau- 
totrophicum (6). Our results indicate that 
BIZ-dependent pathways are operative in 
the biological formation of methane in 
addition to other pathways that are BIZ- 
independent. 
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Interaction of Brain Synaptic Vesicles Induced by 
Endogenous ca2+-~ependent Phospholipase A2 

Abstract. Endogenous phospholipase A2 activity of brain synaptic vesicles was 
ca2+-dependent and was increased by prostaglandin FZn, calmodulin, adenosine 
3',5'-monophosphate, and adenosine triphosphate, whereas the activity was inhibit- 
ed by prostaglandin E2 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 A2 activity may imply a common 
end point of their purported neuromodulatory actions, and indicate that synap- 
tic vesicle phospholipase A2 may play a central role in presynaptic neurotransmis- 
sion. 

According to the vesicle hypothesis 
(I), an influx of Ca2+ into the presynap- 
tic axon terminal leads to exocytosis of 
neurotransmitter from synaptic vesicles 
into the synaptic cleft. The mechanism 
of this Ca2+-induced event is unre- 
salved. 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 Ca2+-mediated exocytosis 
invoke activation of brain actomyosin (5) 
or membrane protein phosphorylation 
(6). 

In this study we assayed purified syn- 
aptic vesicles from bovine brain (6, 7) for 
phospholipase A2 (PLA2) (E.C. 3.1.1.4) 
activity using [2-14C]arachidonyl phos- 
phatidylcholine as substrate (8). When 
synaptic vesicles were incubated with 
2.8 nmole of substrate in the presence of 
1 rnM EGTA and increasing concentra- 
tions of CaCL2 ( ~ o - ~ M  to 10-'M) at pH 9, 
PLA2 activity increased with increasing 

Table 1. Effects of various conditions on the 
V,,, of synaptic vesicle PLA2. Reaction mix- 
tures were incubated at 37°C for 60 minutes 
with 100 bg of synaptic vesicle protein in 
increasing substrate concentrations (0.2 to 4.0 
nmole), brought to a final volume of 200 p1 
with tris buffer, pH 9.0, in the presence of 2 
mM CaC12. 

V,,, Percent- Conditions and (nmole, 
age 

concentration mg-hour) change* 

Cyclic AMP 3.0 50 (+I 
(1 mM) 

ATP (1 mm) 1 .O 50 (-1 
Cyclic AMP 6.0 200 (+) 

(1 mM) plus 
ATP (1 mM) 

Calmodulin 9.0 3.50 (+) 
(1 bmole) 

PGE, (4.0 nmole) 0.6 70 (-1 
PGE, (4.0 nmole) 1 .O 50 (-1 

plus calmodulin 
(1 bmole) 

PGF,, (4.0 nmole) 16.0 700 (+) 

*Plus signs ind~cate stimulation and minus slgns 
ind~cate inhibit~on. 

Ca2+ concentration reaching maximum 
activity at 10 pM CaC12. In the presence 
of EGTA, the amount of arachidonic 
acid released was 0.07 i 0.009 nmolel 
mg-hour. Calcium (2 mM) increased the 
activity approximately sixfold, the amount 
of arachidonic acid released reaching 
0.40 t 0.13 nmolelmg-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 CaC12, 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 pM 
and the maximum velocity (V,,,), 2.0 
nmolelmg-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 Ca2+-binding protein 
(10) reported to stimulate the release of 
neurotransmitter (6), caused about a 
fivefold increase in the enyzme's V,,,. 
Prostaglandin FZa (PGF2,), which is syn- 
thesized in the brain (11) and stimulates 
autonomic neurotransmission (12), 
caused an eightfold increase in PLA2 
activity. Prostaglandin E2 (PGE2), which 
is synthesized in the brain (11), inhibits 
autonomic neurotransmission (12) and 
acts as a sedative (13), not only inhibited 
PLA9 activitv in the vresence of Ca2+ 
alone, but also inhibited the calmodulin 
stimulating effect. 

Individually, adenosine triphosphate 
(ATP) inhibited by 50 percent and adeno- 
sine 3'3'-monophosphate (cyclic AMP), 
a nucleotide reported to stimulate PLA2 
activity (14), activated by 50 percent the 
synaptic vesicle PLA2. However, cyclic 
AMP in conjunction with ATP activated 
PLA2 by 200 percent. The difference in 
individual versus combined effects of 
these compounds on PLA2 activity led 
us to speculate that the mechanism of the 
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