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Summary

The microorgamsms Scopulariopsis brevicaults, Candida humicola, and
Gliocladium roseum growing aerobically, methylate a range of arsenic com-
pounds to produce R'R"As(CH;) (R'= R" = CH;; R’ = n-C,H,, R" = CH;). When
L-methionine-methyl-d; 1s added to the cultures the CD; label 1s incorporated,
intact, 1n the evolved arsine to a considerable extent, indicating that S-adenosyl-
methionine or some related sulphonium compound 1s 1nvolved m the biological
process.

Introduction

It had been known for some time that various microorgamsms acted on
arsenic compounds to produce volatile arsines, *“Gosio gas”, but it was only
after Challenger started work on the problem in 1931 that the metabolic product
was correctly identified as trimethylarsine [1,2]. Challenger estabhished that
Scopulariopsis brevicaulis, growing on bread crumbs, methylates arsenate, arse-
nite, methylarsonate and dimethylarsinate to timethylarsine S brevicaulis
also methylates other arsenic contamning acids RAsO(OH), and R'R"AsO(OH)
yielding RAs(CHj3), and R'R"As(CH3) (R = CH;CH,, CH3;CH,CH,, CH,=CHCH,;
R’ = CH,CH,, R” = CH,CH,CH.,). When R = CICH,CH., trimethylarsine is pro-
duced Challenger also established that tnmethylarsine 1s produced by other
microorganisms such as Penicillium notatum and P chrysogenum but that
unhke 8. brevicaulis particular substrates are necessary. For example P. notatum
does not methylate arsenate. Challenger usually identified the voltatile arsines
by charactenizing them as their mercuric chloride complexes which precipitated
out when the gas stream was passed through a solution of mercuric chloride in
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hydrochloric acid (Biginelli’s solution). He beheved that “Biological methylation
by S. brevicaulis is confined to the mould cell and does not take place in the
medium.”

In an attempt to estabhish the mechamsm of alkylation Challenger et al. [ 3]
added '“C labeled d,I-methionine *CH;SCH.CH,C(NH,)HCOOH (1 mmol) to
the S. brevicaulis culture medium and 1solated '*C labeled (CH;);As from As;O;
(0.25 mmol) The activity indicated 28 3% methylation defined by the ratio.

100 activity of product per mol
3 activity of methionine per mol

methylation percentage =

These authors suggested that the '*CH; group 1s probably transferred intact
to arsenic by ‘““active methionine.”” The latter is now known as S-adenosyl-
methiomne [4].

In more recent studies Cox and Alexander [5,6] shov :d that trumethylarsine
1s produced from the same substrates, arsenate, arsemte, CH;AsO(OH); and
(CH,).AsO(OH) by Candida humicola (Dazewska) Diddens and Lodder, grow-
mg 1n liguid medium. The C humicola was 1solated from domestic sewage as
was Gliocladium roseum Bain, and a Penicilhium species The latter two orga-
nisms produced trimethylarsine, only from CH;AsO(OH), and (CH,),AsO(OH)

Because of the widespread use of arsenicals, especially salts of dimethylarsimc
acid and methylarsonic acid, as herbicides and pesticides, and preservatives
{71, it 1s important to establish just how inert and immobile these compounds
really are 1n the environment. Several reports deseribed garlic-hike odors above
solls treated with these compounds [8,9]. One such study used arsanilic acid,
4-aminobenzenearsonic acid [10], a food additive for chickens, turkeys, and
swine. Loss of arsenic from soils by volatilization has been estabhshed [9—11]}
Although benzenearsonic acid is not methylated by S brevicaulis [1,2], break-
down to arsenate and subsequent biological methylation 1s possible in soils
{11]. Apparently this also happens with arsamhec acid [10].

This ty pe of study, of course, does not establish the 1dentity of the micro-
organisms responsible for the methylation and does not allow much to be
deduced about the mechanism of the process. Onre of the principal objectiwes
of the current investigation and our ongoing research 1s to elucidate the
mechanisms of biological alkylations. In this paper we report on the effect of
adding L-methionine and vanious arsenic compounds to S brevicaulis, C. humi-
cola, and G. roseum growing aerobically in liquid medium

Experimental

S breviacaults was obtained from the Microbiology Department at U B.C
C. humicola and G. roseum were 1solated by Cox and Alexander [5,6] All three
were grown m the hquid medium of pH 5 (250 ml) described by Cox and
Alexander [5,6]. The appropriate arsenic compound and r-methionine-methyl-
d; [12], sterilized separately, were added to the autoelaved medium as indicated
in Table 1. Arsenic substrate solutions were prepared by dissolving As,O;, CH;AsO
(ONa),, or (CH,),AsO(OH) in base and adjusting the pi to 5

During the growth period the cultures were maintained at ~25°C and were
flushed by a slow stream of sterile air. During the fourth and fifth days after
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Fig 1 Product on of tnmethylarsine (@) as a function of growth of ¢ humicola ()

1mnoculation the air strearmn was passed through a trap cooled 1n liquid oxygen
(to condense out volatile components but prevent condensation of oxygen
from the air). At the end of the experiment the contents of the trap were
manipulated 1in a vacuum system to remove CO,, and the less volatile fraction
which stopped mn a trap cooled to —112°C was condensed mnto a cold finger
(~10 ml) fitted wath a Teflon valve and serum stopper [13]. Vapor samples
were usually examined by direct injection (1 ml) into the mass spectrometer
of a Micromass 12 GCMS (Vacuum Generators-Micromass Ltd ) although in
some early experiments 100 ul vapor samples were injected into the mass
spectrometer via the gas chromatograph. The raw data obtained by direct
comparison of peak parent heights from the mass spectra are listed 1n Table 1

In other experiments the growth of the microorganism 1n a 1 1 flask contam-
ing 250 m! of medium and arsenite (5 mM) was monitored by perniodic removal
of 5 ml samples for optical density measurements at 455 nm on a Turner Asso-
ciates spectrometer. At the same time the trimethylarsine content of the head
space in the flask was monitored by VPC using a Vanian 1520 instrument fitted
with a 6 ft 5% SE 30 stainless steel column. The flame 10mzation detector was
responsive down to ~1 nmol in a 1 ml injection. Throughout these experiments
the flask was flushed with a slow stream of sterile air. A typical curve from an
experiment of this sort is shown in Fig. 1.

Results and discussion

Challenger {1,2] found that trimethylarsine 1s produced by S. brevicaulis,
growing on bread crumbs, when treated with As,0;, CH;AsO(OH);, and (CH,),-
AsO(OH). Using more modern techniques of collection of volatile arsines and
mvestigation by mass spectroscopy we now find that the same microorganism
grown in hquid culture, produces trimethylarsine from the same methylated
substrates. Furthermore, there was no evidence for any other volatile arsenic
contamning metabolic product. Specifically, dimethylarsine could be expected
to be present since this has been 1dentified as being produced by cell extracts
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of Methanobacterium strain M o.H. when treated with arsenate, H,, ATP ¥, and
methylcobalamin [14]. Dimethylarsine is also evolved by the same cell extracts
from (CH;),AsO(OH) in the presence of H, and ATP. Whole cells, growing anaero-
bically in the presence of CQO. and H,, also metabolize arsenate to give an as

yet unidentified arsine [14]. We have recently found that cell extracts of Methano-
bacterium thermoautotrophicium evolve both (CH;)3;As and (CH,);AsH from
arsenate again with methylcobalamin as the carbon source [15] However, di1-
methylarsine would be expected to have a very short hife time in an air stream,
consequently even 1If it were formed as a metabolic product 1n the aerobic growths
studied in the present investigation it would be quickly chemically transformed

to dimethylarsenic acid and metabolized to trimethylarsine

Trimethylarsine (b p 52°C), although a spontaneously flammable liquid in
air, is surprisingly stable in air at low partial pressures. A rough estimate of
1075 M s for the rate constant of the reaction of (CH;);As with oxygen in
the gas phase has been recenily described [16].

The results of experiment 16 (Table 1) indicate that some loss of CD; from
CD3;AsO;Na 1s occurring since (CH )3 As 1s produced. The exact significance of
the numbers is discussed later; however the result seems to be genuine since
chemical and spectroscopice analysis failed to indicate the presence of CH,AsO-
(Na), or unmethylated arsenic(IIl) or arsenic(V). A number of other indications
of similar cieavage reactions are seen in other experiments with the same orga-
nism, e g. experiment 17, and C humicola, e g experiments 4 and 2

It is possible that the As—CH; bond cleavage is due to siow chemical reaction
of the (CH;);As.

Analogous reactions are known for other trialkylarsines [1,2,17,18] and
Parris and Brinckman [16] report indications of alkyl group loss from trimethyl-
arsines when exposed to air in methanol solution, although, in general, the fate
of the lost alkyl group has not been established. Challenger has argued that loss
of the CICH,CH, group from CICH,CH;AsO,H, during metaboiism by S brevia-
caulis (trimethylarsine is the product) is of biological origin since the chemical
reaction requires hot atkali [1].

As an extension of Challenger’s work we find that disodium butylarsonate
1s reduced and methylated to butyldimethylarsine by S brevicaulis and that
C. humicola does the same. Cox and Alexander [5,6] investigated the alkylation
of methyl arsenicals only, by C. humicola

The most significant results in Table 1 show that when L-methionine-methyl-
d;1s added to the substrate, the CD; label 1s incorporated into the evolved
arsine to a considerable extent. The percentages of the deuterated species listed
m Table 1 were determined by comparing the relative peak heights of the parent
ions. Spectra were usually run at fast scan speeds so the errors inherent in the
method of measurement need to be considered. The two main sources of error
seem to be. (1) the assumption that the responses of the deuterated arsines are
the same as the undeuterated and (2) the assumption that the peak heights mea-
sured, reflect the composition of the mixture.

In order to check the validity of these assumptions a pure sample (CD;),As was

* ATP = adenosine txiphosphate
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prepared in the belief that any difference in mass spectral response from (CHj;)s-
As would be greatest for this compound. Known 1/1 gas mixtures of various
volumes of the two arsines were injected into an AEI MS-9 mass spectrometer
and the ratio of the peak heights at m/e 120 and 129 determined. The average
for these determinations was 0.86 and the range was from 0 77 to 0 92 (Table
2). It should be emphasized that the controls of the spectrometer had been
optimized to record constant peak heights for selected background peaks The
same procedure was used to determine the average ratio for other mixtures of
the two gases (Table 2).

Errors due to differences in galvanometer response should be least for peaks
of approximately the same height so the ratio 0.86 1s an approximate experi-
mental value for the difference in sensitivity of the mass spectrometer to the
two arsmes. This seems to be good to within ~10% for the other ratios investi-
gated. A surprising feature of these experiments was the wide variation in the
experimental peak height ratio determined for the same mixture 1n the mass
spectrometer. These controlled experiments point to the possibility of substan-
tial errors in determining percentage composition of the gases using peak
heights alone under “controlied” conditions Since the results shown i Table 1
were obtained at non-optimized speeds, errors due to galvanometer response
will be even greater. If we estimate this as ~20% then 1t 1s large enough to make
an allowance for the different sensitivities of the components of the mixture,
unnecessary, Thus, the interpretation of the figures in Table 1 should be made
m the sense of high, medium, and low incorporation without too much rehance
on the actual values. Nonetheless we do find what seems to be a greater incor-
poration of the CD, label from methionine than the 28.3% '“C label incorpora-
tion from the same source described in the Introduction.

Returning to the experiments summarized in Table 1 the results of experi-
ments 5, 6 and 18 seem to suggest that C humicola 1s better at mmcorporating
the added methionine than S brevicaults. The extent of utihization seems to be
a function of the methionine concentration in expenments 5, 6, 7 and 8. How-
ever, when the substrates are added to the growing culture, methionine utiliza-
tion seems independent of methionine concentration. Experiment 13 indicates
that there is a mmimum concentration of arsenic substrate necessary since this
result was obtained under optimum growth conditions.

The Gliocadium roseum experiment, 21, was carried out 1n 2 parts, the figures

TABLE 2
MASS SPECTRAL RESPONSE FOR MIXTURES OF (CH3)3As AND (CD3)3As ¢

Injected ratio Peak height Peak height

(CH3)3As/(CD3)3As average ratio rat:o range
1/1 0 86 077—092
1/4 021(025X 086=022) 0 19—0.23
411 297(4X086=344) 326—2 68
1110 0100 10X 086=009) 0098—-0 106

10/1 757(10X086=8 6) 6 8—8 08

2 Using an AEI MS-9 mass spectrometer
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giwven are for the first collection. A second collection of arsines was made six
days later (18 days from 1noculation) and the resulting distribution of arsines
was almost 1dentical with that recorded from the first collection * Thus the
degree of incorporation does not seem to change with time. The absence of
(CD;);As in this experiment 1s of interest with respect to As—CH, cleavage since
some could be expected 1if the cleavage was of chemical origin. Its absence can
be rationalized 1in two ways. Either the organism does not cleave As—CH; bonds
via a biological pathway or the As—CHj; cleavage 1s restricted to the first methy!
group since arsenite and arsenate are not methylated by G roseum [5,6]

These results strongly suggest that methionine, or S-adenosylmethionine, or
some related onium compound, 1s the source of the methyl groups 1n the biolog-
cal alkylation of arsenic and thus support the oxidation—reduction pathway
involving carbonium 10ns originally suggested by Challenger [1,2], Sclieme 1
This pathway is chemuically reasonable and 1s related to the well known Meyer

SCHEME 1

CH," + As'(OH), = CH;AsV (OH);(0) —Z—»  As!!I(CH,)(OH), <2
o2 -

(CH;):AsV(OH)(0) —25— -As(CH,):(OH) 2.
—o? —H*

(CH:):AsV(0) =22 (CH,)sAs

reaction 19,20} in which methyl iodide or dimethyl sulfate react with arse-

nite to yield methylarsonic acild New evidence for this pathway comes from
experiments 15 and 20 where ethionine was added instead of methionine. The
absence of any ethylarsines argues against a purely chemical transfer of an alkyl
group from sulphur to arsenic, and the absenc: of any arsines at all argues strong-
ly for a methionine based synthetic path since ethionine 1s a well known anta-
gomist to methiomne [21].

Other work in our laboratories has demonstrated that all steps in Scheme 1
can be duplicated 1f (CH;),S"PF, ™ is used as the source of the methyl carbo-
num 1on and SO, 1s used as the reducing agent [22].

McBride and Wolfe [14] proposed a mechanism for dimethylarsine production
from arsenate by Methanobacterium in which methylcobalamin, usually a donor
of the carbanion CHj;™, 1s the methyl source. This scheme 1s based on the result
that cell extracts utilize methylcobalamin as a methyl source to produce dimethy!
arsine from arsenate, that methylarsonate seemns to be an intermediate, and the
as yet unsubstiantated belief that dimethylarsine 1s the volatile arsenical produced
by the organism growing in an atmosphere of CO, and H, The essential feature
of the scheme as wrnitten 1s the oxidative addition of CH;™ to arsenic(Ill), clearly
an unhkely occurrence. Qther features in this scheme which has been widely
restated by Wood [23] are unacceptable in terms of electron flow and oxidation

= This could be fortuutous however we are inclined to beheve that it 1s an indication that our analy-
tical techmique 13 better than discussed above
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number as has been also pointed out by Zimmgaro and Irgolic [ 24]. At the present
time there does not seem to be any strong evidence to support the claim that
methylations by Methanobacterium follow a B,. dependent pathway. Indeed
the B, protein described by Wood and Wolfe {25] has been subsequently shown
to belong to the non-methanogenic organism present 1n the original Methano-
bacterium culture [26]. Thus the possibility that the bacteria methylate arsenic
by the onium mechanism in Scheme 1 cannot be ruled out

The growth curve in Fig. 1 shows, not unexpectedly, that in the case of C
humicola maximum trimethylarsine production from arsenite follows maximum
log phase growth and that it drops to a minimum in the resting phase. Peak pro-
duction is reached about four days after inoculation which 1s the reason why
this period was chosen for the experiments outhined in Table 1. The area under
the curve in Fig. 1 can be taken as an approximate measure of the arsine produc-
tion, since growth is taking place in a flow system, and corresponds to the con-
version of ~1% of the available arsenic to trimethylarsine. (Challenger et al.

{3] report an experiment with S. brevicaulis growing on bread crumbs which
yielded ~85% of the available arsenic as trimethylarsine after more than a year
of aspiration.) When these growth experiments with C humicola are conducted
in stoppered flasks fitted with a septum for sampling by syringe, maximum arsine
production from arsenite again occurs after about 80 h and corresponds with
maximum growth. However the maximum concentration of the arsine on the
head space, 6 X 1077 mol/], is less than that obtained in the ‘““open” flasks After
80 h the arsine concentration slowly decreases but the microorganisms quickly
repond by producing more if air i1s injected into the flask Experniments of this
sort led to the decision to carry out growths in “open”’ flasks.

Although none of the experiments we describe are direcily comparabie fo
those of Cox and Alexander [6] it seems that we do find approximately the
same ability for C humicola to methylate arsenic containing substrates.

Finally, it is of interest that the mass spectrum of (CD;);As has an 1dentical
cracking pattern to that of (CH;);As [27] except that H is replaced by D. Thus
the main fragmentation path is as 1n Scheme 2. We also prepared CD;As(CH,),
for comparison pruposes and basically the same fragmentation pattern s ob-
tained. Metastable peaks due to loss of both CD; and CH, from the parent ion

SCHEME 2 -

CDy—=A% 2 CuA5D =222 cpyat 205 o (cpyat
mfe 91 mfe 95 [M*] mle129 mfe 111
-D,

co

As+/ H e CD,==AS=CD,
co
mfe 103 mfe 107

are observed affording (CH;)(CD3)As* and (CH;),As* 1n high relative abundance.
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