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Summary 

The mrcroorgamsms Scopularlopsrs brevrcauhs, Candzda humzcola, and 
Glrocladzum roseum growmg aerobrcally, methylate a range of arsenic com- 
pounds to produce R’R”As(CH,) (R’ = R” = CH,; R’ = n-C_,H,, R” = CH,). When 
L-methionme-methyl-d, 1s added to the cultures the CD3 label 1s mcorporated, 
intact, n-r the evolved arsme to a considerable extent, mdrcatmg that S-adenosyl- 
methromne or some related sulphomum compound IS involved m the brologrcal 
process. 

Introduction 

It had been known for some time that various mrcroorgamsms acted on 
arsenic compounds to produce volatrle arsmes, “Gosio gas”, but it was only 
after Challenger started work on the problem in 1931 that the metabolic product 
was correctly identified as trlmethylarsine [ 1,2]. Challenger estabhshed that 
Scopulariopsls brevicaults, growing on bread crumbs, methylates arsenate, arse- 
nite, methylarsonate and dimethylarsmate to tnmethylarsme S brevlcauhs 
also methylates other arsemc contammg acids RAsO(OH)2 and R’R”AsO(OH) 
yielding RAs(CH& and R’R”As(CHs) (R = CHsCH2, CHsCH&H,, CH2=CHCH2; 
R’ = CH&H2, R” = CH,CH&H,). When R = CICH2CHt, trrmethylarsine is pro- 
duced Challenger also estabhshed that tnmethykrsine 1s produced by other 
microorganisms such as Peniclllrum notatum and P chrysogenum but that 
unlike S. brevlcauhs particular substrates are necessary. For example P_ not&urn 
does not methylate arsenate. Challenger usually rdentrfred the voltatrle arsmes 
by characterrxing them as their mercunc chlonde complexes which precipitated 

out when the gas stream was passed through a solution of mercunc chloride in 
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hydrochloric acid (Biginelli’s solution)_ He believed that “Biological methylatron 
by S breurcuuhs is confined to the mould cell and does not take place m the 
medium.” 

in an attempt t.o estabhsh the mechamsm of alkylatlon Challenger et al_ [ 3] 
added 14C labeled d,l-methionine “CH$XH&H&( NH,)HCOOH (1 mmol) to 
the S_ breuxnuhs culture medium and isolated “C labeled (CHs)JAs from Asz03 
(0.25 mmol) The activity Indicated 28 3% methylation defined by the ratio. 

100 x 
methylatlon percentage = - 

activity of product per mol 

3 activity of methionine per mol 

These authors suggested that the **CH3 group IS probably transferred intact 
to arsenic by “active methionine” The latter is now known as S-adenosyl- 
methionme ]a]_ 

In more recent studies Cos and Alexander [ 5,6] she\ :d that trunethylarsme 
1s produced from the same substrates, arsenate, arsemte, CHaAsO(OH)= and 
(CH&AsO(OH) by Candida humrcofa (Dazewska) Diddens and Lodder, grow- 
ing m liquid medium. The C humlcola was isolated from domestrc sewage as 
was Ghocladntm roseurn Barn,, and a Pemclllncm species The latter two orga- 
nisms produced trimethylarsme, only from CH3AsO(OH)2 and (CH&AsO(OH) 

Because of the widespread use of arserucals, especially salts of dlmethylarsnuc 
acid and methylarsomc acid, as herbicides and pesticides, and preservatives 
[‘i], it IS important to establish just how inert and immobile these compounds 
really are m the envuonment. Several reports described garlic-hke odors above 
soils treated with these compounds [E&9]_ One such study used arsarulic acid, 
4aminobenzenearsonic acid [lo], a food additive for chickens, turkeys, and 
swme_ Loss of arsenic from soils by volatilization has been estabhshed [9-111 
Although benzenearsoruc acid is not methylated by S brewcauhs [ 1,2], break- 
down to arsenate and subsequent biological methylation IS possible m sods 
[ll]. Apparently this also happens with arsamhc acrd [lo]_ 

This type of study, of course, does not estabhsh the identity of the micro- 
organisms responsible for the methylatlon and does not allow much to be 
deduced about the mechamsm of the process. One of the prmclpal ObJeCtiVes 
of the current investigation and our ongoing research IS to elucidate the 
mechanisms of biological alkylations. In this paper we report on the effect of 
adding L-methronme and varrous arsenic compounds to S breuzcurths, C_ huml- 
cok and G_ roseum growing aerobically in liquid medium 

S breuracauhs was obtained from the Microbiology Department at U B.C 
C_ humrcola and G_ roseum were isolated by Cox and Alexander [ 5,6] All three 
were grown m the hqurd medium of pH 5 (250 ml) described by Cox and 
Alexander [ 5,6]. The appropriate arsenic compound and r.-methionme-methyl- 
d, [12], sterrlized separately, were added to the autoclaved medium as indicated 
m Table 1. Arsenic substrate solutions were prepared by chssolvmg AsZO,, CH,AsO 
(ONa)?, or (CH&AsO(OH) in base and adjusting the pH to 5 

Durmg 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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moculatron the air stream was passed through a trap cooled m hquld oxygen 
(to condense out volatile components but prevent condensation of osygen 
from the air). At the end of the esperlment the contents of the trap were 
mampulated m a vacuum s> stem to remove CO,, and the less volatile fraction 
which stopped m a trap cooIed to -112°C was condensed mto a cold finger 
(-10 ml) fitted \mth a Teflon valve and serum stopper 1131. Vapor samples 
were usually examined by direct mJectlon (1 ml) mto the mass spectrometer 
of a Micromass 12 GCMS (Vacuum Generators-Mlcromass Ltd ) although m 
some early experiments 100 p1 vapor sampIes x.ere injected into the mass 
spectrometer via the gas cb.romatograph_ The raw data obtamed by direct 
comparison of peak parent heights from the mass spectra are Wed m Table 1 

In other expenments the growth of the mlcroorganlsm m a 1 1 fIask contam- 
ing 250 ml of medmm and arsenite (5 m&Z) was momtored by perlodlc removal 
of 5 ml samples for optlcal density measurements at 455 nm on a Turner Asso- 
c&es spectrometer. At the same time the trimethylarsme content of the head 
space in the flask was momtored by VPC using a Varlan 1520 instrument fitted 
with a 6 ft 5% SE 30 stamless steel column. The flame ionization detector was 
responsive down to - 1 nmol in a 1 ml injection- Throughout these experiments 
the flask was flushed wdh a slow stream of sterile air. A typical curve from an 
expenment of this sort is shown m Fig. 1. 

Results anddiscussion 

Challenger [1,2] found that trlmethylarsme 1s produced by S_ breurcaulzs, 
growmg on bread crumbs, when treated unth As203, CH&O(OH):, and (CH& 
AsO( Using more modem techniques of collection of volatile arsmes and 
mvestlgation by mass spectroscopy we now fmd that the same microorganism 
grown m hqrud culture, produces trlmethylarsine from the same methylated 
substrates_ Furthermore, there was no mdence for any other volatile arsenic 
contaming metabohc product_ SpeclficaiIy, dimethylarsine could be expected 
to be present since this has been identified as bemg produced by cell extras 
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of Methatzobactenum stram M 0-H. when treated with arsenate, HZ, ATP *, and 
methylcobalamm [ 14]_ Dimethylarsine is also evolved by the same cell extracts 
from (CH&AsO(OH) in the presence of Hz and ATP. Whole cells, growmg anaero- 
bically in the presence of CO2 and HZ, also metabolize arsenate to give an as 
yet unidentified amine [ 14]_ We have recently found that cell extracts of Methano- 
bczctetium fhermoaufofrophiczum evolve both (CH&As and (CH&AsH from 
arsenate again with methylcobalamm as the carbon source [ 151 However, dr- 
methylarsme would be expected to have a very short hfe time in an air stream, 
consequently even rf it were formed as a metabohc product m the aerobic growths 
studied in the present investigation it would be quickly chemxally transformed 
to dimethylarsenic acid and metabohzed to trrmethylarsme 

Trimethylarsine (b p 52X), although a spontaneously flammable liquid in 
air, is surprisingly stable in air at low partial pressures_ A rough estimate of 
10e6 K’ s-’ for the rate constant of the reaction of (CH&As wrth oxygen m 
the gas phase has been recently described [ 16]_ 

The results of experiment 16 (Table 1) indicate that some loss of CD3 from 
CD&sOsNa LS occumng since (CH,)3As is produced. The exact significance of 
the numbers is discussed later; however the result seems to be genuine smce 
chemical and spectroscopic analysis failed to indicate the presence of CH,_AsO- 
(Na), or unmethylated arsemc(II1) or arsenic(V). A number of other mdrcatlons 
of similar cieavage reactions are seen in other experrments with the same orga- 
nism, e g. experiment 17, and C humzcola, e g experiments 4 and 2 

It is possible that the _4s-CH3 bond cleavage is due to slow chemical reaction 
of the (CH&As. 

Analogous reactions are known for other trialkylarsmes [ 1,2,17,181 and 
Parrls and Brinckman El61 report indications of alkyl group loss from timethyl- 
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 CICHzCHz group from ClCH2CH2As03H~ during metaboiism by S breuia- 
caulis (trimethylarsine is the product) is of biologrcal orgm smce the chemical 
reaction requires hot alkali [l]_ 

As an extension of Challenger’s work we find that disodium butylarsonate 
1s reduced and methylated to butyldimethylarsine by S brevzcaulis and that 
C_ humicola does the same. Cox and Alexander [ $61 mvestigated the alkylation 
of methyl arsenicals only, by C. humicola 

The most significant results in Table 1 show that when r.-methionine-methyl- 
d3 IS added to the substrate, the CD3 label IS mcorporated into the evolved 
arsme to a considerable extent. The percentages of the deuterated species hsted 
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 mam sources of error 
seem to be- (1) the assumption that the responses of the deuterated arsmes 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 
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prepared in the belief that any difference in mass spectral response from (CH&- 
As would be greatest for this compound_ Known l/l 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 determmatrons 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 ratlo for other mrxtures of 
the two gases (Table 2) 

Errors due to differences in gafvanometer response should be least for peaks 
of approximately the same height so the ratio 0.86 1s an approximate experi- 
mental value for the drfference in sensltlvrty of the mass spectrometer to the 
two arsmes. This seems to be good to wrthm -10% for the other ratios mvestr- 
gated_ A surprising feature of these expenments was the wade vanatlon in the 
experimental peak height ratio determmed for the same mrxture m the mass 
spectrometer_ These controlled experunents point to the posslbrhty of substan- 
tial errors in determinmg percentage cornpositron of the gases usmg peak 
herghts alone under “controlied” condltlons Smce the results shown m Table 1 
were obtained at non-optimrzed speeds, errors due to galvanometer response 
wrll be even greater if we estimate this as -20% then rt 1s large enough to make 
an allowance for the drfferent sensrtivitles of the components of the mrxture. 
unnecessary, Thus, the interpretation of the figures m Table 1 should be made 
III the sense of high, medium, and low mcorporatron wrthout too much rehance 
on the actual values_ Nonetheless we do fmd what seems to be a greater mcor- 
poration of the CD, label from methionine than the 28_3% 14C label mcorpora- 
tion from the same source described in the Introductron. 

Returning to the experiments summarized in Table 1 the results of experi- 
ments 5,6 and 18 seem to suggest that C humtcola IS better at mcorporatmg 
the added methionine than S breumzulls. The extent of utrhzation seems to be 
a function of the methionine concentration m expenments 5,6,7 and 8. How- 
ever, when the substrates are added to the growing culture, methronme utihza- 
tlon seems independent of methronme concentratron. Expenment 13 Indicates 
that there is a muumum concentration of arsenic substrate necessary smce thus 
result was obtained under optimum growth condltlons_ 

The Gllocadrum roseurn experunent, 21, was carried out m 2 parts, the figures 

TABLE 2 

MASS SPECTRAL RESPONSE FOR MIXTURES OF (CHj)jAs AND (CDQ3As = 

Injected mtm Peak height 

CH3)3kKCD3)3As average ratlo 

Peak height 

ratI range 

111 086 077-092 
114 021<025XO86=022) 0 19-0.23 

411 297(4X086=344) 3 26-2 68 
l/IO 010(010x086=009) 0 098-O 106 

1011 757<1OXO86=86) 6 8-S 08 

a Usmg an AEI MS-9 mass spectrometer 
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given are for the fast collection- A second collectlon of arsmes was made SE 
days later (18 days from moculatlon) and the resultmg dlstrlbutlon of arsmes 
was almost Identical with that recorded from the first collection * Thus the 
degree of mcorporatlon does not seem to change with time. The absence of 
(CD3)& in this elpenment is of mterest with respect to As-CH3 cleavage smce 
some could be expected If the cleavage was of chemical orlgm_ Its absence can 
be rationalized m two ways_ Either the orgarusm does not cleave AS-CH3 bonds 
via a blologxal pathway or the As--CHs cleavage IS restricted to the first methyl 
group since arsemte and arsenate are not methylated by G roseurn [5,6] 

These results strongly suggest that methlonine, or S-adenosylmethlorune, or 
some related onlum compound, 1s the source of the methyl groups m the blologl- 
cal alkylatlon of arsemc and thus support the oxldatlon-reductlon pathway 
mvolvmg carbomum Ions origmally suggested by Challenger [1,2], Scheme 1 
This pathway is chemically reasonable and LS related to the well known Meyer 

SCHEhIE 1 

CHx+ + As”‘(OH)+- CH3AsV(OH)2(0) & -o2- As*u(CH3)(OH), = 
-H+ 

(CH&As=‘(OH)(O) 3 -As(CH,),(OH) 5 

(CH,LAs”(O) --$ (CH,),As 

reaction [ 19,201 in which methyl lodlde or dlmethyl sulfate react with arse- 
mte to yield methylarsonic acid New evidence for this pathway comes from 
experiments 15 and 20 where ethlonine was added mstead of metlxonme. The 
absence of any ethylarsmes argues agamst a purely chemical transfer of an alkyl 
group from sulphur to arsenic, and the absent: of any arsmes at all argues strong- 
ly for a methlonme based synthetic path since ethionme 1s a well known anta- 
gomst to methlonme [21]. 

Other \%ork m our laboratorles has demonstrated that all steps m Scheme 1 
can be duplicated If (CH3)3S’PF6- is used as the source of the methyl carbo- 
mum Ion and SO? 1s used as the reducing agent [22]_ 

McBnde and Wolfe [14] proposed a mechamsm for dlmethylarsme production 
from arsenate by Methanobactenum in which methylcobalamm, usually a donor 
of the carbanion CH;, 1s the methyl source. This scheme 1s based on the result 
that cell extracts utlhze methylcobalamm as a methyl source to produce dimethyl 
arsine from arsenate, that methylarsonate seems to be an intermediate, and the 
as yet unsubstlantated belief that dimethylarsine is the volatile arsenical produced 
by the organism growmg in an atmosphere of CO2 and H2 The essential feature 
of the scheme as wntten ls the oxidatlve addltlon of CH; to arsemc( III), clearly 
an unhkely occurrence. Other features m this scheme which has been widely 
rest&& by Wood [ 231 are unacceptable in terms of electron flow and oxldatlon 

- TLus could be fortuxtous howeser we are mchned to b&exe that tt IS an mcbcatmn that 0~ &Y- 

tuxil techque ts better than dlsassed above 
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number as has been also pointed out by Zmgaro and Irgohc [24]. At the present 
time there does not seem to be any strong evidence to support the clarm that 
methyl&ions by Methanobacterrum follow a BX2 dependent pathway. Indeed 
the Bi2 protein described by Wood and Wolfe [25] has been subsequently shown 
to belong to the non-methanogemc organism present m the original Methano- 
bacterium culture 1261. Thus the possiblhty that the bacteria methylate arsenic 
by the omum mechanism in Scheme 1 cannot be ruled out 

The growth curve in Fig. 1 shows, not unexpectedly, that m the case of C 
humicola maximum trimethylarsine production from arsemte 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 outhned in Table l_ The area under 
the curve in Fig. 1 can be taken as an approxunate measure of the amine 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. 
[ 33 report an experiment with S. breurcaulfs growing on bread crumbs which 
yieided -85% of the available arsenic as trimethylarsme after more than a year 
of aspiration.) When these growth experiments with C humlcole are conducted 
in stoppered flasks fitted with a septum for sampling by syringe, maximum amine 
production from arsenite again occurs after about 80 h and corresponds with 
maximum growth. However the maximum concentration of the arsme on the 
head space, 6 X 10m7 mol/l, is less than that obtained in the “open” flasks After 
80 h the amine concentration slowly decreases but the microorganisms quickly 
repond by producing more If au is mlected into the flask Experiments of this 
sort led to the decision to carry out growths in “open” flasks. 

Although none of the experiments we describe are directly comparable to 
those of Cox and Alexander [6] it seems that we do find approximately the 
same ability for C humrcola to methylate arsemc contaimng substrates_ 

Finally, it is of interest that the mass spectrum of (CD&As has an identical 
cracking pattern to that of (CH,),As [27] except that H is replaced by D. Thus 
the main fragmentation path is as m Scheme 2. We also prepared CD3As(CH3)* 
for comparison proposes and basically the same fragmentation pattern 1s ob- 
tamed. Metastable peaks due to loss of both CD3 and CH3 from the parent ion 

SCHEVE 2 

-*2 
CD2=A: p CQA:D - 

-C2D4 + -CD; + 
(CD&AS - (CD312As 

m/e 91 m/e95 m/e 111 

i 

-02 

CD2= A:=CD, 

m/e 103 m/e 107 

are observed affording (CH,)(CD,)As+ and (C&),A.s+ m high relative abundance_ 
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